SISSA

Scuola
Internazionale
Superiore di
Studi Avanzati

Physics Area - PhD course in
Statistical Physics

Anomalous heat transport in harmonic
long-range chains

| Advisors:
Candidate:
andidate Stefano Ruffo

Andrea Trombettoni

Francesco Andreucci

Academic Year 2022-2023

Q~\|\RTUT5







Contents

[1_Prefacel 9
2 Long-range interacting systems| 13
[2.1  Extensivity and additvity in long-range systems| . . . . . . .. . . .. 13
[2.2  Long-range systems at criticality] . . . . .. ... .. ... ... ... 15
[2.2.1  Peierls argument for the 1d long-range Ising model] . . . . . . 15

[2.2.2  Landau theory and Ginzburg criterion for long-range interact- |

| Ing systems| . . . .. ... e 16
[2.3  Thermodynamic limit of long-range interacting systems| . . . . . . . . 19
[2.4  Experimental realizations|. . . . . . .. .. ... ... 0. 21

[3 Heat transport in quadratic systems| 23
(3.1 Rieder-Lebowitz-Lieb methodl . . . . . . . ... ... ... ... ... 23
[3.1.1  Nearest-neighbours harmonic chain| . . . . . ... .. ... .. 25

B.2  Green function method . . . . . . .. ..o oo 27
[3.2.1 Heat flux and temperature profile in the stationary state| . . . 30

[3.3  Generalized eigenvalue method|. . . . . . .. ... .. ... ... ... 32
[3.4  Stochastic exchanges| . . . . . . ... ... o 00000 33
[3.4.1 Action-angle variables| . . . . . ... ... ... 35

[3.4.2  Thermal conductivity tor short-range chains| . . . . . . . . .. 38

[4 Heat transport in a fully-connected chain| 43
[4.1 Intensive coupling, classical case| . . . . . . . ... .. ... ... ... 44
1.1 Heat fluxl . ... ... ... 45

[4.1.2  Temperature profile|. . . . . . . .. .. ... 46

[4.1.3  Analysis of the equations of motion in the stationary regime| . 47

4.2 Intensive coupling, quantum case | . . . . . . .. . ... ... ... 51
421 Heatfluxl . ... ... ... 51

[4.2.2  Temperature profile|. . . . . . . .. ... 53




M3.1 Heatflux . ... ... ... ... . ......
[4.3.2  Temperature profile|. . . . . . .. .. ... ..
4.4 Extensive coupling, quantum case| . . . . . .. . ..

[> Heat flux in a power-law long-range chain|

[>.1 Heat flux for small couplingl . . . .. ... ... ...
[>.2  Heat flux for generic value of the couplingl . . . . ..

[Hh.2.1  Transmission coefficient] . . . . . . ... ...

[r__Conclusions|

APDP C

|A Fourier transform of (2.10)|

B Solution of the Lyapunov equation (3.10)|

[C Derivaii & I G o 37

[C.1 Derivation of equation (3.27) | . . . . ... ... ...
(C.2 Derivation of the noise correlators| . . . .. ... ..

[C.3 Fourier transform of the noise correlator (3.31)). . . .

[C.4 Derivation of heat lux and temperature profile |

[D Generalized eigenvalue method|

[D.1 Derivation of equation (3.52)). . . . . ... ... ...

6.2 Expression of the heat current| . . . . . . . .. .. ..
6.3 _Correlation of JV . . . . ...
6.3.1 2<o0<3, a=o00....... ... ......
6.3.2 0>3, a=0o0 ... ... .. ... ...
6.3.3 2<o<3 1<a<d ..............
634 o>3, 1<a<d ........ .. ......

CONTENTS

87

91

93

95



CONTENTS 5

(2 Green function for the fully-connected chain| 107
[E.1 Computation of the Green function for the fully-connected network: |

| intensive coupling| . . . . . . ... ..o 107
[E.2  Computation of the Green function for the tully-connected network: |
| intensive coupling| . . . . . . ... oL L 108
(' Calculation of /5 and /] 111
[F.1 Calculation ot I3 . . . . ... .. .. ... .. ... 111

[F.2  Low-temperature behaviour of [,/ . . . . .. ... .. ... ... ... 113







Acknowledgments

I would like to to express my deepest thanks to my advisors, Stefano Ruffo and
Andrea Trombettoni, for their guidance during my PhD, both from the scientific and
the human point of view. An heartfelt thanks also goes to Stefano Lepri, who acted
as a de-facto third supervisor, especially for having introduced me to the wonders
and the woes of numerical computations. Last but not least, a huge thanks to Carlos
Mejia- Monasterio for the kind hospitality in Madrid and for all the discussions about
physics and non. I learned a lot from all of you, and I am very happy that you were
part of my PhD experience.

Next, I would like to thank the canteen staff of SISSA, especially Patrizia, who has
the almost super-natural ability of remembering the name of everyone.

My years in Trieste would not have been as pleasant as they have been without all
of the friends I met along the way. It is impossible here to mention everyone without
turning these acknowledgements to a laundry list. A special thanks, though, goes to
my flatmates Alessandro, Saman, Migno, Alice and Vittorio, for making Villa Oriani
a special place. Even if now we all went our separate ways, I think that something
of all the time we spent together will always remain with me.

Finally, I cannot finish this thesis without mentioning the continuous support of my
family, especially during the most stressful and intense moments of my PhD, thank
you for the constant encouragement.






Chapter 1

Preface

In the last two decades a lot of effort went into the study of anomalous, superdiffusive,
heat transport and violations of the Fourier law in one-dimensional classical chains.
Reviews on these topics are available in the literature [I, 2]. More recently, there
has been interest in the study of heat transport in long-range interacting systems,
i.e. systems where the interaction between constituents scales as a power-law of their
distance. The long-range version of the XY model was analyzed in [3]: it was shown,
by numerical integration of the equations of motion of the model, that the heat flux
does not scale as the inverse of the system size (as stated by Fourier law), but as
a non-trivial power of the latter which depends on the exponent of the long-range
interaction. Furthermore, it was shown that if the exponent of the long-range inter-
action is between one and zero, then the system acts as an insulator. This puzzling
behaviour was clarified in [4] where it was shown, numerically, that the poor energy
conduction of the system is related to the presence of localized excitations (“discrete
breathers”) whose number is a decreasing function of the long-range exponent.

The long-range Fermi-Pasta-Ulam-Tsingou (FPUT) chain was analyzed for instance
in [B]: thermal conductivity was numerically computed (via molecular dynamics
simulations) and an anomalous scaling was found. Furthermore, it was numerically
shown that, when the long-range exponent is equal to two, the discrete breathers
can move freely across the system, thus boosting energy transport. This picture was
also confirmed in [6]. In [7] the structure factors of the long-range FPUT model were
obtained via numerical simulations of the system. The result is that these struc-
ture factors present several peaks at frequencies wpeqr(k): these are the low-energy,
low-momentum propagating excitation, who were found to have an anomalous disper-
sion law. Furthermore, the numerical computation of the spatio-temporal correlation
function of the energy shows that energy propagation strongly depends on the value

9



10 CHAPTER 1. PREFACE

of the long-range exponent, suggesting once again an anomalous scaling of the ther-
mal conductivity. Finally, both the dynamics of the long-range FPUT model and
the long-range XY model when attached to two external heat baths was numerically
simulated in [§]: again the result is that the heat flux does not scale as the inverse
of the system size, but as a non-trivial power of the latter.

From the cursory overview we just exposed, it is evident that the understanding of
anomalous transport in long-range systems is a difficult and unsolved problem, espe-
cially if one wants to obtain analytical results. Given the complexity of this task, we
decided to restrict ourselves to linear long-range chains: even for these, apparently
simple, cases we could not find in the literature any analytical result for transport
quantities, with one exception detailed below. This PhD manuscript thus deals with
the study of heat transport in long-range one-dimensional chains and contains the
results I have obtained in my PhD work in this direction.

There are several methods in the literature to study heat transport in quadratic
systems, like the one based on the Lyapunov equation introduced by Lebowitz [9],
the Green function method by Dhar [2] and the generalized eigenvalue method [10].
As we will see, these methods can all be extended, with appropriate modifications,
to the case of harmonic long-range systems. In particular the latter, which is rarely
mentioned in the literature, will be instrumental to shed some light on the scaling of
the heat flux in the long-range harmonic chain. Despite the apparent simplicity of
these linear models, they exhibit, as we will see, highly non-trivial behaviours. For
example, in the quadratic power-law long-range chain the heat flux scales with the
size of the system with an anomalous exponent which depends on the long-range ex-
ponent of the chain. Furthermore, the model has an highly non-trivial ”fractal-like”
spectral structure.

Let us finally mention that from the study of some quadratic models, it might actually
be possible to infer some qualitative aspects of the behaviour of interacting system.
Indeed, in [I1] a nearest-neighbours linear chain with nearest-neighbours stochastic
momentum exchanges (i.e. two adjacent particles exchange their momenta at ran-
dom times) was analyzed and the heat flux was computed. The result is that heat
transport is anomalous, a property that is present only in interacting models for short
range systems [I]. Saito and Tamaki [I2] computed the thermal conductivity in a
quadratic long-range chain with stochastic nearest-neighbours momentum exchanges
and found that heat transport is anomalous: I extended their results to the case of
long-range stochastic momentum exchanges.

The content of the manuscript is organized as follows.

In Chapter 2 we describe the main known properties about long-range systems, in
particular we will focus on the consequences of the loss of additivity, the main equi-
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librium properties (Peierls argument, Landau action and critical exponents) and the
existence of a proper continuum limit.

In Chapter 3 we collect and revise the three main methods used in the literature
to study heat transport in quadratic systems in two different contexts. At first, we
consider heat transport in the stationary state of systems brought out of equilibrium
by coupling to two external heat baths: this case can be studied with a method
introduced by Lieb, Lebowitz and Lieb [9] or the so-called Green function method
[2] by Dhar. The final part of the chapter is devoted to the computation of the
thermal conductivity using the Green-Kubo formula in an isolated quadratic system
with stochastic collisions.

In Chapter 4 we consider heat transport in the nonequilibrium steady-state of a
fully-coupled network of N quantum harmonic oscillators, interacting with two heat
reservoirs. We will consider two different cases: one in which the number of particles
coupled to the baths is fixed and another in which it is proportional to N. In both
cases we compute the asymptotic scaling with N of the heat flux and the tempera-
ture profile using the Green function method. This chapter is based on the results
obtained in [13]

In Chapter 5 we study, numerically, the transport properties of a long-range (but not
fully-connected) chain coupled with two heat reservoirs. In particular, we show that
the heat flux scales as a power-law of the system size N and we discuss the relation
between the spectral properties of the system and the value of the scaling exponent.
This chapter is based on the results of [14]

In Chapter 6 we discuss the determination of thermal conductivity using the Green-
Kubo formula in a quadratic long-range chain with stochastic collisions. In particular
we consider both the case of nearest-neighbours collisions, recovering known results,
and then we extend our analysis to the case of long-range collisions which was not
studied before. The results of this chapter will be the focus of a future publication
[15].

In Chapter 7 we present our conclusion and some further lines of development.






Chapter 2

Long-range interacting systems

In this chapter we recall some properties of long-range interacting systems that will be
useful in the other chapters of this manuscript. In section [2.1| we explore some generic
properties of long-range systems related to the loss of additivity with respect to the
usual short-range interactions. In sections we briefly describe the peculiarities
of the critical behaviour of long-range systems and in section we show how the
properties of the spectrum of a long-range system can drastically change its behaviour
in the thermodynamic limit. Finally, in section we recall some examples of
experimental realizations of this kind of systems. For a more detailed picture on the
physics of long-range systems we refer to the reviews [16] [I7] for the classical case
and [I8] [19] for the quantum case, respectively.

2.1 Extensivity and additvity in long-range sys-
tems

In long-range interacting systems the interaction between two constituents U(r)
scales as a power-law U(r) ~ r~* for large r, being r the inter-constituent distance.
Consider for instance a gas of long-range-interacting particles in a d-dimensional box
of linear dimension R and volume V ~ R?. If we assume that they are distributed
with uniform density p, then the energy per particle e can be estimated as [16]:

R
e= / dr pU(r) ~ / prétdr r=® ~ dL [RT* —a?°], (2.1)
\%4 a

—

where the length a encodes some short-range regularization of the potential, such as
an hard-core interaction which does not affect in any way the long-rage properties

13



14 CHAPTER 2. LONG-RANGE INTERACTING SYSTEMS

of the system. As we can see, in the thermodynamic limit we get two different
behaviours for e, (and thus for the total energy £ = Ve) according to the value of
o

(2.2)

Ri—o ~ yl-a/d a<d 5 V2-ae/d a<d
e~ , ~ .
R, a>d V, a>d

We immediately notice that if a < d the energy is super-extensive and this regime is
called strong-long-range. Irrespective of the long-range nature of the interaction, the
number of accessible states for the systems still scales factorially with the number
of constituents, and thus the entropy is still extensive and can never compete with
the super-extensive energy. It follows that this kind of systems cannot exhibit any
form of phase transition. However, it should also be noted that we typically deal
with finite systems and in the case of long-range interactions we expect the effect of
boundaries to be important. For example, in globular stellar clusters, provided the
temperature is high enough, the T'S term can compete with the energy. A simpler
way to study this regime is to make the energy extensive by scaling the interaction
U as U — V¥/4=1: this procedure is called Kac rescaling[20], and allows us to study
the system in the usual thermodynamic limit.

For what concerns systems with o > d, it turns out[I7] that there is a critical value
a* such that if @ > a* the systems behaves for all purposes as a short-range one
and the non-local nature of the interaction is immaterial. On the other hand, if
d < a < o the non-locality of interactions changes the universality class and the
generic behaviour of the system, for example the velocity of propagation of excitations
can become unbounded (as we discuss in section and the usual Lieb-Robinson
bound for the spreading of information does not apply [21]. This latter case is called
weak-long-range regime.

It is important to note that, while Kac rescaling allows us to recover extensivity,
systems with o < d remain non-additive, while systems with a > d are additive. We
remind that a system is additive if, after splitting it in two halves, the total energy
is approximately given by the sum of the energies of the two halves. This in turn
means that the surface energy contribution of the interface between the two regions
is negligible and, thus, that the interactions have to decay sufficiently fast. Consider
now for example the Curie-Weiss model:

J
HCW = _W ZO'Z'O'j, g; = +1. (23)
v

This is a fully-connected model with v = 0 which includes the Kac rescaling (in
fact, How is extensive). Now we split the system in two halves: in the first all the
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spins are up, o; = 1 and in the other where all spins are down o; = —1. The total
energy is zero, but the energy of each region is —(J/8)N and thus the system is
non-additive. Lack of additivity has a series of dramatic consequences for the ther-
modynamic properties of strong-long-range systems. In particular it can be proven
that non-additivity leads to non-concave entropy and thus ensemble inequivalence.
For example, the microcanonical specific heat can be negative, as is the case of self-
gravitating objects such as stars.

Strong-long-range and weak-long-range systems also differ greatly in the proper-
ties of their dynamics. In particular, strong-long-range systems possess long-lived
metastable states whose lifetime diverges with the system’s size[22], so that they
never thermalize in the thermodynamic limit, a feature that is absent for weak-long-
range systems that thermalize in a time which does not depend on the system’s size.
There are evidences that these metastable states persists also if we couple the system
with external heat reservoirs [23].

2.2 Long-range systems at criticality

In this section we analyze the behaviour of long-range systems near criticality. For
what concerns strong-long-range systems, there are numerical and analytical evi-
dences that the critical exponents are given by the ones of the fully connected case
a =0 for any 0 < a < d [22].

We will now give a brief overview of what happens for weak-long-range systems, con-
sidering spin models as an example. Since we are considering o > d, it is useful, and
customary in the literature, to define 0 = o —d > 0. A first observation is that we
expect ferromagnetic long-range interactions to favour the creation of large magnetic
domains and thus in general to be more ordered than their short-range versions. Let
us see a simple example of this phenomenon.

2.2.1 Peierls argument for the 1d long-range Ising model

One of the first long-range spin model introduced in the literature is the Dyson model
[24], which is essentially a long-range version of the well-known one-dimensional Ising
model :

H=-— Z Jij5i5j7 Jij = J"l - jlia, S; — :i:l, a > 1. (24)
ij

We now apply Peierls argument to this model [25], namely we compute the change
in the free energy of the system after the creation of a domain wall. For instance,
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starting from the configuration with all of the N spins aligned (the ground state),
we create a domain-wall excitation by flipping the first L spins. The energy of this
configuration is:

L N L+N N-L
AE=2> " J;=2] Y > m =N (2.5)
=1 j=L+1 n=L+2 m=1

where in the step we introduced n = i + j and m = j — ¢. Since we have N ways
to choose the value of L the entropy associated with the domain-wall excitation is
AS = kgln N, which has to be compared with (2.5)) in the thermodynamic limit:

2: AE>A T
{a< >AS 5T, 40 26)

a>2: AE<AS—T.=0.

We thus see that if a > 2 the system behaves as the short-range Ising model and
there is no phase transition at finite temperature in one dimension. However, if
a < 2, we can have an ordered ferromagnetic phase even in one dimension.

2.2.2 Landau theory and Ginzburg criterion for long-range
interacting systems

In this section we study the Landau theory of a weak-long-range interacting system
with a Z, symmetry, such as the Dyson model introduced in (2.4)), in particular we
want to compute the upper critical dimension using the Ginzburg criterion. As is well
known, Landau theory completely neglects the role of fluctuations: this is in general
correct only for d > d., where d. is the so-called upper critical dimensions. In order
to analyze the effect of fluctuations and go beyond the mean-field case, it is necessary
to consider a coarse-grained order parameter which depends on the space point
that we will indicate as gp(w)ﬂ Note that this approach is possible if the system has

1To construct the order parameter (z), we first divide the volume V' of the system in smaller
cells of volume v. Then, called N, the number of spins in a given cell and & the center of said cell,
we define the coarse-grained order parameter as:

o) = 3 > s, 2.7

where the sum runs only on the sites belonging to the cell. Notice that the linear dimension of the
cell must be bigger than the lattice spacing, but smaller than the correlation length, otherwise we
lose the local correlation when we take the average and all of the ¢(x) would be uncorrelated.
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a proper continuum description: as we will see in section this is possible if a > d.
The Landau-Ginzburg action for the kind of model we are considering is:

S = /ddwddy—ﬁ;mz@;ﬁ) + /alda:(tgo(:c)2 + up(x)*), (2.8)

where ¢ is the reduced temperature t = (T'— T,)/T. and u > 0 is the coupling.
Let us, for the moment, only study quadratic fluctuation and neglect the interacting
term by putting u = 0. It is convenient to work in Fourier space, where the action

(2.8) reads as:

5= [ St +wlahe@o—a) 29

where w(q) is the Fourier transform of the long-range quadratic interaction:
w(q) = / dp|r| 7T, (2.10)
|r|>a

where a is the lattice spacing that regularizes the integral in the ultra-violet. Since
we are working in the continuum limit, we are interested in the low-momentum

behaviour of (2.10]) which is worked out in Appendix 1. The result is:

w(q)z03—|—{clq2’ 0<o<2 q=\q|, oc=a—-d>0. (2.11)
Coq°, O > 2,

Notice that if ¢ > 2 we recover the usual short-range quadratic dispersion relation
and the system falls into the universality class of the short-range Ising model. We
also remark that in section we found that the value of o discriminating between
short-range and long-range behaviour is ¢ = 1. This should not surprise us since
here we are neglecting interactions and it is well known that the short-range Ising
model is not described by the short-range Gaussian model. The same happens in
their long-range counterparts. We also note that the c3 constant is immaterial as
it can be safely absorbed in the critical temperature, while, as it can be seen from
, c1 and ¢y are positive in the region of parameters were they are relevant.
Finally, note that if 0 < o < 1 the velocity of propagation of excitation diverges at
low momentum.

We now consider the case o < 2, the action is given by:

5=/(ggd(ﬂqq")@(qw(—q)- (2.12)
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From ([2.12)) we can immediately read the two-point function for the order parameter

as: .
elaT

(o(@)0(0)) = / (2.13)

al<ija t+ 147

On the other hand, the Landau action per unit volume (that completely neglects the
spatial dependence of the order parameter) is given by:

L = tp* + uyp?, (2.14)

where now ¢ is an homogeneous order parameter which can be thought as the average
of the magnetization over the whole system. The values of the order parameter at
equilibrium are given by the minima of (2.14) and are:

0 t>0
@:{ ’ ’ (2.15)

\/ —t/2u, t<0.

The first one corresponds to the disordered phase and the second one corresponds to
the ordered phase. Now we consider Gaussian fluctuation in the ordered phase near
the critical point (¢ = 07), we thus consider the action with u = 0, we expand
the order parameter as:

p(x) = ¢+ dp(x), (2.16)
and we plug it in (2.8) with u = 0 to find the action for the fluctuations. The result,
up to irrelevant constant terms, is:

S et = / dq([t] + c2°)00(a)dp(—q), (2.17)

from which we can immediately read the correlation function of fluctuations:

ela(x—y) 1
Go@bet)) = | daim o o) = [l it
g<l/a |t| + C2q° q<l/a |t| + 2q°
(2.18)
In order to assess whether fluctuations are important we consider the ratio:
5 2
e = < 90(:1:) > o |t|d/0'—27 (219)

@2

where we used (2.18) and (2.15)). If ¢ < 1 then the fluctuations are negligible and
Landau theory is correct. We then see that if 0 < d/2 = & fluctuations are irrelevant
and the system falls in the mean-field universality class. On the other hand, if
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o > d/2 then fluctuations are important and the critical exponents are in general
functions of o which interpolate between mean-field values and short-range values.
These results can also be read the other way around: for d > 20 the system is mean-
field, and thus the upper critical dimension is d. = 20. Notice that for ¢ = 2 we
recover the short-range result d. = 4.

At the end of this analysis we are thus left with the following picture [26]:

- —d < 0 < 0 The universality class is the one of the fully-connected model
o=—d

- 0 < 0 < ¢ The universality class is the one of the mean-field model obtained
with the Landau action (2.14]).

- 0 < 0 < o* The critical exponents are functions of ¢ that interpolate between
the mean-field and the short-range values.

- 0 > ¢* The critical exponents are the ones of the short-range model.

In our case we found 6 = d/2 and o* = 2, but we worked at the Gaussian level: let us
now consider the full interacting action (2.8)). Dimensional analysis tells us that the
field p(x) has dimension (o — d)/2. This in turn means that the interaction o(x)*
has dimension 2(c — d) and thus it is irrelevant for o < d/2, so it does not affect
our analysis in the mean-field region. On the other hand, for o > d/2 interactions
are relevant and can change the critical exponents as it happens, for instance, in the
long-range one-dimensional Ising model we saw in section where * = 1. A
pioneering work in this direction was the one by Sak [27], where, by Renormalization
Group techniques, he argued that ¢* = 2—ngg, where ngg is the anomalous dimension
of the short-range model. It should be remarked, however, that Sak criterion has
not been conclusively confirmed numerically. Its consistency has been investigated
numerically in several works, see e.g. [28] 29] [30], finding good agreement, but there
are also works that seem to point at a different value of o* [31].

2.3 Thermodynamic limit of long-range interact-
ing systems
In this section we want to point out another important property of long-range inter-

acting systems, namely the relation between the energy spectrum of the system and
the existence of the continuum limit of the latter [32]. Consider a one-dimensional
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long-range quadratic chain (with periodic boundary conditions):

H:iﬁ Li% T~ L) (2.20)
I=1 2m  No =1 r=1 rite ’ '

where N, is the Kac factor defined as:

N/2

Ny => 17" (2.21)
=1

In the large N limit, (2.21]) correctly scale to make the Hamiltonian (2.20) extensive:

¢(1+0), o>1,
N, &~ { In(N), o =0, (2.22)
927 /gN?, —1<o <0

Now we move to Fourier space and we find:

2
H Z pknp kn I_kn)> kn = Nﬂ-n’ n = _N/2+177N/2? (223)

where the spectrum of the system is given by:

48111
- N Z Tl—l—a ' (2.24)

Now we want to take the thermodynamic limit: we need to distinguish between the
cases 0 > (0 and —1 <o < 0.

If 0 > 0 we can replace k, with a continuous variable k € (—m, 7] and replace the
sum in ([2.24)) with an integral:

4 > sin?(k
“ = o) /1 drm;i:) = w(k), (2.25)

and the spectrum becomes a continuous function of the momentum k. This is the
typical case for “usual” (i.e. short-range) systems. However, let’s now look at the
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case —1 < 0 < 0. In this case for large N the spectrum ([2.24)) becomes:

N/2 )
|o|2le! 4sin®(2mnr/N)
Wk = No Z rlto (226)

r=1

of2el 2 4sin?(2mnr/N)

2.27
N & (/N (2.27)
V2 4sin®(2mnp)
~ \ayzm/o dp = = (2.28)

So in the strong-long range regime the spectrum remains discrete even in large N
limit. This means that it is not possible in this case to define a continuous momentum
variable and it is thus not possible to give a continuous description of the system[32].
Furthermore, the spectrum is made of isolated points and the only accumulation
point is n = oo around which the spectrum w,, goes as:

wy ~ N7l (2.29)

so all the eigen-energies of the system accumulate around zero.

2.4 Experimental realizations

We want to emphasize the fact that these systems are not merely an academic cu-
riosity, but they have experimental realizations in a plethora of different contexts,
both classical and quantum. Let us start from the former. The most famous exam-
ples of long-range interactions are the gravitational and Coulombian ones, although
it should be mentioned that the latter are really long-range only in systems such
as one-component plasmas [33], otherwise screening effects make the interaction ef-
fectively short-range. Other cases of long-range interaction in classical systems are
given by the logarithmic interaction between vortices in 2d hydrodynamics [34], or
the stress field around a slit in a plane in the context of 2d elasticity [35].

In the quantum regime, long-range systems can nowadays be realized thanks to the
advancements in experimental techniques in the context of AMO systems. A first
example is given by trapped ions systems. These systems consist in ions interacting
via Coulomb interaction and trapped in an external potential, which are then laser
cooled. At low temperatures, they organize themselves as a Wigner crystal [36].
This crystal is subjected to a spin-dependent optical force, which induces an effec-
tive spin-spin interaction which can be tuned to be a power-law r~ of the distance
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between the spins r, with 0 < a < 3 [37,, 3§].

Another way to simulate long-range interaction is with quantum gases coupled to
cavity modes. These systems consist in Bose condensates trapped in a cavity inter-
acting with a standing wave laser with frequency far detuned with respect to the
frequency of atomic excitations so that can only be scattered by the condensate.
Furthermore the laser’s frequency is very close to the frequency of a cavity mode, so
that most of the scattered phonons will scatter in that mode. Then the long-range
effective coupling between atoms is mediated by phonons scattering off an atom in
the cavity mode and then off another atom [39]. With this method we can simulate
fully connected systems, since phonon is delocalized over the cavity mode. For exam-
ple, it is possible to simulate the Hamiltonian of the hamiltonian mean-field model
[40], one of the most studied fully-connected model in the literature of long-range
systems [22].



Chapter 3

Heat transport in quadratic
systems

In this chapter we are going to describe several methods to study heat transport in
quadratic systems that we will extend to long-range systems in later Chapters. We
will be interested in the general quadratic Hamiltonian:

2
b; 1}:

where the matrix @ is a symmetric matrix which specifies the form of the interaction
we are considering. We will mainly consider the following protocol to study heat
transport: we attach the system to two external baths, one on the left (on the
side of site 1) with temperature 77, and one on the right (on the side of site N') with
temperature Tr. Then, after a transient, the system will reach a stationary state,
characterized by the presence of a net heat current J flowing through the chain and
a temperature profile T;. The methods described in sections [3.1] and are
related to this protocol.

In section we introduce a class of systems which, despite being quadratic, are
believed to share some traits with interacting systems. We then describe a method
based on the Green-Kubo formula to compute the thermal conductivity .

3.1 Rieder-Lebowitz-Lieb method

One of the first methods to study heat transport in quadratic systems was introduced
by Rieder, Lebowitz and Lieb in their seminal work [9] in order to describe the steady-

23
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state of a nearest-neighbours chain coupled to two external heat baths.
We model the effect of the baths as white noise terms in the equations of motionﬂ:

jn = — Z (I)njxj + 51,n(§L — )\l’l) + 5N,n(€R — )\ZEN) (32)

J

(EryL(t)EryL(t)) = 2kpTRr/LAO(t — t), (3.3)

where \ is the coupling between the system and the baths. We also added friction
terms in order to reach a steady-state in which the fluctuation-dissipation relation
is satisfied. It is convenient to convert the Langevin equations into a Fokker-
Planck equation [41]. The result is:

OP(y,t) 0 1. 0%P .
— Ay~ (y;P) + = Dy ,

= (xlw"xNule"'pN)? (34)

where the drift matrix A and the diffusion matrix D are given by:

0 -I 0 0
A= <<I> /\R> » D= (@ 2k;B/\T(R+nS)> : (3.5)
Rij = 6;(01 + din),  Sij = 055(6i1 — din), (3.6)
ol ;r TR, n = Tr =11 ; o _ AT/T. (3.7)

The general solution to equation (3.4)) is a Gaussian distribution:
1
(2m)N\/det(C)

where C' is the matrix of covariances of the canonical coordinates. Inserting the
ansatz (3.8]) into the Fokker-Planck equation (3.4) we get an equation for the matrix
C:

P(y,t) = exp(—y" C'y/2), Cy = (yiy;) - (3.8)

C=D-AC—CAT, (3.9)

which in the stationary state becomes the celebrated Lyapunov equation:

AC + CAT = D. (3.10)

IThis is tantamount to neglecting the effect of the dynamics of the system on the baths, see [1]
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Once we solve (3.10) we know all the correlators in the steady-state and we can
compute both the heat-flux and the temperature profile. It is convenient to introduce
the matrices U, V and Z:

u 7z . .

As a check, note that if the baths have the same temperature T, = Tz = T, the
following is a solution of ({3.10)):

U=Td"' V=TLZ=0, (3.12)

which corresponds to the equilibrium solution and energy equipartition among the
normal modes at temperature 7. Once we solve the Lyapunov equation (3.10) we
can compute both the heat flux and the temperature profile in the stationary state.
Indeed, the temperature profile can be computed from its kinetic definition:

T, = (i) = Vy, (3.13)

]

while the heat flux can be expressed as the rate of energy flowing from the left bath
to the first site:

J=XNT, —T1) = \NT, — V11). (3.14)
We conclude with two comments. First, one can relax the condition that the baths
are coupled only to the first and last site. Assume, for example, that the left-hand

bath is coupled to the first Ny, sites and the right-hand one is coupled to the last Ny
sites. Then all one has to do is to change the R matrix defined in (3.4)) with:

Rij = 8;j(0102;-..0N, i + ON—Np+1,i0N—Np+2,i0Ni) (3.15)

Second, it should be noted that, in general, finding analytical solution to the Lya-
punov equation is quite difficult. However this method can be easily imple-
mented numerically thanks to the many routines that solve the Lyapunov equation,
such as the one in the SciPy library in Python [42] and one can easily reach system’s
sizes of N ~ 103.

3.1.1 Nearest-neighbours harmonic chain

One of the few cases where an analytical solution of (3.10)) is known is the nearest-
neighbours chain considered by Rieder, Lebowitz and Lieb in [9], which corresponds
to a matrix ® proportional to the discrete Laplacian:

¢ = CUQG, G = (251J — (Si7j+1 — 5i7j—1)~ (316)
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The derivation of the solution to the Lyapunov equation corresponding to ((3.16)) is
discussed in some detail in Appendix 2. Let ¢; be the function:

sinh[(N — j)a] w? w? 4\
= L T A Y 1
i sinh(Na) ‘ Tow TV T (3.17)

Then the heat flux (3.14]) is given by:

WQkBAT
/= 22

which in the thermodynamic limit becomes (using (B.17)):

w3T w2 w | w?
J_K(l—'—Q_)\Q_X W—Fl.). (3.19)

As we can see, the heat flux is proportional to the difference of the temperatures
of the baths AT and not to the gradient AT/N. This means that the thermal
conductivity, defined according to Fourier law:

1, (3.18)

AT
diverges in the thermodynamic limit as kK ~ N. This is a consequence of the fact
that, being the system quadratic, transport is ballistic and is mediated by phonons
that propagate unperturbed along the chain. In the thermodynamic limit, the heat-
flux is a non-monotonous function of w/A (see the left panel of Figure with a
maximum at Amee = v/3w/2.
The temperature profile can also be expressed in terms of the function ¢:

T =11 — %901511,

Ty =T — 2500 1 AT, 1<j<N/2

T, =T+ Zpon_0; 1 AT, NJ2<j<j<N
Ty = Tr + 2501 AT.

(3.21)

The plot of is reported in the right-hand panel in figure The first thing
that we notice is that the profile is flat in the bulk, in stark difference with the linear
ramp predicted by Fourier law. Indeed, as we already mentioned, transport in this
quadratic system is ballistic and not diffusive. Furthermore, we notice the curious
fact that the temperature of the second site goes below the bulk value and then
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Figure 3.1: In the left panel we report the plot of the adimensional heat flux
J/(wkpT) as a function of the a-dimensional ratio w/A. In the right panel we report
the plot of the temperature profile for N = 16 for w?/A\? = 0.05,0.2,1 as the
solid, dotted and dashed lines, respectively. The picture on the right is taken from

.

relaxes exponentially fast to the bulk value (this can be seen from equations
and (3.21)).

Analytical solutions to the Lyapunov equation have been found also for other
systems, in particular Nazakawa extended [43] the solution for the nearest-neighbours
harmonic chain to the case of free boundary conditions and to the case in which each
particle moves in a pinning potential.

3.2 Green function method

In this section we are going to describe another method to study heat transport
in quadratic systems, the so-called Langevin equation and Green function (LEGF)
method [2, [44]. The philosophy behind this method is reminiscent of the one behind
the celebrated Caldeira-Legget mechanism to induce dissipation in quantum systems
and indeed the LEGF method itself can be used to tackle both quantum and classical
problems.

The main difference with respect to the RLL method described in section [3.1] is
that the baths are modeled as two one-dimensional chains of (quantum) harmonic
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oscillators with N7 and Ny sites, respectively. At the initial time t, we switch
on a linear interaction between the oscillators (that we assume to be at thermal
equilibrium at temperatures 7y, and Tg) and the system. The Hamiltonian for this
extended system can thus be written as:

H:Hsys—i-HL—i-HR—l-Hmt. (322)

Hy,s is the Hamiltonian of the chain (3.1)), H;, and Hp are the Hamiltonians for the
baths:

2
. P 1 9 9 -

: 2mR + = Z Whith,  (3.23)

where {wy, g} are the frequencies of the harmonic oscillators of the baths and H;,; is
the linear interaction Hamiltonian:

Him‘ = Z VL’USL}';ULJ -+ Z VR,ijLCiSL’RJ, (324)
ij ij
where the matrices V, and Vy encode the couplings between the sites of the system

and the ones of the baths. The equations of motion of the full Hamiltonian (3.22))
are:

mit; = Z (@ijxj + VR’Z‘J’JJRJ‘ + VL’ijl’LJ) (325)
J
ML, = —wi,TL; + Z VijiTj, MpiiR; = —WhTri+ Z Vrjits.  (3.26)
J J
The idea is now to solve the equations of motion for the baths (3.26) treating the
system as a source and plug this solution into (3.25)) to obtain an equation containing

only the degrees of freedom of the system. The details of this calculation are reported
in section in Appendix 3. The final result is:

t
mzxz(t) = — Z q)ijmj (t) +§L,i (t) +/ dr Z VL,ing,j (t - T)mileL,ljxl(T) + (L — R),
ij to il
(3.27)
where we defined:

ga 7 Z Va K7 faj )xL,j (t()) + Ya,j (t - t()):tLJ (t0)7 (328)
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and functions f and g are defined by:

Fuss) = eos(urng)0(s). gusts) = Vg a— 1 (3.29)
a,i

Looking at equation ([3.27]), we see that the only contribution of the initial conditions
of the baths is in the ¢ terms. Furthermore, these terms are linear combinations of an
extensive number of periodic functions (N, g are supposed to be large) with random
coefficients extracted from the distribution describing the thermal equilibrium of
the baths. It follows that the ¢ functions behave effectively as a noise and we can
replace the average over the initial conditions of the baths with an average over the
realization of &: equation is thus called a quantum Langevin equation. The
convolution term in equation encodes the dissipation and memory effects in
the dynamics induced by the baths, in particular it is convenient to introduce the
memory kernel:

S0,ij(5) = VaijGa (8)mg;jVayy, a=L,R. (3.30)

Assuming the oscillators in the bath are described by a Bose-Einstein distribution
at time ¢, the correlation of the noise is given byﬂ

hwa,i
(Wa(t — 7)) coth (QkBTa)

(€ai(t)8as(T)) = = Z Va,itVa,ij {L

COS
2ma,lwa,l
h

7
2ma,iwa,i

For what follows, it will be useful to write (3.27) and (3.31)) using a vector notation:

sin(wg i (t — 7'))} , a=0LR. (3.31)

t
Mi(t) = —da(t) + €, (t) + / dry (t —T)z(r) + (L — R),  (3.32)
to
(£,(D€,(7)) = V. (2(t — 7)) coth ( o
a oT)) = # 2MaQaCOS a 7)) co T
. h ) T
— ZQMaQa sin(€2, (t — T)):| V., a=L,R. (3.33)
where we introduced:
mT: (xla"'v'rN)7 55 = (517"'75]\7) wg = (xa,la"'vxa,Na)v M’L] :m161]7 (334>
Q= Wa7i5ij7 fa,ij(s) = fa,i(5)5z’j, ga7ij($) = ga,i(s)dija (3-35)
Ya(8) = Voga(t —7)M'VE a=L R (3.36)

2The proof is reported in section of Appendix 3.
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We now recall that we are interested in the properties of the stationary state that
the system will reach after a transient. Therefore, we can take t; — —oo and move
to Fourier space with the following convention for the Fourier transforms:

Fi(w) = / T e, (3.37)

oo 2T

£uilw) = / A (), (3.38)

oo 2T

Gui(w) = /_ " dtges(t)et, Fuslw) = /_ "t f it (3.39)

[e.9] [e.9]

The Langevin equation trivially becomes:
—wMz = -0+ X (w)a + &, + (L — R). (3.40)
This equation can be solved in terms of the Green function G(w):
2(w) = GW)(€L (W) +€x(w)), Gw) = [~w’M + @~ Ep(w) — Bpw)] ™. (3.41)

By computing the Fourier transform of the noise-noise correlatorf)| we find:

(a(w)€a(w)) = me + W) la(W) 1+ f(Q, 7o), Talw) = Im[Ea(w)]  (3.42)

which is a form of the fluctuation-dissipation relation.

3.2.1 Heat flux and temperature profile in the stationary
state

The heat flux in the stationary state is given by the rate of work done by one of the
baths, say the left-hand one, on the system. Since the force exerted by the bath on
a the i-th particle in the chain is — (Vi );, the total rate of work is:

J=— (2" VpxL) . (3.43)

As explained in section of Appendix 3, this expression depends only on the Green
function (3.41]) and the imaginary part of the Fourier transform of the memory kernel
I'y(w) defined in (C.23)):

J = 1 /_OO dwTr[G (W)L (w)G(w) T (W) w[f(w, TL) — f(w, Tr)], (3.44)

™ 00

3The details of the calculation are reported in section (C.3)) of Appendix 3.
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notice that it correctly vanishes if the temperature of the baths are equal, T, = Tx In
a similar fashion, it can be proved that the temperature T}, i.e. the velocity-velocity
correlator, can be expressed as:

Ty, [ fuww?
! 2y _ L o)) e
T, = kg m(z;) - /_oo dw(G(w)'L (w)G"(w))4i 5 coth (2kBTL) +(L—R)
(3.45)
In the classical limit hw/kpT r < 1, equations (3.44]) and (3.45]) become:
AT [
J=J=— dwTr[G(w)T'(w)G(w) T g(w)] (3.46)
™ —00
7= 12 [ (G )T (@) G @) + (L — R). (3.47)
™ —0o0

The integrand in the expression of the heat flux (3.46) is called transmission coeffi-
cient T (w):

T(w) = iTT[G(w)FL(w)G(w)TFR(w)]. (3.48)

Notice that we did not specify the form of I';(w), which encodes the properties of
the bath. The most common choice is the so-called Ohmic bath, which corresponds
to a purely imaginary ¥,(w) = il',(w) with:

Fa,ij = )\WRZ']', (349)

where the matrix R;; is the coupling matrix (3.15]). If the baths are only coupled to
the first and last site, the R matrix is given by the one in (3.4) and the Langevin
equation of motion for the system becomes:

mzxZ = — Z (I)ijxj — )\{23'1 — /\ZL‘N + §L71 + £R,N- (350)
ij

The noise-noise correlation also reduces to the Gaussian one in the classical
limit. Notice that this choice in the classical limit reproduces the dynamics studied
using the RLL method in section 3.1} Indeed, in [44] the LEGF method has been
applied to a nearest-neighbours chain (which corresponds to a ® matrix given by
(3.16))) with pinning potentials. The full analytical computation of the heat flux and
temperature profile were performed and the results of Lebowitz [9] and Nazakawa
[43] were recovered in the relevant limiting cases. A closed expression for the heat
flux in the quantum case was also obtained.

The Green function method has been applied to a variety of systems, ranging from
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chains subject to magnetic fields [45, 46], disordered systems [47], and also purely
quantum systems such as fermionic chains [4§]. More recently it has been applied to
a chain coupled to active baths [49].

3.3 (Generalized eigenvalue method

In this section we describe a method to study transport which is closely-related to
the Green function method described in section , which was introduced in [50] to
study heat transport in quantum crystals. As we saw, the method relies on the inver-
sion of the matrix G (w) = —w?[+ & — 3 (w) — X to compute the Green function
(3.41). However, this operation can be sometimes difficult to perform analytically.
From the numerical point of the view, since we are interested in the thermodynamic
limit, we need to invert a very large matrix, which is computationally expensive.
The method that we describe in this section essentially replaces the inversion of the
N x N matrix with the solution of a 2N x 2N eigenvalue problem.

We now consider the Green function (3.41)), but for convenience we take the
Laplace transform and not the Fourier ond’| :

G(s) = [s* +® + sAR] (3.51)

where for simplicity we take all the masses equal to one. To compute the inverse
of a matrix polynomial of degree two (such as the one in (3.51)), we can refer to
the theory of the so-called generalized quadratic eigenvalue problem. We remind
that the standard generalized eigenvalue problem consists in finding the zeroes of
a matrix 7'(s) = A + sB, where A and B are matrices. The generalized quadratic
eigenvalue problem consists in finding the zeroes of a quadratic matrix polynomial
P(s) = As* + Bs + C: we see from that G~'(s) has precisely this form. As
we show in Appendix 4 the Green function G(s) can be expressed as:

Gls) =Y g G l(s)z® =0, Vi=1.2N, (3.52)

S — 8
i=1 v

where the poles s; and the vectors ¥ can be obtained by solving the 2N x 2N
eigenvalue problem [51](D.10). Equation (3.52]) has several consequences. First of

4We remind that, since we are considering the stationary state we neglect the initial conditions,
and thus the relation between the Fourier transform f(w) and the Laplace one f(s) is simply

fiw) = f(s).
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all, it gives a way to easily access the poles of the Green function, which, as we are
going to see in Chapter 4, are sometimes crucial to understand the properties of the
system. Furthermore, we can plug into the integrals (3.44)), (3.45)), (3.46|) and
to obtain an alternative expression for the heat flux and temperature profile
that involves only sums over the {s;}?Y,. For example we consider the classical flux
(3.46) with baths coupled only to the first and last site (so that the matrix R is

given by (3.4]) and the memory kernel is given by ([3.49)). Then, if we plug (3.52)) into
(3.46]) we obtain:

kg AT [
J= 7% / Gin (W) Gl (w)dw (3.53)
N2
= 2k AT~? Z ﬁxgl)x%)*xgz)*x%). (3.54)
ij=1"" J

This method has also been generalized to Ohmic baths with a soft cut-off [10], in
which case the inverse of the Green function is a cubic matrix polynomial and thus
one needs to consider the cubic eigenvalue problem.

3.4 Stochastic exchanges

In the previous sections of this chapter, we considered the dynamics of an otherwise
deterministic system and then introduced a stochastic component to this dynamics
by coupling the system to two heat reservoirs. In this section we consider a different
class of quadratic models where the stochastic part of the dynamics comes from a
momentum-exchange mechanism. In particular we will consider models described
by Hamiltonian (3.1) (where we put m; = 1 Vi for simplicity) and at random times
we exchange the momenta of two randomly-selected particles. We call this process
a collision, as we can imagine it as a collision between the particles the outcome of
which is the momentum exchange. More specifically, let us call {p;}¥, the set of the
momenta of all the particles at time ¢. Then, assuming there is a collision at time
t + 7, we randomly pick two particles with a probability W, ,, and exchange their
momenta:

(Prs D) = (P Pn) = (Ds Do) (3.55)

where the prime denotes a quantity immediately after the collision. The inter-
collision times 7 are sampled randomly from a given distribution with a finite mean
T.

This momentum exchange mechanism was introduced as a way to mimic the effect
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of nonlinear interactions, while keeping the model solvable as the quadratic one [52].
Heat transport in the nearest-neighbours chain with nearest-neighbours momentum
exchange (i.e. only the momenta of adjacent particles are exchanged) was studied by
coupling the chain to external baths in [53, I1] and it was found that the heat flux
scales as J ~ N~1/2 at stark variance with the deterministic system studied in [3.1]
This scaling of the heat flux corresponds to a divergence of the heat conductivity
k ~ N'/2 and in this case the transport is called anomalous [I].

More recently Tamaki and Saito [12] computed the thermal conductivity in a long-
range harmonic chain with stochastic collisions between nearest neighbours particles
using the Green-Kubo formula. In Chapter 5 we will apply the methods presented
in this section to recover their result and to extend the computation to the thermal
conductivity in the case of long-range collisions. In this section we recap the analysis
presented in [54]: we study the dynamics of the uncoupled system and we will later
obtain the thermal conductivity via the Green-Kubo formula. In particular, we want
to obtain an equation for the time evolution of the “energy modes” of the system.
The main ingredients of this discussion will be the normal modes of the matrix ¢
and since we will consider only traslational-invariant lattices, these are given by the
standard Fourier modes:

e~ kvl 2Ty N
Py = =—, k=" v=——+1,.., — 3.56
X WVX 7Xl \/N ) N v 2 + 2 ( )
We now expand both positions and momenta on the eigenbasis of ®:
i =22, Quxi™s pi= 2, PoxiT (3.57)
Py:zipixza QV:quZX'ZL/7 P::P—Va QiZQ—V
so that the Hamiltonian (3.1]) becomes:
1 2 2 2
H =2 (P + Q). (3.58)

v

After a collision which exchanges the momenta of particles n and m the change in
P, is given by:

AP, = (0 = p)xi = (on — Pm) (X = Xi) = (X4 = X) DOk = x4) Pue (3.59)

I

l
=-2> V,ViP, (3.60)
w
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where we introduced the vector V,""™:

ikyn ikym

X T X € e

V2 V2N

Note that the entries of this vector are random variables that depend on which

particle we select for the exchange of momenta. We now switch to a vector notation
by collecting the P, in a vector P, so that equation (3.59) becomes:

yfmm) (3.61)

AP = 2VVTP, (3.62)

and we thus see that there are two contributions to the dynamics of P: the deter-
ministic one regulated by the Hamiltonian ([3.58)) and the stochastic one (3.62)).

3.4.1 Action-angle variables

It is convenient to switch to the classical counterparts of the creation-annihilation
operators:

A=i20)'2Q + (2Q)"?P, A" =—i(20)'?Q + (20)"'/?P, (3.63)

where A, = A_,. The inverse of is given by:
P %(29)1/2(A +4Y), Q- %(29)—1/2(14 _A). (3.64)
Using we find that after a collision A is given by:
A =(1-MA-MA", M=Q'?vVviQ/? (3.65)

which can also be written as an expression containing only A :

/ | 2
A=A-UW'A+W"A"), U,=V, —, W= V2w, (3.66)
172

Equation is the one that we use in the numerical implementation of this
scheme: it is particularly convenient since it allows to reduce the effect of collisions
to a matrix multiplication.

In order to get the full time evolution we also need to take into account the deter-
ministic dynamics between times ¢ and ¢ + 7. It can be easily proven using

and (3.63) that: A
A(t+ 1) =e“TA(t). (3.67)
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Combining equations (3.67)) and (3.65) we get time full evolution of A between time
t and immediately after the first collision at time ¢t + 7:

A(t+7)=(1—M)e“TA(t) — Me ™A™ (¢). (3.68)

Now we switch to the action and angle variables I,,, 6, defined as A, = v/I,e?”. The
variation of these variables following a collision is:

, 2V, e i |2
L =1)1-2 7], (3.69)
V1,
I Im(V,
sinf, = Y sin 0, —2 m(v.) (3.70)

Z = Re(>  \/Twu (Ve ). (3.71)

Taking into account also the deterministic part of the dynamics (3.67) we get:

L(t+7) =1t +AL{I},{0}), (3.72)
0,(t+7)=0,(t) + w,T,(t) + A, ({I},{6}), (3.73)

where Al and A6 can be read off (3.69) and (3.70). We thus see that the action
variable change only due to the stochastic collisions and are conserved by the deter-
ministic quadratic dynamics. We now consider the so-called kinetic limit:

1

v = Ny (3.74)

N = o0, (1)—0,
with ~ finite. This limit corresponds to a finite probability of having a collision
per site and thus on the time-scale 7' = 1/ the total number of collisions becomes
macroscopic. As we can see from for a large number of collisions the phases
0, are randomized much faster than the action variables thanks to the presence of
the w, 7 term. We therefore take the average of over a uniform distribution of
the angles. The result is:

Vo> 7
" > Lw|Vip. (3.75)
Yoo

I =(1-2V,)I,+2

This equation can be converted into an equation for the energy modes E,:

E, = Lw, = w,|A,|, (3.76)
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by inserting (3.76)) into (3.75)):

E, =By Y KBy K™ = =2V Ps,, + 2V PR (3.77)

where we wrote explicitly the dependence of V' on the choice of the colliding particles
n, m. From the definition of K we see that the constant vector E, = F,, is an
eigenvector of K with zero eigenvalue: this vector does not evolve and corresponds
to the equilibrium state.

Note that the matrix K has random entries that depend on the choice of the particles
(n.m) that take part in the collision: we therefore need to compute the average of
E, over the collisions occurring between a given time ¢t and ¢ + T, where T'= 1/ is
the time scale after which we expect the number of collision to be macroscopic. To
begin with, from equation we get:

Ey(t+T):Z( 11 (]I+K(”’m))> E,(t), (3.78)
no N {mm)} v

where the product runs over all the collision between ¢ and ¢t + 1. Now we make the

assumption that a single collision only alters the energies £, by a small amountﬂ
We can then linearize equation ({3.78]):

E,(t+T)— => ) EUMEL®). (3.79)

# {(nm)}

The sum over the collisions in the left-hand side of (3.79) is given by the average
over the stochastic process W, .

N Z K0 =3 "W, K™ = K, (3.80)

{(nm) n,m

while the right-hand side of (3.79)) can be written as a time-derivative:

E,(t+T)—E,(t)~ E,(t)/. (3.81)

5This condition is satisfied when the normal modes x” are given by the Fourier modes or are
otherwise extended, in which case their components scale as N~1/2 due to the normalization con-
dition. If the eigenmodes are localized this condition might not be true, but we will not deal with
such cases.



38 CHAPTER 3. HEAT TRANSPORT IN QUADRATIC SYSTEMS

Inserting (3.80) and ([3.81)) into (3.79)) we finally get an equation for the time evolution

of the energy modes F, which can be written as a master equation:

E, = Z(Rquu —R,E)), R, =2yN|V,|? |V, (3.82)

I

The properties of the time evolution of the energy modes are thus given by the
eigenvalues of the matrix R. We already saw that one of them is zero and corresponds
to the equipartition state. The non-vanishing eigenvalues represent the relaxation
rates of the various energy modes to this state:

E,(t) — By = Eege” I, (3.83)

We will consider only cases where W, ,, = W|,,_,,,|. Then, using the definition of V,,
(3.61) we get:

R, = WZVVZ[— 4 sin® %@w + %sin2 %sin2 %Vl )
1>0

(3.84)
In the large N limit the off-diagonal entries of R, are small with respect to the
diagonal ones and we thus neglect them (this also means to neglect the coupling
between the various energy modes). In this approximation the R,,, matrix is diagonal,
and its eigenvalues p, are trivially given by:

kil
p, = —4y > Wisin® =2, (3.85)

2
>0

In [54] the exponential relaxation of the energy modes is tested numerically
for a series of clean and disordered systems finding a good agreement. Furthermore,
this method is numerically very convenient since all the interesting quantities can be
expressed in terms of the A, (e.g. the energy modes ([3.76])) whose time evolution is
implemented by a matrix multiplication (3.68|).

In chapter 5 we will use to compute the current-current correlation and extract
the thermal conductivity via the Green-Kubo formula.

3.4.2 Thermal conductivity for short-range chains

In this subsection we recover the results of [11] for the thermal conductivity in a
nearest-neighbours quadratic chain with nearest-neighbours collisions. This model
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corresponds to a matrix ® given by (3.16)), the eigenfrequencies w,, the probabilities
Wi.m and the rates p(k) are given by:

k
Wy = 481112(]{5”/2), Wn,m = 5|nfm|,17 [L(k’u> = _47 Sin2 EH (386)

In order to compute the thermal conductivity we use the Green-Kubo formula:

K = / ’ dtCx(t), Cx(t) = w N>1, t'=N/ (3.87)

where we introduced a cut-off time ¢* and v* is the typical velocity of propagation
of energy excitations [I]. Basically, we are integrating only up to the time in which
energy has propagated through the linear dimension of the system. The reason
we introduce this cut-off is that in anomalous transport the thermal conductivity
would, strictly speaking, diverge for N = oo due to the fact that the self-correlation
of the current has long-living power-law tails. Integrating up to time t* allows us
to convert this diverge in time into a divergence with the system’s size. Note also
that the average in is a micro-canonical average, but since we are considering
a local system there is ensemble equivalence and we can replace it with a canonical
average.

We now turn to the computation of the current-current correlations. Let us begin
by introducing the Hamiltonian density h;:

1 1 1
H = Z hy, hy = § (pl2 + §<$l+1 - Jil)Q + 5(13571 - xl)2>, (388)
l

where we symmetrized the potential energy following a common convention in the
literature [I] The variation of h; in an infinitesimal time d¢ defines the energy current
through the continuity equation:

dh; = —dj; + dj;_1, (389)

where the d stands for the variation of a quantity in an infinitesimal time dt. The
infinitesimal time evolution of the canonical coordinates is given by:

OH
dr; = —dt = pdt 3.90
Z 8]?1 piat, ( )

OH
dp; = ~m + dni(piyr — i) + dni—1 (-1 — i)
I
= =2+ -1 + Ty + dny(prgr — ) + d—1(p-1 — m), (3.91)
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where we introduced the Poisson variable dn; which can be either 0 or 1 with average
[12]:
(dn;) = ~dt (3.92)

Using equations ([3.90)) and (3.91]) to compute the differential of (3.88) and comparing
it to (3.89)) we get:

. 1 1 -(de -(sto
dji = = (pi1 + o) (141 — 27)dt + dn@(p?ﬂ —p?) = 51Vt + 4. (3.93)

2

Notice that the current is composed of two terms. The first one represents
the rate of work done by a particle on the adjacent ones: we will call this term
“deterministic”. The second one stems from the stochastic collisions due to the fact
that colliding particles trade their kinetic energy with each other and this exchange
contributes to energy transport: we will call this second term “stochastic”. We can
further split the stochastic term by writing the Poisson process dn; in terms of its
fluctuation around the average value:

sto) 1 1 . .
™ = S0 — o)t + 50y — o) (dni —~dt) = jidt + di. (3.94)

When we sum over [ to compute the total current, the j; term stems a telescopic
sum that sums to zero so it does not contribute to the total current which reads:

J= J(det) + d:j, J(det) _ Z:jl(det)7 A3 = Zdjl (395)
l l

In [55] it has been rigorously proved that, when integrated over time to get the
thermal conductivity (3.87)), the mixed correlation (J(%(¢)dJ(0)) vanishes and the
auto-correlation of dJ yields a constant contribution to x. Thus we only need to
compute the correlation (J)(¢).J(4")(0)): in order to do so, we write J(@ in terms
of the normal modes Variables introduced in sectlon 3.4 by using the definitions of

the normal modes and ( into we get:
J(det) — Zsm WAL =D v,E,, (3.96)
“w

where we used (3.76) and v, = 0Oy ,w, with w, given by (3.86)). Notice that the
formula on the left of the second equality in (3.96)) is actually well-known in the
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literature [I]. Now we can compute the correlator:

On(t) = N7V (Y ou(Eut) = () Y v E(0)) (3.97)

v

=N 0,0, (Bu(0)E,(0)) et (3.98)
= N7 (kpT)* ) vpet)t, (3.99)
17

where in the first step we subtracted the value of the current at equilibrium (which is
zero), in the second one we used (3.83)) and in the final one we used (£,(0)E,(0)) =
(kgT)?6,,. Now we take the contmuum limit and find:

4(kpT)?

™

On(t) — C(t) = /2 ﬁ/N dkv(k)?er®r, (3.100)

Since we are interested in the late-time power-law tails we also take the large-¢ limit.
In this limit the integral in (3.100)) is dominated by the low-£ region and we can send
the upper extremum to co with exponentially small error:

4(kpT)?

™

C(t) = /2 " dkv(k)?e ™ ~ 712, (3.101)

Finally, we insert (3.101)) into (3.87) and we recover the scaling x ~ N'/2 in the
large N limit i.e. the result of [I1]. In Chapter 6 we will extend this analysis to a
long-range harmonic chain with long-range stochastic collisions.






Chapter 4

Heat transport in a
fully-connected chain

In this chapter we apply the Green function method of section to study heat
transport in a fully-connected harmonic network. This model provides an example
of long-range system in which transport properties can be computed analytically
both in the classical and quantum regime with different configurations of coupling
with the baths. This chapter is based on the paper [13].

The Hamiltonian of the system is given by:

_ 2 2 )
H_%;pi +W%:<xi_xj) —%;pi +§Z®ijxixj, (4.1)

ij=1

where k is the coupling constant, N is the Kac factor (2.21)) in the fully connected
limit 0 = —1 and @ is given by:

We immediately remark that since the system is fully connected there is no notion
of spatial ordering: despite this we will continue to refer to the “left-hand” bath
and “right-hand” bath to fix the notation. Furthermore, since we are considering a
long-range system it seems appropriate to consider both the case in which the baths
are coupled only to sites 1 and N (that we will call intensive coupling) and the case
where the baths are coupled to an extensive fraction of the system (that we will call
extensive coupling). Furthermore, we will only consider the case where a site can be
coupled at most with one bath, i.e. N; + Ng < N. The matrices I'z(w) and I'g(w)

43
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introduced in section |3.2 are given by:

.FLJ‘]‘(Q}) = )\wéijcsﬂ, FR,ij = )\w5ij51N, (43)
Ny, N

FL’,;J'(W) = )\W(Sij Z 5jk7 FR,ij = )\wéij Z 6jk; (44)
k=1 k=N—Ngr+1

where and refer to the intensive coupling and extensive coupling, respec-
tively. In both cases the Green function can be computed exactly. These calculations
are performed in sections and of appendix 5 for the intensive and extensive
case, respectively. In conclusion we have four cases to consider: classical and quan-
tum regimes with intensive and extensive coupling. In particular, in the quantum
regime we will always work in the linear response approximation AT < T and the

heat flux (3.44]) reduces to:
AT [

™

QTG ()T ()G ()T () 2L 1) (4.5)

7a oT

—00

We organize the chapter in the following way: in sections and we consider
the classical case with intensive and extensive couplings respectively. Sections 4.2
and are devoted to the intensive and extensive coupling in the quantum regime,
respectively. In all of these cases we will be able to analytically extract the scaling of
all quantities with the system’s size N for large N. Throughout the chapter, we will
denote classical and quantum quantities with the subscript ¢l and ¢, respectively.
Furthermore we will denote with the superscript int and ext quantities related to
the intensive and extensive coupling case, respectively.

4.1 Intensive coupling, classical case

Inserting (4.3) into formulae (3.46)) and (3.47)) we get:

. kAT o
Jint — 2520 32 / dw W?| Gy (W) %, (4.6)
T( —00
. ATy [ AxmTp [
T = m L/ dww2|Gi1(uJ)|2+—m R/ dww?|Gin (W) 2. (4.7)
' ™ o ™ o

The Green function G(w) (13.41)) for the intensive coupling case is computed in section
E1
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4.1.1 Heat flux
Inserting the expression for Gy (E.10) into (4.6 we get:

. kAT \/2k
gint — B - /mfl(kl,N), (4.8)

cl

where the function I; is given by the following integral (y = w+/2k/m):

2k’2 0 (y2 _ 1)2 dy
Ii(k,N) ==L 4.
1 N) = e /oo S VN e r e ra S

where the dimensionless coupling constant k; is given by:

/\2
2 _
k= 2mk’

Integral is plotted as a function of k; in figure : its dependence on the cou-
pling is qualitatively the same of the short-range one reported in figure 3.1 However
the heat flux now depends on the system’s size N in the thermodynamic limit: in
order to prove this, we compute the integral in the large N limit. Consider the
second factor of the denominator of the integrand in , as a polynomial in s = y*:

(4.10)

s(s — 1)+ ki(s —2/N)?, (4.11)
as N — oo, (4.11) has a vanishing root which for large N is given by:
so(ky, N) = —4k? /N2, (4.12)

By decomposing the integrand in (4.9) in partial fractions, it is easy to see that the
dominant contribution for large NV is the one coming from (4.12]):

2k2 [ dy wky
LTON? /_oo y?+4k3/N2 N’ (4.13)

and so the heat flux at leading order in N~! reads as:

| k
Jint — k:BAT\/Qk:/mﬁ. (4.14)

Notice that this result does not agree with the numerical one plotted in figure (4.1))a.
To understand the problem, we also plot NI;(k;, N) as a function of k; in figures
and for different values of N: as N grows, the region of agreement between
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Figure 4.1: In panel (a) we report the plot of I;(ky, N) for N = 100, 200, 300, 400, 500
from top to bottom, respectively. Notice how the flux reaches a maximum value
and then decreases. In panel (b) we report the plot of NIj(k;, N) for N =
1000, 2000, 3000, 4000, 5000, respectively. Note how the agreement with the ana-
lytical prediction (represented by the dashed black line) gets better and better as N
grows.

the predicted scaling with N and dependence on k; grows as well. This fact can
be understood in the following way: as N grows the maximum of I; moves to the
right on the k; axis, as can be seen from figure so when N — oo the maximum
is virtually at k; = oo so that only the linear region of I1(k;, V) is visible.

We also remark that, even if the heat flux scales as N~!, the system does not follow
Fourier law: since the model is quadratic there can’t be any diffusion mechanism.
Indeed, as we are going to see in section [£.1.2] the temperature profile is flat in the
bulk.

4.1.2 Temperature profile

Inserting the relevant Green function elements in (4.7)) we derive an integral expres-
sion for temperature profile analogous to the one that we obtained for the heat flux
, however we need to distinguish between the sites coupled to the baths and the
uncoupled ones. For the first site, ¢ = 1, using the expression for Gy in the
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large N limit we get:

mT [ w?
T, = NH=T N7hH.
! s /_oo (mw? — 2k)? + \2w? +0O( ) 1+ O )

The same formula also holds for the last site ¢ = N, with L — R. For all the other
uncoupled sites, i # 1, N, the temperature profile is given by (using (E.11])):

T+ TR

T; Ir(ky, ko, N), 4.15
5 2(k1, k2, N) (4.15)
where the integral I, is given by:
4k‘1 Foo dy
Iy(ky,N) = — . 4.16
2, N) N2/0 vAy? = 1?2+ k(Y2 — 1) (416

Note that the temperature profile (4.15) is flat, confirming the fact that Fourier law
is violated. The integral (4.16]) can be decomposed in partial fractions and dealt with
in the same way as I;: the result is that at leading order for large N we have:

I =1/k. (4.17)
It follows that the temperature of the generic i-th site is given by:

gt _ Tt Tel _ To+ T

= 4.1
Cl,Z 27T k:l 2N ( 8)

According to the result the temperature of bulk oscillators does not equilibrate
to the average of the temperatures of the baths, but vanishes in the thermodynamic
limit. As we are going to see in the next paragraph, this behaviour is a peculiarity
of the model and depends on the choice of the initial conditions.

4.1.3 Analysis of the equations of motion in the stationary
regime

As we saw in Chapter 2 the equations of motion of the system coupled to Ohmic

baths are given by (3.50)) :

==Y Py 4 0n (S — M) + 6§ — M), (4.19)

J
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where now @ is given by (4.2)) and we set all the masses m = 1. If we now introduce
the center-of-mass coordinate M (t) = > . x;/N, and S = z1 + xn the equations of
motions can be cast in the following form:

S =—\S —2kS +4kM + ¢, (4.20)
M = (& = \S)/N, (4.21)
i = —2kx; +2kM, i=2, .. N—1. (4.22)

Switching to Fourier space, we find the following solution for M (w) and the position
Z;(w) of the uncoupled sites:

~ 2k — w? -
M) = NoaT e = 20) = G ) (4.23)
Fi(w) = %(ZQ) (4.24)

Note that the pole on the proper frequency of the system w? = 2k does not give any
contribution, as if the baths were unable to properly interact with the system. It is
convenient to recast equation (4.24)) as:

Qw)

w

—2k 1
N w(w? —2k) +i\(w? — 4k/N)’

Ti(w) = £w), QW)

(4.25)

so that it is evident that there is no pole on the dispersion law w? = 2k. Considering
now the mean square velocity (?), we can write the temperature of the i'" site as:

T T
7, =22 il (4.26)

which reproduces exactly formula (4.15).
To get a better understanding of the physics of the model, let us introduce the relative
coordinates z; = x;11 — x;. Then, equation (4.22)) entails that:

5= —2kz, i=2,..,N—2. (4.27)

So the relative coordinates of the uncoupled particles describe an harmonic motion
without being influenced by the baths. This, in turn, means that the initial condi-
tions of the system are essential to determine the properties of the stationary state at
long times. Indeed, to solve the equations of motion we should use the Laplace, and
not the Fourier, transform. When we used the Fourier transform in section [3.2| we
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zero initial conditions
2 T T I T I T T

Figure 4.2: Temperature temperature obtained from simulations of the Langevin
equation of motion for N = 32, intensive baths with 77, = 1.5, T, = 0.5, A = 0.5.
Upper panel: zero initial conditions z;(0) = #;(0) = 0 corresponding to the choice
adopted in the analytical calculations. Lower panels: random initial conditions where
x;(0) and 2;(0) are drawn from a Gaussian distribution with zero average and variance
(Tr, + Tr)/2. Averages are over trajectories of 10° time units.

assumed that the value of the initial condition would be irrelevant in the stationary
state. Quantitatively we implicitly assumed x;(0) = #;(0) =0 for i = 2,..., N —2: all
our results presented in this chapter are thus valid provided we make this assump-
tion on the initial conditions. To support the above considerations in figure 4.2 we
report the kinetic temperatures measured in a Langevin simulation of the equation
of motion for two different initial conditions. In the case z;(0) = 7;(0) = 0 the
results coincide with the result . On the other hand, for random initial data
the temperatures of the particles not coupled with the baths remain at their starting
value and do not thermalize at all.

We remark that the crucial point is the cancellation of the pole in the dispersion
relation of the system, which stems from two properties of the model. The first one is
the linearity of the system, that allows the equations of motion to be solved exactly,
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in terms of the Green’s function, which in this analysis is given by Q(w)/w.

The second one is the conservation of the total magnetization M in absence of ex-
ternal baths, which originates from the mean-field nature of the system: from a
mathematical point of view, this is related to the (N — 1)-fold degeneracy of the
spectrum of the matrix ®. The second ingredient is the linearity of the system, that
allows the equations of motion to be solved exactly in terms of the Green’s function,
which in this analysis is given by Q(w)/w. By lifting either of these properties, the
temperature profile flattens on the average of the temperatures of the baths.

In order to demonstrate that the breaking of the matrix ® may suffice to restore
thermalization, we considered the following quadratic models:

PZ k N( al 1
=Sl N, =S 1o 428
PO 2Noz S N (422)

h=3% B S i)+ I i —)” (4.29

The first one corresponds to a long-range power-law chain and will be the
focus of chapter 4 while in the second one we added a nearest-neighbours
coupling to the fully-connected model . In both cases, we can apply the method
described in section and solve numerically the Lyapunov equation (3.10). The
results for the temperature profile are plotted in figure [£.3} in both cases the profile
is flat and given by the average temperature of the baths.

In [56] the authors computed numerically the temperature profile for random, graded
and identical masses: in the first two cases the degeneracy is broken and indeed they
find that the uncoupled particles thermalize to the average temperature of the baths.
The result of this section is that heat flows directly between the sites coupled with
the baths, completely bypassing the others, at least at leading order in N. This
also explains why the temperature of the uncoupled sites vanishes, since they do
not exchange energy with the baths. We also remark that in numerical analysis
performed on interacting long-range chains, the temperature profile flattens to the
average temperature of the baths in the fully-connected limit [3| [§].

Finally, we note that one can repeat the analysis presented in this subsection
even if the baths induce a coloured noise: the result is once again that the residue
related to the pole on the proper frequency of the system vanishes.
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Figure 4.3: Numerical result for the temperature profile Tgff for the Hamiltonians

(4.28) and (4.29)) on the left and on the right, respectively. We used the following
values for the parameters:7;, = 1.5, Tg =05k=g=1, 0 = —0.5.

4.2 Intensive coupling, quantum case

The heat flux and temperature profile in the quantum regime for intensive couplings

can be obtained by inserting (4.3)) into (4.5)):

RAAT [+ 0f(w,T)
mt 3 2 )
J" = - /oo dw w’ |Gy ()| ~a7 (4.30)
~ A [ hw? hw hw? hw
Tt — A g 1G4 22 coth NP2 coth .
L /oo ‘”{'GM 2 (Qk:BTL)HG”V' 2 (QkBTL)]
(4.31)

Note that the temperature profile is not yet expressed the linear response regime:
we will perform the relevant expansion after having substituted in (4.31]) the explicit
expression of the Green function.

4.2.1 Heat flux
We insert the expression for Gy (E.10|) into (4.30) and we find:

 kpAT\/2k
Jim = /™ g 0 ), (4.32)

where we introduced a dimensionless temperature 6 as:

= QkST\/m/Qk, (4.33)

0.8

1.0
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Figure 4.4: In panel (a) we report I3 as a function of # with k; = 3 and N =
500, 1000, 2000 from top to bottom, respectively. In panel (b) we plot the function

g(x) defined in (4.36]).

and the the function I3(ky,0, N) is given by:

LA K /°° gy W=D y?/ sinh* (y/0)
PUmeN? T (P - 1P R P2 — 12 R (g2 - 2/N)?

The integral I3 (4.34)) is plotted as a function of  in figure : as expected, the heat
flux vanishes in the low temperature region and saturates in the high temperature
region. In appendix 6 we compute I3 in the large N limit, and the final result is:

kAT 2k (TN(k1)>

nt __
Tt = 2N g mg

(4.34)

= (4.35)

where the function g(z) is given by:

2

o) =5 o0 (14 D) o (- D)+ - a3

being I'(z) the Euler Gamma function. The temperature Tv(k;) is the intrinsic
temperature scale of the system, below which quantum effects are important. It is

given by:
ky b [2k
Tn(ky) = ——1/—. 4.37
vk =TV m (4.37)
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To compare the quantum heat flux (4.32) and the classical one (4.8]) we consider
their ratio r = Ji™ /JIP*. For large N, this ratio is given by the function g(z) (4.36)).
Its low and high temperature asymptotics are given by:

1, T > Ty,

T TN, T<rT
3 TN ) N>
where we used the asymptotic formulas for the digamma function. We can see that at
high temperature the quantum flux correctly converges to the classical one, while at
low temperature it vanishes linearly with T'. In figure [4.5] we plot the aforementioned
ratio as a function of # for several values of N: as N increases, the saturation to the
classical value takes place at lower values of T'. Finally, note that the flux (4.35) at
low temperature does not depend on the coupling k:

| 2427
Jint — (W - > AT, (4.38)

Furthermore, the quantity in parentheses depends only on universal constants and
corresponds to the quantum of thermal conductance introduced in the context of
transport in quantum harmonic wires in [57]

4.2.2 Temperature profile

As we did in the classical case we need to distinguish between the temperature of
the sites coupled to the baths and the one of uncoupled ones. For site 1 in the large
N limit we substitute (E.10) into (4.31)):

h= ? coth 4.
! 2]{3371' /oo (7’)’%‘)2 — 2]{;)2 + /\2w2w co (2kBTL> ) ( 39)

and the same expression also holds for site N with L — R. The integral is
logarithmically divergent at large frequencies. This problem is unrelated with the
long-range properties of the interaction and it is present even if we couple a single
oscillator to two ohmic baths (see for example [58]). The divergence stems from
the implicit hypothesis that the bath is able to excite arbitrarily high frequencies,
which hidden in the choice I' ~ Aw. If we consider a cut-off at high frequencies the
divergence vanishes. To compute the temperature of the sites not coupled with the

baths we need to insert (E.11)) into (4.31)) and then expand up to the first order in
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Figure 4.5: We report the plot of the ratio J;™ /Ji* as a function of 6 for k; = 3 and
N = 500, 1000, 2000 from bottom to top, respectively.

AT. Note that since the square modulus of the Green function entries is an even
function of w the first-order term vanishes and thus in the linear response regime the
bulk temperature profile is given by:

hA

Ti=
QTTL/{ZB

I, (4.40)

where 1 is given by:
Y y coth(y/0)
Iy = — d . 4.41
= EE ae Ay

The integral I, cannot be computed exactly, however we can compute its asymptotic

behaviour at low temperature and we do it in section of appendix F'. The result
is:

, hA\kg 72 62
T = 1,00 = —— 4.42
@~ m [ =0+ 3 k%] ’ (4.42)
where zero-temperature value of I, is given by:
1 N R T R
L,(0=0)=— |2In | — — | = t —_— 4.4
s =0) 2N2{ “(%I)*m(z”“ a“(m))] (4.43)

being R the real part of the non-vanishing roots of (4.11)). The I,(f# = 0) term, which
is non-vanishing even at zero temperature, can be interpreted as the contribution to
the temperature of the zero-point energy of the system.
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Figure 4.6: Plot of I, as a function of 8 for ky = 3 and N = 1000. In the inset we
plot I, at low temperatures.

4.3 Extensive coupling, classical case

The classical heat flux and temperature profile in the extensive case are found by

inserting (4.4)) into (3.46]) and (3.47)):

kpAT [+ Voo
gt =2l / W S Gl (4.44)

i=N—Np+1 i=1

mAT, [ r mANTr [ al
TS = L / dww Z |G (w)]? + R / dww Z |G (w)]?. (4.45)
™ —00 i1 T —o0 i=N—Npg+1

The main difference between the intensive case formulae (4.6) and (4.7) is that now
we need to sum over the Green function elements related to the sites coupled with
the baths.

4.3.1 Heat flux

In order to compute the heat flux (4.44)) we need to sum over all the Green function
entries connecting two sites coupled to the baths. Inserting the result for the entries
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of the Green function (E.20) into (4.44]) we get:

kpAT+\/2k/m
Jgt = =2 o / Is(k1, o, ag), (4.46)
where we defined I5 as:
o0 2 1)2
I = k3(2 d (y
5 1( OZLOZR) /_Oo y[(yQ _ 1)2 + k%yQ] [y2(y2 _ 1)2 + k%<y2 _ (OéR n CYL))Z]’
(4.47)

where we introduced the fraction of coupled sites Ni p = o, gN. In the derivation of
it is useful to note that the sum over the coupled sites collapses to NgN, L|Gil\2
since due to the symmetry of the model all of these entries are equal (see . As
a check of , the heat flux reduces to the ﬂux of the intensive case if we set
ar =ar =1/N in (4.47).

In figure we report the plot of I5 as a function of k; for some fixed values of «af,
and ag: its qualitative behaviour is the same as in the intensive case, the heat flux
vanishes for both small and strong coupling. It is also interesting to note that in the
extensive case the flux does not depend on N (although it decreases if we decrease
the fractions of coupled sites), in contrast with the N~! scaling of the intensive flux
(4.14]). This difference in scaling can be explained with the fact that, by coupling
an extensive number of sites to the baths, we are increasing the energy pumped into
the system by a factor N.

4.3.2 Temperature profile

As in the intensive case, we get different results if we consider the temperature T;
of a site which is directly coupled to a bath or not. If i is coupled to the left/right
bath we insert into and we get at leading order Tflfcf =T /g, as in the
intensive case. If ¢ is not coupled to any bath, we insert into and we

get:
arTry + agTr

T3 = N Is(k1, ar, ar), (4.48)
where we introduced the integral I:
Is =k /oo d ! (4.49)
N g S | R e T (e Ve = (s '

If we set ap = ar = 1/N we recover the result of intensive case (4.15)). Note that
even in this case the temperature of the uncoupled sites scales as N~!: indeed, the
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Figure 4.7: Plot of I5 as a function of k; with a;, = 1/6,ar = 1/10 and o = ag =
1/2. The first choice of parameters corresponds to the curve with larger maximum.

same argument used in section for the intensive coupling case holds also in the
extensive case as can be seen by replacing S with the sum of the positions of the
sites coupled to the baths.

4.4 Extensive coupling, quantum case

The quantum heat flux and temperature profile in the extensive coupling case are

obtained by inserting (4.4) into (4.5)) and (3.45):

kpAT [+ Voo 0
quxt = —B / dW()\CU)z Z Z ’Gil|28_if-n (450)
T > i=N—Ng+1 I=1
N
A o . hw hw
Text ma d - 2~ coth

00 N

+/_ dow Y |Gik(w)|2%coth(2kzuTR)} (4.51)

o0 i=N—Ng+1
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Figure 4.8: In panel (a) we plot I7 (4.53) as a function of 0 for ky = 3, ay =
1/20,1/3,1/2 and agr = 1/20,1/5,1/2 from bottom to top, respectively. In panel
(b) we plot I7 for low 0 with a = agr = 1/3 and k; = 5,10, 15 from bottom to top,
respectively. The black dashed line is the linear approximation (4.55)).

4.4.1 Heat flux

Inserting the Green function elements (E.20)) into (4.50]) we get:

kAT +\/2k/m
J;.’Et _ B ! / 17(]{:17 9’ ar, aR)v (452)

where the integral I7 is given by:

I agakt [C gD y?/ sinh(y/6) |
o (P =P RY P (0 — 1P+ R (2 — (ot an))?

0 (4.53)
In figure |4.80 we plot I7; as a function of ¢ with fixed ay + agr: as expected, the
heat flux vanishes at low temperature, while it saturates at high temperature.While
it is not possible to compute I (at variance with the intensive case I3 (4.34)), we
can obtain an estimate for the low-temperature behaviour using the following repre-
sentation of the delta function:

2

. 3 Y
l =0 4.54
530 7207 sinh?(y/0) ) (4.54)

so that I; for small 6 is given by:

7'('2 ROy,

I = ————40.
’ 3 (CYR—FCYL)Q

(4.55)



4.4. EXTENSIVE COUPLING, QUANTUM CASE 59

The heat flux thus vanishes linearly with the temperature, like in the intensive case
. In figure , we report the numerical plot of I; and its low-temperature
approximation for several values of k;. Looking at we see that the value
of # below which the linear approximation is valid decreases as a function of k;.
Since we are not able to solve (4.53)) exactly we cannot provide an expression for
this temperature scale in the extensive case. As in the intensive case , at
low temperature the flux can be expressed in terms of the quantum of thermal

conductance: 22 7 A
T QRO
Jeot = B RL AT 4.56
g ( 3]1 > (OéR —+ OéL)Q ’ ( )

where now we also have a “geometrical factor” that depends on the fraction of coupled
sites. Note that for a;, = ag we recover the intensive result (4.2.1).

4.4.2 Temperature profile

The temperature of the sites directly coupled to the baths (i.e. i = 1,..., Ny and
i = N — Ngr+1,..,N) diverges as in the intensive case due to the non-physical
contribution of high frequencies. The temperature of the uncoupled sites(i.e. i =
Ny +1,...N — Ng) is obtained by inserting into (4.51)):

ext __ h)\

= SN [0 s apg) + arls (0 b ap,aR)] (457)

where 057 = 2kpTy, r/h\/2k/m the integral I3(0, ky, ar, ag) as:
> y coth(y/0)
Is = d . 4.58
’ /_oo YR =12 K2 — ar — an)? 45%)

In the linear response regime we must Taylor expand (4.57) around AT = 0 for
TL,R =T+ AT/Q

hA

kpAT
e:z;t _ a + o I(O) _|_ B— ar — o [(1) , 459
W = 2Ny | OF TR h\/Qk/m( L= an)ls (4.59)
where:

> * — 1)’y coth(y/9)
10 _ / J (y , 4.60
s o PP =1 2R — an— ar)] 00

o 2/ sinh®(y/0)
I(l)_9‘2/ d y~/sinh (y . 461
8 PP -2 TR — an— ap)?] 461
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Figure 4.9: In panel (a) we report the plot of I3 as a function of 6 with k; = 3 and
ap + ap = 0.4, 0.8 respectively. In panel (b) we report the plot of I3 as a function of
6 with k’1 =3 and ar +ap = 0.4.

In figure we report the plot of Iéo): note that it does not vanish as the tem-

perature goes to zero. Indeed, Iéo)(kZ = 0) can be interpreted as the contribution
to the temperature of the zero-point energy of the system. We can compute the
low-temperature of ]él) by using once again ({4.54]):

7'(2

W= 0. 4.62
s 3k (ay + ag)? (462)

In figure we report the plot of Iél) and and we see that there is good
agreement between the exact plot of Is and the approximation (4.62f). Expression
(4.59) entails that, if we couple the same fraction of sites to the left and to the right
bath, the term proportional to AT vanishes. This explains why in the intensive
case o, = ag = 1/N the term proportional to AT vanishes. Finally one can check

numerically that Iéo) goes as 62 for small # and thus the temperature profile for small

T (4.59) behaves as :

hA kAT 7'('2 (OéL — OéR)
T = 2@ =o0 P 0. (4.63
qi 2 Nmkg (ar +agr)lg( )+ n /—Qk/m 352 (ar + ag)? ( )

In this chapter we studied heat transport in a fully-coupled harmonic network by
computing the heat flux and the temperature profile both in the intensive and exten-
sive coupling cases. Since we studied several cases, we recapitulate for convenience
our results in table [4.1]
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Coupling | Quantity Classical Quantum
Jmt J ~ AT /N Jé"t ~ TAT

Intensive Tz'm Tint ~ T/N Tqiﬁt ~T?+ O(In N/N2)

cl,i

T [ JgT ~ ATN Je ~ TAT

Extensive Tewt Teat o, N1 qu:;ct ~ const/N +T/N

clyi

Table 4.1: Summary of main results about thermal transport in the fully-connected
harmonic network (4.2)). We report the low-temperature behaviour of the quantum

results.






Chapter 5

Heat flux in a power-law
long-range chain

In this chapter we study the heat flux in the stationary state of a power-law long-
range chain which is coupled on site 1 and N to two ohmic heat baths. The Hamil-
tonian of the system is given by:

1 1
i ij
where the interaction matrix ¢ is given by:
b, = {20 ! ! N, —f:l_(’ (5.2)
] T () Na ’Z—j|1+0 9 g — 9 .

and N, is the Kac factor defined in .

In order to compute the heat flux we are going to use both the RLL method, the
LEGF method and the generalized eigenvalues method, described in sections [3.1],
and [3.3], respectively. We remark that, at variance with the nearest-neighbours chain
or the fully connected network, the analytical implementation of the aforementioned
methods presents significant challenges. The main problem is that the matrix &
is neither tridiagonal (as in the nearest-neighbours case (3.1€])) nor has a structure
which allows us to easily invert using a known formula, such as in the fully-
coupled case (4.2). We also remark that not even the spectrum of is exactly
known in the literature: in the continuum limit it would correspond to the spectrum
of the fractional Laplacian with open boundary condition, which is not known in
general and does not correspond to the usual sinusoidal waves [59]. For all these

63
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reasons, our analysis will be purely numerical: the main result of this chapter is that
heat transport is super-diffusive and the heat flux scales as a power of the system’s
size N. The determination of the scaling exponent, however, is hindered by the
presence of strong finite-size effects.

In section [5.1] we will report the results for the heat flux obtained with the RLL
method for small coupling A and we compare them with known perturbative results
valid for generic quadratic systems. In section [5.2] we report our results for generic
values of the coupling. The main conclusion is that the heat flux scales as a power
law of the system size J ~ N7, however the determination of the exponent ~ is
hindered by the presence of strong finite-size effects. Finally, in section [5.3| we study
the structure of the transmission coefficient (i.e. the integrand of the heat flux) and
we see how its properties can be used to infer the scaling of the heat flux with the
size of the system.

5.1 Heat flux for small coupling

For small values of the chain-bath coupling A it is possible to perform a power-
series expansion of the heat flux J. Retaining only the leading term yields so-called
Matsuda-Ishii’s formula, J = Jy,; [60, 1I:

Jur :/\ATZM (5.3)
k 1/}]%,1 + w/?,N’

where v, , denotes the n component of the kth eigenvector of the matrix ® de-
fined in (5.2)). For an homogeneous and mirror-symmetric model, as the one we are
considering 51 = ¥ n for £ = 1...N and the above expression simplifies to

Jyur = AA—T (5.4)
2
We thus see that for small A heat transport is ballistic.

In the short-range case ¢ — oo, this result applies for A < Ao =~ O(1). In
the long-range case, however, the situation is more complicated. In figure |5.1, we
compare formula and the numerical solution of the Lyapunov equation ((3.10))
with the ¢ matrix given by . As we can see, holds for A\ smaller than a
certain threshold \g(o, N), that depends both on N and on o. More specifically,
Ao decreases with ¢ and with N. On the other hand, for 0 > 0 the perturbative
approximation holds well in the considered range of .
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Figure 5.1: Plots of the ratio between the heat flux J, computed numerically with
the RLL method, and the Matsuuda-Ishii heat flux (5.4) versus the system size N
for several values of o and A in the weak coupling regime.
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Figure 5.2: Plots of the spacing between the imaginary parts of the poles of the
Green’s function Im(sky1) — Im(sy) (circles) and the real parts of the poles Re(sy)
(crosses) for 0 = —0.5. Different colors correspond to different system’s size: N =
256,512,1024 in blue, orange, green, respectively.

We remark that usually the perturbative approach is justified assuming that the
separation of the unperturbed normal mode frequencies is smaller than the typical
dissipation caused by the coupling with the baths [61]. This assumption can be
checked by examining the poles of the Green function s,, which we will analyze in
detail in section 5.3 In particular, we compare the spacings between the position
of consecutive poles, given by Im(s,41 — S,) and the real parts of the poles Re(s,),
which encode the strength of dissipation[] As we can see from figure the former
is always much larger than the latter: the perturbative expansion is thus justified in
the small A\ limit.

'Note that, since we are working using Laplace transform and with the Fourier one, the usual
role of the imaginary and real part of the poles of the Green function is reversed.
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5.2 Heat flux for generic value of the coupling

We now want to understand how the flux scales with the system size N for larger
coupling. In order to so, we computed the heat flux using the RLL method for several
values of N and o for A = 1. As shown in figure the data can be fitted with a
power law J o< N77. The result of this fit is reported in figure

The application of the Green function method is more problematic. Indeed, in order
to compute the heat flux using we need to numerically invert the matrix (3.41])
to obtain the Green function G(w). This operation is computationally heavy for a
dense matrix such as . Furthermore, in order to compute the integral over the
frequency we need the Green function G(w) for several value of w: this sampling has
to be fine, especially if the transmission coefficient is rapidly oscillating (as is our
case, as we will see). For all these reasons with this method we can study system’s
sizes at most of order N ~ 102,

Even if the direct computation of the Green function is computationally heavy, we
can easily compute its poles solving the 2N x 2N eigenvalue problem , com-
pute the heat flux using formula and fit a power law. In figure we report
both the exponents fitted with the generalized eigenvalues method and with the RLL
method. As we can see, they are qualitatively in agreement.

Looking at the fitted exponents in figure [5.4, we can identify three regions. The
region close to the mean-field case ¢ = —1 and the one close to the short-range
case 0 > 1, where finite-size effects are almost absent, and an intermediate region in
which finite-size effects are quite strong. We also note that v seems to be converging
to the short-range value v = 0 while o goes to 1. In conclusion, even if we are not
able to extract the exact values of the exponents, it is clear that the flux scales with
some nontrivial power of the system’s size N.

5.2.1 Transmission coefficient

In this section we compute the quantity (Aw)?|G1y(w)|?, which is basically the trans-
mission coefficient , for the power-law chain : as we are going to see its
properties are crucial to understand the scaling of the heat flux.

In figure [5.5| we report our results for several values of 0. We can see that the trans-
mission coefficient is characterized by a rather complicated peak structure which
consists of N — 2 peaks (as can be checked numerically). Notice G(—w) = G(w)*,
as can be seen from (3.41]). Thus, since the transmission coefficient depends on the

square modulus of G(w) , we will consider only the case w > 0. Let us denote by wy,
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Figure 5.3: Log-log plot of the heat flux J versus the system’s size N for A =1 and
different values of the long-range exponent o. The flux is computed using the RLL
method as described in the text.
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report the exponents obtained by fitting a power law on the heat flux obtained with
the RLL method. To check the finite-size effects, each data set corresponds to a fit
over different length ranges, 50 < N < 1600 (circles), 500 < N < 2000 (squares),
1500 < N < 7500 (triangles). Panel (b), comparison between the exponents obtained

by the RLL method (circles) and the generalized eigenvalue method (triangles).
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Figure 5.5: Panels a), b), ¢), d) : transmission coefficient A\2w?|G1y(w)? for different
values of the range exponent 0 = —0.7,0.5,0.1,0.5 and for a chain with N = 100.
Only positive frequencies are reported. Panels e), f), g), h): rescaled cumulative
function N7F(w), for N = 80,100,120, 140 and ¢ = —0.7,—0.5, —0.1,0.5 in panels
a), b), ¢), d) respectively. The values of y are taken from the blue points in figure[5.4k.
The abrupt increase of the cumulative function in panels e) and f) at w ~ 1.3 is due
to the dominant contribution of the first peak in panels a) and b. The subsequent,
smaller, jumps are due to the contributions of the other peaks.

k=1,2... the location of the peak frequencies for positive w. As it is evident from
(.5 the peaks accumulate at a band-edge frequency wp < 2. Furthermore, upon
approaching wg, the width of the peaks decreases. This is the reason why it is im-
portant to finely sample the Green’s function in w, especially in the proximity of the
band edge: we used a logarithmic sampling in order to increase the sampling points
near wg. It can be checked numerically that the first few peaks are Lorentzian with
amplitude A, ~ N~!, exactly like the only peak present in the in the fully-connected
case . The subsequent peaks are too narrow to be resolved. For positive values
of o the situation becomes even more complicated, as a curve emerges below the
peaks, as we can see in figure ) for o = 0.5.
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For the reasons outlined above, it seems more convenient to consider the cumu-
lative function F'(w), that is, the integral in , performed up to frequency w. In
figures from e) to h) we report the function F(w), for several values of N of
order 10? and o, rescaled by N7, where v is the exponent obtained with the RLL
method for values of N of order 10% : 10%. As we can see, the curves nicely collapse
for 0 = —0.7,—0.5, but for higher values of o, such as 0 = —0.3, the collapse is not
as good due to the finite-size effects, as expected.

5.3 Poles of the Green’s function

To get a better understanding of the peak structure we compute the poles of the
Green function using the generalized eigenvalue method: As we already mentioned,
the positions wy, of the peaks in figure are given by the absolute value of the imagi-
nary part of s,, while the absolute value of the imaginary part should be proportional
to their widths Ay.

In particular, we consider all the peaks as Lorentzian — for simplicity, but also
because all the peaks that we were able to resolve are actually very well approximated
by a Lorentzian — with width given by Ag(NN) = Re(sy). In this approximation, as
far as scaling with the size is concerned, the heat flux can be estimated as the sum of
the widths of the peaks Ag(V). Furthermore, from the numerics the height of each
peak results to be A\?/4 (indeed, note that in figure , in which A\ = 1, the heights
of the peaks are all the same and equal to 1/4). Thus, we replace the transmission
coefficient with a sum of normalized Lorentzian peaks, and we get:

N-2

dw )\ZAk 2 4 )\2 N-2
RIS SR YU TR NN

The relevant information should thus be contained in the dependence of the Ay on k
and N. Physically, this is the effective damping of plane waves due to the coupling
with the thermal reservoirs.

The dependence of A on N is reported in figure[5.6], where we plot the real parts
of the poles as a function of the imaginary ones, for negative and positive values of o,
respectively. Since the resonances accumulates at the band-edges, it is convenient to
report the frequencies as a function of their relative distance from wpg. Let us focus
on the case of negative o, to begin with. From the leftmost panels of figure it is
seen that the poles can be grouped in two sets, each having different dependencies
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Figure 5.6: Real parts of the poles of the Green’s functions s, versus the distance
of their imaginary parts from the band-edge. Leftmost panel: o < 0, vertical axis
rescaled by N¢ with ¢ ~ 1 — ¢. The inset in panel (a) demonstrates the different
scaling the collapse for the widths of the first peaks (the first 80, 160, 320, 640, 1280
for N = 256,512, 1024, 2048, 4096, respectively) rescaled by N. For the other values
of o, we get the same scaling for the first peaks. Rightmost panel: same for ¢ > 0,
with vertical axis rescaled by N. Note that such scaling works for the whole spectrum
in this case.
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on wy and N. Empirically, this is accounted for by the following scaling:

dk/N, k <k,

5.6
do/N®, k> ky, (5.6)

where k, << N and di do not depend N. We do not have a theoretical estimate of
¢, but we find that there is a good collapse upon choosing ¢ ~ 1 + |o]|.

Furthermore, as we can see from there are a few poles whose widths do not follow
this scaling and fall consistently well outside the collapsed curve. It actually turns
out that there are two degenerate eigenvalues between the s,s that do not follow the
scaling law. However this is inconsequential, as one can check that the contribution of
the these eigenvalues to the heat flux (3.54)) vanishes. Heuristically, this is because
the eigenvectors related to these eigenvalues are localized at the endpoints of the
chain and therefore do not contribute to transport. This also explains why the peaks
in figure 5.5|are N — 2 instead of N. We can therefore infer the following scaling law

for the heat flux plugging (5.6)) into (5.5)):

o N
Zzl dk + Zk:ko d
N N¢

The first term scales as N~!, since k, does not scale with N (as can be inferred from
ﬁgure. On the other hand, the second term scale as N'~¢ since each dj, is of order
1 and thus their sum scales as N. Finally, since ¢ > 0, we get the reported scaling
for the heat flux. For positive o, the scaling of Aj is reported in the right-most
panels of figure : as we can see in this case A, ~ N1, over the entire spectrum.
Therefore, the estimate the heat flux yields

J =~

£ N9 (5.7)

Zkal i
J~==—~~0(1). 5.8
=%~ 0(1) (53)
So the heat flux for positive o behaves as the heat flux for o = oo (the nearest-
neighbours case), that is, it does not scale with N.
To summarize, according to approximation (5.5) and the numerical estimate of
¢ extracted from the data, we find that the heat flux scales as:

- - 1—9, o<,
Jox N7, 7%{0 S0 (5.9)

As we already mentioned, see figure[5.6, we found a good collapse of the imaginary
part of the poles of the Green’s functions for ¢ ~ 1 — |o|. So this yields

A~ —0 (5.10)
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for negative 0. Admittedly, this estimate accounts only qualitatively for the be-
havior of the exponents as given in figure [5.4] The deviations are sizeable and the
dependence of v on ¢ appears to be non-linear. While this could be due to the
aforementioned finite-size effects, the discrepancy is present even for values of o for
which the exponent ~ has basically converged (for example o = —0.7,—0.5). A more
likely possibility is that, while the widths of the peaks of figure [5.5| are indeed related
to the real parts of s, on general grounds, they are not exactly equal. On the other
hand, we point out that, since the s, are related to the widths of the peaks, the
transition in the scaling of the Ags at ¢ = 0 suggests that the scaling of the heat-flux
between the short-range and the long-range behaviour has to occur at o = 0.



Chapter 6

Long-range stochastic collisions

In this chapter we consider a power-law long-range harmonic chain with stochastic
collisions and we compute the thermal conductivity using the Green-Kubo formula
as described in section [3.4f The case of nearest-neighbours collision was studied in
[12]: we will consider the more general case of long-range collisions. This model is
interesting because it provides an example of analytically solvable long-range model
which is not fully-connected, at variance with the open-boundary condition power-
law chain that we studied in Chapter 5. Furthermore, as we already said in section
[3.4] the quadratic chains with stochastic collision are believed to share some proper-
ties with anharmonic chains and thus this model could provide some insight on the
behaviour of interacting long-range systems.

In section we introduce the model making contact with the formalism described
in section in section[6.2) we describe the splitting of the current in a deterministic
and a stochastic term like we did in section [3.4.2] and in section [6.3] we compute the
correlation of the deterministic current and the scaling with the system’s size of the
thermal current.

6.1 The model

The deterministic part of the dynamics is generated by the Hamiltonian:

H = i, 1 & (21— 2140)* pp 1 P
—Z§+EZZT—Z§+§Z iti%j,  (6.1)
=1 =1 r=1 =1 i
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where (in this chapter the long-range exponent in the Hamiltonian is denoted by
and not by 1+ 0):

1 1
Ns (min(|i = j|, N = |i = 4]))°

and Ny is the Kac factor . Note the difference between the ® matrix and
the one corresponding to the chain with open boundary conditions . Since
is circulant it can be diagonalized using Fourier modes and the frequencies
and velocities of the excitations are given by:

N2 . N/2 .
1 Z 4 kur/2 1 k

wZ _ Sin (5#7”/ )’ v, = § : Slng /IT)’ (63)
Ns = r Nowy <= 1o~

where we remind that the Fourier wave-numbers k, assume the values (3.56)):

kV:%TV, V:—g-f-l,...,g. (6.4)
At variance with the short-ranged stochastic collisions examined in section [3.4.2]
we now consider long-range collisions, i.e., using the notation introduced in section
.4 the probability of having a collision between the particle on site i and the one on
site j is given by:
N/2

1
Wy=—" N;l = re, 6.5

! Na‘z —J ’a 7,2; ( )
Using (6.5 and (3.85]) we see that the decay ratio p, of the energy mode E,, is given
by:

[y = 4_72 sin (k‘l,l/2). (6.6)

la
@ =1

We will consider the range of values of o and ¢ which lead to a well-definite large- N
limit, namely 6 > 2 and o > 1. The second of these conditions is the usual condition
for having additive interactions, while the first is required to have a finite current
correlation function, as we see below. For these values of § and o we can express w,,
v, and p, as functions w(k), v(k), (k) of the momentum k in the thermodynamic

limit by sending N — oo in (6.3) and (6.6). The resulting series can be computed
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in terms of polylogarithm functions E|:

2 7& — Lig(e™) — Lis(e~™®
) = 057 [2006) = Lis(e™) = Lis(e™)].
L1, ik - —ik
v(k) = RGPS [Lis_1(e™) — Lis_1(e™™)] ,
(k)] = 2L [26(0) — Lia(e™) — Lin(e™™)] .

¢(a)

7

(6.8)
(6.9)

(6.10)

Since we are considering the large time limit, the integral in (3.100|) will be dominated

by the low-k region: it is thus useful to extract the low-momentum behaviours of

(6.8]), and (6.10)). In order to do that we use the following formula:

u4g>:ru—gx—@81+§:£§£§9fa s¢&N
. 2\ Zn_l - C(k B n)
Li,(e*) = 1) (Hpo1 —In(—2)) + k:%é;l TZk’ n €N,

which are valid for |z| < 27TE| The results for non-integer values of ¢, are:

d—1
wi(k) ~ )
bsk®, 0 >3, 2v/bssign(k), & > 3.

and
aykl*™l, 1<a<3,
p(k) =~ 2
bavk?, o> 3.

!The polylogarithm Li,(z) is defined as:

Liy(z) = —.

(6.11)

(6.12)

{a5|k|‘51, 1<d<3, o(k) ~ Vas (T) k|03 25ign(k), 1<§ <3,

(6.14)

(6.15)

(6.13)
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where we defined:

— — §)sin s :M
T (2> b= (6.16)

We also recall that for purely nearest-neighbours collisions the decay rate of the
energy modes are given by (3.86)), which for low-momentum behaves as:

g —

p(k) ~ —k? (6.17)

6.2 Expression of the heat current

As we did in section [3.4.2] we want to define the energy current, starting from the
continuity equation (3.89)). The Hamiltonian density h; related to (6.1)) is given by:

N/2

2 2 2
YY) 1 (Il—&-r - ml) (xl—r - xl)
h ="t > . 6.18

‘=9 TN, { o5 20 (6.18)

r=1

The stochastic infinitesimal evolution of the canonical coordinates is instead given
by:

dx; = pidt, (6.19)
N/2 N/2
1 Ty + X — 227y
dp, = N, 2 o dt + ; [dnl,z+r(pz+r —pi) +dng o (prr — pl)} ;
(6.20)

where dn; are random Poisson variables which can be either 0 or 1 with average:
<dnl’l/> = ’)/|l — l/|7adt. (621)

The limit o« — oo corresponds to the nearest-neighbours collisions described in sec-

tion and indeed in this limit equations (6.18)), (6.20]) and (6.21)) reduce to their

counterparts (3.88)), (3.91) and (3.92)), respectively. The heat current is defined in
terms of the continuity equation (3.89)), and it can be decomposed in a deterministic

and a stochastic term, as in section [3.4.2;

djy = jidt + djj",  dji* = jPydt + dj. (6.22)
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-det

The deterministic current j'* is given by:

I+N/2 N/2

](dd = Z Z /r,(; = T ) (P + Pm—r), (6.23)

m=Il+1r=l-m
while the stochastic terms are given by:

N/2 N/2

S r 1 T
I —— Z (pl+ —h ) dj = —— Z dmy 1y, <Z¥) , (6.24)

where dm represent the fluctuation of the process dn around its average:
dmlHT = dnu_;,_r — (dnl,l+T> . (625)

The limit 6 — oo, a — oo corresponds to the nearest-neighbours chain with nearest-
neighbours collisions studied in section [3.4.2] while the limit @ — oo corresponds
to the long-range chain with nearest-neighbours collisions studied by Saito in [12].
Notice that in the o — oo limit, b, = 1. As in the nearest-neighbours collisions
case, the sum ), j; is telescopic and sums to zero, therefore the total current is
once again given by with jl(det) and dj; given by and respectively.
Furthermore, the argument used in [55] to prove the vanishing of the contribution of
the cross correlation <J (det) d‘j> to the thermal conductivity relies only on the oddness
of the current under time-reversal, which holds also in our model. In conclusion, the
only contributions to the thermal conductivity are given once again only by the
auto-correlations of J(@ and dJ: the former will be computed in next section. For
what concerns the latter, it is known [55] that in the case of nearest-neighbours
momentum exchanges it gives a constant contribution in N to thermal conductivity.
In the long-range case one could argue that, since the probability that two particles
collide decreases with their distance r as r~—® with a > 1, the contribution to the
total energy current coming from this process should be small. On the other hand,
no matter how far the colliding particles, the exchange of their momenta induces a
finite energy transfer. The analysis of the autocorrelation of the stochastic current
is postponed to a future development of this manuscript.

6.3 Correlation of .J(dt)

In this section we compute the correlation of the deterministic current J(@% using
formula ([3.100). We remind that the validity of such formula rests on the assumption
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of equivalence between microcanonical and canonical ensemble, which holds for the
values of 4 and o we are considering. Will consider two different cases: long-range
dynamics and short-range collisions (which corresponds to a > 3) and long-range
dynamics and long-range collisions. In the first case we expect to recover the same
scalings obtained in [12], while the latter contains new results.

6.3.1 2<0<3,a=00

This case corresponds to a long-range deterministic dynamics with nearest-neighbours
Collisions The auto correlatlon of the deterministic current J(@ is obtained by in-

serting ((6.9) and (| into -

00 . 2 )
Cn(t) ~ 2 / dkas (5—1> =Bkt (6.26)
2n /N 2
_ s 1—s/2p O 2 V1
47r<5 1)2(yt) r (2 1,4m N2> , (6.27)

where we used the expression for the incomplete Gamma function:

F(s,x):/ duu®~te ™. (6.28)

We kept the N dependence in the lower extremum to compute the corrections for
large-but finite-N. Expanding (6.26)) in the scaling variable t/N? we get:

(6 — I(2 — 8) sin(6/2)L(5/2 — 1)

Cn(t) ~ 27C(8) (v0)'°7 + S (t) (6.29)
_202m)°73(6 — D)D(2 — 6) sin(w/2) o= (=)™ 2m)™ (4t \"
Snlt) = ((5) N2 5 2+ 2m (ﬁ) (6.30)

=0

It is important to note that there is time-independent term corresponding to m = 0

given by:

2(27m)273(5 — 1)I(2 — 9) Sln(7T5/2)
¢(6)(6 —2)No-2

If we strictly take N = oo then this term has no influence on the result and we
recover the results of [I2]. However in numerical simulations one can never really
consider infinite systems and furthermore the decay of ¢y with NV is rather slow since
0 < 0 — 2 < 1. Therefore one has to subtract ¢y from the result of the numerical
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simulation in order to see a power law. The, significant, effect of this subtraction is
reported in figure where we compare the numerical results for the full correlation
function Cy(t) (panel a)) and Cy(t) — ©(d, N) (panel (b)). As it is evident from
the figure the result is that, in order to see the expected power-law tail, we need to
subtract ©(d, N) from Cy(t).

6.3.2 0>3, a=00

This case corresponds to an effectively short-range dynamics with nearest-neighbours
collisions. The group velocity is constant at low momenta (see (6.9)) and the corre-
lation at large times is given by:

92 [ . Erfe(2rAE/N
On(t) ~ = / dibge—1t = TCTVITN) (6.32)
2w /N \/ﬂ-’yt

where we introduced the complementary error function Erfc:
Erfc(z) =1 — —/ dse. (6.33)

Noting that once again the scaling variable is vt/N?, expanding in series we find:

CC(6-2) 1
CN(t) = —ﬁC(é) _\/% + SN(t) (634)
46(0 = 2) x~ (=)™ @2r)Pm (At \™
Swlt) = CON = 2m+1 (W) ' (6.35)

Once again we have a constant term given by:

4¢(8 — 2)

SON (6.36)

Co = —

Notice that the decay with /N is much faster than the decay of the constant term
with 2 < § < 3, and we do not expect this term to affect the numerical data. In the
N = oo limit we recover the results of [11, [12].
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6.3.3 2<di<3, 1l<a<3

This case corresponds to a long-range dynamics with long-range collisions. The
correlation is given by:

2 &0 5 - ]. 2 a—1
On(t) ~ = / dbas (T) 93¢ aak" 1t (6.37)
27
(2-6)/(a=1)
_ 20500 @-)/(a-np (0 =2 a1 Dt
= p— (7t) r L aq(27) et ) (6.38)

Now the scaling variable encoding the finite-size corrections is v¢/N®~!. Expanding
in series we get:

20508 T s ey
CN(t) = % A (’)/t) A ) + Sy (639)

Sy = (6 — 1)I(2 — §)(27)°2 i (%5> N2 i (2 )=t (—1)m+1 ( Yty )’”

w(C(9) ml[d — 24+ m(a—1)] \ Nt
(6.40)
The constant term is thus given by:
20725 —1)I'(2—-0)(27)°"2 . (md 9
=— — | N°7°. A1
@ <wi=g (%) (04D

Note that it does not depend on a: we do not yet have a heuristic explanation of
this fact.

6.34 />3, 1<a<3

This case corresponds to a short-range dynamics with long-range collisions. The
correlation is given by:

Cn(t) = 2 / h dkbge Ttk (6.42)
T Jor/N
fa—2 —(2m)° . /Ty At ¢(6—2)
= 4Fi (a 1 =) ['(1 — a)sin (7) Na_l) TEROLR (6.43)

where we introduced the Integral Exponential Ei(a, z) as:

o t(—x)
Ei(a,z) = / dteta . (6.44)
1



6.3. CORRELATION OF J(det) 83

The series expansion now reads as:

On(t) = 255350 _W?(I(;)(ﬁ) P —aysin(5)] e <%)) T sy (6.5)

. 4((55(5—) 2) mf: {(%)am — ) sin(ﬂ&/Q)]m - (1)1 ( .y )m

. (¢ () ma —m+ 1) \ No—!

(6.46)

Notice that the scaling correctly matches with the case 2 < § < 3 putting 0 = 3. The
constant term is the same as in the case of the short-range dynamics and nearest-
neighbours collisions:

4¢(6 —2)

SON (6.47)

Co —

We can obtain the scaling of the thermal conductivity x with the system size in
the thermodynamic limit as explained in section [3.4.2, The results are:

N2-92 2<§<3, a=oo,

N2 5> 3, = 00,

K~ D et a= (6.48)
N(e=d+1)/(a=1) 2<86<3, 1<a<s3,
N(e=2)/(a=1), §>3, 1<a<s3.

Note that the scaling exponent is negative in the last case in (6.48)) if 1 < o < 2: this
means that the integral over time in the Green-Kubo formula converges even if we
send the upper extremum of the time integral to oo and thus the thermal conductiv-
ity does not scale with NV in the thermodynamic limit and transport is qualitatively
ballistic. The results for the case a > 3 can be obtained from the ones of the case
a = oo by replacing v — b,y as can be seen by comparing and :the
scaling of the thermal conductivity is thus the same in both cases.

In figure 6.2 we report the comparisons between our analytical predictions and nu-
merical simulations for the scaling exponent of the thermal conductivity 3 (x ~ N?).
As we can see, the agreement is rather good, apart from the region near integer values
of the exponents (where logarithmic corrections should be taken into account).
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C\(

Figure 6.1:  We report the results for the current-current correlation function Cy(t)
in the case of nearest-neighbours collisions analyzed by Saito to show the effect of the
constant term . In panel a) we report the current-current correlation function
Cn(t) for a ring of N = 512 oscillators and for § = 2.1 (yellow), 2.3 (blues), 2.5
(green), 2.7 (red), and 2.9 (grey). On the the right-hand panel we report the same
correlation functions as in panel a), shifted by the constant ©(d, N). The inset
shows the deviations of the numerically determined scaling exponent (Sy) of the
correlations Oy (t) ~ ¢t=7, from the analytical solution 8 = §/2 — 1 first derived by
Saito in [I2]. Courtesy of Carlos Mejia- Monasterio [15].
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Figure 6.2: We report the values of the scaling exponent § of the current-current
correlation function C(t) ~ ¢t=#. The values are obtained from numerical simulation
of the stochastic dynamics following the scheme described in section . Black
dashed lines represent the analytical predictions while the points are the results
of numerical simulations for a ring of N = 512 particles. The right-hand panel
corresponds to the case of nearest-neighbours collisions and we report the behaviour
of B as a function of §. As we can see, the agreement is rather good for small and
large values of §. Near the transition point (§ = 2) between the long-range and
short-range phases of the Hamiltonian the the data are affected by strong finite-size
corrections that cause a disagreement with the N — oo analytical result. On the
left-hand panel, we consider the case of long-range collisions and report the behaviour
of # as a function of a for fixed § = 2.6. In this case the agreement between the
numerical results and the analytical ones is good for all the non-integers values of
a with the exception of a little overshoot for large values of a. Courtesy of Carlos
Mejia- Monasterio [15].






Chapter 7

Conclusions

In this PhD thesis I have studied heat transport in harmonic long-range chains. As
we are going to recap below, despite the linearity of the chains, we still find anomalous
transport, a feature absent in short-range quadratic systems. The computation of
transport quantities in long-range harmonic chains can be performed using techniques
already present in the literature and applied, up to now, to short-range harmonic
systems. In some cases, such as the fully connected chain, these techniques can be
extended and fully applied to long-range systems. In other cases, such as the power-
law harmonic chain, they can be applied but the long-range character of the model
does not allow to reach a complete analytical solution. Despite this, we are still able
to show that the heat flux in the power-law chain is anomalous, although the exact
value of the scaling exponent is still to be determined. Finally, we extended Saito
and Tamaki analysis of the power-law chain with stochastic momentum exchanges to
the case of long-range exchanges (i.e. two particles at distance r can exchange their
momenta at random times with probability —®), finding an interesting interplay
between the long-range exponent of the Hamiltonian dynamics of the system and
the one of the probability of exchanging the momentum of two particles. We remark
that this model allows for a complete analytical computation of the scaling exponent
of the thermal conductivity, while not being fully connected, at variance with the
power-law chains analyzed before.

In Chapter 4, we started from the apparently simple case of a fully-connected chain:
we considered both the case in which only the two boundary sites are coupled to
the baths and also the one in which an extensive portion of the system is coupled to
the external reservoirs. In both cases we analytically computed the scaling of both
the heat flux and the temperature profile with the system size NN, in the classical
and quantum cases. In the classical regime, the heat flux scales as N~! in the
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intensive case. On the other hand in the extensive coupling case the heat flux does
not depend on N in the thermodynamic limit. Our physical explanation for this
behaviour is that if we couple the baths extensively to the systems, we pump an
extensive amount of energy in the latter. Thus the flux in the extensive case gets
a factor of N with respect to the flux in the intensive coupling case. One peculiar
result of our analysis is that the classical temperature profile in the bulk is flat and
vanishes as N~!, both in the intensive and in the extensive case. We find that the
reason for this peculiar behaviour lies in the decoupling of the dynamics of the sites
not connected to the baths which stems from the degeneracy of the model. Indeed,
as we checked numerically, breaking the degeneracy of the model, e.g. by adding a
pinning potential, makes the temperature profile flatten to the average temperature
of the baths in the thermodynamic limit. For what concerns the quantum regime, in
the intensive case we computed exactly the heat flux in the linear response regime.
We found that it is given by a nontrivial function of the ratio between the average
temperature of the baths and a characteristic temperature of the system Ty. The
latter vanishes for large N as N~1. For T' > Ty the heat flux scales as N~! and
thus the system qualitatively behaves as in the classical case. On the other hand for
T < Ty the heat flux does not depend on N and vanishes linearly with 7". It should
be noted that, since T vanishes as N grows, in the thermodynamic limit quantum
effects are relevant only in a vanishing region of the temperature. We also computed
the temperature profile for low T the leading order is given by a constant term
(which can be interpreted as a zero-point energy contribution to the temperature
profile) and a term which vanishes as T2

In the extensive coupling case we were unable to analytically compute the heat flux,
nonetheless we obtained an integral expression for it. By plotting the latter it is
evident that, like in the intensive case, there is a proper temperature scale of the
system which discriminates between a quantum and a classical region, although at
this stage we are unable to compute it. The only information that we know about
this temperature scale is that it does not vanish in the thermodynamic limit: this is
an important difference with the intensive coupling case, since it means that quantum
effects are important in a finite, non-vanishing, range of temperatures even when N
is very large. Chapter 4 is based on the results obtain in the paper [13]. While the
latter was in preparation, the manuscript [56] was published: here the authors study
heat transport for the classical fully connected chain and their results agree with ours.
They also consider the case of disordered and graded masses (which completely break
the degeneracy of the model) and, in agreement with our conclusions, in these cases
the temperature profile is finite and flattens to the average temperature of the baths.
In Chapter 5 we moved to the more complicated setting of a long-range chain with
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power-law decaying coupling to understand whether in long-range systems it would
be possible to have anomalous transport also in the case of linear systems (at variance
with what happens in short-range chains [I1]). We thus focused on the computation
of the heat flux to understand it scaling with N. In this case we were not able to get
any analytical results, despite the apparent simplicity of the model. The reason for
this is that the quadratic form of the potential energy is given by a matrix which is
dense and thus we cannot easily solve the Lyapunov equation as it can be done for
the short-range chain. Similarly, the Green function associated to the chain cannot
be analytically computed as we are unable to perform the required matrix inversion.
We thus proceeded numerically: both the Lyapunov equation and the Green function
method unequivocally show that the heat flux scales as a power law of the system
size. However, both methods are hindered by strong finite-size effects and thus we
cannot use them to extract the exact value of the scaling exponent.

We managed to get some insights on the value of the exponent by analyzing the
spectral properties of the system via the numerical computation of the poles of
the Green function. This computation was performed via the generalized eigenvalue
method, which is seldom used in the literature. The main result of this analysis is the
presence of a sharp transition in the behaviour of the system at o = 0, 140 being the
exponent of the power-law interaction. We also provided an estimate of the scaling
exponent of the flux. Chapter 5 is based on the results obtained in the publication
[14]. A further development of this analysis would be of course a more accurate
analysis of the finite-size effects to be able to properly compare our estimate of the
scaling exponent of the heat flux with the numerical results. On the analytical side,
a computation of the Green function of the chain would be invaluable to compute
the heat flux: as we mentioned in chapter 4, this problem could be related with the
definition of the discrete fractional Laplacian with open boundary conditions [59].
In chapter 6 we considered a different setup to study heat transport: at variance with
the preceding models, in which the chain was coupled to the heat baths, we considered
again the power-law chain, but we added a stochastic dynamics via random collisions
between the particles. The case of nearest-neighbours collisions was already solved
by Saito: we extended the analysis to the case of long-range collisions computing
thermal conductivity via the Green-Kubo formula obtaining an analytical prediction
for its scaling with system size. In most cases this scaling leads to a divergence
of thermal conductivity with N, a trait typical of anomalous transport. It should
be noted that our results are obtained by considering only the deterministic part
of the current, disregarding the contribution coming from the stochastic exchange
of the kinetic energy between particles: the latter assumption could be checked via
numerical simulations of the stochastic current which we plan to do in the future.
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The results of this chapter will be contained in a future publication [15].
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Appendix A

Fourier transform of (2.10)

In this appendix we compute the Fourier transform of the Fourier interaction (2.10)):
w(q) = / dr|r| e, (A1)
|r|>a

To begin with, we switch to spherical coordinates and we orient the z-axis along the
vector @, so that the only angular dependence in the integrand is on the polar angle

0:

" : 200,
w(g) = Qd—z/ / dr df sin Qrd—1—oglarcost _ Z227d=2
r>a J0

/ r2Zsin(gr)dr (A.2)
q a

The factor 2;_5 is the volume of a d — 2-dimensional hypersphere coming from the
integration on the other angles. This integral can be computed exactly in terms of
an hypergeometric function:

o
w(q) = 2Qq_» [ —q° COS(7>F(—1 —0)
a’ o 3 o a’¢?
+ 1F2( 5757 _57_ 4 ) . (A3>

Since we are interested in the low-momentum regime, we can expand the hypergeo-
metric function:

o 3 o a*q? 1% (¢?s)
Fol—=:-1— = — )Y~ 1— —2"L A4
and we get for w(q):
w(g) = 107 + c2q” + ¢35, (A.5)
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where a, b and ¢ are constants that can be read off (A.3)) and (A.4)):

a> %o

o
cl = —QQd,Q COS(;)F(—l — O'), Cy = m,

C3 = —1/0' (AG)
The constant term c3 can be reabsorbed in the value of the critical temperature. We
note also that if ¢ > 2 the dominant behaviour is ¢” and the coefficient c; is positive,
while for o > 2 the dominant term is ¢? and ¢y > 0.



Appendix B

Solution of the Lyapunov equation
(3.10)

In this appendix we outline the procedure used by Rieder, Lebowitz and Lieb [9] to
obtain the solution to the Lyapunov equation for the nearest-neighbours chain
(13.16)).

To begin with we express the matrices U, V', Z in terms of their deviations from the

equilibrium solution (3.12)), X, Y, W :

kT (., AT
U=-"% (G + = X) , (B.1)
V = kgT (]1 + %Y) , (B.2)
7= kBAATW. (B.3)

Inserting this ansatz into the Lyapunov equation (3.10)) we get three equations for
X, Y and W:

XT=X, Y=y, wt=-w, (B.4)
Y = XG + WR, (B.5)
2S5 — YR — RY = (w/\)?[G,W]. (B.6)

We now consider equation . By inserting the explicit expressions for the matrices
R and S(3.6) we notice that the left-hand side of equation has non-zero entries
only on the “border”ﬂ ie. 25, — (YR 4+ RY);; # 0 only if either 4,5 = 1, N . It

! Matrices with this property are called bordered matrices
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follows that [G, W] has the same property. In particular, writing the left-hand side
of equation (3.10) we get (recall the definition of G (3.16))) :

Wit +Wijioe = Wi, —Wis; =0, Vi, j #1,N. (B.7)

Taking into account also the anti-symmetry of W expressed by (B.4)), the solution
to (B.7) is given by:

Wi = ¢i—gisign(j — i), Wi =0, (B.8)
where the function ¢, must be determined by the border components of :
(W?/A?) o5 = 01 — Y15 = 0j1 + Yv—ju1, (B.9)

with the convention ¢y = 0. The other matrices X and Y can be expressed in
terms of the function ¢ as well. In order to determine matrix X we anti-symmetrize
equation (B.5|):

[G,X] =WR-+ RW. (B.10)
The right-hand side of is non-zero only at the border, so the components of
X satisty the same equation as the components of W , with the difference that

now the matrix X is symmetric. One possibility is to take X, = f.1s, where f is an
unknown function that must be determined by considering the border components

of (B.10)), which yield:
fk = Pk—1, fN+k+1:*§0N—k:fN+1—k7 1< ks < N. (Bll)

In particular, from equations (B.11]) it follows that the matrix X is anti-symmetric
with respect to the anti-diagonal:

(B.12)

X, — Pitj—15 Z+J<N+17
K —PaNt1-i—j, L+J>N+1

We now turn to the matrix Y. If we plug the expressions for the components of Z
(B.8) and X into equation (B.5) we can express Y;; in terms of the ¢;. This
expression is not very illuminating, but if we insert it in equation we get a
recursive equation for ¢;:

(W/X)2p; = —2p; — pj_1 — i1 + 01, (B.13)

with the boundary conditions ¢y = ¢ = 0. If we now plug back this condition into
the expression of Y;; we mentioned above we can show that:

Y =5 — (w/))2X. (B.14)



97

The final step is to compute the solution of . The form of suggests a power-law
ansatz p; = a’, substituting in equation we find two solutions a.:

w2 Ww? 4)2
=14+ —+——=1/1+—. B.15
= + 2X2 7 2)2 + w? ( )
The solution to is thus of the form ¢; = claﬁr + cod’, where ¢; and ¢ are
constants constrained by the boundary conditions. The final result is:

_ sinh[(N — j)a]

J— *— q_ B.1
¥i sinh(Na) ¢ 4 (B.16)

eventually we will take the thermodynamic limit and (B.16)) reduces to:
;= e, (B.17)

If we now plug (B.16]) into the expression for Y (B.14) we can compute the heat
flux and temperature profile using (3.14) and ((3.13)) obtaining the results (3.19) and

(3.21)) quoted in the main text.







Appendix C

Derivation of the results used in
section 3.2

In this appendix we discuss several calculations related to the derivation of the for-
mulas for the heat flux and temperature profile in the LEGF method described in
section 3.2

C.1 Derivation of equation (3.27

In this section we provide the solution for the equation of motion for the baths (3.26)):
since both equations have the same form we will consider only the equation for the
left-hand bath:
o= —wiwrs—mp > Vit (C.1)
J
which is a linear in-homogeneous equation. As is well known its solution is given by:

Tr; = $(LO)1 + Tr, (C.2)

where x(LO)l is the general solution to the homogeneous equation (obtained from (C.1)
by setting V,, = 0) and zp; is a solution of the full in-homogeneous equation. Since
the homogeneous equation is just the standard harmonic oscillator equation, we have:

sin(wr i (t — t0)>i'L,i(t0)7 (C.3)

) o 0~ oo 1)+ S0
L,

where we also imposed the initial conditions at time ty. The particular solution of the
in-homogeneous equation can be found with the method of variation of parameters
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and the final result is:

t . .
jL,z’ = / dTSln(WL : mL ji Z VL ]’LI] (04)
to

sz

Summing ((C.3]) and (C.4]) we get the full solution to (C.1):

t
wr; = fri(t —to)zri(to) + gr.i(t — to)ri(to) + / drgri(t — ) Z mriVi,ivi(7),
to j
(C.5)

where we defined the quantities:

sin(wg ;s)

Jai(8) = cos(wa:9)0(s),  gai(s) = 0(s), a=1L,R, (C.6)

Wai

and 6(s) is the Heaviside theta function. The solution for the equation of motion for
the right-hand bath has the same form as (C.5) with L — R. Inserting the solutions
xri(t) and zg;(t) in the equation of motion for the system (3.25) we finally get

equation ((3.27)).

C.2 Derivation of the noise correlators

We will derive the noise correlation for the left-hand bath: as usual, to get the
corresponding expression for the right-hand bath we just need to replace L with R.

The Hamiltonian of the baths (3.23)) is given by:

Zp2+wajz$al7 a:L7R‘ (C-?)

which can be expressed in terms of the usual creation/annihilation operators:

Mg iWa,i {

H=Y hwai(bl by;+1/2), by;= O i+ ———, a=L,R. (C8
Ei: i(Bhibai +1/2), b Rt e (C8)

Assuming the left-hand and right-hand bath are respectively described by a Bose-
Einstein distribution at temperature Ty, Tk we have the following thermal averages:

1

<b2,iba,j> — f(wa’i,Ta)(sij7 f(W,T) — eﬁﬁw—j

. B=10sT), (CY)
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from which, using definition given in (C.8]) we get the correlators of the canonical
coordinates (with & = p/m):

h hwq i
;) = —— coth | —2t 1
(%4,i%a,j) ST cot (kBTa> , (C.10)
. . h
<xa,ixa,j> = —Zm—m(;ij, (Cl].)
. hwa,i hew,
<Ia,ixa,j> = Qmaz th (k‘BT ) (012)

Since at time £, the baths are assumed to be a thermal equilibrium we can compute
the correlators between the £ functions defined in (3.28) and we get equation ({3.31])

C.3 Fourier transform of the noise correlator (|3.31

The Fourier transform of the noise correlator

(€a,i(t)8ai(T))
(3.31) is given by:
d d
Cuiwas@ = [ 50 [~ S teastast) (C.13)
/ / Z VitV [#ZJZ cos(wa(t — 7)) + zmh sin(w,i(t — 7)) | -

(C.14)

Using the following elementary integrals:

/ / — cos(wp(t — 7)) = §(w + ') [6(w + wy) + (w — wp)]
(C.15)
/_ / — cos(wp(t — 7)) T = —if(w + W) [6(w + wo) — d(w — wo)]
(C.16)
we get:
(€ai(@)ba (W) = =hd(w + ') (1 + f(w, T))

Z Va,itVai[0(w 4 way) — 0(w — way)]] - (C.17)
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The factor (1 + f(w,T,)) encodes thermal fluctuation: we thus expect the other
factor in ((C.17) to encode dissipative effects. Dissipation is typically expressed by
the imaginary part of the Fourier transform of the memory kernel ([3.30)):

> 4 VaiVasy [ 4
Saijw) = / At i(t)et =y il / dtga(t)e™, (C.18)

_ ! ma,l 0

(C.19)

where the g,; function is defined in (C.6)). Using the following integra]ﬂ :

> : i w v
/OO dt sin(wot)0(t)e™" = Ao ?(5@) + wp) — 0(w — wp), (C.21)
we thus get:
- va ilva lj 1 . Va ilva lj
Yaij(w) = — — —=(0 al) — 0w —wqy). (C.22
o) = Y i 3 SO ) = e — ). (C:2)

It is convenient to define the matrix I', ;; given by the imaginary part of ia,ij (w):

Vai Va 1
Loij(w) = Im[Sq(w)] = =7 Y el ’lw ’lf (0(w 4 way) — 6(w —way)),  (C.23)
! a,l%a,

so that the noise-noise correlator ((C.17) can be written as in equation ((3.33)).

C.4 Derivation of heat flux and temperature pro-
file

In this appendix we report the steps to compute the heat flux (3.44)) and the tem-
perature profile (3.45)). The first thing to do is to compute the correlator (3.43). We

begin by taking the Fourier transform of the solution of the equation of motion of
the baths (C.5)) and multiplying it on the right by V,:

Vi (w) =&, (w) + 2o (w)x(w), a=L,R, (C.24)

IThe integral can be computed by inserting a regulator e~ in the integrand and the taking the
€ — 0 limit using the Shotoski formulas:

- P.Vé —ind(a), (C.20)

where P.V. stands for “principal value” and is omitted in the main text.
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where we used the definitions of &, z (3.28) and X g (3.30). Inserting this result
into (3.43]) we obtain, after some algebra and using the correlators (3.42)), formula
(3-44).

In order to obtain the temperature profile (3.45) we start from the velocity-velocity
correlator:

(@) () = — /_ 7w /_ " w9 (G ()FT (W) (C.25)

Now insert the solution of the Langevin equation of motion for the system ({3.41])

and using the noise-noise correlator (3.31)) we obtain ([3.45|).






Appendix D

Generalized eigenvalue method

D.1 Derivation of equation (3.52

In this appendix we analyze the generalized eigenvalue problem following the review
[51]. The generalized quadratic eigenvalue problem consists in finding the set of the
complex number s; such that:

det(P(s;)) =0, P(s)=As*+ Bs+C =0, (D.1)

where A, B and C' are N x N complex matrices and we will assume that the matrix
P is non-singular, i.e. its determinant is not identically vanishing. Furthermore we
assume that det A # 0: in this case the determinant of P is a polynomial of degree
2N, as can be seen by considering the limit of large s. The set of the s; is called the
spectrum of P(s) and they are related to the eigenvectors of P(s) y[]:

P(s;)y" = 0. (D.2)

Now the main idea is to linearize (D.1)), that is, to reduce the quadratic problem to
a linear one. The problem is similar to the reduction of a second-order differential
equation to two first-order ones:

az +bz4+c=0
z:y'.

ay +by +ec=0— { (D.3)

In our case, we want to find a 2N x 2N matrix linear in s, D + sE, such that:

(P (()S) ?) — F(s)(D — Es)G(s), (D.4)

lwe will assume that the right and left eigenvectors are equal: this hypothesis can be easily

relaxed.
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where det(F'(S)) and det(G(s)) are non-zero constants. Taking the determinant of
equation it is easy to see the values s; that satisfy are those and only
those that satisfy the condition det(D + E's;) = 0. This linearization is not unique,
we are going to use the following one [51]:

D:<@ N), Fls) = —(C’+s_A)N*1 _]1>’
K —-C N-1 0

(D.5)
E:<N @)7 o= (! @>'
0 M sI I

Using this linearization D — E's with some algebra one can prove that:
P(s)™' = —(I,O)(D — sE)(L,0)". (D.6)

Furthermore the eigenvectors of D — s;F are closely related to the ones of P(s):
DBz =020 = (¥ D.7
( — S )z =U, 2" = Siy(z‘) ) ( : )

and is convenient to organize the eigenvectors in a matrix:

X .
Z = (5)() . Y= [y(1)7"'y(N)]u S = diag(sy, ..., SN)- (D.8)

If s # s Vi = 1..N we have (D — sE)™! = Z(S — sI)Z! and finally we obtain a
formula for P(s)~" in terms of the eigenvectors s; and the eigenvectors y®:
P(s)™' = —(I,0)(D — sE)(I,0)"
= —(1,0)Z(S — s)Z'(1,0)"
POMIOLE
SiyYy
= -Y(S—-sDSyt=) =2 < D.
(S = sD)S Z . (D.9)

Taking A =1, B = R and C' = ® we can apply this obtain equation (3.52)). Note
that equation (D.7)) becomes:

K—(D)R —H@)) —° (é ?)} (S?:Zn) =0, (D.10)

so that the set of s; and y® can be obtained by solving a standard eigenvalue
problem.



Appendix E

Green function for the
fully-connected chain

E.1 Computation of the Green function for the
fully-connected network: intensive coupling

In this section we compute the Green function ([3.41)) for the fully-connected harmonic
network analyzed in Chapter 3 in the intensive coupling case. Inserting (4.2) and
(4.3) into (3.41]) we can write the Green function as G = Z™~! where:

—mw? — idw + 2k(1 — 1/N), i=j=1,N
zint = { —pw? + 2k(1 — 1/N), i—jA1LN, (E.1)
—2k/N, i
which can be written as —Z" = D" + yu”, with:

mw? + idw — 2k, 1=7=1,N,
Dint = & mw? — 2k, i=j#1,N,, wu =+/2k/N Vi (E.2)
0, L7
(E.3)
We can now invert the matrix —Z™* using the Sherman-Morrison formula [62]: given
a matrix A = M + uwv”, the inverse A~! is given by:
A upT AT

At =My —————.
* 1+vTA lu

(E.4)
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Using ([E.4) we can write the Green function as:

D 'uuTD™?
o1 _ [P
Gw)=2"" = (D +7 —|—uTD—1u) ; (E.5)
and using (E.2) we can compute:
L+u" D=1+ (2k/N)>_ D;' (E.6)
B N(mw? + i w — 2k)(mw? — 2k) (E.7)
N (mw? +idw — 2k) (mw? — 2k) — 4idkw’ '
and
A2 didy -+ didy
ok | didy d5 -+ didy
D l'uuD™) = = E.
didy didy -+ &3
dy = (mw? +idw —2k)7,  dy = (mw? — 2k)7%. (E.9)
Finally we can write the various elements of the Green function:
mw? — 2k —2k/w
Giy =G =Gy = E.10
w H M mw? — idw — 2k mNw (mw? + idw — 2k) — 4iMk’ (E-10)
2k /w
Y N ! N7 N(mw? 4 idw — 2k)mw — 4i)k Ly (E-11)
24w — 2k 2k
Gy = Tt fw ijALN.  (BE12)

mw? — 2k mNw (mw? + i w — 2k) — 4i\k’
E.2 Computation of the Green function for the

fully-connected network: intensive coupling

To compute the Green function in the extensive coupling case we insert (4.2)) and
(4.4) into ([3.41]). We can then write the Green function as G = Z¢**~! where:

Z{" = (—mw’l+ ® — ¥ — Bg)y; (E.13)
—mw? — i w+2k(1—1/N), i=j=1.n,N —ng+1...N,
= ¢ —mw? +2k(1 —1/N), i=j, otherwise, (E.14)

—2k/N, i#]j.
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Once again this matrix can be decomposed, in order to apply the Sherman-Morrison
formula, as —Z¢ = D! + yu® where u is the same vector of ([E.2)) and:

mw? +idw—2k, i=j=1.n,, N —ngr+1..N,
ext __ . .
Dt = { mw? — 2k, i = j,otherwise, (E.15)
0, i+

The denominator of the fraction in Sherman Morrison formula is given by:

N(mw? + idw — 2 2_9
14wl Det—lqy — (mw —f—z)\w k) (mw k) .
Nmw?(mw? + idw — 2k) — 2k(Np, + Ng)idw

(E.16)

Notice that if N, = Ngr = 1 we recover the result of the intensive case (E.6). We
now define the set of the sites coupled to the baths Z; and Zg:

I, =(1,..,Ny), Zr=(N—-Ngr+1,...,Ng), Z=717,+7Zp. (E.17)
With this notation, the numerator in the Sherman-Morrison formula is given by:

d%a (Zaj) € (Iabe)a a, b= L7R7
d1d27 i;éIL,IR,j EIa, CL:L,R,
didy, §7# 711, Ip,i€Z,, a=1L,R,
d%? (Z’j) 7é (Iavl-b)a

(E.18)

where d; and dy are defined in (E.8)). Note that the values of (De”t_luuTDm_l)ij

are the same of the intensive case (E.g|), so the values of the entries of the Green
function can be obtained simply by replacing
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into (E.10), (E.11) and (E.12)). We finally get:

o — mw? — 2k —2k/w
Y mw? — idw — 2k mNw (mw? 4 idw — 2k) — 2i(Np + Ng)Ak’
(E.20)
(1,7) € (Za,Lp), a,b=L,R,
G- 2k Jw
I N(mw? + idw — 2k)mw — 2i(Ny, + Ng) Ak’
( ) (Ne - N) (E.21)
i#ILal.RajeZa7 U,ZL,R,
G mw? + idw — 2k 2% e
g 2_9 mNw(mw?+idw—2k)—2i(Np+Ng)\k’
mw” = 2k (E.22)

(27]) 7& (Iaazb), a,b = L,R

The Green function entries ([E.20)) connect two sites coupled with the baths, entries
(E.21) connect one site coupled to the baths to an uncoupled one and finally entries
E.22) connect two sites which are not coupled to the baths.




Appendix F

Calculation of I3 and I

F.1 Calculation of I3

In this appendix we will compute the integral in the large N limit. Since the
denominator of the integrand in is the same as the one in (4.9) we can once
again exploit the presence of the vanishing root (4.12). In the large N limit, the
dominant contribution to I3 is:

2k [* dx x?
7 N J_2?+a?sinh®(z)’

I3 (F.1)

where we conveniently made the change of variable x = y/ky and a is given by:

2k‘1 hk1\/2k/m
= —=TN/T, Ty=—"——. F.2
o= v Ty ks N (F2)

As in the classical case , we cannot directly take the limit N — oo, because in
this limit a = 0 and diverges. To compute we employ contour integration
and Cauchy’s theorem. Let us introduce the following function of complex variable
z:

22 1

22 + a? sinh?(z)’

fz) = (F.3)

The poles of f are all located on the imaginary axis, at the following positions (with
the corresponding residue):

zn =inm, n € Z{0}, Res,= %, (F.4)
Zyq = Tia, Resy, = $25if1“2(a).
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Figure F.1: The contour I',, used to compute the integral I3

Consider now the contour T',, plotted in figure [F.1} it is composed by a segment
[—R, R] and a semicircle C,, of radius R, which is such that I, contains the first n z
poles and the one in z,. Let now be I the integral of f(z) over the aforementioned
segment. Then, by the residue theorem, we have:

R n
In = / daf () = — / d2f(2) + 27 | 3 Res, + Res, (F.6)
-R Cn .
I3 can then be obtained by taking the limit R — oo of I as follows:
2 kla .
=273 pm Iee (F.7)

We now have to compute the limit R — oo, which also entails the limit n — oo of
the right-hand side of ([['.6)). For large R the integral of f over C, is:

. T ei@d@ . -
/cn dzf(z) =~ ZR/O W = iR(—2icoth(R)/R) — 2. (F.8)

The sum over the residues becomes a series that can be resummed. We can thus
finally express I3 as:

2k

I = g(a), (.9
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where the function g(z) is given by:
2 2
SRR PN Yo (12 _r
9(x) = w® (1+ W) v (1 W)] + i 2 (F.10)

— 2 T(2), (F.11)

where I'(z) is the Euler Gamma function.

F.2 Low-temperature behaviour of I,

In this section we compute the low-temperature of integral I, (4.41). We start by
expanding the hyperbolic cotangent in (4.41)) using the following series, valid for
large z:

coth(z _1+2Z —2AntD)z, (F.12)

The integral of the first term is:

1 > Y
l6=0)= m/o dyzﬂ(y2 —1)2 + k2(y% — 2/N)?

1 > 1
= d : F.13
2N2/0 Ss(s—l)2+k%(s—2/]\7)2 (F.13)

Note that the denominator in (F.13)) is the polynomial (4.11]). Let R be the real part
of the non-vanishing roots which is the same for both of them since they are complex
conjugate. Then, using standard partial fraction decomposition we get:

1 N R ™ R
1,06 =0 21 —_— | = t —— . F.14
i )= 332 { n<2k1>+\/1—R2<2+arC an( 1—R2))1 (1)
We now turn to the integral of the second term in (F.12):

ye—2m+1y
N2/ fy e (F.15)
n=0

Consider the integral of the generic term of the series (F.12]) which can be written
as:

2/ dy M = sin(2a(n + 1)) (7 — 25i(2a(n + 1))) — 2 cos(2a(n + 1))Ci(2a(n + 1))
0 y +a?

1

2n2a?’

Q

(F.16)
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where a is given by ([F.2), Si and C7 are the exponential sine and cosine. Expanding
the result (F.16) for small a we get:

y—Z(n—l—l 1
2N~ / W~ g (F.17)

We can finally sum over n (F.17)) and we get:

00 > 26—2(n+1)yy 2
d ~ F.18
/0 V2T ara S (£.18)

n=0

where we used Y (n+1)? = 72/6. In conclusion by summing and (F.18) we

get (4.59).
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