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Abstract

This thesis is devoted to the study of coherent effects that arise when a wave propa-
gates in a strongly disordered medium. We address several aspects of their dynamics,
with special interest in mesoscopic correlations and Anderson localization.

First, we demonstrate a generalized form of the self-consistent theory of Anderson
localization, adapted to the description of finite open media. This theory introduces
a diffusion coefficient that depends on position. The importance of this property is
highlighted through the investigation of the phenomenon of transverse confinement
of waves in disordered media. The theory is also confronted to predictions of the
scaling theory of localization.

The second part of the thesis focuses on the dynamics of intensity speckle pat-
terns that arises from the propagation of short pulses in a disordered waveguide.
We study the two-point intensity correlation function associated with the speckle
pattern. This function contains the information about the universal conductance
fluctuations, well known in mesoscopic conductors. In the dynamic situation, con-
ductance fluctuations acquire a time dependence, are enhanced at long times and
lose their universal nature. These results are confirmed by a microwave experiment.

In a last part, we investigate the physics of matter-wave speckle patterns, re-
sulting from the expansion of a Bose-Einstein condensate in a random potential.
They are found to exhibit long-range correlations that grow with time, and can take
negative values. We interpret these results in terms of a random displacement of
the center of mass of the condensate. The role of atomic interactions during the
expansion of the condensate is discussed.
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Résumé

Cette these est consacrée a I’étude des effets cohérents qui apparaissent lorsqu’une
onde se propage dans un milieu fortement désordonné. Différents aspects de leur dy-
namique sont traités, et un intéret particulier est accordé aux corrélations mésoscopi-
ques et a la localisation d’Anderson.

Dans un premier temps, nous démontrons une version généralisée de la théorie
auto-cohérente de la localisation d’Anderson, adaptée a la description des milieux
finis et ouverts. Cette théorie introduit un coefficient de diffusion dépendant de la po-
sition. L’importance de cette propriété est soulignée a travers I’étude du phénomene
de confinement transverse des ondes dans les milieux désordonnés. La théorie est
également confrontée aux prédictions de la théorie d’échelle de la localisation.

La deuxieme partie de la these explore la dynamique des figures de tavelures
résultant de la propagation d’impulsions courtes dans un guide d’ondes désordonné.
Nous étudions la fonction de corrélation a deux points de l'intensité associée a la
figure de tavelures. Cette fonction contient I'information sur les fluctuations uni-
verselles de conductance, bien connues dans les conducteurs mésoscopiques. Dans
le cas dynamique, les fluctuations de conductance acquierent une dépendance tem-
porelle, augmentent avec le temps et perdent leur caractere universel. Ces résultats
sont confirmés par une expérience menée a ’aide de micro-ondes.

Pour finir, nous étudions la physique des figures de tavelures résultant de I’expan-
sion d'un condensat de Bose-Einstein dans un potentiel aléatoire. De telles figures
présentent des corrélations de longue portée qui augmentent avec le temps, et peu-
vent éventuellement prendre des valeurs négatives. Ces résultats sont interprétés en
termes d'un déplacement aléatoire du centre de masse du condensat. Le role des
interactions atomiques lors de ’expansion du condensat est discuté.
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General introduction
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1.3 Outlineof thethesis. . .. ... ... ... ..., 7

WHETHER one looks up at the sky, listens to music or receives a call on mobile
phone, waves are ubiquitous in our everyday life. In particular, in the field of
communications, waves have taken such an important place that knowledge of the
mechanisms governing their propagation in more or less complex media has become
essential. This thesis deals with propagation of waves in such media. In the present
introduction, we outline some aspects of the physics of waves in random media, and
provide the basic ingredients necessary for its proper understanding.

1.1 Elastic scattering in random media

1.1.1 Random media

Most of the media in which a wave is likely to propagate are “random”, or “disor-
dered”. This term refers to a strong spatial heterogeneity of a particular parameter
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of the medium, which may affect the propagation of the wave. Whereas for acoustic
or seismic waves this parameter is the density of matter, for electromagnetic waves
it is the refractive index. In this thesis, we are mostly interested in media made
of many “impurities”, or scatterers, embedded in a material of different nature !.
This covers a large variety of situations: molecules in the atmosphere, defects in a
solid or proteins in a glass of milk, etc. The interaction of a wave with a scatterer
is called a scattering event, or scattering process.

Figure 1.1: An example of random medium. Unlike most natural mountain lakes
which are crystal clear, the lac blanc in the Belledonne Massif is “turbid”. The
milky aspect of its water is due to “glacial flour”, particles of rock in suspension,
carried by the glacial torrents and produced by the abrasion exerted by the glacier
on the surrounding rocks.

The study of physics of waves in random media led to several, often unexpected,
applications. For instance, diffusing wave spectroscopy offers a possibility to probe a
medium by analyzing the properties of waves scattered by it. It was first developed
for optical waves by G. Maret and P. E. Wolf [1], and later extended by J. H. Page
et al. to acoustic waves [2]. One can also take advantage of the time-reversibility
of acoustic waves to destroy tumors [3]: the field and phase of a wave scattered
by a tumor in the skull are recorded, and then sent back, after time-reversal and
amplification. The time-reversed wave follows exactly the same path in the medium,
but in reverse, and finally focuses back on the tumor. Finally, the study of random
media with gain paved the way towards the so-called random lasers, where the
feedback mechanism is due to the scattering of waves and not to an external cavity
[4].

TA different situation —a matter-wave propagating in a random potential— will be considered
in Part III.
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1.1.2 Single scattering

In this thesis, we only consider the case where the interaction of the wave with
a scatterer is elastic. This means that no energy is transferred to, or from the
wave, the scattering event only modifying the direction of propagation. The “scat-
tering power” of a given scatterer is measured by its scattering cross-section o, =
[ dQ(do/dSY), which has the dimensionality of a surface. do/dS) is the differential
scattering cross-section, a ratio between the wave flux scattered in a unit solid angle
in the direction 2 and the incident wave flux per unit surface.

Three different types of scattering processes can be identified. First, when the
wavelength A is much larger than the typical size a of the scatterer, one speaks of
Rayleigh scattering [5]. The main characteristic of this process is that for scalar
waves, the angular distribution of scattered wave is isotropic (in other words, the
differential scattering cross-section does not depend on the scattering angle). For
Rayleigh scattering, o, is proportional to the inverse fourth power of the wavelength.
For sunlight in the atmosphere for instance, the consequence is that Rayleigh scat-
tering on molecules or aerosols is much more efficient in the blue part of the visible
spectrum than in the red part. This leads to the blue color of the sky.

The opposite case A < a corresponds to the limit of geometrical optics. Prop-
agation is described in terms of rays and governed by the so-called Snell’s law. In
this regime, the scattering cross-section is twice the geometrical cross-section of the
scatterer (o = 2ma? for a sphere of radius a) [6] .
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Figure 1.2: Plot of the scattering cross-section o,/(ma?) as a function of a/\, for
a sphere of radius a and of refractive index 2.8 in free space. At small values of
a/)\, one recovers Rayleigh scattering, whereas at large values of a/\, os tends to
21a?. In between, the scattering cross-section exhibits Mie resonances. Source: D.
S. Wiersma, Ph.D. thesis, Amsterdam (1995).

Finally, the situation where the size of the scatterer is of the order of the wave-
length is known as Mie scattering. This is the scattering process involved in thin
clouds, where light is scattered by water droplets. The problem of scattering of a
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wave by a sphere of size ~ A (called a Mie sphere) was first studied by Mie in 1908
[7]. Mie scattering is not isotropic (i.e., the differential scattering cross-section de-
pends on the scattering angle): Mie spheres scatter stronger in the forward direction.
Another important property of this type of scattering process is that the scatter-
ing cross-section exhibits resonances for particular wavelengths (Fig. 1.2). This
indicates that certain wavevelengths are favored during the scattering process. Mie
resonances are advantageously exploited in experiments to increase the “scattering
power” of a random medium.

1.2 Multiple scattering in random media

1.2.1 Mean free path

When propagating in a random medium, a wave is likely to undergo several scatter-
ing events. This process is called multiple scattering, in contrast to single scattering,
where the wave is only scattered once. It was first studied by O. D. Khvolson [§]
and A. Schuster [9] a century ago. They developed the theory of radiative transfer.
Since then, the latter has been used as a tool in astrophysics to describe the propa-
gation of starlight through interstellar clouds or planetary atmospheres, and accede,
in particular, to the spectral properties of stars. S. Chandrasekhar [10] and H. C.
van de Hulst significantly contributed to these problems [11].

Figure 1.3: The theory of radiative transfer is used, for example, to accede to the
temperature distribution inside the photosphere of the Sun from measurements of
its intensity profile. Source: lecture of J. Gispert, LIF.

When studying the propagation of a wave in a random medium, the most funda-
mental length scale is the scattering mean free path ¢, which is the average distance
between two consecutive scattering events. Its value can vary considerably, depend-
ing on the nature of the wave and of the medium. For light, it can range from
several meters in a very foggy atmosphere, to a fraction of micrometer in strongly
scattering semiconductors powders. For electrons in metals, the mean free path is
generally of the order of tens of nanometers. Finally, propagation of seismic waves
in the crust can exhibit mean free paths of several tens of kilometers. For a dilute
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ensemble of discrete scatterers, the mean free path is given by

1

)
NsOs

.

(1.1)

where o, is the scattering cross-section of individual scatterer, and ng the number
density of scatterers.

1.2.2 Characteristic lengths

Despite the apparent complexity of random media, relatively few characteristic
lengths emerge from a quantitative description of transport of waves. In addition
to the mean free path ¢ and the wavelength A\, we can list the following important
length scales:

e The transport mean free path ¢z is the typical distance after which the wave
loses the memory of its initial direction?. The difference between ¢ and (5 is
depicted in the left panel of Fig. 1.4. For an ensemble of individual scatterers,
each of which scattering more in the forward direction, g is larger than ¢. If
0 denotes the angle between the wave vectors before and after the scattering
event, g is given by

I = (1.2)

l
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e The absorption length ¢, is defined for classical waves (light, sound, mi-
crowaves, etc.). This is the distance over which the amplitude of the wave
is strongly attenuated due to the presence of absorption inside the medium.
It is related to the absorption time t, through ¢, = ct,.

e The macroscopic absorption length L, is the average distance between the
start and end points of a random walk of length ¢,. It is obtained from the
absorption length through the relation L, = 1/¢p¢,/3. The difference between
l, and L, is depicted in the right panel of Fig. 1.4.

e The coherence length Ly is the typical distance up to which the phase co-
herence of a wave is preserved. For light from a He-Ne laser, for instance,
Ly ~ 0.3 m is very large. For electrons in metals, the strong coupling between
electrons and their environment makes the electronic coherence length very
small (typically, Ly < a few pm).

2The transport mean free path is also denoted ¢*. In this thesis, however, we prefer the nota-
tion ¢p (with B for Boltzmann), which refers to the transport mean free path in the absence of
macroscopic interferences.
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Figure 1.4: Difference between ¢ and ¢ (left) and between ¢, and L, (right).

1.2.3 Regimes of propagation

Properties of transport of waves in a random medium can vary drastically depending
on how the different characteristic lengths are ordered with respect to each other.
Roughly, in a random medium of size L, we can distinguish the following regimes of
propagation:

1. L < £: ballistic regime. In this regime, waves do not “see” the disorder. They
propagate ballistically and do not undergo any scattering. Single scattering
(i.e., scattering on one impurity only) occurs when L becomes of the order of
the mean free path.

L > (: multiple scattering regime. Waves are scattered many times from
impurities of the disordered medium. A random medium where multiple scat-
tering takes place looks opaque, and the direction of propagation of waves
changes continuously. The difference between multiple scattering and single
scattering is illustrated in Fig. 1.5.

Within the regime of multiple scattering L > ¢, different situations can occur.
First, when A < {, scattering events are very spaced and disorder is said to be
“weak”. As a consequence, multiply scattered waves do not interfere with each
other: transport is said to be incoherent and can be described by a random walk of
step /, governed by a diffusion equation for the wave intensity. When ¢ approaches
A, on the contrary, transport becomes coherent. Interference processes between
multiply scattered waves start to set in and give rise to new effects that are not
described by a diffusion process. Finally, when ¢ < A, disorder is “strong”, which
may lead to the phenomenon of Anderson localization for which transport of waves
comes to a halt 3. Note that the appearance of coherent effects in transport requires
the phase coherence of the wave. Therefore, such effects can be observed only when
the coherence length L, is large enough. As far as classical waves are concerned,
absorption only affects the amplitude of the wave, but does not break its phase
coherence.

3More precise conditions for Anderson localization to take place will be given in Chapter 2.
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Figure 1.5: Fans of light in a misty atmosphere. Sunlight undergoes a single
scattering process on the edges of a thick cloud, which produces fans of light. These
fans appear dark due to the shadow of the cloud on the misty air. Inside the
cloud, the number of water droplets is very large, such that sunlight undergoes
multiple scattering. This explains why the cloud appears dark. Source: Hans Hackel,
Farbatlas Wetterphinomene, (©Ulmer Eugen Verlag (1999).

1.3 Outline of the thesis

This thesis presents a collection of studies on the coherent transport of waves in
random media. We focus on interference effects that take place when a wave propa-
gates in a sufficiently disordered material, and therefore go beyond diffusion theory.
Whereas the fundamental concepts at the origin of coherent transport are the same
for all waves, the effects of coherent transport can show up in different ways, depend-
ing on the wave properties. This contributes to the great richness of wave physics
in the presence of disorder. In this thesis, we are mainly interested in two different
types of waves, electromagnetic (classical) and matter waves. However, due to the
universality of the underlying physics, many of the results presented in this work
turn out to be general and not specific to a particular type of wave.

The first part of the thesis is devoted to the phenomenon of Anderson localiza-
tion, which is the extreme manifestation of coherent transport in random media.
Anderson localization is highly non trivial and has attracted the interest of physi-
cists for the last five decades. We first review it and then demonstrate a recent
microscopic theory of this phenomenon, adapted to the study of finite open media,
starting from first principles. Making use of this theory, we study a new manifesta-
tion of Anderson localization, the confinement of a wave in the plane perpendicular
to the direction of propagation.

In the second part, we analyze statistical properties of light transmitted through
a random medium, neglecting Anderson localization. More specifically, we consider
propagation of a short pulse through a disordered waveguide. Due to the random-
ness of the medium, the intensity of the wave exhibits a complicated interference
pattern made of bright and dark spots, called a speckle pattern. Although appar-
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ently random, such patterns exhibit long-range correlations due to the coherence
of the underlying wave process. Since the medium is, in this case, excited by a
time-dependent radiation, the speckle pattern a prior: depends on time, and so do
its correlations. We analyze this time dependence theoretically. We also present
microwave measurements of these correlations, carried out by our colleagues at the
University of Texas (San Antonio), and compare them to our theoretical analysis.

Finally, in the third part of the thesis, we study coherent transport of a very
particular type of wave: a Bose-Einstein condensate, a matter wave made of an
ensemble of atoms in the same quantum state, obtained at very low temperatures.
We show that the speckle pattern, known for classical waves, has a counterpart for
matter waves. We detail the statistical properties of these “matter-wave speckle
patterns”, and analyze their time dependence. In the last chapter, we discuss the
effects of weak atomic interactions on the expansion of a Bose-Einstein condensate
in a random potential.
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Anderson localization in finite
media
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Anderson localization: an overview
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IN 1958, P. W. Anderson established that electronic diffusion could vanish in a
sufficiently random potential, in the absence of electron-electron interactions [12].
He introduced a seminal model describing hopping of an electron from one site of an
atomic lattice to another. In this “tight-binding model”, the disorder appeared as
a random site energy. The basic idea of Anderson was to study the probability for
the electron to stay on a given site, in order to show that depending on the “amount
of disorder” electronic states could be either extended over the whole lattice (zero

11
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probability), or localized on a site of the lattice (non-zero probability)!. However,
it was not until the late 1970’s and the early 1980’s that Anderson localization was
really linked to wave physics and explained on that basis. It was then shown that
the phenomenon was not specific for electrons but could take place for any coherent
wave in a random potential. Since then, many theories of localization, more or less
sophisticated, have emerged.

From the experimental point of view, the quest for Anderson localization has
concerned many types of waves, with in the last twenty years a special interest
for electromagnetic waves and, since recently, for matter waves. As far as electro-
magnetic waves are concerned, Anderson localization still remains a very elusive
phenomenon. It has been searched for by generations of Ph.D. students, and today
only a handful of experiments are convincing to demonstrate it. On the other hand,
the study of localization using matter waves is very promising but is still in its early
stages.

In this chapter we remind the necessary theoretical basis for the proper under-
standing of the phenomenon of Anderson localization?. We also give a short review
of recent experiments on the subject.

2.1 Basic definitions

It is difficult to provide a unique and unambiguous definition of Anderson localiza-
tion of waves, applicable to any type of wave and any kind of random media. Many
definitions are rather criteria that depend on the particular system that one consid-
ers. Anderson localization is often studied in different contexts, at different levels
of complexity and through different physical observables. The probably simplest
definition is due to Anderson himself: the “absence of diffusion” or “suppression
of transport”. The definition of Anderson can, however, be hazardous in the sense
that there exist other phenomena that can suppress diffusion, as well as transport
can be subdiffusive. The purpose of this section is to attempt to characterize this
phenomenon a bit more precisely. In Sec. 2.1.1 we consider fundamental properties
of Anderson localization, whereas in Sec. 2.1.2 we discuss more practical criteria
that one can use to determine whether a given sample exhibits localization or not.

2.1.1 Fundamental definitions

Strictly speaking, Anderson localization is defined in the infinite medium. The
phenomenon also shows up in finite media but in a slightly different way. This
situation will be extensively discussed later on. Here we first give fundamental
definitions, keeping in mind that we consider the infinite disordered medium.

The most rigorous definition of Anderson localization is given by mathematicians
[15]. Let us consider the Hamiltonian H = Hy+V, where Hy is the kinetic part and V

!The Anderson model is detailed, for instance, in the book of P. Sheng [13].
2More details can be found for instance in Ref. [14].
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is a disordered (random) potential whose realizations are denoted {V'}. We denote
Y vy (r) the eigenfunctions of H. The subscript n numbers the eigenfunctions
whereas the subscript {V'} indicates that the eigenfunctions depend on the particular
realization of the random potential. Anderson localization is said to take place when
for all n and almost all realizations {V'}, there exist sites r, {1} and constants C,, (1
for which

|I' - rn, 1% |
|V, vy (r)| < Cpqvyexp (—T{} , (2.1)

where £ is independent of the realization of disorder, and is called the localization
length. As intuition suggests, Eq. (2.1) describes nothing but exponential local-
ization of eigenfunctions in some region of space due to the presence of a random
potential.

Eq. (2.1) has the following simple consequence for the transport of a wave packet
with center of mass at r propagating in a disordered material: its mean-square
displacement (r?) obeys

(r?) < const, (2.2)

where (...) denotes averaging over realizations of the disordered potential V. This
property is quite intuitive: the propagation of a wave packet in a disordered ma-
terial in the regime of Anderson localization is halted after a certain time. In any
dimension d, Eq. (2.2) implies that the diffusion coefficient of the wave packet is
Zero:

1 (r?)

where t denotes time. Eq. (2.3) is a very widespread definition of localization in
physics. Incidentally, this turns out to be the definition given by Anderson himself
in his original paper: the absence of diffusion means that the diffusion coefficient
is zero. Egs. (2.2) and (2.3) strongly contrast with the often encountered situation
of waves propagating by diffusion in a disordered medium [16, 17]. In this case,
properties (2.2) and (2.3) become

(r?) oc t and D = const. (2.4)

Note that, strictly speaking, the definitions (2.1), (2.2) and (2.3) are not equivalent.
As a matter of fact, the definition (2.1) is much stronger than the two others, and
can be seen as the most fundamental definition of Anderson localization.

2.1.2 Practical criteria

In order to achieve Eqs. (2.1)-(2.3), one has to fulfill particular conditions that
appear as practical criteria for Anderson localization. In this section, we discuss
two of these criteria. They are very useful because they involve physical observables
commonly measured in experiments, unlike the definition (2.1) of localization which
applies directly to the wave function. The latter is inaccessible in experiments (the
case of Bose-Einstein condensates in random potentials is an exception, see Sec. 2.3
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and part III). In addition, these criteria are important from the historical point of
view, because they paved the way for general theories of Anderson localization.

2.1.2.1 TIoffe-Regel criterion. Role of dimensionality

One of the oldest criteria for Anderson localization was introduced in a work of
A. F. Ioffe and A. R. Regel in 1960 [18]. This criterion is valid for the infinite
medium and is based on the wave picture of Anderson localization, outlined in the
introduction of this thesis: Anderson localization occurs when interference effects
between multiple scattered waves become plethoric inside the disordered material.
A wave of wavelength A and wave number k& = 27/, propagating in a disordered
medium, is scattered from an impurity, then propagates freely without loss of energy
before being scattered a second time, and so forth. This simple picture is valid
as long as the typical distance between two consecutive scattering events — the
scattering mean free path £ — much exceeds the wavelength. By contrast, when ¢ is
of the order of A, this scenario breaks down because interference effects may occur
during the scattering process. Therefore, one expects localization to take place when
kl < const, where const ~ 1. This condition is today referred to as the “loffe-Regel
criterion”. It depicts Anderson localization as a phase transition separating a regime
where waves are extended over large scales and propagate by diffusion (k > 1/¢,
“extended” or “diffusive” regime) from a regime where waves are localized in small
regions of space (k < 1/, “localized” regime). The transition region between these
two regimes is usually referred to as the “critical regime” or “mobility edge” 3.

At first sight, the above reasoning might be valid in any dimension. This however
turns out to be wrong. As a matter of fact, a transition only exists in three dimen-
sions. In contrast, in dimensions one and two waves are always localized whatever
the value of kf! This property of localization was first noticed in the Anderson’s
original paper, and then quantitatively explained by the scaling theory of localiza-
tion. We shall come back to this point in more details in Sec. 2.4.1 and Chapter 5.
In any case, the Ioffe-Regel criterion can be generalized to any dimension d in the
following way:

const ~1, d=3

2.5
0, d=1,2. (2:5)

kl < (kl)., where (k{). = {

The loffe-Regel criterion can be derived from several microscopic theories. In Sec.
2.4 we shall give an example of such a derivation from the self-consistent theory of
localization.

2.1.2.2 Case of finite systems: Thouless criterion

Rigorously, the loffe-Regel criterion is only applicable to the infinite medium. In
practice, however, all physical systems are finite. In addition, in order to observe

3 As far as quantum waves are concerned, the kinetic energy F is generally preferred to the wave
number k and the Ioffe-Regel criterion reads E < E..
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localization by means of transport measurements, it is necessary to open the system.

The study of localization in finite open systems was initiated by Thouless in 1974
[19], and then reached a decisive stage with the scaling theory of localization (Sec.
2.4.1 and Chapter 5)*.

The idea of Thouless is that the eigenstates of a finite open system of size L
achieve finite life times h/JF due to the leakage through the boundaries. In the
extended regime, 0 F equals the “Thouless energy” hD(FE)/L? where D(E) is the
diffusion coefficient at energy F, and eigenstates are extended over the whole volume.
According to Thouless, the properties of transport change drastically depending on
how this energy compares to the average level spacing AE = 1/[vy(E)LY], where
vo(E) is the density of states at energy F and d is the dimensionality of the system.
The dimensionless “Thouless number” then naturally emerges as

o

= < = n(E)D(E)L*, (2.6)

g
When ¢g > 1, the “width of eigenstates” JFE is larger than the level spacing AF.
This is the extended regime where states overlap. On the other hand, when g < 1,
eigenstates are well resolved. They do not overlap and cannot support transport:
this is the localized regime. Both situations are depicted in Fig. 2.1. In a finite
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Figure 2.1: Sketch of typical energy spectra of a disordered system. In the extended
regime (left) the width 0 E of eigenstates is large as compared to the level spacing
AE. In the localized regime (right), 0E < AE and eigenstates are well resolved.

open medium, a criterion for Anderson localization is then
g<ge~1. (2.7)

From Eq. (2.6), one sees that the Thouless number coincides with the Drude con-
ductance G of a metal, but for a factor ?/h. This is the reason why g is also called

4To be consistent with literature, we shall use the terminology of quantum mechanics, i.e. speak
about “eigenstates” (instead of “eigenmodes” for classical waves) and use the energy E (instead
of the frequency w of the wave). The discussion is, however, valid for classical waves as well.
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dimensionless conductance. However, it is important to note that the second equal-
ity of Eq. (2.6) is only true in the extended regime. Indeed, in the localized regime
transport is inhibited and one expects the conductance to decay exponentially with
L. We shall largely come back to this point in Chapter 5.

2.2 Quantum and classical waves

From the fundamental point of view, Anderson localization is an interference, wave
phenomenon. Viewed in this light, Anderson localization is not specific to a partic-
ular type of wave. In this sense it can be qualified as universal. As a matter of fact,
during the last half a century, a very large number of works concerned localization
of both classical and quantum waves. In the literature, quantum waves usually refer
to electrons, phonons or cold atoms (in the latter case one also speaks of matter
waves), whereas classical waves refer to light, sound, microwaves or elastic waves.
With quantum waves, the wave nature is of quantum origin and propagation is based
on the Schrodinger equation, whereas with classical waves, laws of classical wave
physics govern wave propagation.

Although Anderson localization exists for both families of waves, in the last
quarter of the 20" century, experiments focused more on localization of classical
waves, especially light and microwaves, rather than on localization of electrons.
Since 2000, localization of cold atoms has been in the spotlight. Our purpose here
is not to detail the particular case of a given type of wave, but rather to emphasize
the main differences between electrons and electromagnetic waves which are of great
importance from the historical point of view. The important case of matter waves
will be discussed in detail in Part III of this thesis.

2.2.1 Electronic conductors
For electrons propagating in a disordered metal, Schrodinger equation reads

_R2

e

V20 (1) + V(r)Up(r) = eUp(r), (2.8)

where Wg(r) is the wave function of an electron of mass m, and energy E. V is a
potential which includes disorder and possibly other effects such as interactions with
phonons or other electrons. In the simplest situation where one neglects such effects,
V' is just the local scattering potential generated by atomic impurities embedded
in the conductor. Anderson localization of electrons then shows up through an
exponentially small conductivity o°:

0 ~ exp (—5) — 0, (2.9)

&) L>¢

5This property will be demonstrated in Chapter 5.
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where L is the size of the sample and ¢ is the localization length. Anderson lo-
calization is therefore a synonym of zero conductivity. It can be observed as a
metal-insulator transition that takes place when the density of impurities in the
sample is increased. Furthermore, in principle, localization of electrons can be read-
ily achieved by making the energy sufficiently small as compared to the scattering
potential. In other words, the Ioffe-Regel criterion can be fulfilled by decreasing the
energy E.

Unfortunately, in practice it is impossible to observe zero conductivity due to the
strong coupling of electrons with their environment (electronic interactions, coupling
with phonons, etc.). As a matter of fact, in disordered conductors at low tempera-
tures, interactions of electrons with phonons induce finite conductivity o, given by
the celebrated Mott’s formula [20]

5 1/(d+1)

0 X exp (kBT) , (2.10)

where kp is the Boltzmann constant, T is temperature, d¢ = 1/(19¢?) with vy the

density of states per unit volume. This underlines the main problem of electronic

systems: Anderson localization is inextricably linked to coupling of electrons with

their environment. In addition, its experimental study requires samples of very small

size (typically, a few pm) and low temperatures (due to small coherence lengths of
electrons).

2.2.2 Localization of classical waves

The first ideas concerning Anderson localization of classical waves emerged from
the works of S. John [21] and P. W. Anderson [22]. Since then, the experimental
quest for Anderson localization of classical and, especially, electromagnetic waves
has attracted a lot of interest. This is partly due to the weakly interacting character
of photons, allowing one to focus exclusively on the effect of disorder, which is
impossible with electrons. Besides, advances in the laser technology make available
lasers with very large optical coherence lengths (of the order of several meters).
Therefore, localization of classical waves may a priori be observed in macroscopic
samples and at room temperatures. Unfortunately, the situation is not as idyllic
as it seems, because localization is very difficult to achieve with electromagnetic
waves, for reasons that we detail now. Let us consider an electromagnetic wave v
of frequency w propagating in a random medium’. The disorder is described by
fluctuations de(r) of the local dielectric constant e(r) = € + de(r), where € is the
average of e(r). The counterpart of Eq. (2.8) for classical waves is the Helmholtz
wave equation

—Viu(r) = Eu(r)y(r) = B(r), (2.11)

SInteractions with phonons allow electrons to “hop” between localized states. This is the
“variable-range hopping theory”.
"We neglect the vector nature of electromagnetic waves from here on.
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where k = y/éw/c is the wave number and ¢ the free-space velocity of the wave. We
have introduced the relative fluctuation of the dielectric constant p(r) = de(r)/é. A
glance at Eq. (2.11) allows us to understand why Anderson localization of electro-
magnetic waves is so elusive: the disordered potential, analog to V for electrons, is
here —h2k?u(r)/(2m.) < w?. A decrease of w? (which is the analog of electronic en-
ergy € in Eq. (2.8)) therefore affects the potential which decreases in the same way!
Simply lowering the frequency is therefore insufficient to localize electromagnetic
waves. This problem was discussed by S. John in 1984 [21], who suggested that,
despite this complication, Anderson localization of light could still be observable.
His idea was the following. As discussed in the introduction of this thesis, when an
electromagnetic wave propagates in a disordered medium, one can distinguish three
regimes of single scattering. When the wavelength A\ = 27 /k much exceeds the typ-
ical size a of scatterers, the scattering cross-section o, o 1/A* (Rayleigh scattering).
In the opposite limit A < a, o, approaches the value 27a® given by geometrical
optics. In the intermediate region a ~ A (Mie scattering), o, may possibly be very
large due to Mie resonances. The typical wavelength dependence of the mean free
path ¢ = 1/(nso,) is depicted in Fig. 2.2 for two different values my and my > my
of the refractive index contrast between the scatterers and their environment. One
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Figure 2.2: Schematic wavelength dependence of the scattering mean free path,
for two values m; and ms of the refractive index contrast between the scatterers
and their environment (ms > m;). In the long-wavelength limit ¢ oc A* (Rayleigh
scattering). The short-wavelength limit corresponds to geometrical optics. In the
intermediate regime (Mie scattering) there may exist a range of wavelengths for
which the Ioffe-Regel criterion ¢ < A is fulfilled and Anderson localization takes
place.

sees that in the regime of Mie scattering and for a sufficiently high refractive in-
dex contrast, the mean free path can become small enough so that the localization
condition (Ioffe-Regel criterion) ¢ < A is fulfilled. Note that this discussion suggests
that localization may show up for light but it is not a proof of its existence.
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2.3 Experimental quest for Anderson localization

2.3.1 End of 20" century: first attempts...

The experimental search for localization falls within the broader field of coherent ef-
fects in transport of waves. The first experimental achievements related to Anderson
localization date back to 1987, with, notably, the measurements of the conductivity
at low temperatures demonstrating the Mott formula (2.10) [23]. Later, several arti-
cles dealt with corrections to the conductivity due to the effects of weak localization,
a precursor of localization that takes place at weaker disorder [24]. However, as dis-
cussed in the previous section, since in metals localization is inextricably linked to
the coupling of electrons with their environment, experimentalists turned very early
to the study of classical waves. The first experimental step towards localization of
such waves was the observation of a precursor effect, the coherent backscattering of
waves, which consists in an enhancement of the reflected intensity in the direction
opposite to the direction of irradiation. Experimental observation of the coherent
backscattering effect requires strong disorder, but not as strong as for the obser-
vation of Anderson localization®. It was achieved in 1985 by two different groups:
P. E. Wolf and G. Maret in Grenoble [25], and M. P. Albada and A. Lagendijk in
Amsterdam [26].

The number of (often unfruitful) attempts to observe three-dimensional Ander-
son localization (i.e., when a phase transition exists) is large and it would be futile
to try to mention them all. In the 1990’s, observation of Anderson localization of
light was claimed in several works ([27, 28, 29] to cite a few). These works con-
cluded on localization based on the observation of exponential decay of stationary
transmission with sample thickness. This property of localization is the counterpart
of the exponentially small conductivity in electronic systems (see Sec. 2.2.1) and
will be discussed in detail in Chapter 5. However, conclusions of these works have
been questioned because of the possibility for the decay observed to come from a
residual (weak) absorption [30].

Later in 2000, observation of Anderson localization of microwaves was claimed
by A. A. Chabanov et al. [31], based on the analysis of the statistical distribution
of intensity of microwaves transmitted through a disordered medium. In this ex-
periment, the samples were not three-dimensional but rather quasi one-dimensional
waveguides. Thus, at the end of the 20" century an unequivocal proof of Anderson
transition in three dimensions was still lacking.

2.3.2 A 21° century rich in experiments

At the beginning of the 21%° century, several works provided clear observations of
Anderson localization of different types of waves. Rather than citing them all, we
focus here on a small set of experiments which, to the opinion of the author, were
decisive stages in the experimental quest for Anderson localization. Interestingly,

8The coherent backscattering effect is related to weak localization.
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Figure 2.3: Profiles of time-dependent transmission of a short pulse, from Ref. [32].
The black curves are experimental data and the red curves are fits by diffusion theory.
The difference between the red curves and the dashed black lines indicates the weight
of absorption. Left profile: transmission in the regime of diffusion. The long-time
tail of transmission exhibits a typical exponential decay. Right profile: transmission
in the regime of Anderson localization. The tail exhibits a nonexponential decay
and cannot be fitted by diffusion theory.

these works were realized in the last three years and two of them in 2008. This
testifies to the experimental difficulty of localizing waves, and also proves that the
subject is more lively than ever.

2.3.2.1 Localization of light...

A decisive observation of three-dimensional localization of light was achieved in 2006
by the team of G. Maret at the University of Konstanz [32]. In their experiment,
the authors study the time-resolved profile of short pulses transmitted through a
three-dimensional disordered medium. Samples are slabs of thickness of the order
of a millimeter and of width much exceeding the thickness, made of compressed
powders of submicron-sized TiO, particles. Compared to the steady-state case, the
main benefit of such a dynamic experiment is that absorption and localization have
different effects on the transmission profile. The two phenomena can then be dis-
tinguished unambiguously, in contrast to previous experiments [27, 28, 29]. In Fig.
2.3 we report the two main measurements of Ref. [32]. The left plot corresponds
to a weakly disordered sample. The disorder parameter kfg is large and light prop-
agates by diffusion through the sample, which gives the exponential decay of the
long-time tail of the transmission profile (black curve). In this case, the experi-
mental results are well explained by diffusion theory (red curve). On the contrary,
in the right plot the sample is much more disordered and transmission exhibits a
nonexponential decay. In the presence of absorption, the diffusive exponential de-
cay is preserved and only speeds up. Therefore, absorption cannot account for the
observed nonexponential tail.
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On the theoretical side, a power-law decay of the tail of dynamic transmission
profiles was predicted by S. E. Skipetrov and B. A. van Tiggelen [33], which seems to
corroborate the experimental observation. It should be noted that the experiment
carried out in Konstanz is a real feat because samples with mean free paths of the
order of 200 nm were necessary in order to observe localization of light.

2.3.2.2 ... sound...

Very recently, three-dimensional Anderson localization of sound was reported by
the team of J. H. Page at the University of Manitoba in Canada [34]. Here the
experimental demonstration is based on yet another consequence of localization
called transverse confinement. The study of this phenomenon is the subject of
Chapter 4. Here we only give the main elements necessary for the understanding
of the experiment. For sound, length scales are larger than for light. In Ref. [34],
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Figure 2.4: Right: sketch of the ultrasonic experiment. A short, focused pulse is
sent into the disordered sample, and the transmitted intensity I(p,t) is measured
at different transverse points p and different times ¢. Left: spot width W2(t) de-
duced from Eq. (2.12) and measurements of I(p,t), as a function of time and for
different p = |p|. The dashed line indicates the diffusive behavior W2(t) = 4Dpt.
Experimental curves are fitted by the self-consistent theory of localization.

disordered samples are ~ 20 mm thick slabs made of aluminium beads of diameter ~
4 mm brazed together. Pulsed ultrasonic beams are focused on one side of the sample
and the transmitted intensity is measured on the other side with hydrophones. The
main difference with Maret’s experiment is that here the spatial profile of the output
spot is followed as a function of time. This is depicted in the drawing of Fig 2.4.
The incoming pulse is focused at the transverse position p = 0 on the input surface
and the output transverse intensity profile I(p,t) is measured as a function of time
for different p = |p|. Very generally, one has

2

2P0 exp {V‘;Tp@} , (2.12)
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where the “spot width” Wg(t) is a function that is deduced from measured values
of I(p,t). In the extended regime, sound propagates by diffusion and sz(t) =
4Dpt, in agreement with Eq. (2.4). The transverse intensity profile is therefore
Gaussian and its width grows linearly with time. On the other hand, if waves are
localized, this profile departs from a Gaussian. Wg(t) is expected to depend on p
and to increase slower (if at all) with time. Typical dependencies W>(t), obtained
in strongly disordered samples, with mean free paths of the order of 0.5 mm, are
shown in Fig. 2.4. They demonstrate a saturation of W7(t) at long times, for
any transverse position p. This behavior is very different from that expected in the
extended regime, shown by a dashed line in the figure. This saturation at long times
is called transverse confinement. Physically, this effect reflects the halt of spreading
of the wave pulse along the transverse direction due to Anderson localization, in the
sense of property (2.2). The self-consistent theory of localization reproduces very
well the experimental results (solid lines in the figure).

2.3.2.3 ... and Bose-Einstein condensates.

The interest of physicists for Anderson localization of Bose-Einstein condensates is
recent but very intense, as testifies the number of high quality papers, published on
the subject in the last few years. Here the idea is to produce a Bose-Einstein con-
densate and let it expand in a random potential. As compared to experiments with
classical waves, in experiments with condensates the propagating wave is replaced
by the condensate and the disordered medium is replaced by a random potential
which is produced artificially by means of optical techniques. Part III of the thesis
is devoted to these systems.

There are several excellent articles reporting experiments on Bose-Einstein con-
densates expanding in random potentials. We choose here to discuss a recent ex-
periment carried out by the french group of A. Aspect in Orsay [35], which has the
benefit to be a “direct” observation of Anderson localization in the sense of defini-
tion (2.1). The expansion of the condensate in the random potential is depicted in
the left panel of Fig. 2.5. A confining potential (depicted by the pink tube in Fig.
2.5) forces the condensate to expand only along one direction. The halt of expansion
is observed at long times. This is shown in the inset of the right panel of Fig. 2.5.
The points are the mean size of the condensate, which is proportional to time in the
absence of random potential (green points) and saturates at long time in the pres-
ence of random potential (red points). This saturation is consistent with Anderson
localization according to definition (2.2). However, the most striking effect is shown
in the main plot of Fig. 2.5, which is a direct observation of the localization of the
condensate in space. One clearly observes the exponential decay of the tails of the
condensate density (wave function squared), in agreement with definition (2.1).

Today, experiments on three-dimensional localization of Bose-Einstein conden-
sates have not been reported yet. However, in a very recent paper from the team
of D. Delande in Paris, a three-dimensional localization in systems of cold Cesium
atoms was reported [36]. Here it is not a question of propagation of a wave but of
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Figure 2.5: Left: sketch of the experiment. A Bose-Einstein condensate expands in
a random potential shown in blue. The expansion is restricted to the z direction.
The pink tube depicts longitudinal confinement. Right: direct measurement of
the condensate density at a given (long) time, as a function of z. Tails exhibit
exponential decay, typical for localization. The inset shows the mean size of the
condensate in the absence (green points) and in the presence (red points) of random
potential.

an experimental realization of a theoretical model called the quasi-periodic kicked
rotor. Roughly speaking, this model describes the behavior, in momentum space, of
a quantum pendulum which is periodically “kicked” with a force whose amplitude
is modulated in time. Although this model seems very far from typical problems of
disordered systems, it was proven to be an analog of the three-dimensional Anderson
model [37]. In the experiment of Ref. [36], the role of the kicked pendulum is played
by atoms exposed to a pulsed standing electromagnetic wave, and localization is
directly observed from the measurement of the distribution of atomic momenta.

2.4 Theoretical approaches

In this section, we briefly review some of the main theories that allow a description
of the phenomenon of Anderson localization, namely, the scaling theory, the self-
consistent theory, the random matrix theory and the supersymmetric nonlinear o-
model. For the two latter we give a very short description since they will not be
used in the following. We also give only the main lines of the scaling theory which
is described in more detail in Chapter 5.

2.4.1 The scaling theory

One of the most prominent theoretical achievements after the paper of Anderson is
certainly the scaling theory of localization. It was put forward by E. Abrahams, P.
W. Anderson, D. C. Licciardello and T. V. Ramakrishnan in 1979 [38]. This theory



24 Chapter 2. Anderson localization: an overview

will be largely detailed in Chapter 5 and we simply give here the main lines.

The scaling theory extends the ideas of Thouless (see Sec. 2.7) and postulates
that the dimensionless conductance is the only parameter needed for describing
transport in a disordered medium of finite size. In this sense, the scaling theory is
sometimes called one-parameter scaling theory. From this assumption and consid-
erations similar to those of renormalization group theory, one can define a “scaling
function” ((g) which is universal, in the sense that it is independent of the mi-
croscopic properties of the sample (and only depends on g). The main purpose of
scaling theory is the study of this # function, which provides a unified description
of transport from the extended regime to the localized regime, in any dimension.

The scaling theory is very elegant and provides a description of the Anderson
transition based on simple arguments. In addition, the fact that in dimensions
one and two, states are localized whatever the degree of disorder, whereas in three
dimensions there exists a phase transition separating extended from localized states
(see the discussion of Sec. 2.1.2.1), emerges naturally from the theory. However,
the scaling theory has a number of shortcomings. It is phenomenological and does
not explain some fine features of Anderson localization (an example will be given
in Chapter 4). Besides, the scaling theory fails to describe the statistical properties
of transport in disordered media, as, for instance, the statistical distribution of
conductance fluctuations.

2.4.2 The self-consistent theory

In this section we present the main features of the so-called self-consistent theory
which was one of the first microscopic description of Anderson localization in the
infinite medium. A complete derivation of a generalized version of this theory will
be provided in the next chapter. Here we focus on its physical content.

2.4.2.1 Intuitive approach

From the microscopic point of view, the idea at the origin of the self-consistent theory
of localization is that when a wave is emitted from some point inside a disordered
medium, more energy comes back to the source than expected if waves behaved like
classical particles. To be a bit more quantitative, it is valuable to look at this energy
in more detail. In the framework of diffusion theory, the density of wave energy at a
point r and at time ¢ of a wave packet emitted at time ¢’ from a point r’ is given by
the “intensity Green’s function” or “propagator” C(r,r’,t —t') (this quantity will be
defined rigorously in Chapter 3), which in the extended regime, obeys the diffusion
equation

(0, — DpV3) Cr,x', t —t') =6(r —1')5(t — t'), (2.13)

with Dp = ¢f/3 the diffusion coefficient [16]. Note that in the case of quantum
particles, Eq. (2.13) holds as well, but the terminology is slightly different: C' is
called probability of quantum diffusion, and can be interpreted as a probability
density of finding the particle in the vicinity of point r at time ¢, provided that the
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particle was at r’ at time t’. For simplicity let us assume that ¢ = 0. The energy
density at the source at time ¢ is then C(r,r,t). In dimension d, the solution of
diffusion equation (2.13) is given by

1 lr —r'|?
Cr,r' t) = ———— - . 2.14
(.20 = G D)7 eXp( 4Dpt (2:14)

In a semi-classical picture, a ray propagating during a small time interval dt can be
seen as a tube of diameter A~ and of length cdt. The amount of energy returning
to the source is then

Eretum:/ dteX71C(x, 1, t). (2.15)
0

There is an ultraviolet divergence in the integral of Eq. (2.15). This reflects the
breakdown of diffusion theory at very short times, when waves propagate ballisti-
cally. A way to overcome this problem is to introduce the mean free time ¢/c as
the lower limit of integration. Making use of C(r,r,t) = 1/(47Dpt)¥/?, we readily

obtain )
— d=3
Eroturn ~ (k€)2 (216)

00, d=1,2.

Eq. (2.16) is quite remarkable. For d = 1 and d = 2, diffusion theory predicts that
an infinite amount of energy returns back to the point where the wave packet was
initially emitted. This divergence signals the breakdown of diffusion theory whatever
k¢, which is not surprising because we have seen that in dimensions one and two
localization always takes place. In three dimensions, Eq. (2.16) requires k¢ > 1 to
make sense because for k¢ < 1 constructive interferences become significant, and
the diffusive approach breaks down. As a matter of fact, we have just derived the
loffe-Regel criterion discussed in Sec. 2.1.2.1.

2.4.2.2 Self-consistent equations

The self-consistent theory is one of the first microscopic theories of Anderson lo-
calization. It was proposed in the 1980’s by D. Vollhardt and P. Wolfle [39]. By
means of diagrammatic calculations, they derived a transport equation similar to
the usual diffusion equation (2.13) but with the “classical” diffusion coefficient Dp
replaced by a renormalized D, including interference effects at the origin of Ander-
son localization. The main consequence is that Eq. (2.13) is replaced by a system
of self-consistent equations which read (in Fourier space)

Q- DOV O, Q) =b(r — 1) (a) (2.17)
1 1 3 d°q 1 .
D) / (27)3 —iQ + Dq? (®)

D(Q) " Dj * vyl

where 1y is the density of states. The integral of Eq. (2.17b) is nothing but C(r, r, §2).
This confirms the central role played by the return probability which directly drives
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the renormalization of the diffusion coefficient. Notice that Eqgs. (2.17) provide a
unified description of both the extended and the localized regimes in space of any
dimensionality.

2.4.2.3 Main results of the self-consistent theory

It is interesting to check whether the fundamental properties of transport in the
regime of Anderson localization given in Sec. 2.1.1 (Egs. (2.2) and (2.3)) follow
from the self-consistent theory. For this purpose, we consider a wave packet initially
located at position r’, and study its propagation at long times. To fix the ideas, we
consider the case of a three-dimensional medium. Eq. (2.17b) can be written as

D) gl /°° i /°° dq
Dg =1 272 Jo dq D(Q)2x? J, —iQ2/D(Q)+ ¢?, (2.18)

where we have introduced v = 3/(mcry €). The ultraviolet divergence of the first
integral arises from the breakdown of multiple scattering theory at short length
scales, where waves propagate ballistically. It can be regularized by introducing an
upper momentum cutoff gu.x ~ 1/¢. This leads to

D(Q) Yqmax Y —1£)
=1- — == 2.19
Dpg 272 * 4\l D(Q) (2.19)
We now introduce the dimensionless variables v = (1 — Yqmax/272)/(—i2T)Y/3,

T(Q) = [D(R)/Dg]/(—i27)Y/3 and o = ~?/(167*tDp), where T = {/c is the mean
free time. Eq. (2.19) then reads

T(Q)? - 20T (Q)?* +0*T(Q) —a® =0. (2.20)

The case k¢ > 1 corresponds to the extended regime (y — 0). For k¢ > 1, a < 1
and, consequently, Eq. (2.20) can be rewritten as 7(7 — v)? = 0. The non-zero
solution of this equation is 7 = v. This yields

D(Q) = Dy {1 - @] . (2.21)

The regime k¢ > 1 is sometimes called “weak localization regime” because inter-
ference effects renormalize D by a small amount ~ 1/(kf)?. Far in the extended
regime, k¢ > 1 and D = Dgp, in agreement with Eq. (2.4) expected for diffusion.
In this regime, the energy density of the wave packet, the solution of Eq. (2.17a),

is given by Eq. (2.14). The mean-square displacement (r?)gg of the wave packet in
the extended regime follows straightforwardly:

(r¥) g = 6Dpt, (2.22)

which is again in agreement with Eq. (2.4).
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Let us now consider the localized regime k¢ < 1 in the limit |k¢ — 1] < 1.

In the low frequency limit (7 < 1, |v| > 1 and therefore Eq. (2.20) reduces to
T (Q) = a?/v?, which yields

D(Q) = —iQE?, (2.23)

where we have defined the length scale ¢ = 3¢/[2(1 — k¢)]. In the limit Q@ — 0,

the diffusion coefficient vanishes, in agreement with the definition (2.3) of Anderson

localization. In the localized regime, the energy density of the wave packet at long
times then reads

, 1 r—r
C(I',I',t—>OO) = WGXP <—‘ é_ |) . (224)

From Eq. (2.24), we see that £ gives the typical extent of the wave packet at long
times in the localized regime: £ is the localization length which has been introduced
in Eq. (2.1)%. Finally, in the localized regime, the mean-square displacement of the
wave packet is given by

(r%)10c = 6€2, (2.25)

which is nothing but the property (2.2), with const ~ .

2.4.3 Other approaches

Beyond the self-consistent theory, at least two other approaches allow to describe
quantum transport in disordered media: the random matrix theory and the super-
symmetric nonlinear o-model. We briefly describe them in this section.

Random matrix theory was developed in the 1960’s, under the impulse of E. P.
Wigner and F. J. Dyson. The original motivation was then provided by the problem
of energy level statistics in heavy nuclei. Since then, the theory has been extended to
many other fields and, notably, to mesoscopic wave transport in disordered media.
For a very complete review of random matrix theory we refer to the paper by C. W.
J. Beenakker [40]. The idea of random matrix theory of quantum transport is to
describe open disordered media through the statistical properties of the scattering
matrix S of a disordered system with N propagating modes:

S = ( i ) (2.26)

The scattering matrix allows to describe the amplitude of waves reflected from and
transmitted through disordered media by the reflection matrices 7 and 7 (reflec-
tion from left to left and from right to right) and transmission matrices ¢ and ¢’
(transmission from left to right and from right to left). The transport is then char-
acterized by the statistics of eigenvalues of S. Because of current conservation, S is
unitary and, as a consequence, the four Hermitian matrices ¢/, ¢¢'T, 1 — 77!, and

Sk 3

9Notice that the localization length diverges at the mobility edge k¢ = 1. This property is
characteristic of phase transitions and will be discussed in more detail in Chapter 5.
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1 — 77T have the same set of eigenvalues Ty, Ts, ..., Ty. This set is sufficient to
characterize transport in the disordered medium. From very few assumptions, O.
N. Dorokhov [41] and independently P. A. Mello, P. Pereyra, and N. Kumar [42]
were able to derive an equation describing the evolution of the distribution function
of Ty, Ty, ..., Ty with the size L of a disordered system. This equation is known as
the DMPK equation, and it turns out to be a very powerful tool to describe trans-
port in disordered media. It was successfully applied to explain the phenomenon of
universal conductance fluctuations (see Chapter 6) or the statistics of conductance
fluctuations in disordered wires.

A major advantage of random matrix theory is that it is nonperturbative and
thus provides a unified description of both extended and localized regimes of wave
propagation. Besides, it was recently generalized to include dynamics [43]. A major
shortcoming of random matrix theory is that it is, by construction, restricted to
one-dimensional and quasi one-dimensional systems.

Another very sophisticated theory of quantum transport in disordered media
is the field theory. The idea of this theory is to replace the path integrals of the
diagrammatic approach by integrations over complex fields. In its modern form,
the field theory exploits properties of Grassmann algebra to describe interactions
between these fields. The resulting model is known as the supersymmetric nonlinear
o-model (for reviews see for instance [44, 45]). In this model, the Green’s function G
of Schrodinger equation (2.8) is written as a functional integral over a two-component
field U7 = (S, x) of commuting (S) and anticommuting (x) Grassmann variables:

G(r,r'e) = ih/D!I/S(r)S*(r’) exp [ih/de[lT(R)(]:I —e+i0NPT(R)|. (2.27)

From this functional formulation, one expresses the intensity Green’s function as an
integral over fields ¥ which can be evaluated by means of the saddle point method.

The field theory is nonperturbative and can be applied to study disordered sys-
tems in any dimension!?. This makes it a very powerful tool to study the Anderson
transition. Unfortunately, it is highly technical and does not always give the neces-
sary physical insight to guide experiments.

2.5 Conclusion

In this chapter we reviewed the main definitions and properties of Anderson local-
ization, as well as the main theoretical approaches available to describe it. Our
purpose was more to provide a theoretical basement for the remainder of this thesis,
rather than to give an exhaustive review of localization. In the following, we shall

10 At first sight, the field theory seems very far from the random matrix theory or usual diagram-
matic treatments. They are, however, well related. For instance, results of the diagrammatic theory
can be derived from the field theory [40], and it was shown that the supersymmetric nonlinear o-
model is equivalent to the random matrix theory in the limit of N, L/¢ — oo with N¢/L = const
[44].
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encounter several times some of the criteria discussed in Sec. 2.1, for various systems
studied in this thesis.

From here on, we shall exclusively make use of the self-consistent theory to
describe Anderson localization. Strictly speaking however, in the form presented in
this chapter, the self-consistent theory is only valid in the infinite medium. It is
therefore required to generalize it to open media of finite size. This will be done in
the next chapter by means of a position-dependent diffusion coefficient. The self-
consistent theory generalized in this way is extremely suitable to provide quantitative
descriptions of realistic experimental situations. For instance, it allows account for
different types of source (short pulses, focused beams, plane waves etc.) and for
samples of various shapes. Incidentally, the experiments discussed in Secs. 2.3.2.1
and 2.3.2.2 can be successfully explained in the framework of this theory.
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Microscopic approach to Anderson localization in finite media
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THROUGHOUT this thesis, Anderson localization will be treated by means of the
self-consistent theory of D. Vollhardt and P. Wolfle. In the previous chapter, we
stressed that in its original form (Eqs. (2.17)), the self-consistent theory is, in
principle, only valid for the infinite medium. However, in any physical experiment
samples are finite. Moreover, in the particular case of transport experiments, they
are necessarily open to the external world. For instance, localization experiments
generally require exciting the disordered sample in some way and then measuring
transmitted or reflected field or intensity. It is therefore important to adapt Eqgs.
(2.17) to the case of finite disordered media, Of course this problem is not new.

31
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Already in its original form, the self-consistent theory was used to study localization
in finite systems: the simplest way to account for finite-size effects is to introduce
the system size L as a lower cut-off ~ 1/L in the integral over momentum in Eq.
(2.17b). Such an approach can be more or less successful in making qualitative
predictions in the spirit of the scaling theory of localization (see Chapter 5), but it
becomes insufficient when one is interested in fine details of multiple wave scattering
close to the mobility edge and in the localized regime. In 2000, van Tiggelen et al.
proposed a natural generalization of self-consistent theory to media of finite size by
introducing a position-dependent diffusion coefficient D [46]:

(—i? -V, ~1D(r, %)Vr) C(r,',Q) =d6(r —1r') (a)
D) =Dy + mC(r, r, Q). (b)

(3.1)

The fundamental difference between Egs. (2.17) and (3.1) is that the return prob-
ability C(r,r,Q) in Eq. (3.1b) explicitly depends on r, and hence D depends on
position too.

One can question the physical meaning of the diffusion coefficient depending on
position. A simple picture can be obtained in the stationary case 2 — 0. In the
infinite medium, the diffusion coefficient D(§2 — 0) is zero, as we saw in Sec. 2.4.2.3.
In a finite medium, the diffusion coefficient is also expected to vanish in the bulk
where there is no difference with the infinite medium, but close to boundaries the
situation may be different. Indeed, in the vicinity of a boundary, the amount of
energy coming back to the point where it was initially emitted (given by C(r,r,(2))
is less than in the infinite medium because of the increased probability for the wave
to leave the medium through the boundary. Therefore, in a finite medium it seems
natural that transport may drastically differ depending on whether one looks at
regions near boundaries or deep in the bulk. This leads to a position-dependent
renormalized diffusion coefficient D, the renormalization being less important near
the boundaries of the disordered medium.

The generalized self-consistent theory was recently used to study the dynamics
of Anderson localization in quasi one-dimensional [47, 48] and three-dimensional [33]
random media. Meanwhile, the generalized self-consistent equations (3.1) have never
been derived microscopically. Such a derivation is highly desirable for at least two
reasons. First, recent results indicate that the position dependence of D is crucial for
the internal consistency of the theory itself and that some of the important features
of Anderson localization cannot be reproduced without fully taking it into account
(an example of such a situation will be discussed in Chapter 4). Second, the very fact
that D should be position-dependent can be questioned in favor of momentum [49]
or time [50] dependencies studied in the past, unless the position dependence of D is
given a microscopic justification. This calls for a rigorous derivation of self-consistent
equations in a medium of finite size, showing the emergence of position-dependent
D from microscopic equations of wave propagation and clarifying the physics behind
it.
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The purpose of this chapter is to present a mathematical derivation of the self-
consistent equations of localization (3.1) in a finite medium of size L much exceeding
the two main “microscopic” length scales of the problem: the wavelength A and the
mean free path ¢. To fix the ideas, in this chapter we make use of the terminology
of classical waves, but the results can be readily extended to the transport of quan-
tum particles (e.g., an electron or an atom at low temperatures) described by the
Schrodinger equation with a disordered potential.

The chapter is organized as follows. In Sec. 3.1, we introduce notations and
define precisely the concept of intensity Green’s function that appeared already in
the previous chapter. Then, the main “building block” of our derivation — an
“interference loop” that we insert inside ladder diagrams to account for interference
effects in the intensity Green’s function — is calculated in Sec. 3.2. In Sec. 3.3,
we sum an infinite series of diagrams for the intensity Green’s function and obtain
the self-consistent equations of localization. Sec. 4.3 is devoted to the treatment of
boundary conditions and a discussion of energy conservation. Finally, we summarize
our main results and discuss their implications in Sec. 3.5. Technical details of
calculations are collected in Appendix A.

3.1 Theoretical framework

3.1.1 Intensity Green’s function

We consider propagation of a scalar, monochromatic wave of circular frequency w in
a three-dimensional disordered medium of finite size. Propagation of waves in such
a medium is governed by the Helmholtz equation:

[Ar + B2 (1 + p(r)]G(r, v/, w) = 6(r — 1), (3.2)

where G(r,r',w) is the amplitude Green’s function. G is the wave field at point
r and frequency w due to a point source located at point r'. pu(r) = de(r)/€ is
the relative fluctuation of the dielectric constant e(r) = € 4 de(r), € is the average
dielectric constant, k = y/éw/c is the wave number, and ¢ is the speed of wave
in a homogeneous medium with € = 1 (vacuum). We assume that u(r) obeys the
white-noise Gaussian statistics [16]:

47

Ku(r)u(r') = 50 =), (3.3)

where the overline denotes averaging over realizations of disorder and /¢ is the scat-
tering mean free path. We now assume weak disorder:

k> 1. (3.4)

This inequality was already introduced in the previous chapter and defines the ex-
tended regime of wave propagation. Under the assumption of weak disorder, the
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average amplitude Green’s function can be calculated. We do not detail this calcu-
lation which is standard and can be found, for instance, in the book of E. Akkermans
and G. Montambaux [16]. The result is

/ _ 1 . I |I‘—I'/|
G(r,r',w) = 747T|r_r/|exp ik |r —1'| 57 . (3.5)

Eq. (3.5) indicates that a wave propagating in a disordered medium is strongly
attenuated over distances of the order of the mean free path. Strictly speaking, this
result is valid only in the infinite medium. However, it holds in a medium of finite
size as well, provided that the points r and r’ are at least one mean free path from
the boundaries. Let us now introduce the average intensity Green’s function (or
propagator):

A

C(r,r’,Q) = TG(r,r’,wl)G*(r,r’,wg), (3.6)

where w; = wy + /2, wy = wp — /2, and we omit the dependence of C' on the
carrier frequency wy. We assume the latter to be fixed in the remainder of this
chapter. Physically, let us remind that the inverse Fourier transform C(r,r’,t — t')
of Eq. (3.6) describes the density of wave energy at r at time ¢ due to a short pulse
emitted at time ' by a point source at r’.

3.1.2 Assumptions

The analysis of the intensity Green’s function C' is generally complicated and rela-
tively simple results can be obtained only under certain assumptions that we detail
below and that will be adopted from here on.

1. Weak disorder (Eq. (3.4)). This condition has already been used above for
the derivation of the average amplitude Green’s function. However, as seen
from the previous chapter, the description of Anderson localization requires
to go towards the limit k¢ < 1. This will be done in Sec. 3.3 by means of a
self-consistency principle.

2. Intensity is measured at large distances r from the source point r’ (i.e., |r —
r'| > (), and slow dynamics © < wp, ¢/¢. This means that we consider only
slow spatial variations of C' and neglect any effects that might be due to its
variations on the scale of the order of wave period ~ 1/wy or mean free time

¢/ct [16).

3. Time-reversal invariance. This assumption is fundamental for the derivation
of the self-consistent equations of localization. It indicates that transport
properties remain unchanged when ¢ is changed to —t.

1One speaks of hydrodynamic assumption.
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Figure 3.1: General diagrammatic form of the intensity Green’s function C(r, ', (),
which is the average of the product of two amplitude Green’s functions G and G*
of frequencies w; and ws, respectively. Solid and dashed lines denote G and G*,
respectively. The gray rectangle I' denotes the multiple scattering sequence followed
by G and G* between points r; and ry and r3 and ry, respectively. r’ is the source
point and r the observation point.

3.2 Interference effects in finite media

3.2.1 Diagrammatic approach

The original derivation of self-consistent equations (2.17) by D. Vollhardt and P.
Wélfle [39] heavily relies on the translational invariance of the medium on average
and, therefore, cannot be straightforwardly extended to a medium of finite size that
lacks translational invariance even after ensemble averaging.

The starting point of our derivation is the diagram for the intensity Green’s
function (Fig. 3.1). The physical process depicted by this diagram is the following.
The wave is emitted from the point r’. The first scattering events for the amplitude
Green’s functions G and G* occur at points r; and rs, respectively. Between points
r; and ry, G undergoes a multiple scattering process — symbolized by the gray
rectangle ' in Fig. 3.1— as well as G* between r3 and r,. The intensity is finally
measured at r. The diagram of Fig. 3.1 can be written as?

4
Clr,v',Q) = —WG(r,r’,wl) X G*(r, 1, ws)
c
4
+ - dridrydrsdryG(ry, v/, wi) X G*(r3, 1/, ws)
X T'(ry,ro,r3, 14, Q)G (r, 19, w1) X G*(r, 14, Ws), (3.7)

where I'(ry, ro, r3, 1y, Q) is called a vertex function and is depicted by the gray rect-
angle in Fig. 3.1 (as for C', we have omitted the dependence of I' on the carrier
frequency). In principle, this function includes all possible combinations of multiple
scattering paths followed by G and G* in the disordered medium. The first term

2To lighten the notation, in this chapter we use dx instead of d>x to denote three-dimensional
integration over a vector x.
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(47/c)G x G* on the right-hand side of Eq. (3.7) is exponentially small at large
distances |[r — r'| > ¢ (see Eq. (3.5)). It will be neglected in the following.

3.2.2 Classical diffusion equation

In the regime of weak disorder, defined by k¢ > 1, I'(ry,rq,r3,14,2) ~ d(r; —
r3)d(ro — ry)I'p(ry, re, Q) with I'p a sum of ladder diagrams [13, 16, 39] shown in
Fig. 3.2a. These diagrams describe a sum of multiple scattering processes in which
G and G* follow exactly the same sequence of scattering events (each scattering
event is depicted by a cross in Fig. 3.2a).

We denote C' given by Eq. (3.7) with I'p substituted for I' by Cp. At large
distances |r —r’| > ¢ and in the limit of small 2, one derives the diffusion equation

(2.13) for the intensity Green’s function C' (this derivation can be found, for instance,
in Ref. [16]):

(—iQ — DgA;) Cp(r,v', Q) = d(r — 1), (3.8)

where, we remind, Dp = ¢//3 is the Boltzmann diffusion coefficient. This equation
holds in the infinite medium as well as in finite media, provided that it is supple-
mented with appropriate boundary conditions in the latter case. Eq. (3.8) ignores
interference effects and treats the wave as a classical particle that propagates through
a disordered medium by diffusion. In this regime, transport is said to be incoherent.

e T e
" r, = LT,
Ti- 3---T2 X * > X
ri——ro x>X
b)  Teo = Ao *
ro-->--r; > x-»- x— >-><

Figure 3.2: (a) Sum of ladder diagrams I'p(ry,rs,§2) and (b) sum of maximally-
crossed diagrams ' (ry, T2, Q). Solid and dashed lines denote G and G*, respectively.
The dotted line symbolizes the correlation function of disorder k*u(r)u(r’) given
by Eq. (3.3). Crosses denote scattering events. Integrations over positions of all
internal scattering events are assumed. In all diagrams of this chapter, G and G*
should be evaluated at frequencies w; = wp + /2 and wy = wy — €2/2, respectively.
We show this explicitly in the panel (a) of this figure only.
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3.2.3 Interference effects and reciprocity principle

We now come to the study of corrections to ladder diagrams, and therefore consider
interference (or “coherent”) effects in transport. For this purpose, we first introduce
a sum of maximally-crossed diagrams I'c(rq, r2, ) shown in Fig. 3.2b. If we do not
consider the first term on the right-hand side of Fig. 3.2a, we can formally obtain I'¢
from I'p by rotating the bottom propagation line of the diagram of Fig. 3.2a by 180°
in the plane perpendicular to the plane of the figure. The time-reversal invariance
(see Sec. 3.1.2) then implies ['¢(ry, 1, Q) = I'p(ry,1re,) if |r; — 1ra| exceeds the
correlation length of disorder (i.e., if r{ # ry for the white-noise disorder that we
consider here) because the first term of Fig. 3.2a can be neglected in this case.

S <7

Figure 3.3: The diagram X (r,r’, Q) that we use to introduce interference effects in
the calculation of intensity Green’s function. This diagram is made of a four-point
Hikami box H(r,ry,r’,ry) (detailed in Appendix A.1) and of the sum of maximally-
crossed diagrams I'c(ry, ro, Q) shown by the wavy loop connecting r; and rs.

To account for interference effects during propagation, we consider a loop-shaped
diagram X (r,r’,Q2) shown in Fig. 3.3. This diagram is the building block of coherent
transport. We shall see that it describes the fundamental interference process that
leads to Anderson localization. This diagram represents the self-crossing of two
fields propagating in a disordered medium, and is made of a square diagram known
as a four-point Hikami box H(r,ry,1’,r9) [51, 52] and of a sum of maximally-crossed
diagrams I'c(rq,re,2). The diagram H is detailed in Appendix A.1. The diagram
X can be written as

X(r, ', Q) = /drldr2H(r, r, 1, 1r9)p(ry, 12, ), (3.9)

where we replaced I'c(ry, 1o, Q) by I'p(ry,re, Q) by making use of time-reversal in-
variance.

Because H is a local object having non-zero value only when all the four points
r, ry, r’ and ry are within a distance of order ¢ from each other, we can expand I'p

in series around r, assuming that its spatial variations are small at the scale of £:
Ip(ry,re, ) ~ {14 (r;—r) -V +(ra—r)-V,, (3.10)

_l_

N | — A~

2 1 2
(1= 1) Vo P 5[ = 1) - V] +...}Fp(r1:r,r2:r,ﬂ).
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We truncate this expansion to the first order in the remainder of our derivation.
We now make use of a fundamental ingredient of transport theory: the reciprocity
principle. This principle states that one can interchange detector and source without
changing the result. In particular, the reciprocity principle is valid for the intensity
as well as for the field. In our case we apply it to the field, which gives I'p(ry,rs, Q) =
I'p(re,r1,§2). This allows us to rewrite Eq. (3.10) as

1
Ip(ry,re, Q) ~ [1 + §(r1 +ry —2r) - Vr} Lp(r,r, Q). (3.11)
Substituting this into Eq. (3.9) we obtain
1
X(r,v',Q) = [H(r,r/) + §Hf(r,r/) : Vr] Ip(r,r,Q), (3.12)
with
H(r,r') = /drldrgH(r,rl,r’,rg) (3.13)
and
H(r,r') = /drldr2(r1 +1ry — 2r)H(r, 1,1 15). (3.14)

The first term on the right-hand side of Eq. (3.12) is present, be the medium finite
or not. The second term on the right-hand side is non-zero only in a finite medium
because then I'p(r,r,2) depends on r due to broken translational invariance! It
will be seen from the following that this term is of fundamental importance for
the derivation of self-consistent equations of localization in a finite medium. A
calculation detailed in Appendix A.2 gives

H(r,x') = —(r —1")H(r,1"). (3.15)

Substituting Eq. (3.15) into Eq. (3.12) we obtain

X(r,v,Q) = H(r,r') {1 _ %(r Y Vr} Tp(r,T, Q). (3.16)

For convenience of calculations, we introduce the difference variable Ar = r —1’,
such that a given function f of r and r’ becomes a function f of r and Ar. In
particular, H(r,r') becomes H(Ar) and does not depend on r. Using the new set
of variables r and Ar, we have I'p(r,r,Q) = [p(r, Ar = 0,Q). Equation (3.16)
becomes

X(r,Ar,Q) = H(Ar) {1 - %Ar : Vr} I'p(r,0,9Q). (3.17)

We now take the Fourier transform of Eq. (3.17) with respect to Ar and consider
the limit ¢ — 0. The Fourier transform H(q) of H(Ar) is equal to Dgl*q®/8mck?
in this limit (see Appendix A.1). We then obtain

. —¢'Dp

X(r,q,Q) = S [(iq)? + (iq) - V] Tp(r,0,Q). (3.18)
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Figure 3.4: An infinite series of diagrams contributing to the intensity Green’s func-
tion. The first term is the sum of ladder diagrams. The second term is the sum of
ladder diagrams with a single interference loop denoted by wavy lines and equal to
an infinite sum of maximally-crossed diagrams. Next terms contain 2, 3, etc. consec-
utive interference loops. The ladder and the maximally-crossed diagrams are joined
together by a Hikami box detailed in Appendix A.1. The analytic representation of
this diagrammatic series is given by Eq. (3.21).

An approximate expression for X (r, Ar,2) can then be obtained by the inverse
Fourier transform of Eq. (3.18) with respect to q (see Appendix A.3):

—*Dp
8mck?
Because Var0(Ar) = V,.0(r —1') and Ap0(Ar) = A d(r — 1), Eq. (3.19) can be
rewritten in terms of the original variables r and r’ as

—0*Dp
8mck?

X(r,Ar,Q) = ([Aard(AL)] + [Vard(Ar)] - Vo1 Tp(r,0,Q).  (3.19)

X(r,r', Q) = V. [[p(r,r,Q)V,]d(r —1'). (3.20)

3.3 Derivation of self-consistent equations

We now use the diagram X of Fig. 3.3 analyzed in the previous section to include
interference effects in the calculation of intensity Green’s function C(r,r’,Q2). To
this end, we insert the “interference loop” X in the sum of ladder diagrams for Cp
and account for the possibility of having multiple consecutive interference loops.
This leads to an infinite series of diagrams shown in Fig. 3.4. This series can be
written analytically as

4dme

C(r,r',Q) = C’D(r,r',Q)—l—g—z/C’D(r, r1, Q)X (r, 19, Q)Cp(ra, v, Q)dridry

2
X X(I‘g, ry, Q)CD(I'4, I',, Q)drldrgdrgdnl + ... (321)

2
(47TC) /CD(I',I'l,Q)X(I‘l,rg,Q)CD(I'Q,I'g,Q)

We now apply the operator —i{2— DgA, to Eq. (3.21) and use Eq. (3.8) for Cp and
Eq. (3.20) for X (r,r"). This yields (see the detailed calculation in Appendix A.3):

(>Dp

[—iQ2 — DA C(r, v, Q) =6(r—1') — 577

V. [[p(r,r,Q)V,.C(r,r',Q)], (3.22)
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or

*Dg

{—m — v, (DB - 5o (e, Q)) vr] Or,t', Q) =6(r—1).  (3.23)

In addition, we demonstrate in Appendix A.4 that
[p(r,r,Q) = (4mc/?)Cp(r,r, Q). (3.24)

This allows us to define a renormalized, position-dependent diffusion coefficient

2me
D(I‘, Q) = DB - ?DBCD(I', r, Q) (325)
and rewrite Eq. (3.23) as
[—iQ =V, - D(r,Q)V,]C(r,v',Q) =6(r—1). (3.26)

The last step consists in applying the self-consistency principle, first introduced
in the original paper by D. Vollhardt and P. Wélfle [39]. This can be done by using
D(r, Q) instead of Dp when calculating the second term on the right-hand side of Eq.
(3.25). Diagrammatically, this procedure is equivalent to inserting “secondary loops”
in the loops shown by wavy lines in Fig. 3.4 and then inserting the same loops in these
secondary loops, etc., thus obtaining a sum of diagrams with an infinite sequence
of loops inserted one inside the other. Physically, this simply means that the same,
self-consistent diffusion coefficient D(r,2) should be used when we calculate the
intensity Green’s function C' and the sum of maximally-crossed diagrams I'c. More
specifically, we have to perform the following replacements:

1. We replace Dg by D in H(r,r’) in Eq. (3.16), or equivalently in H(q), such
that Dp is replaced by D in the second term on the right-hand side of Eq.
(3.25).

2. We replace D by D in I'p in Eq. (3.16), which amounts to replace Cp by C
in the second term on the right-hand side of Eq. (3.25).

Equation (3.25) then becomes D(r,Q) = Dg — (2m¢/k*)D(r,Q)C(r,r,2) or

1 1 67
m = D—B + mC(I‘, r, Q) (327)
This completes the derivation of self-consistent equations of localization — Egs.
(3.26) and (3.27) — in a medium of finite size.
The solution of the diffusion equation (3.26) in three dimensions diverges when
r —r: C(r,r',Q) oc 1/|r —r’|. This unphysical divergence poses potential problems
in Eq. (3.27) that contains C(r,r,2). One possibility to regularize this divergence
is to represent C'(r,r’, Q) as a Fourier transform of C'(r, q,2), where q is a variable
conjugated to Ar = r—r’, and then cut off the integration over q at some g, ~ 1/,
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in the same way as we have done in Chapter 2 for the self-consistent equations in
the infinite medium. The exact proportionality constant between g,q, and 1/¢ will
determine the exact position of the mobility edge k¢ ~ 1. It is also possible to cut off
only the integration over q, = (¢4, g,), leaving the integration over ¢, unrestricted.
Such a two-dimensional cutoff is easier to implement for the particular geometry
of a disordered slab perpendicular to the z axis (this procedure will be applied in
Chapter 4). As could be expected, the main qualitative features of final results are
largely insensitive to the details of the large-g cutoff, although quantitative details
can vary slightly.

3.4 Energy conservation and boundary conditions

3.4.1 Energy conservation

It is important to note that although we have obtained Eq. (3.26) by summing only
the diagrams of certain type and neglecting many other diagrams, this equation
satisfies the conservation of energy ezactly. Indeed, let us take its inverse Fourier
transform with respect to €

oC(r,x',t)  [dQ

. / —iQ _ I
Py 27rVr D(r,Q)V,C(r,r',Q)e d(r —1")o(t). (3.28)

The flux of energy is given by Fick’s law:

dQ .
J(r, v’ t) = — %D(r,Q)VrC(r,r',Q)e_’m. (3.29)

By integrating Eq. (3.28) over a control volume V' contained inside the disordered
medium and enclosed by a surface S, we obtain

/V 8C(gtr/7t) dr — — /V V.- J(r,r' t)dr + 5(t) /V §(r —r')dr. (3.30)

We now apply the Gauss-Ostrogradsky theorem to the first term on the right-hand
side of Eq. (3.30) and assume that the source point r’ is contained inside V:

%/‘/C(r7r’,t)dr _ fiJ(r, Y1) - dS + (). (3.31)

Here dS is a vector normal to the surface element dS and directed outwards the
volume V.

Equation (3.31) is a conservation equation. It states that the variation of wave
energy in the volume V' is given by a balance of energy emitted by the source (the
second term on the right-hand side) and energy leaving the volume through its
surface S (the first term on the right-hand side).
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3.4.2 Boundary conditions

The proper account for boundary conditions is very important in finite media. This
subject has been largely discussed in [13, 16, 53] and we invite the interested reader
to consult these articles for more details. Although inside a disordered medium the
energy flux J(r,r’,¢) can have arbitrary magnitude and direction consistent with
the diffusion equation (3.26) and Fick’s law, additional factors come into play at the
surface of the medium. More specifically, for an open disordered medium of convex
shape surrounded by the free space, no energy flux enters the medium from outside,
provided that all sources are located inside the medium. This simple principle allows
a derivation of boundary conditions for the intensity Green’s function at the surface
of disordered medium. Following X. J. Zhu et al. [53], we consider a disordered
medium occupying the half-space z > 0 (“semi-infinite medium”). Let us first
define the specific intensity I(u,r,r’,(2), as the intensity at point r, propagating
in the direction of a unit vector u and produced by a source located in r’. One
generally assumes that the specific intensity is weakly anisotropic, that is weakly
depends on u. Under this assumption we can make an expansion of I in spherical
harmonics and truncate it at the first order:

I(u,r,r', Q) =~ C(r,r’,Q)+§J(r,r’,Q)~u
c
3

= C(r,r',Q) — ED(r, O)V,.C(r,r', Q) - u, (3.32)

where Fick’s law was used to obtain the second line. The total flux of wave energy
crossing some plane z = const at point r in the positive direction of axis z is

2w /2
Jy(r, 1", Q) ¢ / dqb/ dfsin u I(u,r,r' Q) (3.33)
0 0

" 4r

where u, = cosf is the z component of u. We then substitute Eq. (3.32) into Eq.

(3.33) and perform integrations over 6 and ¢. This yields

C(r,r',Q)ec  D(r,Q) 0C(r,r', Q)
4 2 0z

Jy(r,r',Q) = : (3.34)

By requiring J, (r,r’,2) = 0 at the surface z = 0 of the medium, we obtain the
following boundary condition:

oC (r,r', Q)

e 0. (3.35)

2
C(I‘, I'/, Q)|z:0 - E D(I‘, Q)‘z:O

For a medium of more complex but still convex shape, the above derivation can be
repeated locally in the vicinity of each point of the medium surface S, assumed to
be locally flat. This yields

_ 2(D(r,Q)
3 Dg

C(r,r',Q) n(r) - V. ]C(r,r',Q) =0, (3.36)
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where n(r) is a unit inward normal to the surface S at the point r € S. This
equation is the boundary condition for the intensity Green’s function at an open
boundary. It can possibly be generalized to include internal reflections of waves at
the boundary by replacing 2¢/3 by a larger “extrapolation length” 2.

3.5 Conclusion

In this chapter, we derived the self-consistent equations of Anderson localization
— Eqgs. (3.26) and (3.27) — starting from the first principles. Mathematically,
this was achieved by dressing the ladder propagator with “interference loops” made
of maximally-crossed diagrams. Each loop was inserted into the ladder with the
help of a Hikami-box diagram. The self-consistent equations were then obtained by
applying the self-consistency principle.

The essential difference of our derivation compared to the derivation of self-
consistent equations in the infinite medium is the position dependence of the sum of
ladder diagrams I'p(r, r’, Q) with coinciding end points r = r’. This position depen-
dence leads to the appearance of an additional term, proportional to V. .I'p(r,r, §2),
in a series expansion of I'p(ry, o, 2) around an arbitrary point r. As a consequence,
one has to keep an additional term in the expression of Hikami box employed to
connect ladder and maximally-crossed diagrams in our approach. It is this term
that finally allows us to derive self-consistent equations of localization in a medium
of finite size.

Although the condition k¢ > 1 was explicitly used to derive Egs. (3.26) and
(3.27), one can still hope that, similarly to self-consistent equations in the infinite
medium, they could yield reasonable results in the vicinity of mobility edge and
in the localized regime. According to recent works (concerning, for instance, the
coherent backscattering effect in the localized regime [46] or the transmission of
short pulses through waveguides [47] and three-dimensional slabs [33]), this indeed
seems to be the case. However, one should understand that even though the general
form of these equations might be largely universal in both diffusive and localized
regimes, the numerical prefactor 67/k?¢ in front of the second term in the self-
consistent equation for D(r, Q2), Eq. (3.27), should not be taken too seriously because
it originates from the calculation of complicated diagrams that was carried out in
the limit &£¢ > 1 only. When the result is extrapolated to k¢ < 1, this prefactor
could vary and, in general, its dependence on k/ is likely to be more complex than
just 1/(k€)%. In addition, the self-consistent theory neglects interference processes
insensitive to the breakdown of time-reversal invariance by, e.g., a strong magnetic
field. The inclusion of such processes in the theoretical description would at least
change the prefactor in Eq. (3.27). In Refs. [47, 33], for example, a larger prefactor
was used in Eq. (3.27) to study the vicinity of the localization transition. This was
justified by a comparison of some of the final results with those of the supersymmetric
nonlinear o-model [45]. Such a comparison indicates that the prefactor 67/k%*¢ in
Eq. (3.27) has to be multiplied by 2 to obtain an exact correspondence between the
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two theoretical approaches. To be consistent with this previous work, we shall also
use a larger prefactor (127 /(k?() instead of 67/(k*¢)) when using Eq. (3.27) in the
remainder of this thesis.

Finally, we signal that very recently, a derivation of Eqs. (3.26) and (3.27) in
the particular case of the semi-infinite medium was proposed by C. Tian [54], in the
framework of the supersymmetric nonlinear o-model.
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Application of the self-consistent theory: transverse
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THE difficulty of producing highly disordered samples as well as the possible confu-
sion between localization of waves and other phenomena that slow down the trans-
port require the knowledge of unambiguous experimental signatures of Anderson
localization. Such signatures can be found in the thickness dependence of the aver-
age transmission coefficient of a random sample (see Sec. 2.3.1 and Chapter 5), in
the shape of the coherent backscattering cone [28, 29], in the statistical distribution
of transmitted intensity [31], or in the time-of-flight profiles of transmitted waves
[57, 47, 32, 48] (see Chapter 2 for the discussion of experiment [32]). In the recent
experiment of H. Hu et al. [34] that we detailed in Sec. 2.3.2.2, it was suggested

45
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that Anderson localization could be demonstrated by looking at the transverse dis-
tribution of transmission of ultrasonic pulses through a three-dimensional disordered
medium. Localization then showed up through the transverse confinement of the
transmission profile!. In this chapter we present a systematic theoretical study of
this effect. This provides a guide for future experiments to exploit this interesting
new phenomenon to access localization of various types of waves (light, sound, etc.).

The ideal theoretical background for studying transverse confinement of waves
is the self-consistent theory of localization adapted to finite media, presented in
Chapter 3. We recall below the self-consistent equations of localization in a finite
medium:

[—iQ =V, - D(r,Q)V,|C(r,r",Q) =6(r—1') (a)

1 1 127
=4 Q).
D(I‘, Q) DB + L2/ C(I‘, r, ) (b)

(4.1)

In this chapter, we use Egs. (4.1) to study the transverse confinement of both
a continuous monochromatic beam and a short pulse focused to a point at the
surface of a disordered slab. We investigate three regimes of propagation: Anderson
localization, extended (diffusive) regime and mobility edge. We also discuss the role
of absorption.

4.1 Spatially-resolved transmission coefficient of
a slab

In this chapter, we focus on the transmission of a wave through a disordered slab
confined between the planes z = 0 and z = L. This geometry is quite popular
in experiments and can be readily taken into account in the self-consistent theory
of localization. For this purpose, we decompose the couple of vectors r,r’ of Eq.
(4.1a) into a transverse part p, which is the projection of the vector r — r’ onto
the xy plane, and a longitudinal part (z,2’). Note that this decomposition relies
on the translational invariance of ensemble-averaged quantities in the zy plane. In
the remainder of the chapter, we assume that the incoming wave is focused at some
point of the surface z = 0 of the slab. A point-like source is assumed to be located
at a point r' = (0,2’ = £), about a mean free path from the surface z = 0 (this
point lies in the plane in which the incident wave is converted into a diffusive one).
This is summarized in Fig. 4.1. We can now express the intensity Green’s function
of Eq. (4.1a) as

C(r,r',Q) =C(p,z7,9). (4.2)

!The phenomenon of transverse confinement described here should not be confused with trans-
verse localization that takes place in an medium that is translationally invariant along the direction
z of beam propagation and disordered in the perpendicular xy plane. Transverse localization was
predicted theoretically by H. de Raedt et al. [55] and observed experimentally by T. Schwarz et
al. [56].



4.1. Spatially-resolved transmission coefficient of a slab 47

Figure 4.1: A disordered slab of thickness L (in the longitudinal direction z) and
infinite in the zy plane is irradiated by an incoming wave focused at some point of
the surface z = 0. In the first approximation, we can assume that the source of
waves is point-like and located at a point r’ = (0, 2/ = £), about one mean free path
from the focalization point. Intensity is measured in a point r. We define p as the
projection of the vector r —r’ onto the xy plane. z is the longitudinal coordinate of
vector r and 2’ that of r’.

We denote by q, the momentum associated with p in Fourier space. Then, due
to the translational invariance of the return probability C(r,r, ) in the zy plane,
D(r,Q) = D(z,9Q) and Egs. (4.1) become

—iQ—iD(z, Q)i—l—D(z, Vg2 | Cla,2,2,2)=d6(z—2) (a)
1 1 127 [ d? '
==+ T ()2, 2.0). (b)

D(z,Q) Dy k2] (2n)

As explained in Sec. 3.3, we regularize the ultraviolet divergence of the integral of
Eq. (4.3b) by introducing a two-dimensional momentum cutoff ¢u.x. The latter is
chosen so that the mobility edge occurs at k¢ = 1 in the infinite medium. This
leads t0 gmax = 1/(3¢) [33]. Egs. (4.3) have to be solved with the proper boundary
conditions for C' (see Sec. 3.4.2), which read for the slab C'F2¢[D(z,)/Dgl0,C =0
at z = 0 and z = L, where zy = 2¢/3 is the extrapolation length (for the sake of
simplicity, we neglect internal reflections).

In this chapter, a physical quantity of interest is the spatially-resolved transmis-
sion coefficient at frequency ), defined as

8C(pa 2, Z/a Q)

T(p,Q2)=—-D(z=L,Q) 5%

(4.4)
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Figure 4.2: A continuous beam is focused on the surface of a three-dimensional
disordered slab of thickness L. The bell-shaped average position-dependent trans-
mission coefficient T'(p) has a width o that depends on the strength of disorder in
the medium.

In the remainder of the chapter, we solve Egs. (4.3) in two different cases. First, we
set €2 = 0, which corresponds to a continuous focused beam. Second, we consider
the general situation 2 # 0, which is necessary to describe transmission of short
pulses.

4.2 Transverse confinement of continuous waves

4.2.1 Width of the transmission profile

In this section, we consider the case of a disordered slab irradiated by a continuous
wave. We thus set Q@ = 0 in Egs. (4.3) and consider the bell-shaped profile of
transmission T'(p) = T'(p,0) at the face z = L of the slab (Fig. 4.2). A way to char-
acterize the transmission profile T'(p) in the different regimes of wave propagation
— weak disorder (diffusion, k¢ > 1), strong disorder (localization, k¢ < 1) and the
critical regime (mobility edge, k¢ = 1) — is to look at the thickness dependence of
its mean-square width o2. The latter is defined as

[ &0 i1(p)
ol=t (4.5)

[Eoto)
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which for the slab can be rewritten as

19 T (ay)
T 0q, [T o,
o = U= (4.6)
T(ay)ly, o

where we have introduced the Fourier transform T'(q,) = —D(z = L,Q = 0) x
0C(q,2,2 =0,2=0)/0z|,= of T(p) and ¢, = |q,|.

In the following, we assume the large thickness limit L > /. As a consequence,
L > z; and boundary conditions take the approximate form C' = 0 at z = 0 and
z = L (Dirichlet boundary conditions).

4.2.2 Results
4.2.2.1 Diffusive regime

In the limit of weak disorder (k¢ > 1), the position dependence of D can be neglected
and one can set D(z,0) = Dg[l — (kf)™2], where Dp is the Boltzmann diffusion
coefficient (this is Eq. (2.21)). In this case, Eqs. (4.3) can be readily solved and we
find the following expression for the transmission coefficient:

sinh(q¢)

T = —". 4.7
(@) = S (4.7
From Eq. (4.6), we calculate the mean-square width o2 in the limit L > ¢:
212
Tt = 3 (4.8)

The linear increase of o with the slab thickness is typical for diffusion.

4.2.2.2 Localized regime

In the regime of Anderson localization (k¢ < 1), equations (4.3) should be solved
in a self-consistent way. Because the exact analytical solution does not exist, we
make the following ansatz: D(z,0) ~ D(0,0)exp(—2Z/¢) with Z = min(z, L — 2)
and & = 30/[2(1 — k{)] the localization length in the limit |[k¢ — 1| < 1. This ansatz
is inspired by the observation that this D(z,0) represents an asymptotically exact
solution in a semi-infinite medium for z > £ [46]. Then, the analytical solution of
Egs. (4.3) reads

exp(/€)Ex(qu) sinh[fx(qL)]
—1 4 cosh[fx(qu)] + &x(qr) sinh[Lx(q1)]’

where x(q1) = 1/1/€%+ ¢2. A simple expression for ¢% can then be obtained in the
limit ¢ < € < L, i.e. far inside the localized regime:

T(q,) = (4.9)

op. ~ 2LE. (4.10)
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In the localized regime, o increases as a square root of L, in contrast to the diffu-
sive regime. Note that one might have naively expected o oc €2 in the localized
regime. The subtle point is that the transmission 7" is evaluated as a function of the
transverse position p on the output surface of the slab and not as a function of the
radial distance from the source. The fact that L appears in Eq. (4.10) is therefore
simply a geometrical effect. Eq. (4.10) relates o to the localization length £, which
offers an elegant way of measuring the latter experimentally.

4.2.2.3 Mobility edge

At the mobility edge (k¢ = 1), an approximate expression for D is D(z,0) =~
D(0,0)/(1 4+ Z/z.). Just like in the case of strong disorder, this approximation
for D is inspired by the solution for the semi-infinite medium and deviates from the
numerical solution in the central part of the slab only. D(0,0) and z. depend on the
exact value of zy in the boundary conditions. For the simplified boundary conditions
discussed above (Dirichlet), one has D(0,0) = Dg and z. ~ 3¢ [46]. We then obtain

14 + Z T (qJ_)
q12:(22c + L) n2(q1)ns(qr)

T(q.) = : (4.11)

where

mgr) = ni(quze)Kilgi(C+ )] — Ki(qrze) g (€ + 20)],
m2(qr) = Li(quze)Kolgi(ze + L/2)] + Ki(qrze)lolqu(ze + L/2)] and
m3(q) = hlqrze)Kilgu(ze + L/2)] — Ki(qrze) Ii[qu(ze + L/2)].

Here I; and K (j = 1,2) denote the modified Bessel functions of the first and second
kind, respectively. In the large thickness limit L > ¢, z., the corresponding value of

o? is

L2
e % (4.12)

At the mobility edge, the mean-square size has therefore the same thickness de-
pendence as in the diffusive regime, which was not expected a priori. The smaller
prefactor 3/8 is important because it indicates that the transverse confinement is
stronger than for k¢ > 1.

4.2.2.4 Comparison to numerical solution and discussion

We summarize the analytical results (4.8), (4.10) and (4.12) in Table 4.1. Because
these results are derived using approximate ansatz for D(z,0), a comparison with
exact numerical solutions is required to justify their validity. To this end, we solved
the self-consistent equations of localization (4.3) numerically, without any a priori
model for the diffusion coefficient. The resulting mean-square widths o2 are shown
as functions of slab thickness L in Fig. 4.3 (symbols) in the three regimes of wave
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k( D(z,0) o?
/ 1 2 2 62
k> 1 DB[l—W] L - 0()
(diffusion)
D
k(=1 173 gﬁ + O(Lz)
(mobility edge) + /%
ke <1 Dge™?/¢ 2LE+ O(E7)
(localization)

Table 4.1: Summary of analytical results for the position-dependent diffusion co-
efficient D(z,0) and its associated mean-square width o of the position-resolved
transmission coefficient 7'(p) describing transmission of a tightly focused monochro-
matic beam through a disordered slab of thickness L > (. [ is the mean free path,
k is the wave number, 2z, ~ 3¢, £ is the localization length, and Z = min(z, L — z).
We assume 2z, < L for k=1 and { < £ < L for kl < 1.
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Figure 4.3: Comparison of approximate analytical (lines) and exact numerical (sym-
bols) results for the mean-square width o of the spatially resolved stationary trans-
mission coefficient T'(p) of a slab.
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propagation. The agreement between analytical (solid lines) and numerical results
is satisfactory, confirming the validity of our analytical analysis.

An important comment is in order. It is remarkable that in the diffusive regime
(k¢ > 1), 0 = 2L*/3 does not depend on D and even a very small, but finite
and spatially uniform diffusion coefficient would lead to the same result for o2 as
a large D. This emphasizes the importance of the position dependence of D(z,0)
in the localized regime kIl < 1 and at the mobility edge kI = 1. Note that this
is the first time that the position dependence of D is absolutely wital to obtain a
result that is different from the universal diffusive outcome. Scale-dependent but
spatially uniform diffusion coefficients D o« 1/L and D  exp(—L/&) put forward
by the scaling theory explain the scaling of the total transmission coefficient at the
mobility edge and in the localized regime (see Chapter 5). However, being uniform
in space, these expressions for D result in exactly the same mean-square width of the
transmitted beam as D = Dpg: 02 = 2L%/3. It is therefore the position dependence
of D that accounts for the different expressions for ¢? that we find in the three
regimes of wave propagation.

4.2.3 Reflection

For the sake of completeness, we briefly discuss the spatially-resolved reflection
coefficient
oC(p,z,2 =£,Q2=0)

0z 0
The mean-square width of the reflection profile can be calculated similarly to that of
the transmission, i.e. from Eq. (4.6) with R(q ) replacing T'(q ). In the diffusive
regime k¢ > 1, we obtain

R(p) = D(z = 0) (4.13)

_ sinh[g, (L — £)]

R(q,) = snh(q, ) (4.14)

whereas in the localized regime

sinh[(L — £)x(q.)] — cosh[fx(q1)] 4+ Ex(qu) cosh[(L — £)x(qL)]

R(qy) = exp(¢/€) —1 4+ cosh[€x(qL)] +&x(qr) sinh[Lx(q1)]

Y

(4.15)
where x(q1) = \/1/§2 + ¢>. We do not give here R(q ) at the mobility edge because
it is very cumbersome and does not bring any supplementary information. Results
for the mean-square width o of the reflection profile in the limit of thick slabs are
summarized in Table 4.2. It is worthwhile to note that in the limit of L — oo
(semi-infinite medium), o remains finite only in the localized regime.

4.2.4 Role of absorption

Absorption was a serious obstacle for unambiguous interpretation of a number of
experiments on Anderson localization (see the discussion in Sec. 2.3.1). It is there-
fore important to study its role in the context of transverse confinement of waves
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74 o?
k> 1 %M — O(?)
(diffusion)
k=1 20(0 + 22.) In(L/0) + O(2?)
(mobility edge)
ki <1 260+ O(LL e 1/%)
(localization)

Table 4.2:  Summary of analytical results for the mean-square width o2 of the
position-resolved reflection coefficient R(p) describing reflection of a tightly focused
monochromatic beam from a disordered slab of thickness L > ¢. We assume z, < L
for k{ =1 and ¢ < £ < L for kf < 1.

in three dimensions. In the diffusive regime, it can be readily estimated by simply
replacing ¢, by v/¢* +1/L2 in Egs. (4.7) and (4.14). L, is the macroscopic ab-
sorption length, defined in the introduction of the thesis. Taking absorption into
account leads to the following expressions for the position-resolved transmission and
reflection coefficients in the diffusive regime (k¢ > 1):

L 12
0'2 — 2La |:L coth (L—a) — { coth (L—a):| (416)
for transmission and

o? = 2L, {L coth (Li) — (L — ¢) coth (LL_ 6)] (4.17)

a a

for reflection. These equations can be simplified in the limits of weak (L, > L) and
strong (L, < L) absorption. The mean-square width is shown in Table 4.3 at the
leading order in L/L, (for L, > L) or L,/L (for L, < L). If L, much exceeds
the sample thickness L, o2 only acquires small corrections (Table 4.3). However, in
the opposite case of L, < L we obtain 0% ~ 2LL, in transmission and o? ~ 2/L,
in reflection, i.e. absorption plays exactly the same role as localization and the
resulting equations for o2 coincide with those obtained in the localized regime, with
¢ replaced by L,. This indicates that a study of stationary transverse confinement
does not allow to distinguish localization from absorption.

4.3 Transverse confinement with short pulses

A way to overcome complications due to absorption was suggested by recent works
[57, 32, 48, 47]. The idea is to study the dynamics of wave propagation rather than



54  Chapter 4. Application of the self-consistent theory: transverse confinement

o2 Transmission Reflection
by | 20 2 (LY 4 sk (LY
¢ 3 45 \ L, 3 45 \ L,

L, <L 2LL, 20L,

Table 4.3: o2 for transmission and reflection coefficients in the diffusive regime,
taking into account absorption, in the limits of L, > L and L, < L, respectively,
at the leading order in L/L, or L,/L.

the stationary transport. We adopt this idea here too and replace the continuous
incident beam in the experiment depicted in Fig. 4.2 by a short pulse. As a conse-
quence, the width o2 of the transmission profile now acquires a time dependence.
In this section, the slab thickness L is fixed and we study ¢ as a function of time.

4.3.1 Width of dynamic transmission profile

To describe time-dependent transmission of a short pulse through a disordered slab,
we need a solution of Eqs. (4.3) for 2 # 0. o(t) is then defined as

[ &0 #Tiput
o?(t) = : (4.18)

[ #otto.t

By introducing T'(q,{2) as the Fourier transform of T'(p,t) with respect to time
and position, Eq. (4.18) can be rewritten as

0 19 [ aT(q,9
/ dQe—th - |:QJ_ (qJ_ ):|

o 0 0 _
o2(t) = — e B a0 (4.19)

/ 10 T(q, . )|, _,

[e.e]

As compared to the stationary case 2 = 0, the analysis is now considerably more
involved because no simple analytic approximation exists for D(z,{2) at arbitrary

Q£0.

4.3.2 Results and discussion

One way to compute o2 is to solve the self-consistent equations of localization (4.3)
numerically. The results are presented in the main plot of Fig. 4.4 under the form of
time dependencies of o%(t), in the three regimes of propagation and for a fixed slab
thickness L. k¢ > 1 corresponds to diffusion (continuous black curve) and k¢ = 1
to the mobility edge (red curve). In the localized regime we choose L/ rather than
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Figure 4.4: Numerically calculated mean-square width o2(t) of the time-dependent
transmission coefficient T'(p, t) of a disordered slab in the diffusive regime (k¢ = 3),
at the mobility edge (k¢ = 1), and in the localized regime (L/¢ = 1, 2, 4). The
dashed lines show o%(t) = 4Dg[l — (k€)72|t for k¢ = 3 and 0% = 2L&(1 — ¢/L)
for L/¢ = 4. The thickness of the slab is L = 100¢. Time is given in units of
tp = L?/(7?Dg). The inset shows the same results in the log-log scale, the dashed
line is o2(t) oc t'/2.

k¢ as a parameter measuring the strength of disorder (continuous green, blue and
pink curves)?. The time dependence of o%(t) is analyzed below.

4.3.2.1 Long-time behavior

First, in the diffusive regime k¢ > 1 one readily obtains ¢%(t) ~ 4Dt, where D ~
Dp[1 — (k£)~2] (this is the only regime where an analytical result can be found for
o). For k¢ = 3 this result is shown in Fig. 4.4 by a dashed line which is indeed very
close to the result of the numerical calculation (solid black line). The difference
between diffusive and localized regimes at long times is manifest in Fig. 4.4. The
rise of o%(¢) with time is unbounded for k¢ > 1, whereas o?(t) saturates at a finite
value o2 for k¢ < 1 (solid green, blue and pink curves). The latter result can be
understood from the following approximate calculation which, however, turns out
to be quite adequate. Instead of using the self-consistent equation for D(r, (), let
us simply set D(z, Q) = —iQ2?, which is the solution of self-consistent model in the
infinite medium in the limit Q@ — 0 (see Eq. (2.23)). A straightforward calculation
then yields 02 = 2L&(1 — £/L) up to the first order in /L < 1. This equation,
shown by a dashed horizontal line in Fig. 4.4, falls fairly close to the numerical result

2There is no preference here between the parameters L/¢ and kf because L is fixed and ¢ is
directly related to k£ through the relation & ~ 3¢/[2(1 — k£)].
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at L/¢ = 4, allowing us to conjecture that it might be a good estimate of o2 in the
limit of L > ¢&.

Our calculation suggests that the saturation of o%(t) at a constant level takes
place not only in the localized regime, but also at the mobility edge (solid red curve).
We find the asymptotic value of o(t) to be 0o &~ L (see Fig. 4.4).

4.3.2.2 Short-time behavior

To study the time dependence of o2(t) at the mobility edge and in the localized
regime at moderate times, we replot the curves of the main plot, except the one
corresponding to k¢ = 3, in the inset of Fig. 4.4 in a log-log scale. We clearly
see that the initial growth of o%(t) with ¢ is power-law: o2(t) oc t* with a ~ 0.5.
It is remarkable that this power-law growth is observed not only in the localized
regime but at the mobility edge k¢ = 1 as well. To understand the power exponent
a ~ 0.5, let us consider a point source of waves located inside a random medium of
size L > (, very far from its boundaries. Neglecting the position dependence of D,
we obtain the return probability by Fourier transforming Eq. (2.17a):

1 dmax dq q2
Q = — 4-2
Corr) =5 [ i (1.20)

Gmin

where guin ~ 1/L accounts for the finite size of the medium and gya, ~ 1/¢ ensures
convergence of the integral. Inserting this expression into Eq. (2.17) and solving for
D(Q) at k¢ = 1, we find D(Q) oc (—iQ)'/3 for Q > Dp/L? and D(Q) o< (—i2)"/? for
Q) < Dp/L?. The typical mean-square radius (r?) of the profile of intensity due to
a point source in three dimensions is then (r?) oc t?/3 for t < L?/Dp and (r?) o t'/2
for t > L[?/Dp. If we now assume that (r?) and o?(t) = (p?) in transmission
through a slab behave in a similar way, we obtain a qualitative explanation for the
power-law scaling o%(t) oc t'/? that we observe in Fig. 4.4 at t > tp. However, this
simple argument does not explain saturation of o%(t) at a constant level at larger
times.

Another interesting and unexpected feature of 02(t) that we find sufficiently deep
in the localized regime is its nonmonotonity with time: the curve corresponding
to L/§ = 4 in Fig. 4.4 has a weakly pronounced but clearly visible maximum at
t/tp ~ 30. Even though this nonmonotonity is predicted by the self-consistent
theory (we checked that the maximum is present at least for L/¢ = 50-200 and
L/¢ = 3-6), it remains to be seen whether it is an artifact of the model or a real
physical phenomenon.

4.3.2.3 Absorption

It is worthwhile to stress that the time-dependent o%(¢) is not sensitive to absorption.
Indeed, absorption would show up through the same exponential factor exp(—t/t,),
with ¢, the absorption time, in the numerator and the denominator of Eq. (4.18).
This factor would then cancel out. Therefore, all curves of Fig. 4.4 remain exactly
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the same in an absorbing medium. This provides a solution to the long-standing
issue of distinguishing localization from absorption [28, 30, 29, 31], as was recently
demonstrated in the experiment discussed in Sec. 2.3.2.2.

4.4 Conclusion

In conclusion, we showed that the transverse confinement of waves in three-dimensio-
nal disordered media can be very useful for demonstrating Anderson localization and
for measuring the localization length in an experiment. The dependence of the mean-
square width o2 of a tightly focused beam transmitted through a slab of random
medium on the slab thickness L and on time (in a pulsed experiment) is qualitatively
different in the diffusive and in the localized regimes of wave propagation. This
qualitative difference is due to the position dependence of the diffusion coefficient
induced by interferences.

We first considered a continuous monochromatic beam focused to a point at
the surface of a disordered slab and showed that the mean-square width o2 of the
spatially-resolved transmission coefficient T'(p) scales as L in the localized regime,
when £ < L, in contrast to the relation 02 o< L? in the diffusive regime and at the
mobility edge. This result suggests that a measurement of o2 gives direct access to
the localization length £. However, absorption appears to produce the same effect on
o? as localization, i.e. in the diffusive regime we find 0% o< LL,, if the macroscopic
absorption length L, is much smaller than L.

In the second part of the chapter, we replaced the continuous beam by a short
pulse. In the localized regime, the mean-square width o%(t) of the time-dependent,
spatially resolved transmission coefficient T(p,t) first grows roughly as t'/2 and
then converges to a constant value o2 oc L&, in sharp contrast to the relation
0%(t) o< Dt valid in the diffusive regime. Again, the localization length £ can be
extracted directly from o?(t), but contrary to the stationary case, o(t) does not
depend on absorption. This allows one to avoid the risk of confusing localization
and absorption. Finally, exactly at the mobility edge, o%(¢) initially grows as t'/? as
in the localized regime, until it saturates at o2, ~ L? in the long-time limit.
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ONE of the first theories of Anderson localization is the phenomenological scaling
theory discussed in Sec. 2.4.1. Its success mainly relies on the fact that it allows
deriving many quantitative properties of Anderson localization from very simple
arguments. Besides, the scaling theory provides a very elegant description of An-
derson transition through a universal scaling function (g) depending only on the
dimensionless conductance g and not on the microscopic properties of the disordered
system?.

IFor brevity, in this chapter we call g “conductance” instead of “dimensionless conductance”,
thereby assuming e?/h = 1.
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In the previous chapters we provided a formulation of the microscopic self-
consistent theory of localization adapted to finite open media. This theory features
a position-dependent diffusion coefficient. Interestingly, it is possible to derive the
results of the scaling theory from the self-consistent theory. This was done in 1982
by D. Vollhardt and P. Wélfle [58]. In this work, however, the size of the system
was introduced “by hand” as a lower cutoff ~ 1/L in the integral over momentum
in Eq. (2.17b). One can then wonder whether the scaling theory also follows from
the generalized form of self-consistent theory with a position dependent diffusion
coefficient. Answering this question is the subject of the present chapter. For this
purpose, we first remind the main features of the scaling theory as originally intro-
duced by E. Abrahams, P. W. Anderson, D. C. Licciardello and T. V. Ramakrishnan
in 1979 [38]. We then apply the generalized microscopic self-consistent theory of lo-
calization to characterize stationary transport of waves in a disordered medium with
three-dimensional disorder, compare our results to those of the scaling theory, and
finally show how the universal scaling function (g) emerges from the microscopic
approach.

5.1 The scaling theory of localization

5.1.1 Scaling function

The scaling theory of localization is inspired by the theory of phase transitions and
by renormalization group techniques. The idea is to look at a small volume of size
L of a larger disordered system. One then makes the assumption that the transport
properties of this small volume only depend on its conductance g (Sec. 2.7). Notice
that this hypothesis is strong since a priori there exist at least two parameters
relevant for transport: the energy E and the size L of the medium. From this
assumption, the description of the system at larger length scales can be obtained by
introducing a dimensionless scaling parameter b and writing:

g(L+bL) = folg(L)], (5.1)

where f;, is some function depending on b. We then have:

g(L+0bL) —g(L) _ flg(L)] = g(L)
bL bL '

(5.2)

We now take the continuous limit b — 0, which leads to the Gell-Mann and Low
equation

dlng
T (), (53

where we have introduced ((g) = ll)ir%[ fv(g) — g]/(bg). The scaling theory is a one-

parameter theory. The function ((g) and the transport properties of the medium
only depend on the conductance and not on the microscopic details of disorder.
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5.1.2 Regimes of disorder and dimensionality

Far in the extended regime, i.e. for g > g. ~ 1 according to Thouless criterion
(see Sec. 2.7), the conductance is given by Eq. (2.6). On the opposite side of the
transition, far in the localized regime, g < g¢. and the transport is inhibited. The
conductance is expected to decrease exponentially with the sample size:

g ~ exp(=L/¢), (5.4)

where ¢ is the localization length. From these results and Eq. (5.3) one obtains the
limits of the function ((g) in any dimension d:

d—2, g > g
B(g) = (5.5)

log g + const, ¢ < g..

Assuming a continuous and monotonic behavior for 3(g) then allows to sketch it for
any ¢ in dimensions d = 1,2, 3 (see Fig. 5.1). The curves of (3(g) suggest that all

Figure 5.1:  Sketch of the scaling function ((g) as a function of Ing, where g is
the conductance, in dimensions d = 1, 2 and 3. At large values of conductance,
the scaling function approaches ((g) = d — 2, whereas for very small values of
conductance, 3(g) — Ing + const. The arrows denote the direction towards the
regime of transport (extended or localized) when the system size increases.

states are localized for d < 2 (because 3(g) < 0, and thus increasing the system size
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always leads to an exponentially small conductance), while a critical point g. exists
for d = 3, separating extended (g > g.) from localized (g < g.) states, as already
discussed in Sec. 2.1.2.1. g. is an unstable fixed point since above it the conductance
increases with the system size whereas below g decreases with the system size (this
is indicated by arrows in Fig. 5.1). This point is also characterized by a scaling
invariance due to the fact that g. is independent of the system size: ((g.) = 0.

Note that varying L is not the only way to move along curves 3(g). One can also
change the energy E. For electrons, this energy corresponds to the Fermi energy
and for classical waves to the frequency. Whereas the critical point is, in principle,
reached by making L tend to the microscopic scale (which is not very interesting
since Anderson localization effects do not make sense at the scale of the mean free
path), it also corresponds to the critical energy E,. for which the Ioffe-Regel criterion
is satisfied.

5.1.3 Ceritical exponent

In this section, we focus on the case d = 3. As we have seen above, in three dimen-
sions there is a phase transition separating the localized regime from the extended
one. In the vicinity of this transition, one can use a linear approximation

L. g
Blg) =~ L. (5.6)
Voo ge
This approximation is depicted in Fig. 5.1 by the dotted tangent of slope 1/v at
the point ¢ = ¢.. Inserting Eq. (5.6) into Eq. (5.3) we obtain a differential equation
that can be readily integrated, yielding

ECO R O ) (5.7)
QC(L> ga(L> 4
where we have explicitly indicated the size dependence of the conductance. From
Eq. (5.7), the conductance in the vicinity of the critical point reads

I 1/v

o0 =D (1) (5.
where L. = (6;" with 6, = In[g.()/g.(L)]. As discussed above, at the criti-
cal point there exists a scaling invariance, such that g.(L) does not depend on
L. Therefore, ¢g.(L) = g¢.(¢) and g¢.(¢) and g.(L) are both given by the ballis-
tic value of the conductance, at energies F and E., respectively: g¢.(¢) o< E and
ge(L) x E.. Since we consider conductance around the critical point, g.(¢) ~ ¢.(L)
and 0, ~ [g.(¢) — g.(L)]/g.(L) < (£ — E.). We can therefore obtain an expression
for the localization length £ just below the critical point (i.e. for £ < E,.) by identi-
fying Eq. (5.8) in the limit L, > L with the result (5.4) obtained far in the localized
regime. This procedure leads to

o |E—EJ|™. (5.9)
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The same procedure can be applied just above the critical point (i.e. for £ > E.)
to calculate the diffusion coefficient D. The latter is obtained from the conductance
through D  ¢g/L. By identifying D o g/L with the critical value g./ L., we obtain:

Do (E—E) . (5.10)

The divergence of the localization length at the transition allows us to identify v
as the (only) critical exponent of the scaling theory of localization. The role of the
critical exponent is illustrated in Fig. 5.2. Calculation of v has occupied a certain

Localized states Extended states
=
o
.
=g
<
D
&
) D~ |E—-E."
E. Energy

Figure 5.2: Behavior of the localization length ¢ and of the diffusion coefficient D,
as a function of energy E, around the mobility edge E = E..

number of theoreticians for the last twenty years. Whereas the e-expansion [59] or
the self-consistent theory [39] predict, on their side, v = 1 (see Sec. 2.4.2.3), the
solution of the Anderson tight-binding model leads to v ~ 1.5 [60].

5.2 Stationary transport properties of a slab

5.2.1 Total transmission

Let us now confront the main results of the scaling theory to those provided by
the self-consistent theory with position-dependent diffusion coefficient developed in
Chapter 3. For this purpose, we first consider — as in Sec. 4.2 — the transmission
of a continuous plane wave through of a slab confined between the planes z = 0 and
z = L. We wish to calculate the transmission coefficient T of the slab, given by

0C(gq, =0,2,2 =0,92=0)

T=-D(z=LQ=0) = ,
z=L

(5.11)

where notations are the same as in Sec. 4.1. From the study carried out in Chapter 4,
the transmission coefficient 7" in the three regimes of propagation (diffusive, localized
regimes and mobility edge) can be readily obtained by taking the limit ¢, — 0 in
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kl>1 ‘ kl =1 ‘ kl <1

T o (/L ‘ T o (/L) ‘TcxeXp(—L/S)

Table 5.1: Summary of analytical results for the transmission coefficient T" of a
disordered slab of thickness L > ¢. We assume ¢ < £ < L for kl < 1.

Egs. (4.7), (4.9) and (4.11). The results are summarized in Table 5.1. As in Chapter
4, the results we derive for the transmission coefficient rely on the approximate
expressions for the position-dependent diffusion coefficient (see Table 4.1). It is
therefore important to compare them to those obtained from an exact numerical
solution of the self-consistent equations (4.3). This comparison is shown in Fig.
5.3. The agreement between analytical and numerical results is good (at least for

2.107%
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Figure 5.3: Thickness dependence of the transmission coefficient of a disordered
slab, in the extended regime (k¢ = 4 > 1), in the localized regime (k¢ = 0.9 < 1)
and at the mobility edge (k¢ = 1). In each case the analytical expression of T’
from Table 5.1 (solid line) is compared to the exact solution of the self-consistent
equations (4.3) (symbols).

sufficiently large values of L).

The law T o (¢/L)* at the mobility edge was recently questioned by S. K.
Cheung and Z. Q. Zhang [61], who, instead, put forward a scaling law of the type
T o In(L)/L? obtained by introducing several assumptions in the self-consistent
theory, in order to get rid of the position dependence of the diffusion coefficient.
Although Fig. 5.3 does not allow to distinguish between the two laws, we checked,
by extending the numerical results presented in this section to values of L up to
~ 9000/, that the law T o In(L)/L? was not compatible with the numerical solution
of the self-consistent equations [62].
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5.2.2 Comparison with the scaling theory

In order to compare the results shown in Table 5.1 to those of the scaling theory one
has to consider conductance. This is a bit problematic in our case because our slab is
infinite in the xy plane. As a matter of fact, we are not exactly in the framework of
the scaling theory because our slab is not a finite-size sample. However, in the first
approximation, a conductance-like quantity can be obtained by simply multiplying
the transmission coefficient T' by L? (this amounts to replace the slab by a cube of
side L). With this trick we find that results from Table 5.1 obtained by taking into
account the position dependence of the diffusion coefficient are in full agreement
with the scaling theory, namely g o< L in the extended regime, g o exp(—L/¢) in
the localized regime and g = const at the mobility edge.

5.3 Scaling function and the self-consistent the-
ory

In the previous section, we have calculated the stationary transport properties of
a finite disordered medium from the self-consistent theory of localization and have
shown the agreement with the predictions of the scaling theory for the conductance.
However, the main statement of the scaling theory is the existence of the scaling
function (g) depending only on the conductance. In 1982, D. Vollhardt and P.
Wolfle [58] showed that this result could be derived from the self-consistent theory
with position independent diffusion coefficient. In the present section, we extend this
proof to the case of the generalized self-consistent theory with position-dependent
diffusion coefficient.

5.3.1 Scaling function

The position dependence of the diffusion coefficient makes the analytical calculation
of the scaling function (g) difficult. We therefore perform a numerical calculation.
We make the same assumption g ~ L*T as in Sec. 5.2. The prefactor (independent
of L) is of no importance here because, if Eq. (5.3) is satisfied, it would simply shift
the scaling function along the In g axis (see Fig. 5.1).

The scaling theory assumes that all transport properties of the disordered system
are governed by a single parameter, the conductance ¢g. This statement is not a priori
obvious in the framework of the self-consistent theory, since two parameters — the
thickness L and the disorder strength k¢ — should be specified to calculate g. If the
scaling theory is correct however, any changes of L or kf should lead to the motion
of the point (8(g), g) along the same single curve as in Fig. 5.1. The scaling function
B(g) following from our calculations is shown in Fig. 5.4. It has been obtained by
varying L and k¢ independently, thereby confirming the one-parameter hypothesis
of the scaling theory. Note, in particular, the agreement with the limit cases given
by Eq. (5.5). In calculating 5(g), we have considered several values of k¢, and for
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each of them, varied L in a certain interval, as indicated in Fig. 5.4.

—9 s kl L
g ® 0.96 250 — 1000¢
g 0.98 700 — 900¢
X Y ® 0.985 250 — 1000¢
/) S 0.99 700 — 900¢
L o ® 0.9925 250 — 1000¢
Lo © 0.995 250 — 1000¢
sl ® 0.9975 250 — 1000¢
2 6F ® 0.999 250 — 1000¢
| o1 700 — 900¢
.t | 1.0025 250 — 1000¢
-’ | e 1.005 250 — 1000¢
¢ ® 1.01 250 — 1000¢
| 1.02 700 — 900¢
o | 1.03 700 — 900¢
L1 250 —1000¢
2 100 — 1000¢

Figure 5.4: Scaling function 5(g) = dlng/dIn L as a function of the logarithm of
conductance g, obtained by solving the self-consistent equations (4.3) numerically.
The curve has been obtained by taking different values of k¢ and, for each of them,
by varying L in a certain interval, as indicated in the figure.

5.3.2 Ceritical exponent

It is interesting to calculate of the critical exponent v in the framework of the self-
consistent theory with position-dependent diffusion coefficient. The critical expo-
nent can be obtained in a simple way by evaluating the slope of tangent to the curve
B(g) around the mobility edge. The main difficulty is that in this region, finite-size
effects become important. These effects originate from the fact that the closer one
approaches the critical point, the larger the system size has to be to obtain relevant
results [63]. Finite-size effects are shown in the left plot of Fig. 5.5, obtained by
varying the thickness L for fixed values of k¢, in the same way as in Fig. 5.4. These
results are of course not satisfactory when one is interested in fine effects such as
the critical exponent of the transition. A way to circumvent this problem consists in
fixing L > (¢ instead of k¢, and varying k¢ in the vicinity of the critical point. This
provides much better results, as shown in the right plot of Fig. 5.5, where we have
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Figure 5.5: Scaling function (3(g) = dIlng/dIn L as a function of In g obtained by
solving the self-consistent equations of localization numerically in the vicinity of the
critical point. Left: (3(g) obtained by varying L for fixed values of k¢ (these are
the same numerical points as in Fig. 5.4). The curve exhibits unwanted finite-size
effects (note dispersion of points in the vicinity of 3(g) = 0). Right: 3(g) obtained
by varying k¢ from 0.991 to 1.015 for fixed L = 700¢. The inverse slope of the
tangent at the critical point gives the critical exponent v = 1.

fixed L = 700¢. From this plot, we extract the critical exponent v = 1. This value is
the same as obtained earlier by D. Vollhardt and P. Wolfle from the self-consistent
theory with position-independent diffusion coefficient, and it is different from the
value v ~ 1.5 following from the numerical solution of the Anderson tight-binding
model. This discrepancy signals that the self-consistent theory describes only im-
perfectly the critical point. The reason to this issue may be found in the microscopic
description of the transition. As a matter of fact, the diagrammatic series consid-
ered in Chapter 3 (sum of interference “loops”) is probably not precise enough to
describe some features of the critical point, as the value of the critical exponent.
Say differently, the self-consistent theory remains somehow a perturbative approach
and is therefore limited when describing the fixed point, which can have properties
completely different from the ones observed in the vicinity of g = g.. Today, a part
from recent work that put forward a strategy combining the self-consistent theory
with a phenomenological momentum dependence of the diffusion coefficient at the
critical point [64], a complete analytical description of the Anderson transition in
three dimensions is still lacking.

To obtain the function 3(g) from the microscopic approach, we have used bound-
ary conditions introduced in Sec. 3.4.2 with the extrapolation length zy = 2/3(,
corresponding to the absence of internal reflections at boundaries of the disordered
slab. In the presence of internal reflections with an intensity reflection coefficient r,
the extrapolation length reads [53]

_2€1+r
3 1-1

20 (5.12)
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An interesting question is to know whether or not the value of the critical exponent
depends on r. This can be checked easily by calculating the function 5(g) for different
values of z5. We did so for three values of z5: 2/3, 4.67 and 10, corresponding to
r=20,r=0.75 and r = 0.875, respectively. The results are shown in Fig. 5.6 and

18(9)
0.5
6
03 Ing
_1 ... .. .o 2’0:2/3
sl 20:467
20:10
—92.

Figure 5.6: Scaling function §(g) = dIlng/dIn L as a function In g, obtained by
solving the self-consistent equations of localization numerically in the vicinity of
the critical point, for three different values of the extrapolation length zy, which
measures the importance of internal reflections at the boundaries of the disordered
medium. These curves have been obtained by fixing L = 700/, and varying k¢ from
0.991 to 1.015. The critical exponent remains unchanged when changing z.

prove that internal reflections have no effect on the value of the critical exponent
which remains equal to 1 whatever r.

5.4 Conclusion

In this chapter we derived the main results of the scaling theory from the microscopic
self-consistent theory of localization with position-dependent diffusion coefficient. In
particular, we studied the one-parameter function 3(g). This allowed us to extract
the value v = 1 for the critical exponent of the Anderson transition. By varying
the amount of internal reflections at the boundaries of the disordered sample we
demonstrated the independence of the critical exponent of this effect.
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THE first part of this thesis concerned average transport properties of disordered
media (transmission, conductance, etc). We are now interested in the fluctuations
of transport properties. These fluctuations can be seen by eye when a disordered
material is irradiated by a continuous beam and a snapshot of the intensity pattern
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at some point behind the sample is taken. This pattern exhibits a complicated,
highly irregular distribution of dark and bright spots and it is called the speckle
pattern [65]. A typical optical speckle pattern is shown in Fig. 6.1.

Figure 6.1: An optical speckle pattern (courtesy of W. Biihrer).

At first sight, the speckle pattern looks completely random. This is however not
true since it can be shown that intensities of even very distant points are weakly
correlated. Speckle patterns are characterized by the statistical distribution of in-
tensity fluctuations. Unfortunately, the evaluation of this quantity is often involved.
In this chapter, we adopt a simpler approach, which consists in examining intensity
correlations between different points. One has to keep in mind that, however, this
strategy provides only a partial information about statistics of speckle patterns.

In the present chapter, we remind a few basic facts concerning intensity cor-
relations in disordered media. There exist many reviews on this subject (see for
instance those of R. Berkovits and S. Feng [66] and of M. C. W. van Rossum and
Th. M. Nieuwenhuizen [17]). In this chapter, we study intensity correlations in a
waveguide. Such a geometry has several advantages. First, its physics is simpler
than that of three-dimensional samples. Second, from the theoretical point of view
the treatment of intensity correlations — generally involved in three-dimensional
media — simplifies in waveguides.

6.1 Intensity correlation function

6.1.1 Description of intensity speckle patterns in terms of
multiple scattering paths

In order to better understand the origin of speckle patterns, it is instructive to take
advantage of the path picture of wave propagation in random media. At time ¢ and
at a position r, the field ¥(r, ) is given by a superposition of partial waves W;(r, t)
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all reaching point r at time ¢ but following different multiple scattering paths i:
U(rt) =Y i(r, ). (6.1)

The intensity at point r averaged over disorder follows as

I(r,t) = [U(r, ) =D [Ti(r, )+ Y Ui(r, ) Wi(r, ). (6.2)

i i
The second sum in Eq. (6.2) contains interference effects between multiply scattered
waves. Far in the extended regime, it vanishes when averaged over disorder. These

interference effects are at the origin of speckle patterns. Due to them, the intensity
is random and can be written as

I(r,t) =I(r,t) + 61(r,t), (6.3)

where 01(r,t) is the fluctuating part of intensity. It is the intensity speckle pattern.

6.1.2 Intensity correlation function

In this chapter, we consider only continuous waves, such that the intensity and
the speckle pattern do not depend on time (time dependent speckle patterns will
be studied in Chapter 7). We thus drop all time dependences from here on. The
frequency of all waves is fixed at some value wy. To lighten the notation, we drop
this frequency argument from here on.

In general, the statistical properties of the speckle 61 can be described by the
four-point intensity correlation function between two source points R and R’ at
the input surface of the waveguide and two detector points r and r’ at the output
surface. It is defined as

6I(r,R)OI(r',R)
I(r,R) x I(r',R)’

C(r,R;r,R/) = (6.4)

where §I(r,R) = I(r,R) — I(r,R). I(r,R) denotes the intensity measured at
the point r at the output surface of the waveguide and produced by a point-like
continuous source located at the point R at the input surface. Note that in writing
the intensity correlation function, we have normalized by the average intensity; other
definitions exist in literature.

6.2 Intensity correlations in waveguides

6.2.1 Framework

In the present chapter, we are interested in intensity correlations in a disordered
waveguide. In the language of multiple scattering, this terminology refers to a tube-
shaped disordered medium of length L > ¢ along its longitudinal direction z and
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narrow along the two other transverse directions (see Fig. 6.2). More specifically,
“narrow” here means that the diameter d of the tube obeys

A<Ld St (6.5)

Such a medium is said to be quasi one-dimensional, in the sense that wave propa-

Figure 6.2: Sketch of a disordered waveguide of length L > ¢ and diameter d < /.

gation is three-dimensional since d > A, but diffusion is one-dimensional along the
z direction, since d does not exceed one mean free path. The effective behavior of
waves depends on how L compares to the localization length & ~ ¢(kd)? and the
mean free path. For short waveguides L < ¢, waves do not see the disorder and prop-
agation is ballistic. For ¢/ < L < £, waves are scattered many times and propagate
by diffusion because the localization length is too large for propagation to be affected
by the effects of Anderson localization. Finally, for L > £, Anderson localization
must be taken into account. In the following, we only consider the intermediate
regime of transport ¢ < L < &, thereby neglecting the effects of localization on
propagation. The different regimes of propagation in a waveguide are summarized
in Fig. 6.3.

Ballistic o , Localized
regime Diffusive regime regime
<> > € >
I I } :
| I T\

Figure 6.3: Regimes of propagation in a disordered waveguide, depending on the
value of L as compared to the mean free path ¢ and the localization length &. In
this chapter, we only consider the case { < L < £ where the localization length is
large enough, such that waves propagate by diffusion.

At this stage, it is interesting to make the connection with the Thouless criterion
discussed in Sec. 2.7. In a waveguide, the electronic dimensionless conductance reads
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[16]

ANC &
RERAA
where N = k?A/(47) is the number of transverse modes of the waveguide. One sees
that the condition L ~ &, for which the effects of Anderson localization are expected
to take place, coincides with the condition g ~ 1, which is nothing but the Thouless
criterion! From Eq. (6.6), it follows that the condition L < & is equivalent to the
large conductance limit g > 1.

g (6.6)

6.2.2 Average intensity

We now consider the average intensity I(r,R). Inside the waveguide, a vector r
can be decomposed into a transverse part p and a longitudinal part z: r = (p, 2).
This decomposition is shown in Fig. 6.4. The average intensity is obtained from the

Figure 6.4: In the waveguide, a vector r is decomposed into a transverse part p
and a longitudinal part z.

intensity Green’s function Cp introduced in Eq. (3.6).

I(r,R) = G(r, R)G*(r,R) = 4icD(r, R). (6.7)
T
Since we consider the diffusive propagation of waves (L < &), Cp is obtained by
solving the diffusion equation (3.8) for the waveguide geometry. This calculation is
straightforward and leads to [16]

_ z2m (L — zpr)

CD(I', R) ADBL )

(6.8)

where A is the cross-section of the waveguide, z,,, = min(z, zg) and z); = max(z, zr),
with zp the longitudinal part of R and z that of r. In deriving Eq. (6.8), we
have assumed Dirichlet boundary conditions for simplicity and therefore set the
extrapolation length to zero. We can now calculate explicitly the average intensity
by inserting Eq. (6.8) into Eq. (6.7). As a first approximation, we set zp ~ ¢ and
2z ~ [ — {, which yields

I, R)=——. (6.9)

Note that Eq. (6.9) is approximate because we have used simplified boundary condi-
tions to derive it. From here on, we assume the same simplified boundary conditions
for the calculation of the intensity correlation function.
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6.2.3 Perturbative approach

In the previous section, we have calculated the average intensity appearing in the
denominator of the intensity correlation function (6.4). The calculation of C is more
tricky because it involves an average of a product of two intensities. Each intensity
is a sum of products of pairs of multiple scattering paths, starting at points R and
R’ and ending at points r and r’ (see Fig. 6.5). The usual technique that we adopt

Figure 6.5: The intensity correlation function of a speckle pattern is built from the
product of two intensities corresponding to paths starting at points R and R’ and
ending at points r and r’.

here consists in expanding C in powers of 1/g < 1. It was first suggested by S. Feng,
C. Kane, P. A. Lee, and A. D. Stone in 1988 [67]. This perturbative approach is
only possible in the extended regime where 1/g is small, and gives rise to three main
contributions C;, C; and C3 to C that we describe below. We detail the calculation
of C; and go faster on those of Cy and C3 which rely on the same mathematical
techniques.

6.2.3.1 The C; correlation

The lowest order of perturbation theory in the expansion of the intensity correlation
function (6.4) is called C;. This contribution is obtained by pairing the amplitude
Green’s functions two by two. The diagrammatic representation of C; is depicted in
Fig. 6.6a. The two pairs of amplitude Green’s function can be factorized to give!

2

G(r,R)G*(r",R/)
C = . (6.10)
I(r,R) x I(r,R/)

Using the diagram of C;, we can rewrite Eq. (6.10) as

2

‘/ d*r1d’ryG (r1, R)G*(r1, R)G(r,12)G* (v, 12) p(ra, 11)
C =

: (6.11)

I(r,R) x I(r,R/)

where we have made use of the average amplitude Green’s functions G and G*
defined in Eq. (3.5) and of the sum of ladder diagrams I'p introduced in Sec. 3.2.2.

'For the sake of clarity, we drop the spatial arguments of C;.
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Figure 6.6: Diagrams giving (a) Cy, (b) Cy and (c) C3 contributions to the intensity
correlation function. R and R’ are two source points and r and r’ are two detector
points. Solid and dashed lines denote amplitude Green’s functions G and G*, re-
spectively. Square “H” boxes are Hikami boxes (see Appendix A.1). Shaded pairs
of Green’s functions are sums of ladder diagrams I'p, detailed in Fig. 3.2.

Points r; and ry correspond, respectively, to the first and last scattering events of the
sequence of ladder diagrams, such that one can set r; ~ R and ry ~ r as arguments
of I'p, which varies slowly in space. The latter can then be taken out of the integrals
over r; and ro:

2

I'p(r,R)? /d3r1d3r2§(r1, R)G*(r;, R))G(r,12)G*(x', 13)

C ~ . (6.12)
I(r,R) x I(r',R')

We now make use of Eqs. (3.24) and (6.7), which yield T'p(R,r) = (47/)?I(r,R).
Intensity terms cancel in the numerator and denominator and we obtain

c 47\ *
RN
Performing the two remaining integrals finally yields

Ci(Ar,AR) = F(Ar)F(AR), (6.14)

where AR = |[R—R/|, Ar = |[r —1'| and F(z) = sinc(kx)? exp(—z/¢) with k = wy/c
and sinc(z) = sin(z)/x. For AR = Ar = 0, C; is equal to unity. This observation

2

/d3r1d3r26(r1> R)G*(r1, R')G(r,r2)G*(r', r2)

(6.13)
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constitutes the well-known Rayleigh law, which expresses the fact that intensity
fluctuations are comparable to the average intensity.

6.2.4 The C, correlation

C; gives the main contribution to the intensity correlation function at the zero®
order of perturbation theory. The first order of perturbation theory, called C,, is
obtained by introducing an interference effect between the four amplitude Green’s
functions joining points R and r and R’ and r’ in Fig. 6.5. This interference effect
is similar to that at the origin of Anderson localization (see Sec. 3.2): it consists
of a crossing between four waves that propagate in pairs to some point, where they
interchange partners before continuing to the measurement points r and r’. This
crossing is described by the Hikami box introduced in Chapter 3. The diagram
giving Cy is the left one of Fig. 6.6b. In real space, the Hikami box reads, for
classical waves,

h

5

247k? Vi
A detailed derivation of Eq. (6.15) can be found, for instance, in Ref. [16]. Making
use of this equation, we can write the left diagram of Fig. 6.6b as

_ /D) AT [ s e
I R) x (I, R) / d’r,G(r1, R)G"(r1, R) x
G(r1,R)G*(r;,R) x V,,G(r,r1)G*(r',r1) - Vi, G(x',11)G*(r, 1),
(6.16)

where r; denotes the point where the interference effect occurs. Gradients come
from the real-space expression of the Hikami box (see Appendix A.1). Decomposing
the averages over two amplitude Green’s functions in the same spirit as for the
calculation of C; we obtain:

H(I‘l, Iy, I3, I'4) = (S(I'l — I'2)5(I‘1 — I'3)(S(I'1 — I'4) . Vr3~ (615)

tct F(Ar) . , ,
G 247k? I(r,R) x I(r',R)) /d riCp(r;,R)” [V, Cp(r,r)]
2
= —F(Ar). 1
39 (&) (6.17)

where we have used Eq. (6.8) to perform integrals and introduced the dimensionless
conductance g. Eq. (6.17) is, however, not the final result for Co. Indeed, there is
another contribution obtained by interchanging the start and end points of the left
diagram of Fig. 6.6b. This yields the right diagram. This procedure amounts to
substitute F'(Ar) by F(AR) in Eq. (6.17). The final form of C, is then

Co(Ar, AR) ~ % (F(Ar) + F(AR)]. (6.18)

As a result of the first order of perturbation theory, Cs is g times smaller than C;
for Ar = AR = 0, but it can dominate for large Ar (when AR = 0) or large AR
(when Ar =0).
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6.2.5 The C3 correlation

The contribution to the intensity correlation function obtained at the second order
of perturbation theory is called Cs. Cs is similar to Co, except that it involves two
interference effects in a row. Four diagrams Cél), Céz), C§3) and C§4) describe such
a process [68]. They are shown in Fig. 6.6c. As an example, we only outline the

calculation of the third one, C?Es):

845 212
C?(,g) - SulN i) /d?’rldgrzG(Fz,rl)G*(r%1"1)2 X
I(r,R) x I(x',R/)
Vr1G<I'1, R,)G*(I'l, R,) . Vr1G<I'1, R)G*(I'l, R)

V., G(r,r9)G*(r,r3) - Vo, G(r/, 15)G*(1/, 1), (6.19)

where r; and ry denote the points where the two interference effects occur. We
obtain

3 1
cld = (—) /d3r V..Cp(r1,R) - V. Cp(r,R) X
’ 6k2) T(r,R) x I(v', R) 1VeOp(r, R) p(rs, R)
VrQCD(I“z,I‘) : VrQCD(I“z,I‘) X CD(I“2,I‘1)2
2
— . 2
1547 (6.20)

A similar calculation gives C{” = € = 1/(45¢?) and €\ = ¥ = 2/(454?), so
that C3 = C?()l) + C?()Z) + Cg(,g) + C§4) = 2/(15g?). There are three other contributions
to C3, obtained by interchanging source and detector points in the four diagrams
of Fig. 6.6¢ (these diagrams are not shown), in the same way as for Co. The final
result is

Co(Ar, AR) ~ - 2 [14 F(Ar)+ F(AR) + F(AWF(AR)].  (6.21)

592

6.2.6 Physical interpretation

Collecting Egs. (6.14), (6.18) and (6.21), we obtain the complete form of the inten-
sity correlation function at the second order of perturbation theory:

C(Ar,AR) — F(Ar)F(AR)+%[F(Ar)JrF(AR)]

N %92 [+ F(Ar) + F(AR) + F(APF(AR)].  (6.22)

The physical interpretation of Eq. (6.22) is the following. The C; term gives the
main contribution to the fluctuations of intensity transmitted through a disordered
waveguide. It is responsible for the grainy aspect of speckle patterns. If we set
AR = 0 and integrate Eq. (6.22) over detector points r and r’, the contributions
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of C; and C3 become negligible. Therefore, Cy gives the main contribution to the
correlation function of the fluctuations of the total transmission:

i 2. 92,7 _ Ni 2., 2.7 _ _3
yE Ad rd rC(Ar,AR—O)_AQ/Ad rd rCQ(Ar,AR—O)—Sg. (6.23)

If now we sum over source points R and R’ and detector points r and r’, the
contribution due to C3 dominates. Therefore, C3 gives the main contribution to the
correlation function of the fluctuations of the transmittance:

1 1 2

—I Ird’r' PRI*R/C (Ar,AR) ~ — / d*rd*r’ d2Rd2R’Cg(Ar, AR) = —-

A A A A 15g
(6.24)

There is a remarkable analogy between electronic transport in mesoscopic systems
and wave propagation in random media: in a mesoscopic conductor, the transmit-
tance corresponds to the dimensionless conductance g, and Eq. (6.24) is nothing

but the (normalized) variance 5—G2/@2 of G = (e*/h)g. We therefore obtain

92 [e2\?
7 _
5G _15<h) . (6.25)

Eq. (6.25) describes one of the most important effects of mesoscopic physics: the
variance of conductance fluctuations is a universal constant that depends neither
on the sample size, nor on any microscopic parameter of the disordered conductor.
These “universal conductance fluctuations” have been extensively studied in meso-
scopic systems, both experimentally [69, 70, 71, 72] and theoretically [73, 74, 75]
(see Refs. [16] and [17] for reviews).

6.3 Experimental measurement of intensity cor-
relations in waveguides

6.3.1 Direct measurements

Eq. (6.22) was first derived by P. Sebbah et al. in 2002 [76]. In their work, these
authors also carried out a microwave experiment in order to measure the intensity
correlation function. For that purpose, they used miniature source and detector
antennas at the input and output surfaces of a disordered sample made of a random
mixture of alumina and polystyrene spheres embedded in a long copper tube?. By
translating the source antenna at the input surface of the tube, they were able to
demonstrate the main features of Eq. (6.22). For instance, if we neglect the Cs
contribution in Eq. (6.22) and set AR = 0, we obtain

C(Ar,AR = 0) =~ F(Ar) + % 1+ F(Ar)]. (6.26)

2polystyrene spheres are transparent for microwaves and are just used to randomize the distri-
bution of alumina spheres.
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This quantity was measured in the experiment of Ref. [76] as a function of Ar (see
the main plot of Fig. 6.7). Similarly, we have

@

0.15%
It + [C~C,1(Ar,AR=0)
Ip \ — [C-C,J(Ar.AR>> £)
: 0.1f %
: X
0-8 R w*‘w\Wﬁ i
- 0.05} \
0.6 i ‘."\\
0 b s SN o s
0 10 20 30 40 50
04 I Ar (mm) J
C,(Ar,AR=0)
0.27 °  C(Ar,AR=0)
’ — theory
0 10 20 30 40 50
Ar (mm)

Figure 6.7: Microwave measurement carried out in Ref. [76]. Main plot: mea-
surement of C(Ar,AR = 0) as a function of Ar together with the theoretical
Ci(Ar,AR = 0) = F(Ar). Inset: measurements of [C — Ci|(Ar,AR = 0) =~
[2/(39)] [1 + F(Ar)] and [C — C1|(Ar, AR > () ~ [2/(3g)|F (Ar).

C = CJ(Ar, AR = 0) ~ % [+ F(Ar)], (6.27)
and 5
[C —Ci](Ar, AR > () ~ @F(AT). (6.28)

These two quantities were also measured in Ref. [76], as functions of Ar, and are
shown in the inset of Fig. 6.7.

6.3.2 Polarization-resolved measurements

The most interesting parts in Eq. (6.22) are the terms proportional to 1/¢g and
1/g%, which are manifestations of coherent wave transport in a disordered medium.
Unfortunately, these terms are difficult to measure. A solution to this problem
was proposed in the Ph.D. thesis of N. Trégoures in 2001 [77] and was realized
experimentally by A. A. Chabanov et al. in 2004 [78]. It relies on polarization
dependence of intensity correlations. Roughly, the idea is the following. Instead of
emitting waves from two different source points R and R’ and measuring them at
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two different detector points r and r’, the waves are emitted from a single source
point R but with two different polarizations e, and e,, and measured at only one
detector point r, but for two different polarizations e, and ey? (see Fig. 6.8). The

Figure 6.8: Principle of polarization measurements.

calculation of the intensity correlation function taking into account polarization is
more difficult because it requires to consider the vector nature of electromagnetic
waves. The result is the following [77]:

Clep-ep,e,-€y) = (ep-€y) X (ea-ea/)+@(eb-ebr+ea~ea1)

+ [1 +e, ey te,-ey+ (eb . eb/) X (ea . ea/)] (629)

15¢2
The advantage of polarization measurements is evident from Eq. (6.29): polarization
offers a new degree of freedom for measuring independently the C;, C, and C3 terms.
Setting, for instance, e, - €y = e, - €y = 0, one obtains C = 2/(15¢%) = C3. This
technique was successfully used in Ref. [78] to demonstrate universal conductance
fluctuations with microwaves.

6.4 Conclusion

In this chapter we laid the basis for the calculation of the intensity correlations in
disordered waveguides. We introduced the C;, C and Cs correlations functions and
calculated them by means of perturbation theory, where the small parameter is the
inverse dimensionless conductance 1/g. Cy o« 1/g and C3 o< 1/g* contributions to
the total intensity correlation function are manifestations of coherent effects showing
up during the propagation of a wave. We showed how these contributions could be
resolved by playing, in a clever way, with the polarization of waves.

3ea, e, , €, and ey are unit vectors.
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WHEREAS the physics of stationary intensity correlations in disordered media is
relatively well known, at least in the extended regime, very few results concern the
dynamics of speckle patterns. In principle, this dynamics can be caused either by
the Brownian motion of scatterers inside the disordered medium, or by the time-
dependence of the incoming radiation. The former case was studied by F. Scheffold
et al. [79] and by G. Maret and F. Scheffold [80] in the late 1990’s. In the presence of

83
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mobile scatterers, the C;, Co and C3 correlation functions acquire a time-dependent
decay reflecting the loss of coherence due to the Brownian motion of scatterers. At
long times, C; (At) decreases exponentially, whereas the decay of Co(At) and Cs5(At)
is algebraic!. The latter was directly observed in Ref. [80], in samples containing a
suspension of colloidal particles in water. We show it in Fig. 7.1.

C(t) x 10°

0.001 0.01 0.1 1 10 100
t (ms)

t(ms)

Figure 7.1: Time dependence of Cy(At) and C3(At), obtained from the multiple
scattering of light in a suspension of colloidal particles in water. The decay of
Co(At) and C5(At) at long times is algebraic. The magnitude of Cs is less than that
of Cy by a factor ~ 1/g.

The dynamics of intensity correlations and hence of speckle patterns also shows
up in samples with static disorder but impinged on by a time-dependent radiation,
for instance a short pulse. The experimental study of this problem was initiated by
A. A. Chabanov in 2004 [81], and, the same year, S. E. Skipetrov [82] developed
a theory for the time dependence of the Cy correlation function. In this chapter,
we study the time dependence of C;, C; and C3 intensity correlation functions in a
waveguide irradiated by a short pulse. For the case of C35, we compare our theoret-
ical results to a microwave experiment carried out recently by A. Pena and A. A.
Chabanov at the Department of Physics and Astronomy of the University of Texas
(San Antonio). The technical calculations of this chapter are reported in Appendix
B.

7.1 Average intensity and intensity correlation func-
tion

7.1.1 Framework

The situation that we consider in in this chapter is shown in Fig. 7.2. A short
pulse of duration ¢, is sent at time ¢ = 0 from a point R at the input surface of
a disordered waveguide of diameter d and length L. The intensity averaged over

'Here the intensity is measured first at time ¢t = 0, and then at time At. C;(At) (i = 1,2,3)
corresponds to the intensity correlation between these two measurements.
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disorder I(r,R,t) is measured at time ¢ and at point r at the output surface. The

tp

———

L

Figure 7.2: Sketch of the physical situation considered in this chapter. A short
pulse of duration ¢, is sent at time ¢ = 0 from a point R at the input surface of a
disordered waveguide of diameter d and length L. The intensity I(r,R,t) at point
r at the output surface acquires a time dependence.

theoretical framework is the same as in Sec. 6.2.1, that is we assume that L much
exceeds the mean free path, but is much smaller than the localization length. In
other words, the dimensionless conductance g is much larger than one. This ensures
that waves propagate by diffusion in the waveguide. In the remainder of this chapter,
we assume that the incoming pulse is Gaussian:

Wo(R, 1))? = %tp exp (—ﬁ> (7.1)

ty

We also restrict ourselves to the limit of long times and short pulses, for which
relatively simple results can be derived. If we introduce the Thouless time tp =
L?/(72Dg), these two conditions read

t, < tp < t. (7.2)

Eq. (7.2) will be assumed in the remainder of the chapter.

7.1.2 Field correlation function

The Fourier component of the field at frequency w measured at point r is given by
U(r,R,w) =G(r,R,w)¥(R,w), (7.3)

where Vo(R,w) is the Fourier transform of Wy(R,¢) with respect to time and G
is the amplitude Green’s function, obeying the Helmholtz equation (3.2). In real
space, Eq. (7.3) can be rewritten as

t

\II(I', R, t) = / dth(r,R,t — tl)\Do(R, tl). (74)

—00
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We first calculate the field correlation function ¥(r,R,t)¥(r’, R’ t). The diagram-
matic representation of this quantity is shown in Fig. 7.3a. It reads

t v
\I/<I', R, t)\I]*(I'/,RI,t/) = / dtl / dtgG(r,R,t - tl)G*(r’,R',t’ - tg)\Ifo(tl)\I]E;(tg)

(7.5)
We demonstrate in Appendix B the following property

G R, )G (v, R, #) = i F(AP)F(AR)S(t — )Cp(r, R, 1), (7.6)

where Cp(r,R,t) is the Fourier transform of the intensity Green’s function intro-
duced in Sec. 3.2.2 and f(x) = sinc(kz)exp[—z/(2¢)]. In a waveguide of cross-
section A and length L and for Dirichlet boundary conditions, it is given by (see
Appendix B for the detailed calculation)

9 t
Cp(r,R,t) AZCD n(Zr exp( ), (7.7)

tp

where ®,(z) = /2/Lsin(nrz/L). As previously, z denotes the longitudinal co-
ordinate of r and zgr ~ ¢ that of R. Substituting Eq. (7.6) into Eq. (7.5), we
obtain

t

\I/(I‘, R, t)\I’*(F,, Rl, t/) = if(AT)f(AR) / dtch(I', R, t—tl)\lfo(tl)\lfg(tl —l—t,—t).

—00

(7.8)
Using Eq. (7.7), we obtain
U(r, RO R ) = A F(AR) Z@n WCzr) (). (7.9)
where
! t—t
o) = [ e (—“2t )wmwa(mt'—w
— 00 D
1 n?(t+t)  n'ts o (t—t)? t+t n’t
2€Xpl 2p AR, A e\ o T 2,
(7.10)

The field correlation function (7.9) will be used several times in the following.

7.1.3 Average intensity

The average intensity I(r,R,t) = |U(r,R,t)|? is obtained straightforwardly from
the field correlation function (7.9) by setting v’ =r, R" =R and ¢ = t":

o

IR t) = —— Y ®,(2)®,(25)f™(t,1). (7.11)
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Figure 7.3: Time-dependent diagrams of the field correlation function (a), intensity

(b), C1 (c), Co (d) and Cs (e).

In the limit of long times t > tp, the main contribution is due to n = 1. Then, in
the limit of short pulses ¢, < tp, Eq. (7.11) reduces to

I(r,R,t) ~ el sin? (W—g) exp (—i) . (7.12)
L tp

The exponential decay of intensity at long times is characteristic for diffusion and is
not specific to waveguides. We already encountered it in Sec. 2.3.2.1, in the context
of propagation of short pulses through three-dimensional disordered slabs.

7.1.4 Time-dependent intensity correlation function

Unlike in Chapter 6, we are now interested in the time dependence of the intensity
correlation function between two source points R and R’ at the input surface of the
waveguide and two detector points r and r’ at the output surface:

3I(r, R, 1)0I(r, R, ¢
CRr iR p, ) = AL RO RLE) (7.13)
I(r,R,t) x I(r,R,t)

Eq. (7.13) describes time-dependent speckle patterns. In this chapter, we only
consider equal-time correlations ¢t = t'.

7.2 Dynamic C; and C, correlation functions

7.2.1 The C; correlation function

The diagram for time-dependent C; is depicted in Fig. 7.3c. C; can be obtained
straightforwardly from the field correlation function (7.9) as

2
T(r, R, )0 (v, R, 1)
C = . (7.14)
Ir,R.0) x I(r', R 1)
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Using Eq. (7.9) and (7.11) we obtain
Ci(Ar,AR,t) = F(Ar)F(AR), (7.15)

where F(x) = f(x)2. Due to the structure of the diagram of Fig. 7.3¢, C; does not
depend on time. This means that at the lowest order of perturbation theory, the
intensity speckle pattern is stationary, despite the time dependence of the incoming
excitation.

7.2.2 The C; correlation function

The diagram for time-dependent C, is depicted in Fig. 7.3d. The Hikami box
remains unchanged in the dynamic case. From this diagram we obtain

4 5/(24mk?
C, — (4m/0)Y[° ) (247k?) / H/ dt;U(r, R, t1)U*(r;, R, t5)
I(r,R,t) x I(r', R/,

\I/(I'l, R’ , tg)\I]*(I'l, R,, t4) X VrlG(I', ri,t— tl)G*<I' ,r1,t — t4) .
VrlG(r’, I‘1,t — tg)G*(I', I‘1,t — tg),

(7.16)

We now make use of Eq. (7.6) to simplify the two pairs of amplitude Green’s
functions. This yields

21l /(3K F
c, — mlc? /(3 /d3r1/ dtl/ dta ¥ (ry, R, 1)U (r, R, t2) X
I(r,R,1) ><II" R/

\I/(rl,R,tg)\I/*(rl,R’,tl)VrlCD(r,rl, — 1) ~VrlCD(r,r1,t—t2). (717)

Simplifying intensity Green’s functions, field correlation functions and intensities
with help of Eq. (7.7), (7.9) and (7.12), and performing the integral over r;, we
obtain in the limit ¢, < tp < ¢

2 3 exp(2t/tp)
Co, = ——————F————2F(A Smnpg Lonpas 7.18
2 39872 sind (70/L) (Ar) Z_ pg-+ mnpq ( )
m,n,p,q=1
where
Sinnpg = mn(—1)""" sin (Tﬁ) sin <nT7r€) sin (pf) <qL ) film,n,p,q),
(7.19)
with
fi (m7 n, D, Q> = _5m—n—p—q,0 - 5m+n—p—q,0 + 5m—n+p—q,0 + 5m+n+p—q,0 +

5m—n—p+q,0 + 5m+n—p+q,0 - 5m—n+p+q,07 (7-20>
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where 6;; is the Kronecker symbol, and

Eodt dt t—t t—t
Tmnpq :/ 1 / 2 exXp |: ( 1 1) - 77,2 ( 1 2):| f(p)(tlatZ)f(q)(t1>t2)~
_ D D

(7.21)
In the limit of short pulses ¢, < tp, Eq. (7.21) reduces to
bt t—t t
T = W2 [ exp {—W gy q2>t—1] )
D D D D

Further simplifications can be made by noting that Eq. (7.18) consists of a sum of
terms that either do not depend on time, or vary linearly with time. At long times
the latter becomes the leading term, and it corresponds to m =n =p = ¢ = 1.
Therefore, we obtain

2 6 1,

Cy =

Finally, as in Sec. 6.2.4, we have to keep in mind that another diagram contributes
to Cy. It is obtained by interchanging the start and end points r, r’ and R, R’. The
final result is

2 6 tt

Co(Ar, AR t) = 397(2 L, tD

[F(Ar)+ F(AR)], t,<tp<<t. (7.24)

A few comments are in order. First, we notice that Cy grows with time. In particular,
at long times t > t% /t,, Co exceeds its stationary value ~ 2/(3g). Second, in the
regime considered here, the duration of the incident pulse is too short for its shape
to be resolved in transmission. Therefore, we expect Eq. (7.24) to be valid for any
pulse shape, apart from numerical factors.

Eq. (7.24) was first derived by S. E. Skipetrov in 2004 [82]. Somewhat earlier,
the growth of Co with time was observed experimentally by A. A. Chabanov et al.
[81], even though in the latter work the number of data points were insufficient to
confirm the functional dependence of Cy on ¢ or ¢,.

7.3 The C; correlation function

7.3.1 Calculation of C;

Let us now focus on the dynarmcs of the C3 correlation function. As seen in Sec.
6.2.5, three d1agrams C3 ; C3 , C(3 and C have to be taken into account. For

clarity, only 63 is depicted in Fig. 7.3e. We detail its calculation below. We start
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from

5 2
e - /00 @Ank) / &r / dry / dt / dt, / dt; / dt,
I(r,R,t) x I(v',R/,t

H/ dt; V., U(ry, R, 1)U (ry, R, ty) - Ve, U(ry, R 15)0*(r), R/ 1)

XG(re,ry,tg — t1)G*(r2, 11,85 — t4) X G(re, 1, ts — t3)G*(r2, 11,17 — o)
XV, G vy, t — t6)G*(r/,ra,t — t5) - Ve, G(r, 19,6 — t3)G*(r,ro,t — t7).
(7.25)

We now follow the same strategy as for Cg, and first simplify the pairs of amplitude
Green’s functions with the help of Eq. (

5 2
cw - U/ 710/ (24m k) / / dry / dts / dt / dt, / dts
I(r,R,t) x I(v',R/,t

Vrlllf(rl, R, tl)\If (I‘l, R, t7 - t5 + tg) : Vrlllf(rl, R/,tg)\lf (I’l, R ,t5 - t7 + tl)
Cp(ra,r1,t7 — t1)Cp(ra,r1,t5 — t3) X Vi, Cp(r',ra,t — t5) - Vi, Cp(r, ra, t — 7).
(7.26)

We now simplify intensity Green’s functions, field correlation functions and intensi-
ties with the help of Eq. (7.7), (7.9) and (7.12), and perform the integral over r;.
In the limit ¢, < tp < ¢ this yields

2 45 exp(2t/tp) >
C(3) = o4 Umn Tsvmn TS 7-27
3 4592 8t sin*(wl/L) mn;gﬂ pa pqrss ( )
where
Umnpqrs = mnrs(_l)m—i-n sin <—m[7j€) sin <7”LT7T€) sin (%M) sin <ST7T€)
X fi(m,n,p,q) fi(r, s, p, q), (7.28)
and

dt dt- Y7 dt; [P dt
Vympars / 5/ 7/ 1/ 2Oty by — by + t3) O (g, b5 — tr + 1)

X exp |—m —n —p —q .
tD tD tD tD

(7.29)

In the limit of short pulses ¢, < tp, Eq. (7.29) simplifies to

ts _ .
By S A
ts—ts3 D D

ts — 1 t t
X exp {—(p2 +¢* — 5% ( ° 3) — 22 —32—7} :

tp tp t

(7.30)
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As for Cy, a relatively simple result can be obtained in the long time limit ¢ > tp.
Indeed, when made explicit, the sum in Eq. (7.27) is a polynomial of the third order
in time t. It is not possible to calculate exactly all the coefficients of this polynomial.
However, when t > tp, the term of higher power dominates. It originates from
m=n=p=q=r=s=1. From Egs. (7.27), (7.28) and (7.30) we obtain

@ 1 52 1, [t 3
P 152 (7t '

C§4) (fourth diagram of Fig. 6.6¢) is equal to Cég). Cél) and Cg(,z) are equal, but one can
show that they do not contain terms proportional to ¢* in the limit ¢, < tp < t, but
only terms of powers lower than two. Therefore, their contribution to Cs is negligible
at long times. Furthermore, as in the stationary case detailed in Sec. 6.2.4, for each
of the four diagrams of Fig. 6.6c, there are three other contributions obtained by
interchanging start and end points of the diagram. Taking into account all of them
finally yields

(7.31)

tp

Cg(A’/’, AR, t) =

2 52 4 (1) , .
AN <tp) [1+ F(Ar) + F(AR) + F(Ar)F(AR)],

t, <tp < t. (7.32)

Thus, Cs increases as the third power of time and becomes larger than its stationary
value 2/(15g%) for t > tp(tp/t,)/®. As for Cy, Eq. (7.32) is expected to hold
independent of the shape of the incident pulse, apart from the numerical prefactors.

7.3.2 Experimental measurement of Cs

In this section, we present the results of an experiment carried out by A. Pefia and
A. A. Chabanov at the Department of Physics and Astronomy of the University of
Texas (San Antonio). The purpose of this work was to provide the experimental
support to Eq. (7.32).

The principle of this experiment is the following. In order to measure unam-
biguously the time dependence of C3, one can take advantage of the vector nature
of electromagnetic waves, as described in Sec. 6.3.2. As a matter of fact, similarly
to Eq. (6.29), the dynamic intensity correlation function with polarization rotation
can be written as
2 6, t

g e it 0

Clep ey, e, eu,t) = (e, ey) X (e, €ey)+

2 52 ty [t
15g% (m3/7) tp

3
t_) [1+e,-ey+e,-es+(e-ey) X (e, ey).
D
(7.33)
When the polarizations of the waves at the source and detector are both rotated by
90°, e - €y = €, - e, = 0 and only the time-dependent prefactor of C3 remains:

2 5V2 t, <i>3‘

000 = B ) i

. (7.34)
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For simplicity in the following we denote C3(t) = C(0,0,t). Measurements of the in-
tensity correlation function are made for microwave radiation transmitted through
random mixtures of Al,Os spheres. Alumina spheres with diameter 0.64 cm and
index of refraction 3.14 are embedded within Styrofoam shells to produce a sam-
ple with alumina volume fraction 0.03. The sample is contained within a copper
tube with diameter of 4.4 cm (Fig. 7.4). Linearly polarized microwave radiation

Figure 7.4: Axial view of the sample used in the microwave experiment.

is launched and detected by identical conical horns placed 20 cm in front of and
behind the sample, as shown in Fig. 7.5. These horns allow to control the state of
linear polarization of the microwave radiation. Microwave field spectra are recorded
for cross-polarization orientations of both the source and the detector horns, for 15
000 configurations of disorder, produced by briefly rotating the tube around its axis,
in samples of length 61, 76.2, and 91.4 cm. Measurements are made over the fre-
quency range 18.7-19.7 GHz, away from Mie resonances of spheres, and far from the
localization threshold. At 19.2 GHz, the number of transverse channels is N = 54.
The transport mean free path estimated from Mie theory is ¢ = 3.76 cm, giving the
dimensionless conductance g = 4N/{/3(L + 2zp)= 4.10, 3.33, and 2.81 for L = 61,
76.2, and 91.4 cm, respectively?.

In the experiment, no “real” pulse is sent through the disordered medium.
Rather, the temporal response to a Gaussian pulse of width ¢, peaked at ¢ = 0
is reconstructed by taking the Fourier transform of the measured field spectrum
multiplied by a Gaussian envelope of width (27t,)™!, and centered at the frequency
19.2 GHz. The field of the time response is squared to obtain the transmitted in-
tensity. Ensemble-averaged intensity /(t) is shown in Fig. 7.6 for the three sample
lengths and for a pulse duration ¢, = 1.8 ns. At short times (¢ < 100 ns), the aver-
age intensity decays exponentially, in agreement with diffusion theory (Eq. (7.12)).
The deviations from this exponential decay observed at long times are due to weak
localization effects in the disordered sample. They were studied in Refs. [57, 47, 83].

2Note that here we have accounted for the finite value of the extrapolation length zo = 2¢/3 to
obtain a precise value of the dimensionless conductance.
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2

Figure 7.5: Drawing of the experimental setup. Source (S) and detector (D) horns
are positioned in front of and behind the disordered sample of length L and diameter
d. 'These horns allow to control the state of linear polarization of emitted and
detected waves. Experimental measurements are made for two polarizations 0 and
90° of both emitted and detected waves, obtained by rotating the horns about their
axis (z axis).
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Figure 7.6: Average transmitted intensity as a function of time, for the three sample
lengths L = 61 (blue), 76.2 (green), and 91.4 cm (red), for a pulse duration ¢, = 1.8
ns. Dashed lines are theoretical fits to the data by diffusion theory at short times
(up to ~ 100 ns). Diffusion times tp extracted from the fits are tp = 17.5, 27.3 and
39.6 ns, respectively.

These deviations are of order 1/g for g > 1 and, therefore, taking them into account
would yield negligible corrections of order 1/¢® or higher in Eq. (7.34). Fits of the
average intensity by diffusion theory at short times ¢ < 100 ns (dashed lines of Fig.
7.6) give the Thouless times tp = 17.5, 27.3, and 39.6 ns for samples of lengths 61,
76.2, and 91.4 cm, respectively.

Experimental curves of Cs(t) for pulse durations ¢, = 0.9, 1.2, and 1.8 ns are
shown in Fig. 7.7, for the three sample lengths. The experimental data are fitted



94 Chapter 7. Dynamics of intensity speckle patterns
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Intensity correlation Cs(t)

Figure 7.7: Cs(t) measured in samples of three different lengths L, for three different
pulse durations ¢,. The diffusion time ¢p, extracted from the fit to average intensity
m, is given for each sample. Black smooth lines are theoretical fits using Eq. (7.34)
with ¢ = 4.17 (a), 3.21 (b) and 1.85 (c) as the only fit parameter for each sample.
Only the data corresponding to t > 3tp were used for fitting.

by Eq. (7.34), using ¢ as the only fit parameter and imposing that ¢ is the same
for the three pulse durations for a given L. The values of g found from the fits are
4.17, 3.21 and 1.85 for samples of lengths 61, 76.2, and 91.4 cm, respectively. These
values differ only slightly from the estimates, except for the longest sample. It is
necessary to go beyond the two H-box diagrams of Fig. 7.3e for a better quantitative
agreement with the data for samples with small values of g.

To demonstrate that Eq. (7.34) correctly captures the key scaling properties of
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Figure 7.8: Intensity correlation Cs(t) divided by the dimensionless pulse duration
7, = t,/tp, as a function of dimensionless time 7 = t/tp for L = 61 cm and the
same three different ¢,,’s as in Fig. 7.7. Only long times ¢ > tp are shown. The solid
smooth curve is a fit to the data with ¢ = 4.17 as the only fit parameter. The inset
shows the same plot in the log-log scale.

Cs(t) for t > tp, we introduce the dimensionless time 7 = t/tp and the normalized
pulse duration 7, = t,/tp, and plot Cs(t)/7, versus 7 for L = 61 cm in Fig. 7.8.
The three curves corresponding to the three different pulse durations fall on a single
curve, thereby demonstrating Cs(t) o< 7,. The same data plotted on a log-log scale
(inset of Fig. 7.8) show that C3(t) oc 73. Thus, C3(t) o< 7,7%, as predicted by Eq.
(7.34).

7.3.3 Role of absorption

Absorption can be readily included into the calculation of C3(t) by introducing an
additional exponential decay into the intensity Green’s function:

CD(I', R, t) = Z Z (I)n(Z)(I)n(ZR) exp (—n2i — i) , (735)

where ¢, is the absorption time. The calculation of C3 then follows exactly the
same lines as above. We find that provided that t, > t,, the result (7.32) remains
unchanged, which is not surprising because for very short pulses scattering paths
are all of almost the same length, and therefore suffer from absorption to the same
extent. Absorption then cancels when normalizing I7 by I x I. Note that the
condition t, > ¢, can be readily met in practice, opening interesting perspectives
for probing scattering parameters of random media without necessarily knowing
absorption inside the medium.
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In the experiment described above, the absorption time ¢, = 39.7 ns is large as
compared to the three values of ¢, = 0.9, 1.2, and 1.8 ns. The criterion ¢, > ¢, for
negligible absorption is therefore fulfilled.

7.3.4 Limitation of long times

The dynamic study presented above might not be valid for times exceeding the
Heisenberg time ty = gtp. The Heisenberg time is the typical time needed for a
wave (or quantum particle) to visit the whole system (the whole waveguide, in our
case). After the Heisenberg time, the wave has to pass by those parts of the sample
that it has already visited before. The probability for several paths to cross then
becomes of the order of one. For this situation, the approach adopted in this chapter
and treating such crossings as a perturbative effect, might not be valid any longer.
Therefore, our results (7.24) and (7.32) might break down for ¢ > tg.

Another characteristic length scale can be pointed out by comparing the orders of
magnitude of Co(t) and C3(t). Such a comparison suggests an important time scale,
ty = \/gtp, intermediate between the Thouless time ¢{p and the Heisenberg time ¢p.
This time scale appeared previously in the context of weak localization in classically
chaotic [84, 85] and disordered [45] systems, but its role in the analysis of fluctu-
ations of transport properties has never been identified. Because for short pulses
in the long-time limit we can write Ca(t) ~ (t,/t,)(t/t,) and C5(t) ~ (t,/t,)(t/t,)?,
the formally next-order contribution (in 1/¢ expansion) to the intensity correlation
function, Cs(t) becomes larger than Cy(t) when ¢ > ¢,. Even though this might indi-
cate that some new physics comes into play at such long times, C3(t) of Eq. (7.34)
agrees well with the experimental data for ¢ > ¢,, and as a matter of fact, even for

7.4 Conclusion

In this chapter, we derived the time dependences of the C;, C; and Cs correlation
functions, describing the response of a disordered waveguide with static disorder to
a short pulsed excitation. We first recovered the results of Ref. [82], where the
author found a linear growth of Co with the delay time from the exciting pulse (Eq.
(7.24)). This growth can be qualitatively understood from the following reasoning.
In a semi-classical path picture, a pair of two fields propagating along a common
multiple scattering path during a time interval ¢ can be seen as a curvilinear tube of
diameter A~! and of length s = ct. The analogy between such a tube and a sum of
ladder diagrams is illustrated in Fig. 7.9. Roughly, from the diagram of Fig. 7.3d,
Cy(t) is given by the probability p(t) for two of such tubes to cross somewhere inside
the medium, during the time interval ¢. This probability is given by the ratio of the
volume A2ct of the tube to the total volume V = AL of the waveguide. Then we

find L1
sc
Ca(t) ~ p(t) = AL " gty (7.36)
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Figure 7.9: Semi-classical picture of wave propagation. A sum of ladder diagrams
can be seen as a tube of diameter A%~ and of length s = ct.

in agreement with the more rigorous Eq. (7.24).

In a second time, we derived the time dependence of the C3 correlation function,
and found a t3 enhancement of the latter at long times, allowing C3(t) to reach
values well in excess of the stationary result 2/(15¢%). Remarkably, it turns out that
this behavior can be explained by a semi-classical picture as welll Cs involves two
crossings in a row between two pairs of multiple scattering paths. The probability
that these paths cross first during the time interval (0,#') and then a second time
during the time interval (¥',¢) is p(¢')p(t — t'). Cs is obtained by integrating over ¢

from 0 to ¢:
t t / / 3
N o [Tscllsct=t) 1 [t

The growth of C3 with time, as well as its proportionality to the pulse duration?,
was confirmed experimentally by a microwave experiment carried out in the group
of A. A. Chabanov.

Note that the study of C3 presented in this chapter is valid for both electronic
transport in mesoscopic systems and wave propagation in random media. In partic-
ular, Eq. (7.34) is the dynamic counterpart of stationary conductance fluctuations
(6.24). Incidentally, one sees that dynamic conductance fluctuations are not univer-
sal, i.e., depend on sample parameters, unlike in the stationary case.

Finally, a comparative analysis of C3(t) and Cy(t) allowed us to identify a new
characteristic time scale t,, being intermediate between the Thouless and Heisenberg
times, and to explain its role in statistics of dynamic transport.

3not explained by the above semi-classical picture.
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rIWHE last years have seen the encounter of two communities: the community of
cold atoms and the one of disorder in mesoscopic physics. From this encounter is
notably born the full-fledged field of research of Bose-Einstein condensates (BECs)
in random potentials. This problem is the “matter-wave counterpart” of that of a
classical wave propagating in a random medium. The large number of high-quality
publications of the last few years testify of the great interest of physicists for BECs
in random potentials. Research in this field largely benefits from the advances of
new experimental techniques, among which the now common possibility to cool

101
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and trap atoms, and to produce optical random potentials. The main interest of
experiments with Bose-Einstein condensates is their great versatility. For instance,
the strength of atomic interactions can be tuned almost at will by taking advantage of
Feshbach resonances, thus exploiting the dependence of the range of the interaction
potential on an external magnetic field. In the same way, optical potentials used
to produce disorder or confine condensates in particular directions of space offer
an unprecedented experimental control. Bose-Einstein condensates thus appear to
be ideal systems to study the interplay between disorder and interactions. This is
the main reason why they are currently extensively used to revisit many problems
of condensed-matter physics. In this context, the number of problems that can be
studied is very large and it would be futile to list them all here. The interested
reader is invited to consult the recent review of L. Fallani et al. [86].

Among popular subjects of mesoscopic physics, one which plays a primordial role
in the study of BECs in the presence of disorder is certainly Anderson localization. In
2005, several attempts were made to observe this phenomenon for BECs expanding
in one-dimensional random potentials [87, 88, 89]. In 2007, L. Sanchez-Palencia et al.
proposed the first theoretical study of localization of condensates in one dimension
[96]. The experimental observation of this phenomenon was finally achieved in 2008,
and was reported in two Nature papers from the groups of A. Aspect in Orsay [35]
and M. Inguscio in Florence [90].

Upcoming experiments will undoubtedly focus on the three-dimensional expan-
sion of BECs in random potentials. Indeed, this situation is very rich because, as
discussed in the first part of this thesis, in three dimensions a critical energy sep-
arates localized from extended states, unlike in one dimension where all states are
localized. Recently, B. Shapiro studied theoretically the diffusive expansion of a
BEC in a three-dimensional random potential, which takes place when disorder is
sufficiently weak [91]. Later, S. E. Skipetrov et al. addressed the same problem
but in the opposite situation where the disorder is strong and leads to Anderson
localization of the condensate [92].

Another interesting subject concerns the extent of mesoscopic correlations dis-
cussed in the second part of this thesis to the case of BECs expanding in random
potentials. As we saw in Chapter 6, a monochromatic wave propagating in a dis-
ordered medium generates a speckle pattern. From the fundamental point of view,
the case of a condensate expanding in a random potential is very similar. One can
therefore wonder if an equivalent of intensity speckle patterns exists for BECs, and
if yes, what are its properties? These questions are the central issue of Chapter 9.

Finally, in the study of BECs expanding in random potentials, interactions be-
tween atoms are often ignored in the theoretical treatment because they strongly
complicate the analysis. However, although in principle these interactions can be
made very small experimentally, they always exist and their precise role in the pres-
ence of disorder, particularly when strong, is still an open question. In Chapter 10,
we investigate the role of weak interactions on the expansion of a condensate.

Before considering BECs expanding in random potentials, it is useful to remind
a few basic facts concerning matter waves. The physics of the latter is a bit different
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from that of other waves that have been considered until now in this thesis. This is
the subject of the present chapter.

8.1 Bose-Einstein condensates

The purpose of this section is to remind some basic physics of Bose gases and
to introduce the main hypotheses and standard theoretical tools necessary for the
proper description of Bose-Einstein condensates in the presence of disorder. The
concepts developed in this section are very general and should be seen as a basis for
the understanding of the next chapters.

8.1.1 Quantum gases: elementary considerations

Quantum gases are systems of particles that cannot be described by classical Maxwell-
Boltzmann statistics but require a quantum mechanical treatment. For these sys-
tems, the thermal de Broglie wavelength A\p = /27h?/mkgT is much larger than
the interparticle distance n~'/3, where n = N/V is the atomic density of the gas of
N atoms in the volume V. Experimentally, quantum gases are obtained from alkali
atoms maintained in the state of vapor at very low temperatures.

The case of gases composed of bosons (particles with integer spin) is very pecu-
liar. In 1925, A. Einstein, on the basis of an article by S. N. Bose, published one year
earlier and dealing with photon gases, predicted the occurrence of a phase transition
in a gas of massive bosons. This phase transition corresponds to the macroscopic
occupation of a single quantum state at low temperatures T' < T,. Today, this phe-
nomenon is known as the “Bose-Einstein condensation”. A simple estimate of the

condensation temperature T, can be obtained by requiring that Ar is equal to n=/3:
72n2/3

T, ~ . (8.1)
mk B

In the case of alkali atoms, condensation temperatures usually range from 100 nK
to a few uK. The first Bose-Einstein condensate of alkali atoms was experimentally
realized in 1995 by the teams of W. Ketterle at MIT [93] and E. Cornell and C.
Wiemann at Boulder [94] in vapors of Rubidium and Sodium (see Fig. 8.1). In 2001,
they were awarded the Nobel prize for this achievement. Since then, many other
atomic species have been condensed and Bose-Einstein condensation has become the
know-how of numerous laboratories.

8.1.2 Nonuniform and weakly interacting Bose-Einstein con-
densates
The phenomenon of Bose-Einstein condensation makes part of the natural behavior

of Bose gases at low temperatures. It is quite well understood in the ideal case of
a uniform gas (i.e., with constant density in space) of noninteracting atoms. More
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Figure 8.1: Velocity distribution (in false colors) of a cloud of ' Rb atoms above and
below the condensation temperature 7., from [94]. For T' > T, the distribution is
Maxwell-Boltzmann. Below 7., atoms start condensing in the same quantum state
(blue-white ellipse) whose wave function has an anisotropy reflecting that of the
confining potential.

details on this subject can be found, for instance, in the book of L. Pitaevskii and
S. Stringari [95]. However, in practice, condensates are often produced in confining
optical potentials (called “traps”), where gases are naturally nonuniform. Besides,
atomic interactions are always present and may affect the properties of the gas. It is
therefore important to develop a theoretical playground for the description of these
more general situations. For the sake of simplicity, from here on we assume zero
temperature.

8.1.2.1 Hartree ansatz

In this thesis, we always assume that interactions between atoms are “not too
strong”. This situation is frequently encountered in practice, and allows for a mean-
field theoretical description of Bose-Einstein condensation. More quantitatively, the
condition of weak interactions can be written as

n Y3 > q,, (8.2)

where as is the scattering length of the interaction potential. Condition (8.2)
amounts to say that the Bose gas is sufficiently dilute. Keeping this condition in
mind, the mean-field description of a Bose-Einstein condensate of N > 1 atoms con-
sists in assuming that all atoms are described by the same wave function ¢. In other
words, atoms are considered to be independent. This is the “Hartree ansatz” which
leads to the following expression for the N-particle wave function ©(ry,...,ry) of
the gas:

O(ry,...,rx) = H o(r;). (8.3)



8.2. Bose-Einstein condensate expanding in a random potential: a toy model 105

From this ansatz, one defines the “wave function of the condensate” as ) = v/N¢. In
the following, we shall always refer to this quantity when speaking of the condensate.
¥ is normalized to the total number N of particles of the condensate:

/ Prlv(r)? = N. (8.4)

8.1.2.2 Gross-Pitaevskii equation

We have now all tools to introduce the stationary Gross-Pitaevskii equation which
governs the equilibrium behavior of a Bose-Einstein condensate in an external po-
tential Vi: ,

b(0) = [ 92+ Vo) + a0 ), (85)
Here gy is the strength of interactions; in three dimensions, gy = 4wh?a,/m. The
chemical potential p is the energy needed to remove an atom from the conden-
sate. Notice that Eq. (8.5) is nothing but a stationary Schrédinger equation at
energy p and with an additional nonlinear term. Its derivation from the Hartree
ansatz (8.3) is given in Appendix C. As an example of application of the stationary
Gross-Pitaevskii equation, we mention the — frequently encountered — case of a
condensate maintained in its equilibrium state by an external confining potential.
This problem is treated in Sec. 8.2.

Eq. (8.5) is a stationary equation. In some situations, however, one can be
interested in the dynamic behavior of a BEC. This happens, for instance, when a
condensate expands freely in an external random potential (this situation is also
considered in Sec. 8.2). In this case, the wave function of the condensate ¥ (r, )
depends on time and Eq. (8.5) must be replaced by the dynamic Gross-Pitaevskii
equation

32
OUr. ) = | G VE 4 Vol )l O [ vl (50

A derivation of this equation is given in Appendix C. Obviously, the total number
of atoms is conserved during the time evolution of the condensate:

/ol?’r|@b(1“,t)|2 =N. (8.7)

8.2 Bose-Einstein condensate expanding in a ran-
dom potential: a toy model

Experimentally, BECs are usually produced inside traps generated by means of
optical or magneto-optical techniques. In the experiments on BEC expansion in
random potentials, the trap is turned off and the condensate starts to expand in an
external optical random potential. Theoretical treatment of this problem requires
to solve the Gross-Pitaevskii equation (8.6) with Vi (r,t) = V,(r,t) + V(r), where
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V., is a harmonic potential of frequency w describing the trap and V is the random
potential. The process of turning off of the trap is described by the time dependence
of V.

Unfortunately, solving Eq. (8.6) for this particular scenario is a formidable task
that is doomed to fail. To simplify the problem, it is convenient to make use of a
toy model which consists in separating the initial process of release from later stages
of expansion. This model was initially proposed in [96] in the context of Anderson
localization of BECs. We shall make use of it in the next two chapters. In this model,
the expansion scenario is divided in three distinct stages that describe, respectively,
the trapping of the BEC, the release process and finally the expansion in the random
potential. At the first stage, the condensate is in its equilibrium state inside the trap
V.. No random potential is initially present, and atomic interactions are typically
strong. We assume this stage to take place at times ¢ < 0. At time ¢ = 0, the trap
is turned off and the second stage starts. For times ¢ < 1/w, interactions mainly
drive the expansion of the condensate and the random potential can be neglected
(this stage is described in detail in Sec. 8.3). Finally, for times ¢ > 1/w, the local
density of the condensate becomes low and the role of interactions is expected to
be negligible. Hence, interactions can be excluded from consideration. The three
stages are summarized in Fig. 8.2.

time
V‘U(r) "
Iy
«— - —
Py V(r)
Stage 1: ¢t <0 Stage 2: (<t < 1/w Stage 3: t> 1/w

Figure 8.2: Toy model describing the expansion of a BEC produced in a trap
of potential V,,. At the stage 1, the BEC is in its equilibrium state inside the
trap. At ¢t = 0 the trap is turned off and the BEC starts expanding. At this
stage, the expansion is driven by interactions and the random potential V'(r) can be
neglected (stage 2). Finally, for times ¢ > 1/w, interactions become negligible and
the expansion is driven exclusively by the random potential (stage 3).

8.3 Release of the condensate from the trap

Although the initial release process of the condensate from the trap (stages 1 and
2 of our previous discussion) is not the central issue in our study of Bose-Einstein
condensates, we detail it in this section because the knowledge of the state of the
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condensate in the beginning of stage 3 will be needed in the next chapters. More pre-
cisely, in this section we evaluate the momentum distribution of a freely expanding
BEC at t > 1/w. This amounts to study the expansion of an interacting condensate
in a time dependent harmonic trap. This problem was investigated theoretically by
Y. Kagan et al. [97] and Y. Castin and R. Dum [98]. As discussed in Sec. 8.2, due
to the strong atomic interactions, the random potential can be neglected during this
stage.

8.3.1 Thomas-Fermi regime

Consider a BEC in its equilibrium state, trapped in a three-dimensional, symmetric
harmonic potential V,,(r) = mw?r?/2. The wave function t(r)! of the condensate
then obeys the stationary Gross-Pitaevskii equation

piole) = | V24 VL) + (o) | () 85)

We assume repulsive interactions inside the trap: go > 0. The interaction energy is
large as compared to the kinetic energy. Neglecting the kinetic term —h?V2/(2m)

in Eq. (8.8), we obtain
) = /L (59

when g > V,(r) and 0 otherwise. For a harmonic V,,(r), the density profile | (r)|?
has therefore the shape of an inverted parabola. Eq. (8.9) characterizes the local
equilibrium between the interaction energy, on the one hand, and the trap potential,
on the other hand, according to the relation

golto(r)]” + Vo(r) = p. (8.10)

This Thomas-Fermi equilibrium is depicted in Fig. 8.3.

Let us now characterize the Thomas-Fermi regime a bit more precisely. In the
absence of interactions, the typical extent ay of the condensate can be obtained by
applying the virial theorem to a condensate without interactions in its equilibrium
state in a harmonic trap. Requiring that the kinetic energy of an atom ~ h?/(2ma2)
equals its potential energy ~ mw?a?/2 we obtain ag ~ /h/mw. In the Thomas-
Fermi regime, however, repulsive interactions are strong and one expects the typical
extent Ry of the condensate to be much larger than ag. Ry follows from Eq. (8.9):

Ry = /21 (8.11)
mw

Applying the condition Ry >> ag, we finally obtain
> hw, (8.12)

which is the fundamental inequality of the Thomas-Fermi regime.

[13e2)

Tn this section, we add the subscript “;” to the wave function to indicate that we deal with
the initial process of the expansion scenario.
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hw\~

0 ap Ry T

Figure 8.3: Drawing of a Bose-Einstein condensate of chemical potential y trapped
in a harmonic potential V,(r), in the Thomas-Fermi regime characterized by the local
equilibrium between the interaction energy go|to(r)|> and the harmonic potential.
In this regime, the typical extent of the condensate is Ry, which is much larger than
its extent ag in the absence of interactions.

8.3.2 Opening of the trap. Scaling

The process of opening of the trap is modeled by a time-dependent trap potential.
The Gross-Pitaevskii equation then reads

—h?
ih8t¢(r7 t) = %VE + Vw(rv t) + QOW(IU t)|2 w(rv t) (813>
A brutal turning off of V, at ¢ = 0 is described by
1
Vo(r,t) = §mw(t)2r2, (8.14)

with w(t) = w = const for ¢t < 0 and w(t) = 0 for ¢t > 0. Although immediately after
the release from the trap, interactions are still strong, we cannot directly neglect
the kinetic term in Eq. (8.13) as in Sec. 8.3.1, because the interaction energy
golw(r, t)]? is progressively converted into the kinetic energy during expansion. The
idea of [97, 98] is to make use of a unitary transformation of the wave function
including, notably, a scaling in r, in order to get rid of the kinetic term in Eq.
(8.13). By making such a transformation one obtains the following solution of Eq.
(8.13) (see Refs. [97, 98] for details):

, . ANb) | o (x/A(
Y(r,t) = exp [—Zﬁ(t) + imr? 2h§\()t)] 0)\(2;/)3/(2 )), (8.15)
where \ and 3 are two scaling functions that obey
. . 2
B(t) = % and \(t) = ﬁ (8.16)

and 1y is the wave function at t = 0 given by Eq. (8.9). Eq. (8.15) shows that
the inverted parabola shape of the density profile is preserved during the expansion.
More important, solution (8.15) also preserves the normalization of the wave function

[ drlus(r, )2 = N.
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8.3.3 Momentum distribution at long times

We are interested in the momentum distribution of the condensate at long times. Its
calculation requires the knowledge of the functions A and 3. Although Eqgs. (8.16)
do not admit any analytical solutions, a numerical study indicates that at long times
t > 1/w, A(t) ~ \/2/3wt. Substituting this solution into Eq. (8.15), we obtain

bk, t) = exp[—if(t)] (2%)3/2 / &r 1, ( %%) exp (Z”;z —z'k-r) . (8.17)

The integral over r can be evaluated by means of the stationary phase approximation.
At long times ¢ > 1/w, this gives the momentum distribution of the condensate that
we denote |pg(k)|?:

(et 1) = 602 = o (0)]? (1 - %) H (1 - ﬁik) L eI

where we have introduced the wave number k, = \/2mu/h? at energy p and the
Heaviside step function H.

Although we have considered a three-dimensional initial trap, Eq. (8.18) turns
out to be valid in any dimension. That is the reason why we have not detailed the
exact prefactor |¢o(0)[? in front of the momentum distribution. This prefactor can
be readily obtained by making use of conservation of the total number of atoms
and depends on the dimensionality. In the following two chapters, we consider both
expansion in a waveguide of cross-section A (quasi one-dimensional geometry) and
expansion in an unbounded three-dimensional space. We have, respectively,

_ 67NA
42k,

_ 157°N
2V2k

a2 (0)]? and |45°(0)|? (8.19)

8.4 Conclusion

In this introductory chapter we laid foundations of the theory of weakly interacting
Bose-Einstein condensates in the presence of an external potential, by introducing
the dynamic Gross-Pitaevskii equation. We also presented a theoretical toy model
allowing for a coherent description of experiments with BECs expanding in random
potentials: the condensate is produced in a trap (initial stage), from where it is
released. The expansion of the condensate can then be divided in two stages. At
the first stage the expansion is mainly driven by atomic interactions, whereas at
the second stage interactions become weak. The next two chapters will describe the
expansion of the condensate in the random potential starting from the moment in
time when interactions become negligible (Chapter 9) or weak (Chapter 10).

We end up this section with a few quantitative estimates. We introduced several
length scales throughout this chapter: the scattering length a, of the interaction
potential, the extent ay of a non-interacting trapped condensate, the extent Ry of a
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strongly interacting trapped condensate and the wave number £, at energy p (1/k,
is sometimes called the healing length). Anticipating the next chapter, we can also
introduce the mean free path ¢, the average distance between two scattering events
for an atom in the random potential. All these length scales typically order in the
following way:

as < 1/k, < ay < Ry~ L. (8.20)
~— N ~— S——
1 nm 0.1 pm 1 pm 10 pm
Note in particular that, for a usual atomic density of 10'® cm™2, we have n='/3 ~

100 nm which is much larger than the scattering length. Condition (8.2) is thus
typically fulfilled in experiments with BECs?. Finally, in typical experiments the
expansion of the condensate lasts for a few seconds, and the time 1/w after which
Eq. (8.18) applies is typically ~ 30 ms.

2Except, of course, in those dealing with particularly strong interactions, like in [99], where the
authors observed the first hints suggesting a Bose-glass phase for a strongly interacting BEC in a
random potential.
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ARMED with the considerations of Chapter 8 we can now get to the heart of the
matter and study the expansion of a Bose-Einstein condensate in a random potential.
In the present chapter we are interested in the statistical fluctuations of the atomic
density n(r,t) due to the randomness of the potential. Recently, P. Henseler and

111
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B. Shapiro [100] showed that a BEC in a random potential is characterized by
a complicated, highly irregular density pattern reminiscent of what we know as
speckle in optics (see Chapter 6). According to Ref. [100], multiple scattering from
the potential completely randomizes n(r,t) and reduces the correlation length of
atomic speckle pattern to a value of the order of the healing length 1/k, of the
initial trapped condensate, which is the minimal possible correlation length for a
coherent matter wave. The “matter-wave speckle pattern” is therefore a random
arrangement of small regions of high and low density. The short-range correlation
associated with this structure is called C; by analogy with the case of classical waves
studied in Chapter 6. Physically, this correlation results from the scattering of
the condensate immediately preceding the observation and can thus be seen as a
diffraction-like effect. The key point is that, in principle, the macroscopic coherence
of the condensate should give rise to genuine interference effects that were ignored
in Ref. [100]. For classical waves, these correlations are long-range and are called Cs.
The purpose of this chapter is to investigate these correlations in an expanding BEC
and to answer the following two questions: are these correlations still long-range
for BECs? Do they vary with time and how do they compare to the short-range
correlations introduced in Ref. [100]?

This chapter is divided in three parts. First, we introduce the model of random
potential and the quasi one-dimensional geometry. We then study the density pro-
file of a BEC during expansion in the random potential and discuss the notion of
“matter-wave speckle pattern” by calculating the short-range C; density correlations
introduced in Ref. [100]. Finally, in the third part we develop the formalism which
allows us to analyze to the long-range Cy density correlations.

9.1 Preliminaries

9.1.1 Gross-Pitaesvkii equation

From here on, the origin of time is chosen at a time > 1/w after the release of the
condensate from the trap (see the toy model of Sec. 8.2), i.e. when the condensate
is sufficiently dilute and atomic interactions weak. As a consequence, in this chapter
we neglect atomic interactions. We shall come back to this assumption in Chapter
10.

For t > 0, the wave function of the condensate ¢ (r,t) obeys the Gross-Pitaeskii
equation (8.6) which, in the absence of interactions, reduces to a linear Schrédinger
equation:

oY(r,t) h?

, I N
ih T 2mVr+1/;xt(r) ¥(r,t), (9.1)

with the initial condition ¥ (r,t = 0) = ¢o(r), where ¢y has been introduced in Sec.
8.3.3. The potential Ve (r) = Vi (r) + V(r), where V(r) is the random potential
and V| (r) is a confining potential. Both are described in details in Secs. 9.1.2 and
9.1.3.
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It is important to understand the physical meaning of the chemical potential pu.
We saw in Chapter 8 that immediately after the release of the condensate from its
trap, u is the typical energy of atomic interactions (Eq. (8.10)). When the trap
is turned off, this energy is converted into kinetic energy, until interactions become
negligible. Therefore, in this chapter, u gives the typical kinetic energy of atoms.

9.1.2 Random potential

As in the first two parts of this thesis, we assume a white-noise Gaussian statistics
for the random potential (disorder) V' (r). The correlation function of the random
potential reads [16]

V)V () = }#—Wd(r —1') (9.2)

- m2l ' '

If this model has the merit of being simple from the theoretical point of view, it is
not well adapted to the direct description of experiments. That is the reason why at
the end of the chapter we shall also discuss the more physical case of the correlated
“speckle potential”. Note that the term “speckle” here comes from the fact that the
light beam used to produce the random potential is transmitted through a diffusive
plate and thus generates an optical speckle. It should not be confused with the
term “speckle” used throughout this chapter and referring to the random density
pattern generated by the expanding condensate itself. The correlation function of
the correlated speckle potential is given by [101]

Vv = o | 93)

where vy and o are the amplitude and the correlation length of the random poten-
tial, respectively. The limit vg — oo and og — 0 with v%0% = const = h*/(m?(/7)
corresponds to the uncorrelated white-noise random potential (9.2). A typical real-
ization of the speckle potential is drawn in Fig. 9.1.

correlation

length o V(I’)

amplitude vg

Figure 9.1: Drawing of a typical realization of the speckle potential as a function of
position (in one dimension for clarity). The amplitude vg and the correlation length
og are indicated.
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Figure 9.2: Drawing of a BEC expanding in a three-dimensional random potential

and confined transversally to a waveguide of typical diameter d. We assume 27 /k, <
d< /.

9.1.3 Quasi one-dimensional geometry

The potential V| (r) that appears in Eq. (9.1) is used to confine the BEC in par-
ticular directions of space. In this chapter, we assume that when expanding in
the random potential, the condensate is constrained in a “tube” of diameter d and
transverse cross-section A = wd?/4. In experiments, this “tube” can be realized by
means of a confining optical or magneto-optical potential in the transverse direction.
For the sake of simplicity, V| (r) is chosen to be zero for r < d/2 and infinite for
r > d/2'. This geometry is depicted in Fig. 9.2. The confining potential V| (r)
restricts the expansion of the BEC to a quasi one-dimensional waveguide:

ok, < d < L. (9.4)

Eq. (9.4) is the matter-wave counterpart of Eq. (6.5) and carries the same physi-
cal meaning: the first inequality indicates that the condensate expands in a three-
dimensional space, whereas the second inequality imposes a one-dimensional diffu-
sion process along the longitudinal direction. In quasi one-dimensional geometry,
the localization length at energy u is typically &, ~ ((k,d)?. From this expression,
we immediately deduce that when k,d > 1 (first inequality (9.4)), the localization
length much exceeds the mean free path. Therefore, the condensate starts to “feel”
the effects of Anderson localization only after an initial stage of diffusive expansion.
This is the main difference with recent experiments [87, 88, 89, 35, 90| which focused
on the purely one-dimensional case k,d ~ 1 and §, ~ ¢.

To sum up, the condition (9.4) implies the following scenario: the condensate
expands by diffusion along the longitudinal direction until |2| ~ &, > ¢ before
it starts to be affected by the effects of Anderson localization. The macroscopic
expansion is one-dimensional along the z-direction, but at the microscopic scales
the atoms of the condensate see a fully three-dimensional random potential.

n experiments [87, 88, 89, 35, 90], V| is roughly harmonic, such that the transverse confining
tube resembles more a hyperboloid of weak curvature.
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9.2 Density speckle and average density profile

9.2.1 Density speckle pattern

When dealing with a Bose-Einstein condensate expanding in a random potential,
a natural quantity of interest is the atomic density n(r,t) = | (r,t)|?>. Due to the
random potential, this quantity is random, namely it rapidly fluctuates as a function
of position. It is convenient to decompose n in a sum of its statistical mean (over
many realizations of the random potential) 7 and its fluctuating part dn which is a
random function. For a given realization of random potential, the density profile n
typically looks like the blue curve depicted in Fig. 9.3. It fluctuates due to on: this
profile is the “density speckle pattern”. On the contrary, the average density profile
n does not fluctuate. It is depicted by the smooth red curve in Fig. 9.3.

A C1<r17 ra, t)

T Co(r1,ra,t) T

Figure 9.3: Typical density profile n(r,t) of the condensate (blue curve). The
speckle disappears when the average over realizations of disorder is taken (red curve).
The C; part of the correlation function of density fluctuations is short-range and the
C, part is long-range.

Generally speaking, the statistics of the random function dn can be characterized
by the two-point correlation function

571(1'1, tl)én(rg, tg)

n(ri, 1) x n(ry, ta)

. (9.5)

Eq. (9.5) is the matter-wave counterpart of the intensity correlation function (6.4)
that we defined for classical waves. For the sake of simplicity, in the following we
restrict our consideration to the case t; = t, = t. Although the exact calculation of
this correlation function is hopeless, by analogy with Eq. (6.2.3), we can formally
decompose it in two parts C; and Cy that are the zero™ and first order of perturbation
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theory in the strength of the random potential, respectively:2.
on(ry,t)on(ry, t)

n(ry,t) x n(ry,t)

:C1(r1,r2,t) —I—CQ(I'l,I'Q,t). (96)

Here we consider a slightly different situation than that studied in Chapter 6 for
classical waves. Indeed, now we are not interested in the speckle pattern observed in
transmission through the waveguide, but in the speckle pattern inside the waveguide.
In other words, we study correlations between points r; and rs inside the waveguide.
By analogy with previous works on optical speckle patterns [67, 102, 103, 104], C;
and C, are expected to be short- and long-range, respectively. Here “short-” or
“long-range” refers to the range of the corresponding correlation function in space:
C; is expected to be non-zero only for points r; and r, that are close to each other,
whereas Cy is expected to decay slowly with |r; —r3|. The role of C; and C; correlation
functions is illustrated in Fig. 9.3.

9.2.2 Average density profile of a BEC expanding in a quasi
one-dimensional waveguide

Let us first look at the average density profile m(r,t) = |¢(r,t)|? of an expanding
BEC in a waveguide. We start from the Gross-Pitaevskii equation (9.1). The wave
function of the condensate at time ¢ and position r is given by

P(r,t) :/Qd—;/d?’r’GE(r, ') o (r)e iR, (9.7)

where G is the Green’s function of Eq. (9.1). ¢o(r) is the initial wave function of
the condensate (Sec. 8.18). The atomic density averaged over realizations of the
random potential then reads

nte ) = O 0F = [ 252 [ e im0 x

X o (1) gy (1) e~ AT/, (9.8)

The calculation of the four integrals in Eq. (9.8) requires the knowledge of the
product GG*. In the weak disorder limit k,¢ > 1 it is given by the diagram
depicted in Fig. 9.4. The gray part of this diagram represents, as usual, a sum of
ladder diagrams detailed in Fig. 3.2.

At large distances z > ¢ and long times ¢ > ¢/v,,, where v, = hk,/m is the ve-
locity of an atom with kinetic energy u, n is independent of the transverse directions
z, y and Eq. (9.8) leads to [91, 100]

n(et) = [ S lon(BPCo ) (9.9

2Note that this decomposition is not the end of the story since we saw in Chapter 6 that a
classical wave propagating in a disordered medium generates second-order C3 correlations as well.
These correlations should also exist for condensates. However, their role is still an open question.
They will not be considered in this chapter.
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Figure 9.4: Main diagram contributing to G, (r,r)G?,(r,r2) in the weak disorder
limit. The solid and dashed lines represent Green’s functions G, and GY,, respec-

tively. The gray part connecting G and G* symbolizes a sum of ladder diagrams.
This sum is detailed in Fig. 3.2.

where ¢, = h?k?/(2m) and C(z,t) is the probability to find an atom of energy e,
initially located at the origin, in the vicinity of r = (z,y, z) after a time ¢. The
physical interpretation of Eq. (9.9) is transparent. However, its complete derivation
from Eq. (9.8) is quite involved, and has been reported in Appendix D. The
“diffusion propagator” C, has already been introduced in the first part of this thesis
for classical waves, as a solution of the diffusion equation (3.8). There is no difference
in the case of matter waves, and in the quasi one-dimensional geometry it is given
by

1 —22
Ce(z,t) = AViDi exp (@) . (9.10)
As compared to Eq. (3.8) for the diffusion propagator Cp, here we have dropped the
subscript “D” for clarity and introduced the energy argument € to indicate that C.
describes propagation of an atom of energy e. In the same spirit, we have replaced
the subscript B in the Boltzmann diffusion coefficient D by €. For matter-waves,
this diffusion coefficient reads D, = v.£/3, where v. = \/2¢/m is the velocity of
an atom of energy e. We remind that the constant A in Eq. (9.10) refers to the
cross-section of the waveguide. Note that the fact that the average density profile
only depends on the longitudinal position z is inherent of the quasi one-dimensional
geometry: along the transverse directions x and y, n does fluctuate but 7 is uniform.
The explicit calculation of 7i(r,t) from Egs. (9.9), (9.10) and (8.18) is straight-
forward and leads to:
- ) , (9.11)

N L (
A/D,t  \ Dyt

n(z,t) =
where

1 42
160+/2 ™

V(=120 + 1?) {1 — erf ( 4%)} } , (9.12)

with erf(z) = [ exp(—u®)du. As the condensate expands, its typical size grows
with time according to (2?) = [ 2*n(z,t)dz ~ D,t. The linear growth of (z?) with
time is typical for the diffusion process (this is a direct consequence of Eq. (2.1)).

hi(x) = (96 + 2v2z — 22) exp (%) n
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It is interesting to note that the expansion of the condensate is characterized by a
single parameter D, = v,¢/3: all goes as if the condensate behaved like a single
atom of energy p. D, can thus be regarded as the typical diffusion coefficient of the
condensate.

T " T _obs I - I
N * — ¢ =200¢?/D
= R %0.03 _t500 /D 17
5 = on]\| — 1000
= — 2000
5 3 ival ~ — |
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éﬁ 4 z =104 -
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Timelog,, tD,, /¢

Figure 9.5: Ensemble-averaged atomic density m of a BEC expanding in a three-
dimensional random potential inside a quasi one-dimensional optical waveguide. The
main plot shows 7 as a function of time for three different distances z. The dashed
line is a 1/4/t asymptote. The inset shows 7 as a function of 2.

Profiles of atomic density are plotted as functions of z in the inset of Fig. 9.5.
In the main plot of Fig. 9.5 we show 7 as a function of time. The density reaches a
maximum at the “arrival time” tapiva ~ 22/D,, ~ (£/v,)(z/£)? and decays as 1/v/t
at long times t > t,1iva1. This long-time limit is the most interesting regime to which
we restrict our analysis from here on.

9.2.3 Validity of the analysis

As discussed in Sec. 9.1.3, in the waveguide geometry the localization length is given
by &, ~ ((k,d)?, and it is much larger than the mean free path, if k,d > 1. For
relatively short times, the typical extent of the condensate is much smaller than &,
such that the diffusive approach developed in this chapter is valid. However, the
condensate expands along the z axis, and there exists some (long) time after which
it starts feeling the effects of Anderson localization. This happens when the typical
size of the condensate becomes of the order of the localization length &,. We have
seen in the previous section that the typical size of the condensate at time t is given
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by
V(z2) ~+/D (9.13)

The condition /(z2) ~ &, leads to the following characteristic time after which the
diffusion approach breaks down and Anderson localization sets in:

toe ~ <£) (kud)*. (9.14)
Up
In all the following reasonings, we shall assume that t < #,,.. Interestingly, Eq.
(9.14) could have been obtained in yet another way, by noticing that the prediction
n — 0 for t — oo of Eq. (9.11) is wrong because at very long times, localization
“freezes” m at values of the order of N/(A¢,). By comparing N/(AE,) with the
long-time limit of Eq. (9.11), one recovers the characteristic time ¢, of Eq. (9.14).

9.3 (; and (s correlation functions

9.3.1 Diagrammatic approach

In general, the calculation of density correlation functions is a difficult problem
because it implies averaging a product of four wave functions over disorder. For
matter waves, the problem is even more complicated because it implies a summation
over energies of all atoms composing the condensate. From Eq. (9.7), the density
correlation function (9.6) writes in a very general form:

n(r,t)on(r',t) = @t /Hd?’rj dej e n(17e )t— 1 (e3—ea)t

K (vt U5 {r}, {€;}) do(r1)dg(ra)do(rs)dp(ra), (9.15)

where the six-point kernel K is given by the connected part of a product of four
Green’s functions, averaged over disorder:

K = G (r,r)G: (r,r)G, (Y, 13)G7 (1, 14)

€1

— G (r,r1)G (r,r0) X G, (v, 13)G, (v, 1y). (9.16)

€1

We stress that by writing Eqgs. (9.15) and (9.16) we do nothing else than multiplying
four wave functions (9.7). These equations are therefore still very general. Physi-
cally, density correlations result from interference processes between four scattering
paths. These processes are encoded in the kernel K. In the next two sections, we
consider C; and C, parts of the correlation function.

9.3.2 Short-range C; correlation

We now consider the short-range part C; of the density correlation function (9.6).
The physical process leading to C; involves four scattering paths that propagate in
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independent pairs. Therefore, in some sense C; does not really describe a genuine
interference effect. The diagram of Fig. 9.6 gives the main contribution K to the
kernel K. By substituting the diagram K; into Eq. (9.15) we obtain:

€1
I >
ry— . i
K “ >
1 — y r
€3 s
rs > ’
’
rgm = == = = =~
€2

Figure 9.6: Diagram contributing to C;. The meaning of lines and symbols is the
same as in Fig. 9.4.

2

de, de i
' [ 5252 [ Eridtre i 0G Tr Gr rdn(r)éir
(r,r')t) Ten

n(r, t)n(r', t)
(9.17)
The calculation of the numerator of Eq. (9.18) is very similar to the calculation of

7. The result is
sm(k:Ar) —Ar )
e \/ e (S o)
n(z, t)n(2,t) ’

where Ar = |r — r/|. Densities at points r and r’ appearing in the denominator of
Eq. (9.18) are given by Eq. (9.11). The integral of the numerator has no analytical
expression. It has to be evaluated numerically. C; is plotted in Fig. 9.7 as a
function of Ar. The correlation falls to zero for very short distances Ar ~ 1/k,.
Physically, this proves the very existence of the density speckle, consisting of an
irregular pattern made of small regions of high and low density. The typical speckle
size is 1/k,, the decay length of the correlation function. Surprisingly, C; does
practically not vary with time. This means that the typical speckle size remains
unchanged as the condensate expands!

2

(9.18)

9.3.3 Long-range C; correlation

The long-range part of the correlation function — C, — can be obtained by using
a next-order contribution to K: K, given by the diagram depicted in Fig. 9.8.
This diagram represents an interference process between four matter waves that
propagate in pairs to some point, where they interchange partners before continuing
to the measurement points r and r’. A proper treatment of such a crossing of wave
paths is guaranteed by the use of the Hikami box diagram — the H box in Fig. 9.8
— that has been introduced in Chapter 3. From Fig. 9.8, we find
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1.0 " T " T " =
S
L 0.8- -
"
5 0.6 (stationary profile)
-
©)
S 044 i
=
&
55 0.2 1
O ] ]

i,
0.0 ; : . ———— |
0 1 2 3

k,Ar/m

Figure 9.7: C; correlation function as a function of the distance Ar = |r—r’'| between
two points r and r’. The typical decay length is 1/k,. This profile is independent
of time.

Ky = H(rs,r6,17,T8) X Ge,(r1,18)G% (T4, T8) X Gey(r3,16)GE, (T2, T6) X
G (r,r5)G?, (r,15) X Goy (v, 17) G (1, 17). (9.19)
For matter waves, the Hikami box reads [16]
°m?
H(rs,rq,r7,15) = 0(r5 — 16)0(rs — r7)0(r5 )37rh3 Vs Vi, (9.20)

Substituting Eq. (9.19) into Eq. (9.15) and making use of Eq. (9.20), we obtain

4
1 Z. Z.
571(1', t)5n(r/,t) = (271')4 /d?’r" | | dejd?’rj 6_5(61—52)t—ﬁ(53—s4)t >
Jj=1

A\ [Gel(rl,r”)Gﬁ (m,r”)} -V [Geg(rg,r”)G* (rg,r )} X
Ge, (r, 1")G, (r,15) X G (v, 1) G (1, 1) (11) 9" (r2)d(r3) 9" (ra). (9.21)

After some algebra, Eq. (9.21) becomes

2mlh* A
3m?2(2m)4

on(r,t)on(r',t)

o0 2
/ dz [Hdk:j dQ; |o(k))[* Py (21, )
j=1

— 00

X 0,C (2= 21,9.)0.,Cc, (2 — 21, Qy)e BT (9 99)

where €1 = [e, + €k, £ h( —22)/2]/2 and Qy = H(ex, — €x,) + (21 +2)/2. Here
we have introduced the three-dimensional diffusion propagator

Ce(z,9Q) = exp(— |z| /—iQ/ D,) [2A/ —iQD,, (9.23)
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Figure 9.8: Diagram for the kernel K5 generating the long-range correlation function
of density fluctuations C,. Lines and symbols have the same meaning as in the
diagrams of Fig. 9.4. H is the Hikami box whose expression is given in the main
text.

which is nothing but the Fourier transform of Eq. (9.10) with respect to time.

At first sight, the physical meaning of Eq. (9.22) is not at all obvious. The
multiple integral is difficult to perform due to the complicated coupling between
energies and momenta. However it can be evaluated numerically by means of the
Monte-Carlo integration technique, and allows for partial analytical analysis in some
special cases, as we now show.

9.3.3.1 Variance of the atomic density

The simplest quantity that Eq. (9.22) allows us to study is the correction to the
(normalized) variance of the atomic density fluctuations:

on?(r,t)

(1) =Ci(r,r,t) +Co(r, 1, ). (9.24)

=1

The C; term in Eq. (9.24) follows from Eq. (9.22) and can be conveniently written
as

Ca(r, 1, 1) (9.25)

2
= =< 7),
k2 A\ k.l
Here we have introduced dimensionless variables ¢ = z1/k,(/¢ and 7 = tp/h that
feature natural spatial and temporal scales of the problem. A combinatorial factor
2 has been added. The dependence of Cy on position ¢ and time 7 appears to be
given by a universal function ¢(¢, 7) that does not depend on any parameters of the

problem. We plot this function in Fig. 9.9 for three fixed values of 7. It is quadratic
in ¢ for small ¢ < 7Y% (¢, 7) ~ Ay 7341 — Ay(¢/7Y/*)?] and decays as AsT/C for



9.3. (C; and Cy correlation functions 123

¢ > 7% Here A; ~ 6.3, Ay ~ 0.3 and A3 ~ 1.9 are constants that have to be
calculated numerically.

c(¢,7) grows with time as 7%/4 for ¢ < 7'/* as we also show in the inset of
Fig. 9.9. This amplification of ¢(¢,7) with time can make Cy significant for large
7, despite the small prefactor in front of ¢ in Eq. (9.25). In particular, Cy(r,r, )
becomes of order 1 (i.e., of the same order as C;) for

b~ (g/vu)(kud)s/g(kug)_l/ga (9.26)

which is still smaller than the localization time t,,. that limits the validity of our
analysis (see Sec. 9.2.3).
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Figure 9.9: Position dependence of the correction ¢ to the variance of atomic density
in an expanding BEC for three different times 7 = tu/hA. The dimensionless distance
is ¢ = zy/kul/C. The dashed lines show analytic results A;7%4[1 — Ay(¢/71/*)?]
(small ¢) and A37/¢ (large ¢) for 7 = 3 x 10%. The numerical constants A;, Ay
and As are given in the text. The inset shows the time dependence of ¢ for a given
(small) ¢ =0.4.

9.3.3.2 Correlation between distant points

We now treat the particular case of correlations of density at two points symmetric
with respect to the origin: z = —2' = Az/2 > (. The result is expected to be
qualitatively similar for any sufficiently distant z and 2’ of opposite sign. Eq. (9.22)
yields

Co(r,r' t) = c2 (A, 7) (9.27)

l{;QA\/
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We show ¢; in Fig. 9.10 as a function of A( for three different times. For small dis-
tances A < 74, the correlation decays linearly with AC: co(AC, 7) ~ A;73/4(1 —
ALAC/TYY), where Ay ~ 2. At AC ~ 7'/%, it becomes negative and reaches a min-
imum. For longer distances A( > 7'/%, ¢, remains negative whereas its magnitude
decays only algebraically: co ~ —As7/A( with A5 ~ 1.2. In addition to having long
range is space, Co correlation grows in magnitude with time (see the inset of Fig.
9.10), similarly to the variance of dn. This property should facilitate its experimental
observation.
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Figure 9.10: Long-range correlation function ¢, versus dimensionless distance A{ =
2¢ (solid lines) for three different times 7 = tu/h. The dashed lines show asymptotes
A3 (1 — AYAC /7YY and —AsT/AC for 7 = 3 x 101, The numerical constants A;,
A4 and As are given in the text. The inset shows the time dependence of the
correlation for A¢ = 0.8.

Negative correlations of atomic density in an expanding BEC could be antici-
pated from the conservation of atom number N which implies [ d®rén(r,t)on(r’,t) =
0 and thus requires that the integrand must change sign. (Note that Eq. (9.22) obeys
this condition ezactly.) The important result of our work is to show that negative
correlations occur at large distances between points r and r’ and that they become
increasingly important as the condensate expands. Negative correlations of similar
origin were predicted to exist in reflection of waves from a thick disordered slab [105].
The analysis of long-range correlations introduces a new characteristic length scale
¢~ 1Y% or 2* ~ (Dt - £/k,)"* which is much smaller than the root mean square
size of the condensate (z2)!/2. It determines the typical separation between two
points, situated symmetrically with respect to the initial location of the condensate,
at which density correlations change sign.
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9.3.3.3 Physical interpretation of C; and C;

From the calculation of C; and Cs, we can refine the qualitative scenario of condensate
expansion given in the beginning of the chapter (Fig. 9.3). During the expansion,
the randomness of the potential makes the density of the condensate fluctuate at
short length scales, and these fluctuations do not vary in time. At short times after
the beginning of the expansion, the effect of Cy is weak and correlations between
different points of the condensate are mainly given by C;. After a certain time,
however, distant points start to be anti-correlated (C, becomes negative). This
anti-correlation may show up through a random displacement of the center of mass
M of the condensate. Since the magnitude of Cy increases with time, we expect
this displacement to increase as well. We can estimate the mean-square amplitude
(Za) = [ &r [ dPr'z2'dn(r, t)dn(r', t) of this random displacement by identifying it
with the distance Az at which Cy become negative. We thus deduce /(22,,) o< t'/4.
This scenario is illustrated in Fig. 9.11.

Ci(r1,r2,1)

(ZéM)

Figure 9.11: Drawing of the density speckle pattern (blue curve) at a given time.
The average density profile of the condensate is indicated in red. C; describes the
short-range density fluctuations that do not vary with time. Cy describes the random
displacement of the center of mass M of the condensate. The root mean-square
amplitude /(22,) of this random displacement (inset) grows with time as t'/4,

9.4 Conclusion

We investigated the structure of the density speckle pattern generated by a Bose-
Einstein condensate expanding in a disordered waveguide. Our study showed that
this structure is very different from that of a typical intensity speckle pattern pro-
duced, for instance, by a monochromatic light propagating in a disordered medium.
Even though at short length scales the density speckle pattern n(r,t) is made of
small independent spots, the macroscopic coherence of the condensate imposes cor-
relations between distant points, enhanced at long times. As a consequence, the
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density speckle pattern appears to have a much more complex and nontrivial spatial
structure than just a random arrangement of small regions of high and low density.
One may interpret the long-range correlations as a sign of random displacement of
the center of mass of the condensate, growing with time.

Although in the present chapter we considered the uncorrelated, white-noise ran-
dom potential, our results can be generalized to correlated potentials in a standard
way [101]. In the first approximation, it is sufficient to replace the scattering mean
free path by the transport mean free path {5 at energy u. For the speckle potential
(Eq. (9.3)), the latter is given by

3k, it

- 2,2 2"
2TMAvEog

lp (9.28)

We estimate that the long-range correlations should be directly observable under
conditions of the experiment of Ref. [35] with a three-dimensional random potential
and a slightly weaker transverse confinement of the condensate.
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IN the previous chapter we studied the diffusive expansion of a Bose-Einstein con-
densate in a quasi one-dimensional waveguide and discussed the structure of the
density speckle pattern. Atomic interactions were neglected during expansion. At
long times, the assumption of negligible interactions is known to be true in the ab-
sence of disorder [95]. At first sight, the same assumption seems also legitimate in
the presence of a random potential because the condensate gets increasingly dilute
during the expansion process. Therefore, provided that the disorder is weak enough,
the neglect of interactions seems to be a good approximation.

In the presence of a random potential, the assumption of negligible role of in-
teractions was validated by numerical simulations in one dimension [96]. However,
even in one dimension, no consensus on the effect of interactions on the expan-
sion of BECs exists. Indeed, recent works suggest that even weak interactions may
significantly affect the expansion of a condensate for a sufficiently strong disorder

127



128 Chapter 10. Study of interactions

[106, 107]. In higher dimensions and, especially, in three dimensions, there is neither
analytical nor numerical work about this issue.

In this last chapter on Bose-Einstein condensates, we consider the expansion of
a BEC in a three-dimensional random potential, in the absence of any confinement.
Note that, in contrast to the case of the waveguide studied in Chapter 9, in three
dimensions a critical energy separates localized from extended states (see the first
part of the thesis). This leads to Anderson localization of the condensate under
certain conditions. A systematic study of this issue was proposed recently by S. E.
Skipetrov et al. [92]. Somewhat earlier, diffusive expansion of a BEC in a three-
dimensional random potential was studied by B. Shapiro [91], neglecting effects of
Anderson localization. In these works, however, atomic interactions were ignored
during the expansion of BEC.

In this chapter, we put forward the first analytical study of nonlinear corrections
due to atomic interactions to the density of a BEC expanding in a three-dimensional
random potential. We make use of a perturbative approach in the interaction pa-
rameter go of the dynamic Gross-Pitaevskii equation (8.6), and neglect Anderson
localization. Therefore, we are interested in the effect of interactions on the diffusive
expansion of the condensate.

The chapter is organized as follows. First, we introduce the main lines of our
perturbative approach starting from the Gross-Pitaevskii equation. Second we detail
the behavior of the average atomic density as a function of the amount of disorder,
which allows us to define the limits of validity of the diffusion theory. Third, we
calculate explicitly the first-order nonlinear correction to the average atomic density
at long times. The effect of interactions on expansion, as well as the range of validity
of our approach, are discussed in detail.

10.1 Perturbative treatment

Consider a weakly interacting Bose-Einstein condensate of N > 1 atoms of mass
m expanding in a three-dimensional random potential V(r). Again, the origin of
time is chosen within the third stage of the toy model described in Chapter 8, which
ensures that interactions are not too strong. As in Chapter 9, we calculate the
density profile of the condensate, but this time without neglecting interactions. We
still assume that the random potential follows a white-noise Gaussian statistics:
V(r)V(r') = (h'r/m20)5(r — r’), where (¢ is the mean free path and the overline
denotes averaging over realizations of the random potential. We treat the condensate
in the framework of the dynamic Gross-Pitaevskii equation that we recall below:

oY h?
h— = |-—Vi+V HED 10.1
= | v () + gl v (10,0
Here v (r, t) is the wave function of the condensate and gy = 47h%a,/m is the strength
of interactions, with a, the scattering length. Note that the following reasoning is
valid for both repulsive (as; > 0) and attractive (as < 0) interactions. By Fourier
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transforming Eq. (10.1) with respect to time, we obtain

h2 >~ d >~ d
—€ — %VE + V(I'):| Ye(r) + go /_OO % /_OO 2—;_2¢61(I')¢:2 (T)Ve—cy4er () = 0.

(10.2)
Here ¢ (r) = [dty(r,t)exp(iet/h). To describe the effect of weak interactions
(lgo| < 1) on the expansmn of the condensate, we make use of perturbation theory
and write ¥, (r) = 9 (r) + dh(r), where |60 < |[”]. A precise condition of
validity of this approach will be given later on (see Sec. 10.3.2). In the following, the
superscript (© will refer to quantities free of interactions. Inserting this expression
into Eq. (10.2) and keeping only the lowest-order terms in 1. and go, we find that
wﬁo) obeys the linear Schrodinger equation

h2
{—e — %Vf + V(r)} »O(r) =0, (10.3)
whereas the first-order term 01, satisfies

B2 d d
- VIV ]we ps / / O O () () )

(10.4)
Egs. (10.3) and (10.4) form the basis for studying the behavior of the time-dependent
ensemble-averaged atomic density 7i(r,t) = [¢(r,t)[2. By expanding 7 and keeping
only the lowest-order terms in 41, we readily obtain

fi(r,t) ~ 7O (r,t) + An(r, t), (10.5)

where (9 (r,t) = [¢)©) (r, t)|? is the atomic density in the absence of interactions and

An(r,t) = 2Re[t)@*(r,)6¢(r,t)] is the first-order correction to 7, with 1 (r, )

and 01 (r, t) the Fourier transforms of 0 (r) and 61 (r), respectively. The next two
sections are devoted to the separate study of 7(? and An.

10.2 Expansion in the absence of interactions

In this section we derive the average density profile 7(?) (r, ) free of interactions, in
three dimensions. Here the situation is a bit more complicated than in the quasi one-
dimensional waveguide of Chapter 9 because we know that in three dimensions, a
critical energy €. separates localized states from extended ones. A part of atoms may
propagate by diffusion in the random potential, whereas another part may remain
localized in a small region of space. S. E. Skipetrov et al. [92] showed that in three
dimensions, the behavior of the atomic density is controlled by a single parameter,
equal to the ratio of the chemical potential x to the critical energy €. = h?/(2mf?):

B (k02 (10.6)

€c
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When k,¢ > 1, one expects that the condensate expands mostly by diffusion,
whereas when k,¢ is of the order of one, localization effects become important.
The case of k,f > 1 was studied by B. Shapiro in 2007 [91] whereas the opposite
situation k,¢ ~ 1 was studied by S. E. Skipetrov et al. in 2008 [92]. In this section,
we give a detailed study of the cross-over between the regimes of weak disorder
k£ > 1 and Anderson localization k,¢ ~ 1, which was not clearly identified in Refs.
[91] and [92].

10.2.1 Diffusive expansion

Let us first assume that k,{ — oo, which amounts to say that the condensate
expands purely by diffusion, since the critical energy is zero according to Eq. (10.6).
In the absence of interactions, the reasoning is exactly the same as in Sec. 9.2.2 of
Chapter 9. The wave function of the condensate at time ¢ and position r is given by

B0 (r, 1) = / - / G (r, ot )&, (10.7)

where G, is the Green’s function of Eq. (10.3). As in Chapter 9, we consider large
distances 7 > ¢ and long times ¢t > (¢/v,), where v, = hk,/m is the velocity of an
atom with kinetic energy p. The mean free time ¢/v, separates the ballistic regime
t < ¢/v, from the multiple scattering one ¢ > ¢/v,. In the latter case, the atoms
are scattered many times on the random potential. Under these assumptions, we
derive (see Appendix D for the detailed calculation):

SO ) — T < [ K 2

A0 1) = DR = [ Gslan0RC r.1) (108)

Eq. (10.8) is the counterpart of Eq. (9.9) in three dimensions. Here C.(r,t) =
exp(—|r — 1'|2/4D.t) /(47 D.t)*? is the diffusion propagator in three dimensions for
a particle with energy e. The initial momentum distribution of the condensate
|po(k)|* is given by Eq. (8.18). The calculation of the integral in Eq. (10.8) is
straightforward and leads to:

N r?
77(0) - S 10.

where

1 ) 5 _

1—erf( Ve )” (10.10)
4v2

As for the quasi one-dimensional case, in three dimensions the density profile is
controlled by a single parameter D, = v,£/3, which can be regarded as the typical

—oV4 /ra?/(—280 + x?)




10.2. Expansion in the absence of interactions 131

diffusion coefficient of the condensate. We plot the density profile in Fig. 10.1 as a
function of time for three different distances r. In three dimensions, 7(%)(r,t) decays
as t=3/2 in the long time limit ¢ >> tuival, Where tupiva ~ 12/D, ~ (£/v,)(r/0)? is
the “arrival” time at which the density reaches the maximum.

10g10 t/tarrival

Figure 10.1: Ensemble-averaged atomic density 7(”(r,t) of a BEC expanding with-
out interactions in a three-dimensional random potential, in the regime of weak
disorder k,¢ > 1, as a function of time and for three different distances r = |r| from
the initial location of the condensate. The dashed line is a 1/t%/? asymptote. The
time is in units of t,.1iva1, Such that all maxima fall in the same abscissa.

10.2.2 Anderson localization

Eq. (10.9) describes a purely diffusive expansion and does not include the effects
of Anderson localization. When £,/ is finite, a part of atoms inside the condensate
start to “localize”. For them, diffusion theory is not valid anymore. What happens
then with the atomic density? This question was raised in Ref. [92], where the
authors studied the atomic density for values of k,¢ of the order of one. Here we
summarize their result and make a link with the diffusive calculation of Sec. 10.2.1.

For ¢t > tamivar and moderate values of k,¢, the authors of Ref. [92] found that
7 oc 1/t for t > tamival, in contrast to the ¢t~3/2 behavior discussed above. When
k,( is increased, the 1/t decay is expected to cross over to the 1/ t3/2 decay typical for
diffusion. To illustrate this cross-over, we plot 7% (r, t) including localization effects
in Fig. 10.2 for three values of k¢ and for r = 10/ (three upper curves, orange, green
and blue). These curves are obtained from the self-consistent theory of Anderson
localization discussed in the first part of the manuscript. We do not give here the
details of this calculation, which is not the central issue of this chapter. They can
be found in Ref. [92]. The lower red curve in Fig. 10.2 is obtained from Eq. (10.9),
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i.e. by neglecting Anderson localization effects. For k,¢ = 3, a significant fraction of
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Figure 10.2: Ensemble-averaged atomic density 7% (r,t) of a BEC expanding with-
out interactions in a three-dimensional random potential, for three different values
of the disorder parameter k,¢ and for r = 10¢ (orange, green and blue upper curves).
Here, unlike Fig. 10.1, the effects of Anderson localization are fully taken into ac-
count. For moderate values of k,¢, the curves exhibit first a 1/t decay and then
saturation at some constant value. When k,¢ > 1, the atomic density exhibits a
1/t3/2 decay, before saturating at very long times as well. The red lower curve is
obtained from Eq. (10.9), i.e. by neglecting Anderson localization effects.

atoms is localized. Right after the maximum of 79, all diffusive atoms have already
flown away and 7(¥ oc 1/t. For weak disorder (k,¢ = 30 in Fig. 10.2), the situation
is very different: most atoms of the condensate propagate diffusively. Therefore,
the atomic density exhibits a 1/#*2 decay characteristic for diffusion. Whatever
k0 however, at very long times the atomic density saturates at a constant value

A~ w(k, ) (N/r3)(¢/r)7, where v is the critical exponent of the localization
transition, and w(k,l) o 1/(k,0)* for k,0 > 1 and u(k,f) x const for k¢ < 1.
This saturation has been also pointed out in Ref. [92]. Roughly, the 1/¢ behavior
is due to anomalously diffusing atoms, that is atoms of energy € ~ €., whereas the
saturation at long times is due to strongly localized atoms of energy € < ..

We can estimate the time after which the diffusive approach of Sec. 10.2 breaks
down by requiring that the saturation value ﬁffg is smaller than the limit ﬁéoiz ~

N/(D,t)%? of Eq. (10.9) at long times ¢ >> t,iva. This yields
toc ~ (£/v,) (r/ 0?3 (k,0)? (10.11)

as the maximum time at which diffusion model can be applied. When k,¢ > 1 and
r > {, t,o. is always much larger than t,..;. and the diffusion model is hence valid
in a broad time interval.
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To sum up, for k,¢ > 1, the condensate behaves diffusively (7(?) oc t=3/2) until
t = toe, and beyond localization effects start to “freeze” the density profile at
n(® = ﬁffjg The conditions k,¢ > 1 and ¢t < i, Will be assumed throughout the
remainder of the chapter, i.e. we shall neglect Anderson localization effects.

10.3 Nonlinear correction to the atomic density

We are now interested in the first-order nonlinear correction An to the density profile
(Eq. (10.5)). We first discuss the effect of interactions on the mean free path, and
then develop a diagrammatic approach for calculating An.

10.3.1 Mean free path

It should be noted that the mean free path £ is, in principle, modified in the presence
of interactions. However, in the following we shall neglect the nonlinear corrections
to £. This approximation is legitimate in the limit of long times, as we now show by
making use of a criterion initially developed in [108] for classical waves.

The mean free path is weakly affected by interactions provided that the scattering
on the effective potential gyl (r, t)|? = gon(r, t) is weak as compared to the scattering
on the random potential. In other words, the mean free path ¢(!) associated with
the effective potential gon(r,t) should be much larger than the mean free path ¢
associated with the random potential. In Born approximation, the mean free path is
obtained from the Fourier transform B(k) of the correlation function of the random
potential [16]. For a random potential V'(r) with V' (r)V (r’) depending only on r—r’,
the mean free path ¢ is given by

I 27y

;= o, (B(k — K))g, (10.12)

where vy = mk,/27*h? is the density of states at energy p. (...)g = 1/(4m) x
Jo (... )2msin 0d denotes averaging over directions of k' (see Fig. 10.3).

1/ k - K

0

k

Figure 10.3: Wavevectors k and k'

In order to make use of Eq. (10.12) for calculating ¢, we need to know the
correlation function g2dén(r,t)én(r’,t). This correlation function can be approxi-
mated by the short-range “C;” correlation function of density, which was discussed
in Chapter 9. We neglect here the contribution due to the long-range “Co” part
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of the density correlation function. This would be questionable for a condensate
expanding in a quasi one-dimensional waveguide where, as we saw in Chapter 9,
Cy dominates at long times. However, the situation is different in three dimensions
in the absence of any confinement, where we expect Cy to decay with time. In-
deed, let us consider a quasi-monochromatic wave pulse emitted from some point in
an unbounded three-dimensional disordered medium. A straightforward calculation
similar to that of Chapter 9 yields Co o< (1/t%)/(kf)? in the limit of long times. C,
is therefore negligible with respect to C;.

From Ref. [100] and Chapter 9, we have the following approximate result for C;:

2t
B

on(r,t)on(r’,t) ~ 7O (r, t)25(r — 1), (10.13)

where 729 (r, ) ~ N/(D,t)3/? for t > tuiva. We therefore obtain from Eq. (10.12)
(O~ (Bm/m?) (K2 /2m0) (D,it)*  (g5N?). (10.14)
The condition £ > ¢ then gives
14 1
t>t=p°(—) —= 10.1

where we have introduced a dimensionless parameter py = a;N /¢ \/k‘Tﬁ that includes
both interaction and disorder strengths. At this point, it is sufficient to keep in
mind that in the weak disorder limit and under conditions of typical experiments,
po < 1. For instance, with the data from Refs. [35] and [88], we estimate py ~
1072, Therefore, the characteristic time ¢; is much smaller than ¢/v,, such that the
criterion (10.15) is automatically satisfied for long times ¢ > ¢/v,,.

10.3.2 Diffusion coefficient
We now consider An(r,t). From Eq. (10.4) we obtain

/de /d3 ‘G (r, ) S(')e iU, (10.16)

where S(r') is the right-hand side of Eq. (10.4) evaluated at r’. Combining Egs.
(10.7) and (10.16) we obtain

An(r,t) = 2Re [¢<0>*(r, 150 (r, t)}

/Hde]d?’rjd?’r'e( mta=t )7 (p 1/ {r;},{¢})

2Re[<2w>

xaso<r1>¢3<r2>¢o<r3>¢3<r4>} , (10.17)
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where the six-point kernel K is given by the connected part of a product of five
Green’s functions, averaged over disorder:

K =G, (r,v)Gr (r,re)G, (), r3)GE (v, 14) Gy, (T, 11). (10.18)

The problem therefore reduces to finding the largest contribution to the kernel K in
the weak disorder limit £,¢ > 1. This contribution is given by the diagram depicted
in Fig. 10.4a. The diagram describes interaction of four matter waves at a point
r’. Diagrams of this type were introduced some time ago by V. M. Agranovich and
V. E. Kravtsov for classical waves in the context of nonlinear optics of disordered
media [109, 110, 111]. The situation is more general here since K contains a product
of Green’s functions at five different energies. Writing down explicitly the diagram

a) r3 L4 b)

€3

Figure 10.4: a) Diagram for the kernel K giving the first nonlinear correction to the
atomic density. The solid and dashed lines represent Green’s functions G, and G¢ ,
respectively, where €¢; = €, €3 or €, — €3 + €4 and €; = €, or €4. Shaded rectangles
symbolize averages of products of two Green’s functions, GEiG’;j. b) Diagram J of
Eq. (10.19).

of Fig. 10.4a, we obtain

R _ goJ hvu / 3 3.1 (—i/h)(e1—e€2)t
An(r,t) = 2Rel(2 (27TV0€) Hde]d d’r'e

XP(r1)¢" (r2)d(rs) o (1“4)G51(1“, )G, (v, 1)
XGey(r',13)G (1, 14) X Ge—eype, (¥, 11)GY (Y, 12) |, (10.19)

where, we remind, vy = mk,/(27%h?) is the density of states at energy p and
J = /dgk/(2w)3§2(k)@*(k) = —i(C/v,) AT’/ (hk)] (10.20)

is the diagram depicted in Fig. 10.4b. Now we introduce new variables ) = ¢; — €5,
V =e5—e€4, €= (e1+€2)/2, € = (€3 + €4)/2, and make use of the following formula



136 Chapter 10. Study of interactions

that follows straightforwardly from Appendix D:

31,/
[ GG ol (v) = [ 5 Cle G 6(K)

hJ (2m)3
(10.21)
Here C(r,Q) = exp(—|r|y/—iQ2/hD.)/(4wD.|r|) is the Fourier transform of the

diffusion propagator at energy e. Slmllar relations hold for the integrals over ry
and ry. In the weak disorder limit k,¢ > 1, InG. (k') can be approximated by the
free-space expression —m (¢’ — €x/) (see Appendix D). This finally leads to

. B goJ v o, [ Pk [ PK iaun
An(r,t) = QR[ y0h£2/d / Eme Ay [ A e

x[p(k)Plp(K)[PCe, (v, 2 = Q) e, (v, V) Co o r — Q)} :
(10.22)

The main difficulty of Eq. (10.22) lies in the four coupled integrals over energies
and momenta, which make the exact calculation of An complicated. However,
after some algebra and in the limit of long times, all integrals can be performed.
The main lines of this calculation are reported in Appendix E. We find that for
t >ty = (€/v,)(r/0)*(k,l), An becomes position independent, and

— N
An(r,t) ~ —pOW. (10.23)
It is quite remarkable that the first-order correction An has exactl the same time
dependence as 1® at long times. Comparison of Eq. (10.23) to nl) ~ N/(D,t)*?
provides the criterion pg < 1 as a condition of validity of our perturbative approach
As discussed in Sec. 10.3.1, this criterion is usually satisfied in typical experiments,
which validates the assumption of negligible interactions during expansion made in
previous works [91, 100].

A few comments are in order. First, the negative sign in Eq. (10.23) indicates
that repulsive interactions (py > 0) tend to reinforce the diffusion process, whereas
attractive interactions slow it down, which might have been expected. This appears
more clearly if one writes the total density profile as

_ N
n(r,t) ~ W, t2 < t < t10C7 (1024)

where we have defined an effective diffusion coefficient Deg = D,,/(1 — po)%/? taking
interactions into account. For repulsive interactions, for example, py > 0 and there-
fore Deg > D,,. Thus repulsive interactions seem to compete with localization, even
though calculations of higher-order diagrams or a complete study of interactions
within the localized regime would be necessary to confirm this effect.

Another important remark is that the magnitude of the correction term (10.23)
can be modified by increasing the strength of disorder at a constant strength of
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Diffusive regime

1 1
Ballistic ! Region of validity | Localized
regime : of our analysis : regime
} } i } } >
1 £ Tarrival to tioc time
Vp

Figure 10.5: Ordering of time scales that we use throughout the chapter. ¢/v, is
the mean free time, ¢; is the time after which the mean free path is not affected
by interactions, t..iva 1S the time at which the atomic density free of interactions
is maximum, ty is the limit of long times for nonlinear corrections to the atomic
density, and t, is the time after which Anderson localization cannot be neglected
anymore. In this sketch, the limits of weak disorder k,¢ > 1 and large distances
r > { are assumed.

interactions, or vice versa. For extremely weak disorder (k,¢{ — o0), py vanishes
and Dy ~ D, whatever the interaction strength. In particular, if we extrapolate
our calculation to k,¢ ~ 1, we find that even weak interactions may significantly
affect the expansion of the condensate. In this case, the scattering length a, must be
much less than ¢/N to justify the neglect of interactions. This refines the condition
of validity for the results of Ref. [92], where interactions were assumed weak, but
no precise condition of weakness was given.

Our result (10.23) is only valid in the time interval [ta, o). For weak disorder,
to < toe, which guarantees to Eq. (10.23) a broad range of validity. For the sake of
clarity we summarize all the time scales that we introduced above in Fig. 10.5.

10.4 Conclusion

We developed a perturbative technique to study interaction corrections to the den-
sity of a Bose-Einstein condensate expanding in a three-dimensional random poten-
tial. Our results apply to the case of weak disorder. We showed that at the first-order
of perturbation theory and at long times, interactions simply renormalize the effec-
tive diffusion coefficient of the condensate. Repulsive interactions between atoms
accelerate the diffusion process whereas attractive interactions slow it down. In ad-
dition, we found that the effect of interactions on the average density is controlled
by a single parameter py, depending on both disorder and interaction strengths.
Remarkably, the corrections to the density profile tend to increase when disorder
becomes stronger, at a fixed strength of interactions. Our main result (10.23) was
derived under the assumption of a white-noise, uncorrelated random potential. We
expect it to remain qualitatively valid for correlated (speckle) potentials used in ex-
periments too, provided that the mean free path £ is replaced by the transport mean
free path g given by Eq. (9.28). The calculation of higher-order interaction cor-
rections would be of considerable interest in order to validate our main conclusions,
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even if this rises important yet purely technical difficulties.



Conclusion

This thesis was an opportunity to study a number of new topics related to wave
propagation in the presence of disorder. Most of the theoretical problems presented
here were developed in parallel with a rich experimental research. We explored
time-dependent aspects of wave propagation in random media, focusing especially
on electromagnetic and matter waves. Dynamics of electromagnetic waves provides
new signatures of coherent effects in transport, notably Anderson localization, and
is often unaffected by absorption. This offers an ideal playground for experimental
investigations. As far as matter waves are concerned, the dynamics of Bose-Einstein
condensates expanding in random potentials offers a unique opportunity to study
both Anderson localization and effects of atomic interactions.

First, we demonstrated a generalized version of the self-consistent theory of An-
derson localization, based on the position dependence of the diffusion coefficient.
Under this form, the self-consistent theory is suitable for description of random me-
dia of finite size. It is able to describe effects that cannot be accounted for by the
self-consistent theory with position independent diffusion coefficient. An example of
such an effect is the confinement of waves in the plane perpendicular to the direc-
tion of observation in three-dimensional random media. We showed that the self-
consistent theory with position-dependent diffusion coefficient was fully compatible
with the predictions of the one-parameter scaling theory of Anderson localization.
The value of the critical exponent of the Anderson transition was found to be one.

Second, we investigated the dynamics of intensity speckle patterns in random
media irradiated by short pulses. We showed that the Cs correlation function was
strongly enhanced at long times. In the steady-state case, this correlation function
is responsible for the universal conductance fluctuations, well known in mesoscopic
physics. We showed that the dynamics of conductance fluctuations was not uni-
versal, since C3 then depends on the mean free path, the sample size and the pulse
duration. Our theoretical study was carried out in collaboration with the experi-
mental team of A. A. Chabanov (San Antonio). The growth of C3 with time as well
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as its nonuniversal character were confirmed in a microwave experiment.

The last part of this thesis was devoted to the study of Bose-Einstein conden-
sates expanding in random potentials. We analyzed matter-wave speckle patterns,
reminiscent to intensity speckle patterns known for electromagnetic waves. For this
purpose, we calculated the C; and Cy correlation functions of the atomic density in
a waveguide where the condensate expands. Whereas the C; correlation function
is short-range and remains constant in time during expansion, C, is long-range and
time-dependent. Furthermore, the latter grows with time and can take negative
values. We interpreted these properties by suggesting a random displacement of the
center of mass of the condensate. This displacement is expected to increase with
time.

Our study of matter-wave speckle patterns was carried out by neglecting atomic
interactions. The precise role of the latter is still a subject of debate. As a step
towards a better understanding of their interplay with disorder, we studied the ex-
pansion of a Bose-Einstein condensate in a three-dimensional random potential, in
the presence of weak interactions. We found that for weak disorder, interactions only
renormalize the effective diffusion coefficient of the condensate but do not change
the global behavior of the atomic density.

A number of subjects treated in this thesis still raise many questions. As far
as the self-consistent theory is concerned, the value of the critical exponent of the
Anderson transition is still an open problem. Indeed, despite the fact that we
properly took into account finite-size effects, the value of this exponent is still in
disagreement with the predictions of the Anderson tight-binding model.

The behavior of dynamic intensity correlations remains unknown in the localized
regime. Indeed, at the onset of Anderson localization, the perturbative approach
becomes insufficient to describe speckle patterns.

Finally, the field of Bose-Einstein condensates in random potentials is constantly
evolving. Our study of interactions was carried out at the first order of perturbation
theory. It is likely that the expansion of the condensate is drastically modified in
the presence of stronger interactions or stronger disorder. Exploring the interplay
between Anderson localization and interactions in three-dimensions would be ex-
tremely interesting, although it is a difficult task. Diagrammatic theories remain,
however, a valuable tool for this investigation.



APPENDIX A

Derivation of self-consistent equations

This appendix contains a collection of mathematical results used at different steps
of the derivation in Chapter 3. Here we neglect the difference in frequencies w,
and ws in the arguments of G and G , respectively, and set w; = wy = wp for all
amplitude Green’s functions. This is justified under the assumption of slow dynamics
(Q = wy — wy K wy, ¢/f). To lighten the notation, we omit the frequency argument
of G and G'. We also use dx instead of d®x to denote three-dimensional integration
over a vector x.

A.1 Hikami box

In this first section, we calculate the Fourier transform H(q) of the function H(r, ')
introduced in Sec. 3.2.3 with respect to r —r’. In all generality one can write

H(r,x') = /drlerH(r,rl,r',rg), (A1)
where H(r,ry,r/,rs) is the Hikami box shown Fig. A.1. This diagram is a sum of

three contributions: HW (r,ry, v’ ry), HPB)(r,r,r',r5) and HE) (r,r;, 1/, 15). As an
example, we calculate H5):

H®B) (r 1)) = /drlerH(B)(r,rl,r',rQ). (A.2)

From Fig. A.1 we obtain

HB(rv) = 47% drydrydrsG(r,r3)G(rs, r1)G (ry,1')
x G (r,r3)G(ry,13)G(rs, /). (A.3)
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//// r//

H(A) H(B) H(C)

Figure A.1: Hikami box H(r,r;,r’,ry). Diagrammatic notation is the same as in
Fig. 3.2.

By replacing the Green’s functions in Eq. (A.3) by their Fourier transforms, we
obtain
HO @) = 2 [ e drodradk, ... dkeG(k,)G (k)T (k
(r,1') = W ridradrydk; . .. dkeG(k1)G(k2)G (ks)
@* (k4>é(k5)@(kﬁ)e—irg(kl—k2+k5—k6)e—ir1(kz—kg)
% e—’irg(k4—k5)e—ir(—kl—k4)€—ir/(k3+k6) ) (A4)

Performing the integrals over rq, ro and rs leads to

4
HPB) (r r) = 4(22) / dkydk,dk,G (k) |G (k) *|G(ky) P G(ky — ks + ky)
x e ir—r)(atks) (A.5)

From Eq. (A.5) one sees that H®)(r,r') depends only on the difference r —r’. Its
Fourier transform with respect to this variable is, in the limit of small ¢ = |q,

47 &

A(0) = o | [ G- WEWE| = (-2 (o

The calculation of diagrams H® (q) and H(©)(q) follows the same lines. We finally
obtain /s

AW (a) = £ (1

— /3 (A7)
and H©)(q) = HP(q). Hence

~ ~ - ~ €5q2 D €4q2
H(q) = H (@) + H P (@) + H(a) ~ 5 —5 = =

(A.8)

where Dp = ¢l/3.

A.2 Function Hy(r,r’)

We now present a demonstration of Eq. (3.15). Consider Eq. (3.14), where
H(r,ry,r',re) is the Hikami box. As the latter is a sum of three contributions
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HA (v, v, 1y), HB (r,r1, 1" 15) and HE) (r, 11,1/, 15) (see Fig. A.1), we have to
perform three integrals. The second one, for example, is

H;B)(r, r') = /drldrg(rl +ry,—20)HP (r, 11,1/, 1p). (A.9)

The two other integrals HSIA) and H;C) are defined similarly. In the following, we
focus on the calculation of H;B), the calculation being similar for H;A) and H}C).
Eq. (A.9) can be rewritten as

H}B)(r, r') = 4% drydrodrs(ry + 1y — 2r)G(r,r5)G(rs, 11)G (r1,1')

x G (r,r3)G(ry,13)G(rs, 1'). (A.10)

By replacing the Green’s functions in Eq. (A.10) by their Fourier transforms, we
obtain

4 — _ .
H}B) (I‘, r/) = W /drldrgdrgdkl ce dkﬁG(kl)G(kg)G (kg)
X 6*(1{4)@(1{5)@(1{6)(1'1 +ro — 21‘)
% e—irg(k1—k2+k5—k6)e—irl(kz—kg)e—irz(k4—k5)€—il‘(—k1—k4)€—il‘/(k3+k6)
= Ki(r,v') + Ky(r,r') + K(r, 1), (A.11)

where Ki(r,r’) is the part of Eq. (A.11) with the integrand proportional to ry,
Ko(r, ') is the part with the integrand proportional to ry, and K(r,r’) is the one with
the integrand proportional to —2r. Let us first consider K;(r,r’). In this term, the
integrals over ry and r3 give respectively (27)36(ks—ks) and (27)30 (k; —ko+ks—kg),
and the integral over r; gives —i(27)3V,d(ks — ky). We have then

N —4m — — — — —
Kl(I',I') = m/dk1dk2dk4G(kl)G(k2)G (k4)G(k4)G(k1 —k2 —l—k4)

X 6_ir(_k1_k4)/dk3 (Vi 0(ks — k)| G (kg)e™ ™ (Retki—katka) (A 19)

The integral over ks is equal to — [VkQG* (ko) — ir’@*(k2)] e~ (kitks) and hence

dmi N
K (r,1) = ﬁ / dk, dk>dk,G(k,)G(k2)G (ki)
x Tll) [V G 1) Ty — ey + by etk
L A / dk, dksdk G (k; )G (k)G (ky)
12n) 1aK2aK, G (Ky 2 4
X G(ky)G (k)G(ky — ko + ky)etr)latka), (A.13)

The second term on the right-hand side is nothing but v’ H®)(r,r’), where

HB (r,r') = /drlerH(B)(r,rl,r’,rg). (A.14)
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In the first term on the right-hand side of Eq. (A.13) we change the variables
k; — k, ky — k', and k; + ky — q. Eq. (A.13) becomes

K1<I', r’) = gé:_) /dkdk/qu( )@(k/>@*(q _ k)
x G(q—k) [kaé*(k’)] G(q— k/)eiq(r—r’)
+ r/H(B)(I‘,r/)_ (A15)

In the limit of small q, we have 1/(27T)3fdka(k)a*(q —k)G(q — k) = —il?(1 —
q*0?/3)/(87k) and

Kfrx) = gy [ ey ( 262)

+ rHB(r,r). (A.16)

A similar calculation gives

/ 1 q(r—r g 262
Ks(r,r') = —(2W>3/dqu( )2k (1—T)

1 als MAYal ! 1,/
« W/dk@(k)a(q—k)vk@ (K)
+ rH®(r,r). (A.17)

Besides, it follows straightforwardly from Eq. (A.10) that K(r,r') = —2rH®)(r,r').
Combined with Eqgs. (A.16) and (A.17), this yields

HSCB) (r,v') = Ki(r,r')+ Ky(r,r') + K(r,1")
= —(r—1v)HP(r,1). (A.18)

The calculation of HY and H® follows the same lines. We obtain
H;A)(r, ) = /drldr2(r1 +ry—2r)HY (r 1y, 1" 1)
= —(r—r)HY(r,x) (A.19)
and
HSIC)(F, r') = /drldrg(rl +ry—20)H O (r, 1y, 1/, 1p)
= —(r—r)HO(r,1), (A.20)
Combining Egs. (A.18), (A.19), and (A.20) we find

H/(r,x') = H;A) (r,r') + H;B)(r, r') + chc) (r,1')
= —(r—r1")H(r,r'), (A.21)

which is Eq. (3.15) of the main text.
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A.2 Fourier transform

We show here that the inverse Fourier transform of Eq. (3.18) with respect to q is
given by Eq. (3.19). As a function of q, Eq. (3.18) is a sum of two terms proportional
o (iq)? and iq, respectively. The inverse Fourier transform of iq is

/ (Qd:)g iq e AT = W, [/ % eiq-Ar] — VaS(Ar), (A.22)

Similarly, the inverse Fourier transform of (iq)? is Aad(Ar). This leads directly to
Eq. (3.19).

A.3 Series of interference loops

Here we obtain Eq. (3.22) from the series of Eq. (3.21). The idea is to apply the
operator —i{) — DA, to both sides of Eq. (3.21). The first term on the right-hand
side is transformed into d(r —r’) since Cp(r,r;,2) obeys Eq. (3.8), and for each of
the next terms the first multiplier Cp(r,ry, §2) in the integrands is transformed into
d(r —ry) for the same reason. Eq. (3.21) becomes

[—iQ — DA C(r,v',Q) = o(r—71')

4dre ,
T 7 o(r —r1) X (r1,r2,Q)Cp(re, 1', Q)dr drs
dme\?
+ W 5(r—rl)X(rl,rg,Q)CD(rg,rg,Q)

X X(I‘g, ry, Q)CD(I'4, I',, Q)drldrgdrgdnl + ... (A23)

Performing integrations over r; we obtain

[—iQ — DA C(r,x',Q) = 6(r—1') 47TC/X r,r2,Q)Cp(ra, 1/, Q)dry

4
+ < 7TC) /X r,ro, Q)Cp(ra, r3,2)
X X(r3,ry,Q)Cp(ry, v, Q)drodrsdry + ... (A.24)

Now let us perform integrations over ro. We have to calculate an integral
4
I = 7TC/)( r I'Q,Q)CD(I'Q,I'g,Q)dI'Q, (A25)

where rg = r’ for the first integral on the right-hand side of Eq. (A.24). To this end,
we use Eq. (3.20) for X (r,ry,2) and obtain

—0’D
I = 723 /dr2 Ve -Tp(r,r, )V, (r —ry)] Cp(ra, rs, Q)
—0’Dpg
= V. [Ip(r,r,Q)V,] Cp(r,rs, ), (A.26)

2k?
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where we integrated by parts. Replacing each integration over rs by this result in
Eq. (A.24), we obtain

[—iQ — DA C(r,r',Q) = o(r—1')

2Dy ,
— er'FD(T,T,Q)Vr Cp(r,r', Q)
4dre ,
+ £—2 CD(I', rs, Q)X(I’g, Ty, Q)CD(I'4, r ,Q)drgdr4
4\
+ 6—2 CD(I', rs, Q)X(I’g,I‘4,Q)CD(I'4,I'5,Q)

X X(I‘g,, Ig, Q)CD(I'(;, I'/, Q)drgdr4dr5dr6 + ... (AQ?)

The infinite series in square brackets is nothing but the intensity Green’s function
C(r,r',Q) as given by Eq. (3.21). Thus, Eq. (A.27) leads straightforwardly to Eq.
(3.22).

A.4 Proportionality relation

We demonstrate here the proportionality between Cp and I'p in a finite medium.
Calculations being similar to those of Sec. A.2, we only give the main ingredients
of the proof. According to Eq. (3.7), at |[r — /| > ¢, Cp(r,1r’, Q) is given by

Cp(r,v',Q) = 4%/drldr2§(r,rl)@*(r,rl)FD(rl,r2,Q)@(r2,r')§*(r2,r'). (A.28)

Because G(r,r;) is exponentially small for [r —r;| > £, the main contribution to the
integral comes from |r —ry|, [t —ro| < ¢. This authorizes us to expand I'p(ry, re, )
in series around (r,r’). This expansion has to be truncated to the same first order
in |[r —ry| and |’ — rs| as the expansion of Eq. (3.11):

Ip(ry,re, Q) ~Tp(r,r’', Q)+ (r;+1r3—r—1') - V. I'p(r,r', Q). (A.29)

We then substitute Eq. (A.29) into Eq. (A.28). The first term proportional to
p(r,r’, Q) is the usual result obtained in the infinite medium. It equals ¢?/(4mc) x
Ip(r,r’, ). We hence obtain

2
Cp(r,r',Q) = f—mf‘p(r, ', Q) (A.30)
4 _ _
+ %T [/ dridry(r; + 19 — 1 — 1) }G(r,rl)}z }G(rg,r')}2
V.Ip(r,r' Q). (A.31)

The integral on the right-hand side of Eq. (A.30) can be calculated exactly in the
same way as H4, H? or H? in Sec. A.2, and it is easy to see that this integral is
Z€ero.
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Average intensity and field correlation in a disordered
waveguide

B.1 Intensity Green’s function

In this section, we solve the diffusion equation in a disordered waveguide of length
L and cross-section A:

(% = DB%> Cp(r, R, 1) = %5(2 — 2p)6(1), (B.1)

where z denotes the longitudinal coordinate of r and zg that of R. We look for
solutions of Eq. (B.1) in the form

Cp(r,R,t) =Y A,0,(2) fa(t), (B.2)

where A,,, ®,(z) and f,(t) have to be determined. Due to the principle of causality,
the time-dependent part f,(t) of Eq. (B.2) must be zero for ¢t < 0. Substituting Eq.
(B.2) into Eq. (B.1), we obtain:

> [u P2 - Dot S B 0] = Jote - ot )

We now separate the time- and position-dependent variables in a standard way. For
each term n of the sum, we obtain for t > 0

Y Rdwra

L) 0.0

147

- B, (B.4)
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where B, is a constant which has to be determined. B,, should be positive, otherwise
an unphysical divergence of f,,(t) for t — oo would take place. Solving Eq. (B.4)
for f,(t), we readily find f,(t) = exp(—B,t) for t > 0 (the choice of the prefactor
before the exponential is arbitrary, so we choose it to be one).

We now assume Dirichlet boundary conditions for the solution (B.2):

Cp(r, R, t)].mo = Cp(r, R, 1], = 0. (B.5)

Therefore, ®,,(0) = ®,(L) for all n. Solving Eq. (B.4) for ®,,(z) with these boundary
conditions yields B,, = k2Dp, with k,, = nw/L, and

D,(2) = \/%sin(knz), (B.6)

where we have required that functions ®,, are normalized. Using the expression of
B,,, we obtain, for any time,

Fult) o< H(E) exp <—n2ti) , (B.7)

D

where we have introduced the Thouless time tp = L?7%/Dp and the Heaviside
function H(t). Our last task consists in calculating the constants A,,. This can be
done by multiplying Eq. (B.3) by ®,,(z), where m is some integer, and integrating
over z from 0~ to L:

g A S0 [T -y [, T [ o)

= %/0 D, (2)0(z — zgr) /OO dti(t). (B.8)

The first integral over ¢ of the left-hand side is zero, and the second is equal to 1/B,,
such that Eq. (B.8) becomes

. Dg L d*®,(2) 1

Making use of Eq. (B.6), we find that the integral over z is equal to k20,,,, where
Omn 18 the Kronecker symbol. This yields

1
Ay = 2 00(zp). (B.10)

Collecting Eqs. (B.7) and (B.10), we finally obtain

Co(r, R, 1) AZ@ ()exp(—n2i), (B.11)

tp

which concludes the calculation.
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B.2 Correlation of Green’s functions

We now demonstrate Eq. (7.6) of Chapter 7. The average of the product of two
amplitude Green’s functions is given by

G(r,R,t)G*(x', R/, t") /dwl /%G (r,R,w;)G*(r', R, wy) exp (—iwst + iwst)

(B.12)
In the same spirit as in Sec. 6.2.3.1, we decompose Eq. (B.12) as

G, R, OG(r, R, 1) / &r, / dr / duwr / ©r i, R, )G, R, w)

XFD(r27 ry, ws, wl)G(ra ro, (.4)1)G (I'/, ry, (.4)2)
X exp (—iwyt + iwst') (B.13)

where r; and ry denote, respectively, the first and last scattering events of the sum of
ladder diagrams I'p. In Eq. (B.13), we have made explicit the frequency dependence
of I'p. We now introduce new variables w = (w; + w)/2 and 2 = w; — wy, and
assume ) < w, such that

G(ri,R,w;) ~ G(r;,R,wy) ~ G(r, R, w), (B.14)

with a similar relation for other average amplitude Green’s functions. We also have

Q Q
FD(I'Q,I'l,WQ,wl) = FD (rg,rl,w — 5,&) + 5) . (B15)

We then assume that ['p weakly varies with w. We thus drop the w dependence in
I'p, and write

Q Q

FD (I‘Q,I‘l,w—g,w—‘—g) :FD(I'Q,I'l,Q). (B16)

Besides, in the limit Q@ < ¢/¢ and at large distances |[r — R| > ¢, the spatial
variations of I'p(ry, r1, Q) are small on the scale of ¢, and we have

[p(re, 1, Q) ~Tp(r,R, Q). (B.17)
Eq. (B.13) becomes
G(r,R,t)G*(r', R, 1) /d?’rl/d?’m/ /dQ@ (r,R,w)G(r, R, w)
xIp(r,R, Q)G (ry, 1,w)G* (12, 7, w)
X exp [—z’w(t ) — i (t;t)] . (B.18)

We now make use of T'p(r, R, Q) = (47wc/l?)Cp(r, R, ), and perform the integrals
over r; and ry. This yields

G(r,R,t)G*(r',R/,t') = if(Ar)f(AR) {/g—:exp [—iw(t—t’)]} (B.19)

x {/ch(r,R, Q) exp [—m (t;t/)} }




150 Appendix B. Average intensity and field correlation in a disordered waveguide

where Ar =r —r/, AR =R — R’ and f(x) = sinc(kx) exp[—z/(2¢)]. The integral
over w is equal to §(t — t'), and that over 2 to Cp(r,R, (¢t +t')/2). This leads to
Eq. (7.6). Note that appearance of §(t — t') in Eq. (B.19) is due to our hypothesis

that G(r, R, w;)G*(r', R/, w;) depends on Q = wy — w; but not on w = (wy + wy)/2.




APPENDIX C

Gross-Pitaevskii equation

In this appendix we propose a derivation of Gross-Pitaevskii equations (8.5) and
(8.6) of the main text from the Hartree ansatz (8.3).

C.1 Energy functional

The first step consists in evaluating the mean energy of the condensate £ = (O|H|0),
where the N-particle wave function |©) is given by the Hartree ansatz (8.3). The
N-particle Hamiltonian reads

Z{pl + Vi r,]+ZU r—1;), (C.1)

=1 1<J

where p; is the momentum operator of atom 7, Vi is an external potential and
U (r;—r;) is the two-particle interaction potential'. The precise form of this potential
is of no importance if we remind that we work within the framework of the dilute
approximation n='/3 > a,, where a, is the scattering length of the potential U. From
the point of view of scattering theory, we are therefore free to choose the position
dependence of U, provided that its scattering length is equal to the scattering length
of the “true potential”. We make the simplest choice and write

U(r; — ;) = Upd(r; — ;). (C.2)
The mean energy then reads

£ = Z[ (0]p?|0) +Vextr,] ZUO (r; — 1j), (C.3)

Z#J

IFor clarity, in this appendix we omit hats of position operators.
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where the normalization of © is assumed. We now make use of the Hartree ansatz
N .
|@> = Hi:l |¢> and write

N

1 - 2 72
PO CIACIEDY / d’ro ~|Veo(r)]? =N / dro—[Vio)P,  (C4)
i=1

1=1

N

> Veale) = 3 drstr = r)Vosls) = 3 [ delof) Vo)

i=1

N / Prlo(r) Ve (), (C5)

and
% ; Upd(r; —r;) = % ; / dPrd®r'S(r — 1r;)6(r' — r;)0(r — 1)
= DX [ drviow o) ot - v)
i#j
U

- TON(N - 1)/d3r|¢(r)|4. (C.6)

Then Eq. (C.3) can be rewritten as
12 U
£ =N [ @[ J 9o + o0V + PN - o] (€

We now introduce the wave function of the condensate 1) = v/N¢ defined in Sec.
8.1.2, and assume that N > 1, such that N — 1 ~ N. This yields

e~ [ | TP P + Pl e

The mean energy £ is sometimes called the “energy functional of the system”. To
be consistent with literature, we denote gy = Up (in the main text this quantity is
referred to as the “interaction parameter”). From scattering theory, the scattering
length a, is given (in the Born approximation) by a, = mgy/(47h?). Hence, gy =
4rhas/m [16].

C.2 Gross-Pitaevskii equation

We now come back to our main task which is the derivation of Egs. (8.5) and (8.6).
Stationary Gross-Pitaevskii equation (8.5) is obtained by imposing the stationarity
of the grand canonical energy

d=Ep / Pel(e)P, (C.9)
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where . = OE /ON is the chemical potential. The stationarity condition reads
0 =0. (C.10)
From Eq. (C.8), the grand canonical energy reads

o= [ o [f—m\vrwrw ) Vo (1) + L oo)]? - uw(rﬂ . e

Functional derivation of this formula yields

0P h?
s = [ |5 T Vo) + 0P — il v (€2
The integral of the right-hand side is identically zero when the stationary Gross-
Pitaevskii equation (8.5) is satisfied, which concludes the derivation of the latter.
Let us now consider the general dynamic situation, when the wave function of

the condensate depends on time. The reasoning of Sec. C.1 is still valid with ¢(r)
replaced by v (r,t). We define the action S = (0|S|0), where

S= /dt(z’h@t — H). (C.13)

Dynamic Gross-Pitaevskii equation (8.6) follows from the principle of stationary
action

58 = 0. (C.14)
Inserting Eq. (C.8) into Eq. (C.14), we obtain

§ = [ vt |ih0te,0) + 3 19 e, D ~ 00,0 Ve 1) ~ L e )
- t 9 2m r 9 9 ext 2 9 .

(C.15)
Functional derivation of this formula gives
05 _ /d?’rdt 1hoy + h—2V2 — Ve (1) = go|to(x, ) [*| 4 (x, 1) (C.16)
5¢* - t m r ext 90 ) s V). .

The integral of the right-hand side is identically zero when the dynamic Gross-
Pitaevskii (8.6) equation is satisfied.
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APPENDIX D

Density profile of a Bose-Einstein condensate

In this Appendix we present a derivation of the following formula for the atomic
density of a condensate expanding in a random potential:

1) = [ s oK) FC o). (1)

Here ¢, = h?k?/2m, C.(r,t) is the diffusion propagator, and |¢y(k)|? is the initial
momentum distribution of the condensate given by Eq. (8.18). This formula leads
to Eq. (9.9) in the case of a quasi one-dimensional waveguide and to Eq (10.8) in
the case of the three-dimensional unbounded space.

The starting point of the derivation is Eq. (9.8) of chapter 9:

n(r,t) = /@@ / d’r1d’ryGe, (1, 11) G, (1, 12) o (11) P (1) e~ 12/,
2m 27 2

where G is the Green’s function of the Gross-Pitaevskii equation (10.1). We make

a change of variables Ar = r; —ry and R = (r; +r3)/2 for positions, and Q2 = ¢; — €y

and € = (€ + €2)/2 for energies. From the diagram of Fig. 9.4, for ) < € and

|R| > ¢, the averaged product of two Green’s functions is given by

sin(k.Ar) o—Ar)21

G61 (I‘, rl)G:Q (I‘, r2) = G61 (I‘, R)G:Q (I‘, R) L Ar

(D.2)

where k. = 2me/h* and
G (r, R)GE, (r, R) = 2m1(€) Ce(r, R, ), (D.3)
with vg(€) the density of states. Eq. (D.2) can be rewritten as

n(r,t) = /%@/ngdgAr 21 (e)Ce(r, R, Q)we—m/w <
21 27 k.Ar

X o <R + %) o5 <R - %) e I/, (D.4)
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/4»/AA
&

Ar

Figure D.1: Sketch illustrating the position vectors used in the appendix: ry, ro,
R = (r; +r3)/2 and Ar = r; — ry. The atomic density is evaluated in r, such that
|r| > ¢. The dashed circle indicates the range Ry of the initial wave function ¢y.

The range Ry of the wave function ¢y is assumed to be of the order of or smaller
than the mean free path ¢ (see Eq. (8.20) and Fig. D.1), such that we can write

Ce(r,R,Q) ~ C.(r,0,0). (D.5)

For simplicity, we write C,(r,Q) = Cc(r,0,€2) and introduce

no(R, k) / & Ardy (R+ %) & (R - %) | (D.6)

Eq. (D.4) then becomes

B de dQ [ &Pk s 13 Sin(keAT) a0
n(r,t) = /%ﬂ (2ﬂ)3/d Rd’Ar 27y (e)Ce(r, Q)We X

s (R, k) i/ItileAr (D.7)

The integral over € yields

gcﬁ(r, Q)™ Um = O (v, 1) (D.8)

and the integral over Ar reads

s ASIRAT) o ear . 1 o
/ Car=n e e = g ek (D:9)

Finally, the integral over R gives the momentum distribution of the condensate:

/ R ng(R, k) = |oo(K)[. (D.10)
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We thus obtain
n(r,t) = —2/5—;/%06(r,t)1m [@E(k)} |¢0(k)|2. (D.11)

The last step consists in approximating Im [Ge(k)] by —md(e — ex), which is valid
provided that disorder is weak (this is the case in the three chapters on BECs in
this thesis). This yields Eq. (D.1).
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APPENDIX E

Nonlinear correction to the atomic density

In this appendix we present the main lines of derivation of Eq. (10.23) from Eq.
(10.22). The first step consists in transforming both integrals over k and k' into
integrals over energies ¢ and € by making use of ¢ = h*k?/2m and ¢ = h*k?/2m.
Writing explicitly the diffusion propagators, Eq. (10.22) can be represented as

An(r,f) = 2Re] 7 “’3 Ty
n(r,t) = e (2r) Tohi? h2 r sin(6

/ dE/ de/%d@/%dn@w 2lo(e)]?

voxp |l ~iY i@ - 2) Q Q)
P hDEm//z WD.

—iQt/h
. eXp( ? / ) . (El)
7 |r — /| DeyyjaDer D,

Energy distributions |¢(€)]? and |#(€’)]* are deduced from momenta distributions
|p(k)|? and |p(k")|?* (we keep the same notation ¢ for clarity). We have, for example,

6(e)? = % (1 _ ﬂ) H (1 _ ﬂ) (£2)

with H the Heaviside step function. The prefactor in Eq. (E.2) has been obtained
by requiring conservation of the total number of atoms N = [ d®k|¢(k)[*/(27)3. The
integral over 6 is readily performed:

. el , ,
/ sin(6)do° = [eetrr o] (E.3)
0

vt —r|  arr
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—i0
where 7 = | —" Eq. (E.1) then reduces to:
hDE-‘rQ//Z

L g J ’U2 d?" 2e 2¢’ .
An(r,t) = 2Re{(0 VO;;LEQ h2 / /de/ de/ dQ [ dQ

PDe2iz Jeaofo 1ot P exp | - \/‘m#\/i‘“;ﬁ ?)

hDy
X |exp | —|r — 1| i —exp [ —(r+1) 8
P D)2 P D)o
exp(—iQt/h) (E.4)
TDE+Q//2DE/DE ’ .

where we have introduced a lower cutoff A ~ ¢ in the integral over /. This cutoff is
needed because of the breakdown of diffusion theory at small length scales. The next
step consists in calculating the integral over r’. Before doing so, it is convenient to
introduce new dimensionless variables v = Qt/2h, v = Q't/2h, p = €t/h, ¢ =

€t/h, T = klt)(0)v,), p = (r/O7\/3kul/V2, p = (r/0)\/3k.l/V2/T/* and N =
(A/0)1/3k,L/\/2/7Y%. Using D, = (£/3)+/2¢/m, we obtain

An(r,t) = {—zc// dp/ dp/ dq/ du/ dva
T2 0 e ‘52“#‘”%‘”)]

—2iu p , —2iu
X |exp | — 7p—+v — exp —(m—i—p) e

exp(—2iu)
X \/m }7 (E5)

with the prefactor C' ~ (gomN?k,0)/(h*¢*) ~ (a,N?k,l)/¢*. We can now perform
the integral over p'. In the limit p < 7!/4, which corresponds to long times ¢t > t,
(t5 is defined in the main text), this integral is

< dp’ p —2iu p —2iu
— |exp —— = ——= | —exp | — (— + p')
. 174 N /4 NG
[ , ( —24v \/—Qi(u — v))]
X exp | —p — | ——=
—21u
~ 2 — / \ / E.6
7‘1/4 p + v 7—1/4 p _I_ 'U ( )

/

P
—a - P
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where the last equality results from p/71/4 > A’. Inserting Eq. (E.6) into Eq. (E.5)
we obtain

A—n(r,t):2Re{ / dp / dq / du ex%“} (B.7)

The four remaining integrals can be readily performed. We finally obtain:

— —C asN? 1
An(r,t) ~ 7 = _5\/1675 D (E.8)

which is Eq. (10.23) of the main text.
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