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CHAPTER 1

Introduction

1.1 General Overview

The main topic of study in this work is the properties of light propagation and transport in
random and possibly nonconservative media. Thematically, the work is to be divided into three
main subtopics: first, we develop a formalism to describe the diffusive behaviour of light in a
dielectrically random, conservative medium. Within this scope we show that our formalism is
able to calculate physically relevant quantities like the full counting statistics for such a medium.

Secondly, we then extend our description to the case of nonconservative media, where we show
how to calculate photonic distribution functions from our formalism. Speaking more descriptively,
we wish to consider the distribution statistics of a random laser, which has been studied since
its postulation by Letokhov in 1969. All these quantities have been obtained under a unified
framework which is known as the nonlinear sigma model, which is a powerful field theoretical
method for the description of random systems, and in addition, in the particular case of the
Keldysh sigma model, is equipped to deal with situations in which the system is driven out of
equilibrium, such as in the case of lasing. Hence, our formalism is able to deal with the interplay
of disorder and nonconservation on an equal footing.

On the other hand, the formalism described above deals only with the case of scalar wave
propagation, i.e., we neglect effects from the polarization degree of freedom of light from our
considerations. For most quantities under consideration in these chapters, this is fully appropriate.
However, it turns out that the polarization does affect light transport in quite nontrivial ways
in that it causes the effect which is better known as antilocalization, which acts to reverse the
localizing tendencies of the random potential. The fact that a random potential tends to localize
extended waves in real space is well-known under the term Anderson localization. This is of
course a nontrivial result as it could explain the difficulty in experimental realizations of full
Anderson localization in optical systems. In this work we are able to consider such systems via a
different method than that of the Keldysh sigma model; we have used a combined diagrammatic-
numerical method which is known as the self-consistent theory of Anderson localization pioneered
by Vollhardt-Woelfle in the eighties. The polarization degree of freedom was mapped onto a
“pseudospin” structure and we were able to simplify the resulting tensorial structure of various
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vertices that enter into the theory.

In the following sections we divide the introduction into several parts, each of which deals
with one particular aspect of the work. We first describe our idea of random photonic media,
in particular in the context of random lasing media. We then introduce in simple words the
formalism which we use to describe such random systems, after which we mention the idea of
full counting statistics of photons in passing since we calculate this quantity using our formalism
in Chapter 3. We then mention the role of the polarization degree of freedom in the transport
behaviour of photons, and we finally describe how we treat nonconservative systems in our
formalism in the context of lasing.



1.1 General Overview

1.1.1 Random Photonic Medium

The main system of study in this work is that of a random photonic medium, which we imagine
as a random collection of dielectric scatterers described by a space dependent disorder potential
V(r). V(r) is in turn distributed according the a prescribed functional distribution P[V(r)]. Given
that V(r) is a spatially dependent random variable, it is always possible to define a distribution
P[V(r)]; this can be seen from the fact that the random function V(r) dictates that we need to
contend with a ensemble of different realizations of V(r), and these different realizations should
then obey a certain distribution function. The main difficulty lies in dealing with the complexity
of P[V(r)].

Each configuration of V will be microscopically distinct and thus be characterized by different
sets of physical properties. In order to obtain meaningful physical quantities from this ensemble
of configurations one needs to average measured or calculated physical quantities over P[V(r)].
In this work we employ two different types of probability distributions, which have been chosen
for ease of application in the respective formalisms: a Gaussian distributed disorder potential
for calculations involving the sigma model, and a binary distributed disorder for calculations
involving the effects of polarization on light propagation.

7ZnO clusters from [1] Photonic glass from [2]

Due to the interest in physical properties of random photonic media, a multitude of random
photonic medium has been studied experimentally. It is particularly easy to find materials that are
photonically random enough such that light waves are strongly scattered; air is our most common
example. However, it is much more difficult to obtain materials with strong enough scattering
such that the physically interesting regime of small mean free paths can be reached. However,
these materials can be synthesized in the laboratory, and these have ranged from powders of
titanium oxide [3] to alumina spheres [4]. More examples of such random photonic materials can
be found in the review articles [5] and [6].

In most of these materials, the medium is conservative and does not change the intensity of light
propagating in the medium. However, it has been long known that randomness in nonconservative
medium leads to interesting effects [7], and the interest in such random photonic systems was
rekindled when lasing in a zinc oxide powder was discovered [1]. This led to the discovery
of many more random lasing materials, from metallic powder to paint. Two examples of such
seemingly innocous random lasing materials are shown in 1.1.1.
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In addition, there have also been proposals to construct disordered photonic crystals [8], where
the scatterers are still arranged such as to retain spatial uniformity, but the values of the dielectric
constant (which acts as the scattering potential for photons) on each scattering site should vary
randomly. We use this model of disorder in our chapter on the effects of light polarization on
Anderson localization of light.

1.1.2 Disorder formalism

In order to describe both disorder and nonequilibrium (and also nonlinearity), we use the Keldysh
nonlinear sigma model ( [9], [10], [11], [12]). In general, the nonlinear sigma model comes in
three flavors, depending on the formalism used to perform the disorder averaging: the replica [13],
supersymmetric [14], [15] and the Keldysh sigma models.

In simple terms, the nonlinear sigma model [16], [17] is a field-theoretical formalism which
defines an action describing the dynamics of the so-called Q-matrices, which are the remaining
degrees of freedom left after one performs averaging with respect to a particular distribution
of disorder potential P[V(r)]. These O matrices can then be suitably parameterized in order
to obtain physical quantities of interest. In this work we have consistently used a particular
parameterization that enables us to describe the diffusive modes which are the main propagating
modes in a disordered medium; however, a different parameterization could also be used to obtain
other quantities, for example, the Boltzmann-Langevin equation.

In addition to performing the disorder averaging, the Keldysh formalism allows us to treat
systems which are driven out of equilibrium, which is the case in random lasing systems. In fact,
the particular characteristic of the Keldysh formalism which enable it to treat nonequilibrium
systems is the same property which is exploited in order to enable the calculation of disorder
averages in the functional formalism. It is clear to see that in the Keldysh nonlinear sigma model
we have a versatile tool which enables us to treat disorder and nonequilibrium, in addition to
nonlinearity, on the same footing.

1.1.3 Full Counting Statistics

The method developed in order to perform the disorder averaging in the functional formalism can
be adapted to calculate transport statistics of a disordered optical waveguide. This is a concept
borrowed from the study of similar quantities in electronic transport through a disordered wire.
Counting statistics of photons in a disordered environment have been studied previously, but not
in the context of the nonlinear sigma model, and not including the effects of gain. Our formalism
enables us to take this into account, and we show that it does not affect the transmission statistics
as compared to a disordered conservative waveguide.

Experimental measurement of transport statistics for photons is difficult, but conceptually
simple to understand. Such a possible setup is shown in Fig. 1.1:
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Figure 1.1: Experimental setup for photon counting experiment. From [18]

Here photons are made to propagate through a waveguide with disordered nonconservative
dielectric medium, and photon counts can be registered by placing a photodetector at the end. In
this manner it is possible to determine the statistics governing, for example, the arrival time of
photons at the counter.

In this work we have calculated, in the field theoretical formalism, the cumulants of arbitrary
order of light waves propagating through a disordered photonic waveguide. We could include
the effects of static absorption / gain in our theory, and thus we could obtain corrections to the
values of the bare cumulants due to these effects. Hence, we believe that our calculations will
be able to shed light on the effect of energy nonconservation on transport properties in general.
In addition, the study of nonlinear effects on these properties could also be straightforwardly
performed, although we have left these studies for future work.

1.1.4 Role of Polarization Degree of Freedom

It has been long known that the spin degree of freedom of electrons serves as an extra channel
through which coherence can be destroyed, and such decoherence effects play an important role
in the studies of Anderson localization, where waves propagating in random media have been
shown to display a change of behaviour from extended plane wave functions to spatially localized,
peaked functions with increasing disorder strength. This change in behaviour is driven by wave
interference effects, where diagrams favouring a return to the origin of the propagating wave
dominates the behaviour of the overall system. Hence it is intuitive to see that effects which
destroy this coherence will also be detrimental to the localizing contributions to the transport
properties.

We show in this work that the polarization degree of freedom, analogously to that of the spin of
electrons, provides such an extra channel through which decoherence occurs. Specifically, taking
into account the polarization causes the probability of return back to the origin to be reduced by
a factor of 2 compared to the case where only scalar waves were considered. This reduction in
the return probability is commonly known as antilocalization. This phenomena is illustrated in
Fig. 1.2 below.

1.1.5 Random Lasing

We also consider in this work the case of a system which is externally pumped such as to produce
gain, i.e., a laser. Due to the external pumping a laser is an intrinsically nonequilibrium system,
and the Keldysh formalism is the ideal computational tool for such systems which are driven out
of equilibrium. In our case, we have an added complication in that the gain medium in the laser
is random, which implies that wave transport through the system takes place via diffusion due to
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PiO,r )] P{O,r1)?

(a) 0 ih) 0

Figure 1.2: Visualization of antilocalization. On the left-hand side the probability of return to origin
p(0,r,1) is enhanced in the absence of polarization; on the right-hand side it is decreased due to taking
polarization into account. From [19]

multiple scattering of photons. This is an important point which forms the basis for the study of
random lasers since it is the diffusive motion which enables photons to stay in the laser cavity
long enough to produce gain.

Using the formalism to be developed here, we could derive a set of equations which describe
the distribution function of photons in a random laser. This is analogous to Fokker-Planck
equations which describe similar distribution functions in a regular laser, where the difference lie
in the source of the randomness.

1.2 Outline of the Thesis

This thesis is divided into 6 chapters. The first chapter gives an overview of the work and intro-
duces the main subthemes individually. Chapter 2 is a technical introduction to the mathematical
formalism used in this work. Chapter 3 then starts with the first application of the formalism to a
conservative disordered photonic system. We show how the nonlinear sigma model including
dissipation can be derived and how to calculate correlation functions from the sigma model.
In Chapter 4 we apply the previously derived sigma model to the calculation of transmission
statistics of a disordered nonconservative photonic waveguide. In Chapter 5 we extend the model
to include nonlinearity, which corresponds physically to an external source of energy input. This
is of course crucial for the description of a random laser. In Chapter 6 we study the effects of
light polarization on possible localization of light waves, using a different formalism compared to
the rest of the thesis. Hence this chapter represents a significant departure compared to the rest of
the thesis. The final section contains some Appendices which outline in detail certain omitted
calculations in the text.



CHAPTER 2

Mathematical Formalism

The description of an intrinsically nonequilibrium system such as a laser, whose characteristics
have been described in detail in Chapter 1, requires the use of different tools than those applied
for equilibrium systems. These tools usually come under the rubric “Keldysh techniques”, which
actually describes a large set of field theoretical ideas custom-made to deal with the fact that a
physical system evolves into states which might not be the same as those it initially started from.
In this chapter we will introduce these ideas and explain how, in the context of our work, they are
also simultaneously appropriate for the description of disordered systems.

In what follows, our system of interest denotes one which initially finds itself in a particular

initial state. In principle, the specification of this state is unimportant, although it is usually
assumed to be one which is trivially describable e.g., noninteracting and in a state of equilibrium.
We also assume that the point of time in which this system finds itself in this state lies far back in
the past (or at = —o0). This is to ensure that whatever structure or complexities of the system
can be assumed to be “smoothed out” and we can assume an equilibrium initial state. We then
evolve our system “slowly”” enough such that during the evolution the system is only brought
out of its state of equilibrium incrementally, i.e., the system evolves infinitesimally slowly. The
purpose of this evolution is to bring the system to another state which is of interest, e.g., in which
the constituents of the systems are interacting with one another. This new state is necessarily
different from the one the system started with.
We then assume that at a specific time point (e.g., at t = #y) we perform our observation
(measurement) of the properties of our system. At this specific time the system is then assumed to
possess the full complexity which is of interest. After this time point the system is then evolved
backwards towards its starting time, at t = —co. This backward evolution is again assumed to
proceed infinitesimally slowly, in the exact same manner as the forward evolution. Hence we
end up in the same state as we started from, which mathematically enables the calculation of
quantities of interest, since the initial and final states are assumed known.

The implication of this “adiabatic” evolution is that when the system is evolved from an initial
to a final state, and then back to the initial state, the only net change can be the acquiring of a
constant phase. This is a nontrivial statement and will be explored more carefully below.
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2.0.1 Mathematical Justification

We quantify the hand-waving argumentation above in the following [12]. We assume that in the
initial state, at t = —oo, our system is specified by the density matrix p(—o0). The evolution of p(¢)
is governed by the (possibly time-dependent) Hamiltonian A(r). Hence we can characterize the
initial state of our system with the Hamiltonian H(—co), which we assume to be noninteracting.

The evolution of the system can be described by the usual von Neumann equation

P _
ot

~i[A®.p0)] @1

where i1 = 1. (2.1) can be formally solved by use of the unitary evolution operator 7:(,1,,2 which
works to propagate the system from time point #; to time point t,. The formal solution has the
form :

p(t) = Uy —oop(=00) [Ty oo | = Ty —copp(—00) U css (2.2)

where T denotes Hermitian conjugation. Uu, 1.1, obeys the evolution equations
oUy = —iIHOU, Or Uy = iU H(t') (2.3)
which can be solved formally by iterative evolution by infinitesimal time steps ¢; = %

q/lt,t' — Al,lm e—lH(t—&,)&,e—tH(t—26,)6, o e—zH(t—N(S,)(S,e—zH(t )o:

—00

:Texp(—i f Pl(t)dt) ’

where T denotes the time-ordering operator which is needed in this case because in general the
Hamiltonian at different times do not commute with one another.
In order to obtain physical quantities in general one needs to perform averages of the form

2.4)

O == il P (U ot Oy o (~0) (2.5)
1) = —~ = —~ r —co, —cof(—00 .
Tr (p0) — Tr (o)) e

and in (2.5) one can clearly see where the various quantities defined above come into play. In
words, this expression describes evolution of the density matrix p(—oo) at t = —oo to a state at time
t via the operator U, _, at which point the observable is measured, and subsequent evolution
from time ¢ to time ¢ = —oo. In other words, this description of time evolution is equivalent to that
of time evolution in the Heisenberg picture.

In the case of equilibrium, this forward-backward evolution of the system is avoided by a
simple assumption: that the infinitesimal (or “adiabatic”) evolution which was described above
has only the trivial effect of leaving a phase difference [20] when the system is evolved from the
initial to the final and back again to the intial state. More concretely, for T = 0 we denote the
ground state of the full interacting system as |GS), which for the purpose of this explanation is



assumed to be the end state of the adiabatic evolution described above, we then have
IGS) = U, |0) (2.6)

where |0) is the noninteracting ground state, or in other words, the initial state from which we
started. Hence in this notation, the type of expectation values which need to be computed in order
to evaluate expressions like (2.5) have the common form

(GSIOIGS) = (01U -0 O, —|0) 2.7)
For adiabatic time evolution we have in addition the relation
U ro0-10) = €™10) (2.8)

As already mentioned above, physical idea behind this expression is that, although evolving, the
system is assumed to be in its evolving ground state at all times, and given the normalization (0|0)
the only effect of this evolution is an additional phase factor ¢/®. The Hermitian conjugated (2.6)
holds in addition: (Ol(LAlm,_oo = (0]¢’®, and one can proceed to deduce that

(GSI10IGS ) = (01U 00  OU; _00)
= ¢ 0| U o0 ,OU, 0|0)
= 701U 400 -0 U —co SOU; oo 0) (2.9)
01U 00, O, 0)
(01T 4oo—col0)

(2.9) describes the evolution of a system in an adiabatic manner from ¢t = —co up to a certain
point at time ¢, at which point the system is measured and quantities calculated. Evolution of
the system then proceeds further towards # = +co. In this manner we need only to consider the
evolution of the system in one time direction. However, the elimination of the backward part of
the time evolution implies two significant limitations of the procedure:

1. The denominator in (2.9) presents a difficulty when applying the procedure to disordered
systems. Physical quantities in a disordered system are disorder realization dependent,
i.e., they depend sensitively on the particular realization, out of an infinite number of
them, of the disorder potential. Hence meaningful values are only obtained when ensemble
averaging is performed on the relevant quantities, e.g., the matrix element in (2.9). However,
the presence of the denominator in the expression complicates the procedure of disorder
averaging in a considerable manner, and hence for a disordered system this way of obtaining
physical quantities is not the best one.

2. Also more importantly, this procedure is not extendible to systems which are driven out of
equilibrium. This can be trivially seen by the fact that a Hamiltonian with non-adiabatic
time dependence H(r) (from external fields, for example) or arbitrary boundary conditions
will in general be driven away from equilibrium, and hence the assumption of adiabatic
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time-evolution does not hold. In addition, even if we assume that the fields are switched off
at some point in the future and we can wait an arbitrarily long time, there is no guarantee
that the final state reached by the system would be the same as that from which it started
from. Hence a description in the way of (2.9) would not be valid.

From the above it can be seen that leaving out the backward evolution might not be the best idea
in dealing with the important cases of disorder and nonequilibrium. The obvious solution to this
is of course to explicitly take the backward evolution into account, but this requires a systematic
reconsideration of the formalism shown above.

We start by reinserting the backward evolution into the expression (2.9). This can be done
by using the trivial identities ‘LAII,M"LAI%OJ =1 and ‘LA(_OO,{LAI;,ﬂo = (LA(_OO,M. Inserting the first
into (2.9) and using the second yields

~ 1 A ~ A A
O)0) = =T T U0 Oy () (2.10)
I p(—c0)

(2.10) exactly corresponds to a time evolution of the form shown in Fig. 2.1 The central quantity

. .
F 3

¢ .

w
w

U oo e

Figure 2.1: Keldysh time evolution. From [12]

in (2.10) is the evolution operator along the closed loop U = ﬂ_w,+m¢{+w,_w If we assume that
the Hamiltonian is the same on both the forward and backward contours then a backward-forward
evolution brings the system back to the exact same initial state, since intuitively any changes that
are accunulated on the forward evolution (a phase, for example) is then directly unwound on the
backward evolution. Mathematically, this means that the partition function Z has the property that

Tr {TUcp(—o0))
Tr {H(—o0)}

is identically equal to 1. Of course, we are interested not in the bare partition function, but
in calculating physical quantities. In terms of the partition function, this can be achieved by
breaking the similarity between the forward and backward evolution paths by inserting a source
term to the Hamiltonian A ‘i,(t) = H(f) + (jV(t), where the plus (minus) signs refer to the forward
(backward) contour directions. Since the partition function is now different between the forward
and backward propagating contours, Z # 1 and we obtain from the definition (2.11) the generating

Z (2.11)

10
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function
Tr{Uc[V]p(-
z1v) = TUCVIPC)) (2.12)
Tr{p(—c0)}
from which physical quantities can be obtained via the differentiation
A i 0Z[V]
0) == 2.13
O = 350 e 2.13)

2.1 Functional Formalism

In this section we will outline the construction of a functional integral formalism in the Keldysh
formalism. This is particularly necessary if we want to average over realizations of disorder in
some manner, as is done in the nonlinear sigma model. Starting from bosonic coherent states,
we construct the partition function defined on the Keldysh contour and show how to derive the
noninteracting Green’s function. Due to the particular form of the evolution contour we see that
the Green’s function also possess special structures such that additional information relating to
nonequilibrium distribution functions can be obtained. At the end of the chapter we will then
show how the Keldysh action can be derived from the Green’s functions and how external source
terms can be incorporated into the action.

2.1.1 Partition function

As a simple example we consider the case of bosonic particles occupying a single quantum state
wyg in this section. The Hamiltonian reads

A, b) = wob'b

where the operators 5' and b are the usual bosonic creation and annihilation operators. The central
quantity in the functional formalism is the partition function. Its usual definition is simple and
was given in (2.11); We note that the initial density matrix p can be chosen to be the equilibrium
one, having the form py = exp{—B(H — uN)} = exp{B(wo — u)b" b} which then yields the simple
form for the denominator

Trpo = Y e P = [1 - p(ewp)] " (2.14)
n=0

which is a simple arithmetic sum. Here the factor p(wq) = e Bwo=1) (2.14)is a time-independent
constant and normalizes the partition function in the case of no interactions and / or disorder,
since these are assumed to be turned on (off) adiabatically as the system is evolved forward
(backward) via the time evolution operator. As mentioned in (2.12) and (2.13), in order to obtain
observables we need to include a source term in the Hamiltonian, and computation of observables
amounts, in the functional language, to the differentiation of the partition function with respect
to the source term, and finally setting the source term to zero. We imagine this in more colorful

11



Chapter 2 Mathematical Formalism

language to the attaching of a “handle” to the black box of the partition function, with which such
required observables can then cranked out.

It is simple to see why such a procedure would give us the required physical quantities. If we
assume the partition function with the form of the Hamiltonian including source term written
in the form OV(t) as stated above (2.13) then differentiating with respect to V(1) “brings down’
the observable operator O inside the trace of the partition function due to the presence of the
exponential; subsequently setting the source term to zero then gives an expression corresponding
to the thermal average of the physical quantity with respect to the sourceless Hamiltonian.
However, in the Keldysh formalism, we need to be aware of certain subtleties in the structure of
the source term.

b}

2.1.2 Partition function on the Keldysh contour

Having defined our contour and the peculiarities associated with it, we will now see how to
perform time evolution upon the contour and how to relate this to the mechanics of performing
functional integration. For this purpose an important concept from the functional formalism, that
of bosonic coherent states will be employed and we will see how to apply it to the problem of
calculating the partition function in the Keldysh framework.

Bosonic coherent states

A set of bosonic coherent states are defined in the usual manner as a right eigenstate of the
(bosonic) annihilation operator b [12]

blg) = ¢l): (81" = (gl (2.15)

where the complex number ¢ parameterizes the state and also denotes the complex eigenvalue of
the b operator, and the overbar denotes complex conjugation. Consequently, the matrix element
of a normal-ordered sequence of operators H(h', b) is then given by

(@IHG" D)) = H@. ¢ )ld) (2.16)
It can additionally be shown that the coherent states can be defined in the following way [21]
n

¢ =
¢;\/_

n!

m= Y S0 = e 0) @17)
n=0

where |0) is the vacuum state, in which 13|0> = 0. Another striking feature of the coherent states
are that they are not mutually orthogonal and form an overcomplete basis [21] which can be seen
from the overlap

" 00 én¢ln’ . 0 (¢—5¢/)n i
<¢|¢>_MZ=0—W<HM>_;) T =e 2.18)

12



2.1 Functional Formalism

which follows from the orthonormality of the pure number states. A final important characteristic
of the boson coherent states is that the resolution of unity can be written in terms of them in the
form

i- f A1, o1 g) (o (2.19)

Finally, we mention that the trace of an arbitrary operator O can be simply expressed in terms of
the coherent states

Tr{0) = > (nlOlny = > f d1g, ple™*" (nlOlgXin)
n=0 n=0

(2.20)

[ aia.o Y oo = [ aw.oe o
n=0

Partition function in the Keldysh formalism

In this section we will give an overview of how to include the Keldysh time contour into the usual
formalism of functional integration. In principle, this task is quite trivial since the main ideas
involved in the original formulation of the functional integral can be adapted to the case in which
the Keldysh time contour needs to be taken into account. To start, we state an important point in
the construction of the Keldysh functional integral: that the interactions and disorder are switched
on (and off) on the forward (and backward) part of the contour sometime after (before) t = —co.
This is of course the same assumption implicit in the usual Murray-Gell-Mann construction of
field theory, with the difference that no assumption needs to be made on the switching off the
interactions and disorder part of the time evolution, since, by construction, the system is forced
to return to its initial state. We recall the diagram of the Keldysh contour C as presented in the
previous section (Fig. 2.1). We divide C into (2N — 2) time intervals of length ¢, such that #; =
thy = —oo and ty = ty41 = +oo (Fig. 2.1). Using the resolution of unity, one can proceed, as is
done in the usual formulation of the functional integral, by first splitting up the contour into a
finite number of discrete time slices and then inserting the resolution of unity (2.19) at each point
of separation between one time slice with another; these points are then labeled with the integers
j=1,2,...,2N along the contour. Here we will illustrate this point with a particular term of
order N = 3 originating the partition function, Z4"™ = Tr {([:Ic[)}:

(b6l U 5115 D3| U 5114 ){Pal L3 )31 U 1.511p2 Y 2| U s 51 b1 Y b1 60| be ) (2.21)

where (LAIJ_,(;I is the time evolution operator as defined in (2.4) for the time interval ¢, in the positive
(negative) time direction and |¢;) are the bosonic coherent states defined in the previous secion.
For infinitesimal time interval 6, we perform an expansion of the exponentials of the partition

13
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function in powers of ¢;; concretely, for any arbitrary factor in (2.21) we can write

(@I Tls)j-1) = DT Dp; 1) (g, (15 iAGT, b )6, Ipj1)
= (g)l¢;-1) (1 7 iH(B), 6-15) (2.22)

~ %i%i1 FiH(®).0j-1)0:

which holds up to linear order in ¢; and for any normal-ordered Hamiltonian. For simplicity we
can again specialize to a simple Hamiltonian describing a single bosonic level

A, D) = web'b . (2.23)
Employing the particular identity of the coherent states [12] we obtain then

($1le P P16y = exp {Brdanp(wo)) (2.24)

and collecting all the exponential factors along the contour one finds then for the partition function

! fﬁd[&wﬁ-]exp i ZZN $,G iy (2.25)
Tr {ﬁo} . J Y] IS T .

JhJ'=1

Z =

where for the case of N = 3 one obtains the 2N X 2N matrix iGJ‘.jl,

[ -1 p(wo) |

iG>l = (2.26)

and hz = 1 ¥ iwgd;. The discrete matrix form of the propagator in the exponent of the partition
function is required in order to employ the Gaussian integration identity

7 . SN2+ SN 74+ )] 2N AT

ZIJ,J] = f d[Z;,zle & tusT A TS = 2.27

g P detA ( )

We see that if we associate A = —iG~!, then the determinant in the denominator of (2.27) of the
matrix (2.26) has the form

det [-iG™"] = 1-pwo)(h-h )" ™" = 1=p(wo)(1+wis)V ! ~ 1=p(w)e“ % M= X224 o)

(2.28)

14
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which then leads to the normalization

- Trpodet|-iG1]

1 (2.29)

The formal expression for the partition function, obtained from taking the limit N — oo of (2.25)
can be written analogously by first writing down the explicit discrete form of the action

2N
- - D= i1 - . .
S16.61= D 0,[id;~——— ~ wodg ;1| + i1 41 ~ ip(wo)pan] (2.30)
=2 g
where 6t; = t; — t;_1 = +6; corresponding to time differences on the forward and backward

branches. Then the continuum corresponds to writing ¢; — ¢(¢) and the action acquires the form

Slg. ¢] = fc dt (G (1) (2.31)

Note that the above representation is valid for any type of continuous fields, in particular for
electromagnetic fields, which are the quantities of interest in this work. In addition, although
the Maxwell equations are usually expressed in the original electromagnetic fields, we will
express our equations frequently in terms of the vector potential A(r, w). Their relationship, in
the Coulomb gauge and in the frequency representation, takes the simple form

E(r, w) = iwA(r, w) (2.32)

We will also ignore the vector nature of the fields in this work, except for Chapter 6. Specifically,
in general the polarization of electromagnetic waves represents an additional degree of freedom
which for certain cases should be taken into account. However, for our work, which mainly
deals with the diffusive nature of wave propagation in the absence of any time-reversal symmetry
breaking scattering potentials, we shall ignore this additional degree of freedom and represent
all our fields as scalar quantities, hence E(r, w) = E(r,w) and A(r, w) = A(r, w). However,
Chapter 4 contains material which is thematically-wise orthogonal to the rest of the thesis, since
in that chapter we deal specifically with the effect of the polarization degree of freedom on
transport properties, namely the diffusion coefficient.
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CHAPTER 3

The Photonic Dissipative Nonlinear Sigma
Model

3.1 Introduction

The transport of waves through disordered matter has been a topic of recurring interest ever since
the discovery of the Anderson localization in electronic systems [22]. Analogous phenomena
have been subsequently studied for the transport of classical [23—-26], matter [27, 28], and even
seismic waves [29].

The research on classical-wave propagation in disordered media has been motivated by the
conjectured possibility of the localization of light. The results, such as the enhancement of
dwell times due to resonant scatterers and, hence, lower energy-transport velocities [30] and the
correction term in the Ward identity due to frequency-dependent scattering potentials [31], have
shown that, while retaining many similarities, the behavior of light in disordered media differs
from that of electrons in several important aspects. One of these aspects concerns the propagation
of light in nonconservative disordered media. Such systems can be physically realized, for
example, as random lasers [5, 32, 33], which have received much attention recently. A promising
research direction in this context are theories that combine description of wave propagation
through disordered medium with the nonlinear laser equations [34-36].

The properties of light diffusion in absorbing media was studied using the photon transport
equation [37-39]. In particular, it was argued that, in the parameter range of validity of the
diffusion equation, the diffusion coefficient is close to its value in the conservative medium. The
treatment of light propagation starting from the wave equation has been mainly conducted via
the self-consistent diagrammatic theory [40, 41]. Interesting results, such as corrections to the
bare diffusion coefficient due to the additional terms in the Ward identity [42, 43] and dynamics
of Anderson localization in quasi-one-dimensional geometry [44] and open three-dimensional
media [45] have been obtained by these methods. An alternative description of classical wave
propagation is provided by the so called effective models of disordered systems, commonly
known as the nonlinear sigma model [16, 17] (NLSM). Being originally developed for electronic
systems, the (supersymmetric) NLSM describing light propagation in a conservative disordered
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Chapter 3 The Photonic Dissipative Nonlinear Sigma Model

medium was derived in Refs. [23, 46]. Later, the effects of an open boundary on the diffusion
coefficient were studied [47] by using a similar model. Unlike the self-consistent theory of
transport, effective models have not yet been applied to optical systems with absorption or gain.
The effective models can be useful, e.g., in describing special properties of light localization in
such systems [48-50].

In this chapter we formulate the Keldysh nonlinear sigma model [11] for the propagation of
electromagnetic waves in nonconservative disordered media in the diffusive regime. Systems
with absorption or gain are relatively simple to treat in the Keldysh formalism, which makes it
possible to define an action needed for the field-theoretical description. By following the general
scheme as outlined in Ref. [11] for electronic systems, we derive an effective NLSM action where
we obtain a term due to nonconservativeness of the medium. A similar contribution was found in
Ref. [47]; in that case the term originated from the openness of the system.

Furthermore, by using the standard methods [11], we show that the light propagation can be
described by a diffusion equation for a nonconservative medium. The conditions under which
the NLSM yields the diffusion equation are found to be equivalent to the restrictions imposed in
the theory of transport equation [37]. Similarly, the diffusion coefficient that we derive is almost
independent of the absorption or gain under these conditions. For the amplifying medium, we
discuss the applicability of the linear-gain approximation and determine the threshold of random
lasing.

3.2 Equations of light propagation in disordered media

We start this chapter with an elementary derivation of the equation of motion for classical
electromagnetic waves in a statically nonconservative and disordered medium. In such media the
dielectric constant has the following form:

e(r,w) = i(w) + 6_6_(:‘) (3.1)
= € (w) +1i€"(w) + oe(r)

where we write our complex dielectric constant in two parts: a complex but homogenous part, €,
where the overhead bar denotes a background value of the dielectric constant which is independent
of the spatial variable r. This part of € is divided into real € and imaginary parts €”, respectively.
The spatially varying, random part of the dielectric constant is denoted by de(r). For each position
r it is drawn from a known probability distribution P(d€(r)).

3.2.1 Helmholtz equation

In order to describe the dynamics of wave propagation, we will write down the Helmholtz
equation for the medium in question. The material in this section can be found from several
sources; we use the presentation in [19].

We first assume a source-free situation, V - E = 0 and V - B = 0 in which Maxwell’s equations
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for fields oscillating at frequency w then read

V X E,(r) = iwBy(r) (3.2)
V x H,(r) = —iwD,(r) (3.3)

where the fields obey the usual relations

D,(r) = €(r, w)Ey(r) = [E(w) + 6€(r)]E,,(r) (3.4)
B, (r) = noH,(r) (3.5)

Substitution of (3.4) into (3.2) yields the usual form of the Helmholtz equation

2 = 2
) - L2 = £k ) (3.6)
C 0 € C

—V2E,(r

Hence in what follows we write the electric field as a scalar quantity E,,(r). The term proportional

to de(r) gives rise to multiple, random scattering. Rewriting (3.6) slightly we can write it as a
wave equation for E,,(r):

AE,(r) + k(z)(l +u()Ey(r) =0 (3.7)

where u(r) = de(r)/€ is the normalized fluctuation of the dielectric constant, and ky = 7niw/c,
n= VéElg.

A very important characteristic of (3.7), common to all second order wave equations, is the
energy dependence of the scattering potential V(r) = —k(z)/l(l') on the square of the frequency.
In electronic systems, when the electron energy is decreased localization is enhanced; however,
from the frequency dependence of the scattering potential for scalar waves we see that at low
frequencies the scattering strength is decreased, while at high frequencies, we are in the regime
of geometric optics, in which interference effects are less relevant (Rayleigh regime). Hence the
frequency dependence results in a decrease of the disorder scattering strength with decreasing
frequency, which translates to weaker disorder and hence reduction of localization.

3.3 Keldysh approach to light propagation

Our emphasis in this chapter will be to understand how to deal with the inhomogeneity represented
by the random scattering potential in (3.7). As explained in the previous chapter, an important
characteristic of the Keldysh formalism enables us to write the partition function starting from
the classical wave equation in a disordered medium in a simple manner. We will exploit this
fact to derive the disorder-averaged partition function, and then demonstrate its use to derive
various physical quantities of interest. We also show how linear loss can be taken into account in
a natural way.
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3.3.1 Partition function for non-conservative medium

We consider the two-dimensional wave equation
[V? + €(r, w) w*]Ay(r) = 0, (3.8)

where €(r, w) is the complex, random dielectric function For real e(r, w), this equation, and its
complex conjugate, can be obtained by setting to zero the functional derivatives

53_0 58
SA 7 SA*

=0 3.9
of the action

SIAA" = = f r 4 |e(r, @) W |AL ) = VAL ()]

167 2
=L (4o (r) [e(r, w) * + V?| A,(r) ’
167 21 ’ ¢

treating A and A* as independent functions. The action can be rewritten in the representation-free
operator notation as

1
S[A,AT] = —ATG A, (3.10)
167

where the inverse Green function operator G ! = e(r, w) W + V? in the (r, ) representation and
A (AT) is the Hilbert-space vector A,,(r) [A7,(r)].

In order to construct the quantum Hamiltonian, one expresses the energy of the system in terms
of the vector potential. A, (r) and A} (r) are then expanded in the normal modes of the system,
the expansion coefficients become the photon annihilation and creation operators.

The partition function can be written in the form of a functional integral over the fields (i.e.,
the classical functions) A and A". To this end, we represent the classical action along the Keldysh
contour as

Sc = L[ TG'A, —ATGT'A]
160 B

1 c\t ~-1 T ~—1 4cl ’ (311)
:F[(A VWG AT+ (AYD' G AT
T

where the subscripts “+” denote the fields on the forward and backward branches of the contour
and the so called classical and quantum fields are defined by

A = %(m +A)), AY= %(m - A). (3.12)

The minus sign in front of the AT G'A_ term in Eq. (3.11) takes care of the time reversal on the
backward branch, whereas A_ is the representation-free (vector) notation for the function A_(r, ¢)
with the forward time ordering. It is convenient to consider A°' and A9 as components of a single
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field

cl
A= ( f\q ) (3.13)

in the Keldysh space, which is twice the size of the original Hilbert space. (We will furnish the
vectors and operators in this space with a hat.) Then the contour action can be written in the form
(dropping the subscript “C”)

A | VRN
S[A, AT = —ATG'A, (3.14)
167
where G~ has a 2 x 2 matrix structure with zeros on the diagonal and equal off-diagonal elements.

In order to use S[A, A'] in the functional integral for Z, the operator G! has to be regular-
ized [11] by imposing the causality structure on its matrix:

. 0 G—l A

a1 o ( Gy EG‘I;K , (3.15)
(GTHRA(r) = e(r, w) W? + V2 007, (3.16)
(GHX = (GHRF - F(G™HA. (3.17)

Here, (G")RAK are the retarded, advanced, and Keldysh components of the inverse Green
function operator. The operator F that parameterizes (G~')X depends on the thermal distribution.
Eq. (3.16) is written under assumption of real e(r,w). In the medium with absorption, it is
generalized to

(GHRA() = €(r, w) W* + V2 £ i€’ (r, w) W, (3.18)
€(r,w) = Re[e(r,w)], €’(r,w)=Imle(r, w)], (3.19)

where €’ > 0. In the case of the gain medium, €’ < 0, the time-dependent Green function
is exponentially diverging, and its Fourier transform to the frequency domain does not exist.
The frequency representation can be defined with the help of the Laplace transform, which is
equivalent to introducing a fictitious absorption to the system. When the results of a calculation are
transformed back to the time representation, they should not depend on the fictitious absorption.
This means that one can perform the calculations in the frequency domain assuming €”” > 0, and
obtain the final results by analytic continuation to €” < 0.

The functional-integral representation of the partition function becomes
Z=N f DIA, AT &S 1AAT, (3.20)

where N is a nonessential normalization constant that ensures Z = 1 and the measure is defined by

J J
D[A,AAT] — l_l d(ReAw(r)) d(ImAw(r))

(3.21)
r,w, n
Jj=clq
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Here and below we set to unity the step size for the grid used to discretize the integral.

We note that the Keldysh formalism is especially appropriate for the description of systems
with absorption or gain as it naturally takes into account the finite €”(r,w) in the causality
structure of the inverse Green function, Egs. (3.15), (3.16), and (3.17).

3.3.2 Disorder average

We shall study the effect of disorder in the refractive index and assume the absorption or gain in
the system to be spatially uniform. Hence, we represent the dielectric constant in the form

e(r,w) = € (w) + A€'(r, w) + i€’ (w) (3.22)

with the averages over disorder realizations (A€’ (r, w)) = 0 and (A€’ (r, w) A€’ (r', w)) o« 6(r — 1’).

In order to define the scattering time 7, let us, for a moment, neglect €’(w). The wave
equation (3.8) can be interpreted as a time-independent Schrédinger equation with the energy
E(w) = € (w) w? and the potential energy V(r,w) = —A€ (r, w) w®. The scattering time 7 and
other characteristic time scales of the system are assumed to be much larger than w,, ! where wq
is the typical optical frequency. The slowly varying amplitude X(r, 1) = A(r, 1) exp(iwgt) satisfy
the approximate equation

oA _ [-V2 + V(r, wo) — E(wo)]A, (3.23)

h— =
ot

which is the time-dependent Schrédinger equation with the “optical Planck constant”

d&(wo)

7=
dwy

(3.24)

The scattering time can now be defined by analogy with the quantum scattering time via the
correlation function [19]

h
(V(r,wo) V(r',wp)) = 5—6(r — 1), (3.25)
2nvt
where v = dn/dé& is the quantum density of states (per unit volume). Note that v = vy /ﬁ, where

vp = dn/dw is the standard optical density of modes.

A disorder average of the partition function can be obtained by evaluating the functional
integral

(Z) = f DIVIZ exp [—% f der(r,wo)}, (3.26)

D[V] = ]_[ \/%7 dV(r, wo). (3.27)
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The disorder-dependent part of the action is

A s | P 01
ASIA, AT, V)= -—ATViA, ¥ = : 3.28
(A.AT V)= ———ATV3A, 5 ( Lo ) (3.28)
where V(r, wg) appears as an operator V diagonal in r; F is assumed to be diagonal in r, as well.
By completing the square, we obtain the disorder contribution to the partition function

. 3.29
VT 167 ( )

— 2
(@Y = exp [_%fdr(LA?(r)f’A(r))

The short-hand notation A(r) is used for the Keldysh-space vector A with the fixed index r, i.e., it
is a vector in the space with the reduced dimensionality; in this notation, AT(r)A(r) involves a
summation over the remaining indices, e.g., w and the Keldysh index.

The negative sign in the exponent (3.29) is essential for the properties of nonlinear sigma
model in the optical medium. In contrast to a fermionic system, the sign cannot be changed by
commuting the fields.

3.4 Nonlinear sigma model

3.4.1 Hubbard-Stratonovich transformation. Saddle point

The term of the fourth-order in the fields in Eq. (3.29) can be converted to a second-order term
with the help of the Hubbard-Stratonovich transformation yielding

n 1 . -\ A wh . B o an
_ Frag _ _ 2, . F o
exp[ 47rvadr(l67rA (r)yA(r))] NQfD[Q] exp[ 4t o +l327TTA YOAl
A dw jj
wj= Y, [aS o
J=clq
(3.30)

The auxiliary field Q is the Hermitian operator diagonal in r. The measure D[] is defined over
the independent matrix elements by analogy to Eq. (3.21). The normalization constant Ny is
determined by setting A = 0 and A" = 0. The negative coefficient in front of Tr Q? determines
the scale of O and can be chosen freely. The present choice leads to the simple form of matrix A
introduced in (3.37). In order to prove Eq. (D.50) more easily, one can define the matrix
ﬁ(r) = A(r) ® A"'(r) where the tensor product applies to the Keldysh and w subspaces. Then one
represents

ATH0A = Tr (Q AA). (3.31)

Now the field Q can be integrated out after completing the square.
Using Egs. (3.29) and (D.50) in Eq. (3.20) and integrating out the fields A and A, we obtain
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the disorder-averaged partition function

(Z) = No f DIQ) 519, (3.32)
iS[Q] = -Tr [”—mQ2 +1In (6;51 + E?Q]], (3.33)
4t 27

where Gal is the inverse Green function operator that does not include the disordered part of the
dielectric constant and all O-independent factors are included in the normalization constant No.

In the limit of large scattering time, the main contribution to (Z) comes from the neighborhood
of a saddle point. The saddle-point equation

. 1 (A i
o)y = —— (Ga1 - —?Q) (3.34)

follows from the condition of stationary variation of S[Q] with respect to #Q. In the (k, w)
representation,
(GyHRAK) = E(w) — K + i€ (w) * (3.35)

is diagonal. We will look for the solutions QE’A in the (cl, cl) and (q, q) blocks of O, respectively,
which are uniform in r and diagonal in w. Equation (3.34) yields for these blocks:

! 1
= —. (3.36)
v 4 W) - 12 £ i€ (w) w? + L ORA

The sum over the modes can be converted into an integral over v d&, where & = k. In the limit
wt > 1 and €’ < €, the lower integration limit can be extended to —co. Then (Q§’A)w = +iis
the solution. The full matrix can be written in the form

R
Qo =ih, A= ! 211 , (3.37)
0 -1
luR)’A +iw0

which includes the regularization in =e* and the Keldysh block. The regularization

leads to an important property Tr Qg =0.

We note that the saddle point Qo lies outside of the manifold of Hermitian matrices Q. The
diagonal part of Qy is anti-Hermitian; this property can be traced back to the negative sign in the
exponent in Eq. (3.29). The O manifold can be continuously deformed to pass through the saddle
point by making the transformation Q — ¢ in the neighborhood of O = A. As ¢ changes
from O to 7/2, the logarithm argument in Eq. (3.33) has no zero eigenvalues if €/ > 0. Thus, no
singularities are crossed by exp(iS [Q]) during the deformation.

24



3.4 Nonlinear sigma model

3.4.2 Effective action

The main contribution to (Z) arises from the fluctuations about the saddle point that satisfy the
condition Tr Q2 = 0. Such fluctuations produce weak variations of the action S [Q] (3.33). The
matrices O having the above property can be represented in the general form

O(r) = iR (r) AR(r), (3.38)

where R is diagonal in the r representation. In what follows we present the results of the calcula-
tion and refer the reader to the Appendix for details. After substituting the parameterization (3.38)
in Eq. (3.33) and omitting the O-independent contribution, we arrive at

iS[0] = -Tr In(1 + GYRI7G;', R™1)
N T (3.39)
~ —Tr(GRIYGy' R7') + ST (GIRIYG,' . R™)

where 1

A (A h .
=Gy +i—9A 4
G (GO + lzTy ) (3.40)

is the disorder-dependent Green function operator [see Sec. 3.5.2]. The action is expanded in the
fluctuations about the saddle point, which are described by the commutator [)A/GAa U R™17; at the
saddle point R = 1 the commutator vanishes. The disorder-free inverse Green function consists
of the conservative and nonconservative parts:

#(GyMHwk) = [Ew) - K11 + i€’ (w) w*A. (3.41)

The latter results in a nontrivial contribution to the commutator due to the Keldysh structure of A.
There are three leading-order contributions to S [Q]. Using the E(w) part of )A’GAB !in the linear
term in Eq. (3.39) we arrive at

iSl[Q] = iﬂVFﬁTr (81Q), (8ZQ)ZI = (atQtt’)t’=t- (3.42)

The contribution of the k? part of )A/(A}(; !"to the linear term of Eq. (3.39) is neglected compared to
its contribution to the second-order term, which gives

iS,[0] ~ —gvﬁD Tr (5, 0)% (3.43)
To derive this result, we used the property [19]

2€ wy

—~ -1
i N N . l 1,2
5 ;gw()(k)gm(k) - (T +— )

T (3.44)
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Chapter 3 The Photonic Dissipative Nonlinear Sigma Model

yielding the effective scattering time 7 and defined the effective diffusion coefficient in two
dimensions,
1, 2€ W}
2 "2

T, (3.45)

where v is the group velocity of light in the medium. In Sec. 3.5 we show that T and D are
the relevant parameters to describe the diffusive light propagation [see Eq. (3.77)]. Finally, the
nonconservative part of i/é(;l yields, in the linear order in the commutator,

iS3[0] = nve” wi Tr GAQ + A?). (3.46)

The contributions S 1,2,3[Q] sum up to yield the NLSM effective action

= 1,2
. A aAA D AL € Wy A A A0
iS101 = ~anTr |=i0,0 + @0 - —2GAQ + A7) (3.47)

The action vanishes at the saddle point, S [iA] = 0. The key assumption behind the NLSM is the
smallness of the action for fluctuations of Q restricted to the manifold Tr 0% = 0, compared the
action for arbitrary fluctuations about the saddle point. The terms S | 5[Q], which also appear in
the NLSM for disordered fermionic systems [11], depend only on the derivatives of Q. Therefore,
the dominant contribution to the partition function comes from the fluctuations O (r) [or Ry (1)]
that are slowly varying functions of r and (¢ + #’)/2. These “massless modes” are associated with
the diffusive light propagation. The assumption of slow variation justifies the neglection of higher-
order terms in the expansion (3.39). The contribution S 3[O] results from the nonconservative
nature of the medium. It is, in general, comparable to the to the “massive” Tr Q2 term, unless the

rate of absorption or gain is smaller than the scattering rate:

€N wl
| ~| 0 « 1. (3.48)
h T

This condition specifies the regime when the light propagation is diffusive. If this requirement is
not fulfilled, the massive fluctuations beyond the NLSM have to be taken into account.

3.5 Light diffusion

In this section we calculate the disorder-averaged Green-function correlator. In particular, we
consider the contribution that arises from the fluctuations of the field Q in the neighborhood of
the saddle point. The correlator possesses a diffusion-pole structure modified by finite correlation
length due to absorption or gain.
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3.5 Light diffusion

3.5.1 Fluctuations about the saddle point

We consider the parameterization

0=i0e "6, "0, U =0" =((1) _Fl ) (3.49)
where &, is the Pauli matrix. Because A = U6, U~ (if the regularization of unit operators is
neglected), this parameterization is equivalent to Eq. (3.38) with R=0U exp(W/ 2)U!. It can be
verified by explicit calculation that the diagonal blocks of W do not contribute to S [Q] and the
Green-function correlator, at least, up to the second order in W. We, therefore, represent this field

in the form
A 0 w
W= ( o 0 ) (3.50)

The specific choice of W as a Hermitian matrix is justified by the requirement of convergence of
the functional integral for the partition function (see below). The operator w is diagonal in the

r representation. By expanding the parameterization (3.49) in the powers of W we find the first-
and second-order deviations from the saddle point,

A —-Fuw" —w-Fuw'F
n _
j il i il
A 1 ww' ww'F + Fuww
s0% = E( 0 ot ) (3.52)

We note that only the latter matrix has the causality structure; however, the fluctuations of ( are
not required to obey causality. By using §Q"?) in Eq. (3.47) we can calculate fluctuations of the
effective action. The first-order variation of S [Q] depends on the derivatives I of the distribution
function F generated by the first two terms in Eq. (3.47); the third term yields an identically
vanishing first-order contribution. The saddle-point equation (3.36) determines the retarded and
advanced sectors of Q. By setting to zero the variation of the effective action near the saddle
point, we obtain the Usadel equation

(=07 + DOZ) F (v, 1) = 0 (3.53)
for Fy(r) in the mixed representation of the slow time variable 7 = (¢ + #')/2 and the large
frequency w, conjugate to t — ¢'. The second-order variation is

7,2

n D R D . R €'wy . .
i6S Pw,w' = —nvoTr|-id, §0® + Z(évr sO)? + I'E(arA)(ar §0P) - i—2A50?
h

1, 2
™ 2| . N
= Z W K| {—z(w — )+ DK+ = (3.54)

ww’k

! To transfer the differentiation from w and w' to F, integration by parts can be used.
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Chapter 3 The Photonic Dissipative Nonlinear Sigma Model

where w(k) is the Fourier transform of w(r). Of the two terms with spatial gradients, the second
term has a zero trace. The first term yields the Dk* contribution to 85, as well as the additional
correction

isS ('] = ~ZLD ulw’ @ F)P (3.55)

where “tr” denotes the trace of operators that do not have the Keldysh matrix structure. This
correction vanishes when F(r) is uniform, which we will assume. With the help of Eq. (3.54), the
disorder-averaged partition function can be approximated by the functional integral

)~ N, f D[w, w'] e we'l (3.56)

where N, is a normalization constant. For a medium with gain, the divergence of the integral for
the modes with
2
2€" wy
hD
indicates that the long-scale fluctuations become unstable due to onset of lasing (see Sec. 3.5.3).

Thus, in the long-wavelength limit the linear-gain theory breaks down and the nonlinear effects
have to be taken into account [35, 36].

k < kmin = |-

(3.57)

3.5.2 Disorder-averaged correlator

Green functions and their combinations can be expressed in terms of derivatives of the partition
function with respect to the source fields:

i 52Z[J. J1]

Jk - _vos 1
GH(1.2) =~ ST SR Dy’ (3.58)
4 7
G*(1,2)G™(3,4) + G"(1,4) G¥(3,2) = —— ___ 0T ,
(1602 SLJI(D)]" 675Q2) oI 6™ |;_ 5,
2L =N f DA, AT] ¢STAAI+TTA+ATT (3.59)

where j, k,I,m = cl,q and 1,2,... are full sets of coordinates in some representation, e.g.,
1 = (k;, wy), etc. By inverting the matrix (4.11), we identify the sectors of the Green function as
G =GR, G = GA, G = GX £ [(GTHX]!, and G¥9 = 0.

The disorder-averaged Green functions and correlators are obtained by using the above expres-
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3.5 Light diffusion

sions with the disorder-averaged partition function 2

@ZLLJ1y = Ny f D[Q] exp(iS [Q] + 16717 G ), (3.60)
~ -1

A DU

Go= (GO + ;yQ) . (3.61)
We find, in particular,
(G 2) = (G5 (1,2, (3.62)
R A _ /R A K Q R

(G™(1,2) G*(3,4)) —<QQ(1,2)QQ(3,4)+QQ(1,4)QQ(3,Z)>Q, (3.63)

where the average (- - - ), over 0 is performed with the exponential weight exp(iS[Q]). Equa-
tion (3.62) shows that Q = Qi A [Eq. (3.40)] is the disorder-averaged Green function in the
lowest-order saddle-point approximation. The component gg = g‘gq in Eq. (3.63) is, in general,

non-zero when Q does not have the causality structure. This observation is essential for the
following calculation.
We calculate the Green-function correlator

R(1,2,3,4) = (GR(1,2) GA(3,4)) — (GR(1,2)XGA(3,4)) (3.64)

by expansion about the saddle point. The lowest-order correction to the Green function (3.61) is

Go-G= —%Q%Qq)@ = i% ( Qng_Ag " u?ggiz?gkp fgiﬂgl‘: ) (3.65)

The Gaussian averages with the action (3.54) are as follows:
Wy =Wy =0, W' (1,2)w'(3,4)), =0 (3.66)
W(L2) B4y = = HkekikdorwOoes (3.67)

— 2¢” 2
™0 Dk ~ ko) — i(w) — wp) + =

Therefore, the leading contribution to the correlator comes from the K-Q term in Eq. (3.63),
which is given by the product of diagonal blocks in Eq. (3.65). We find

h 6k1—k4,kz—k3 6w1,w25w4,w3

R(1,2,3,4) = — G ()G DG 3 G4 — (3.68)

2 _
2rvT D(ki - ks)? = i(wi - wg) + ==

The correlator has a diffusion pole with the diffusion coefficient D. The pole is modified by the
€” term that arises from the corresponding contribution in the effective action (4.25). This term

2 Equation (3.60) is derived analogously to Eq. (3.32) by adding the source terms, as in Eq. (3.59), before integrating
out the fields A and A.
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Chapter 3 The Photonic Dissipative Nonlinear Sigma Model

defines the absorption rate
1,2
2€" wy

| =

) (3.69)

S+

Ta

negative for gain.

3.5.3 Discussion

The pole structure of the correlator implies that the light intensity / in the medium satisfies the
diffusion equation with the nonconservative term:

(6, =DV + 7)1 =0, (3.70)

_ 1, 1,(1 1\

D=-vt=0*|=+—| . 371
20 T 20 (T + Ta) ( )

We compare this equation with

T 1+71/7
— P +0,-DV*+r ' —L =0, 3.72
T+ 20/, T T, (3.72)
1,1 2\
D = —1? (- + —) , (3.73)
2 T T,

that follows from the photon transport equation (see Eq. (15) of Ref. [37]). According to Ref. [37],
the light propagation is diffusive if the second derivative with respect to time in Eq. (3.72) can be

neglected. This is the case when
T < At, (3.74)

where At is the characteristic time scale of intensity variation. The reaction of the medium on
a fluctuation of intensity will be determined by the shortest time scale, so that At < |r,| can
be assumed. Therefore, when neglecting the corrections of the order of 7/At in Eq. (3.72), we
also have to neglect the contributions of the order of 7/7,. In particular, it is consistent with the
diffusion approximation to set

1
D ~D= 5027. (3.75)

The independence of absorption for the diffusion coefficient was also supported by the numerical
evidence in Ref. [37]. It is worth commenting on the claim [38, 39] that the diffusion coefficient in
the medium with absorption must be equal to D even for 7/7, ~ 1. A closer look at the derivation
of the diffusion coefficient from the transport equation in Ref. [38] reveals that the time-derivative
terms neglected in Eqgs. (A9) and (A11) of that article would yield the diffusion coefficient

]
D’ = Eva(l - 21) ~ D (3.76)

Ta

were they taken into account. Thus, the (approximate) independence of the diffusion coefficient
of absorption is a consequence of the self-consistent application of the diffusion-approximation
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3.6 Conclusions

conditions (3.48) and (3.74).

The NLSM effective action (3.47) is derived under the condition (3.74) as well. This condition
guarantees the slow variation of Q, and makes it possible to neglect the contribution of &(w) part
of i/(?a I [Eq. (3.41)] to the second-order term in Eq. (3.39). This contribution would result in a
second-time-derivative term in the effective action. Again, the diffusion approximation requires
that we set

D=~D, T=xt (3.77)

in the NLSM expressions. Thus, the NLSM and the theory of transport equation agree in the
diffusive regime.

In the medium with gain, the the diffusive relaxation competes with the amplification. Because
the long-scale intensity fluctuations disperse slower, they become unstable, and the random lasing
sets in. The cutoff wavenumber kpi, (3.57) determines the critical sample size

1= Dt (3.78)

above which the system is lasing and the linear-gain theory does not apply. Alternatively, the
above expression yields the lasing-threshold value of |7,] if [ is given.

3.6 Conclusions

We obtained the functional-integral form of the partition function for an optical medium with linear
absorption or gain. Keldysh technique is particularly suitable for description of nonconservative
systems because it provides a natural representation for the action. The disorder-averaged
partition function is expressed as a functional integral over the auxiliary matrix field . Within
the framework of nonlinear sigma model, we considered the fluctuations about the saddle point
that fulfill the condition Tr O = 0. We found that the effective action S[Q] for these fluctuations
contains an extra term due to absorption or gain.

With the help of the nonlinear-sigma-model partition function, we computed the disorder-
averaged Green-function correlator. The leading contribution from the vicinity of the saddle point
has the diffusion-pole structure modified by a finite absorption/gain rate. The diffusion coefficient
is found to be approximately independent of the absorption or gain in agreement with the theory
of photon transport equation. In the medium with gain, the linear theory is not applicable in the
long-wavelength limit. If the sample size exceeds a certain critical length, the random lasing sets
in.
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CHAPTER 4

Application of the Nonlinear o-Model: Full
Counting Statistics

4.1 Introduction

Physics of disordered mesoscopic conductors [51, 52] made a strong impact on the research on
light propagation in disordered media because of the well-known analogy between the scalar
wave equation and the Schrédinger equation. Important information about the system can be
gained by studying fluctuations of charge current (or energy current in optical medium), which
are usually described via the current cumulants [53]. The calculation of these quantities normally
require the knowledge of the full statistical distribution of transmission eigenvalues [54, 55].

The theory for electronic charge transmission has a long history and is well developed. Various
methods were employed to compute the full counting statistics of electronic conduction through
disordered wires, among them the semiclassical formalism [56], random matrix theory [57],
and the Green’s function formalism [58]. In particular, it was found in all these works that the
electronic shot noise in disordered conductors is reduced below the Poissonian (uncorrelated)
value by a universal factor of % This reduction is a result of the existence in a disordered conductor
of a fraction of non-weakly transmitting (“open’’) channels with transmission coefficients close
to 1, with the remainder being weakly conducting (“closed”) channels with small transmission
coefficients. This property is reflected in the distribution of transmission coefficients originally
derived by Dorokhov [59]. Although shot noise is not present in the transmission of classical
electromagnetic waves, the transmission statistics is still governed by the Dorokhov’s distribution,
as we show below.

In the field of optics, transmission statistics in disordered channels was extensively studied ex-
perimentally [60—64] and slightly less theoretically [65, 66]. We are not aware of similar research
done on dissipative or amplifying systems, which can be relevant for practical applications, such
as random lasers [32].

In the present work we rederive the Keldysh nonlinear o model for nonconservative me-
dium [67] in the form that allows one to calculate the energy current fluctuations. Specifically,
we include the source term in the action and follow the steps outlined in Ref. [12]. In the
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Chapter 4 Application of the Nonlinear o-Model: Full Counting Statistics

stationary-phase approximation one obtains the Usadel equation which admits an exact solution
for a one-dimensional conservative system [12, 58]. We solve the Usadel equation in the weakly
nonconservative system by a perturbation expansion and calculate the action at the stationary
point. The action generates the cumulants of the energy transmitted during a fixed time interval.
We apply the general theory in the special cases of thermal fluctuations in equilibrium and fluctu-
ations over disorder realizations in the pumped system at zero temperature. The latter are related
to the fluctuations of the transmission coefficients described by the Dorokhov’s distribution. We
also find quantitative agreement with previous diagrammatic calculations [65] of the second- and
third-order cumulants in the conservative medium.

4.2 Full Counting Statistics

4.2.1 General theory of counting statistics

In this section we give an elementary introduction to the theory of counting statistics. We note
that the formalism to be presented below was originally written down to describe transport of
electrons. What we have done is to attempt to apply the same formalism to the transport of
photons, i.e., elementary excitations of the electromagnetic field. Hence, in this section we will
give a simple overview of the theory of counting statistics which is independent of the physical
quantities it applies to, i.e., electrons or photons. We imagine a conductor of length L. This could
be a common copper wire, in the case of electrons, or a length of fibre optic cable with dielectric
inhomogeneities for photons. For purpose of this section we will collectively call the excitations
which propagate through these objects, “particles”. We are interested in obtaining a quantity like
the number of particles N passing through a certain point on the conductor in a time interval At.
This number N, is, of course, a random quantity, since the particle transfer is a stochastic process,
potentially influenced by imperfections of the measuring device, irregularities in the conductor,
or even intrinsically, due to the quantum mechanical nature of the process. For the moment we
assume that the conductor is still essentially a “clean” one, i.e., its physical characteristics is not
dominated by the amount of “irregularities” present in the system beyond what is practically
achievable.

For an experimentalist, there are hence two ways to proceed: on the one hand, he can take many
measurements, and calculate the average number (N,), where (... ) denotes averaging over the
various values obtained from the different experimental realizations. Although also an interesting
quantity, we will not be concerned with the computation of this quantity in this chapter.

On the other hand, he can try to characterize this stochasticity via the calculation of its statistics,
i.e., by trying to determine the probability of measuring a certain value of N,. This quantity is
concerned with the distribution of measured values Py,, which can be obtained, in principle, by
making a number of identical measurements (say, M,,, times) and counting the number of times
the measurement yields the value N,, say My times. In the limit My — oo one obtains Py from
which important quantities can be calculated, for example the usual average

(N = Z NPy 4.1
N
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4.2 Full Counting Statistics

but also some information about the statistics of the the process, for example the variance, or in
more descriptive language, the second cumulant of N,, which measures the degree of deviation
from the average

2
(NP = (N =(N)?) = > NPy - (Z NPN] (4.2)
N N

However, the quantities defined in (4.1) and (4.2) are still only a partial picture of the information
which can be derived from a study of the statistics. Let us define the characteristic function

Aly) = <eiXN ) (4.3)

(4.3) is especially suited for characterizing statistics of the distribution p,,. Specifically, we can
express the irreducible correlators (or cumulants) in terms of (4.3) by simply writing

i k o
(lk!) C me=(N=N)) (4.4)

Iny(D) = " my
k=1

and noticing that the action of successively differentiating In A(y) with respect to iy (the “counting
field”) will generate expressions (4.1) and (4.2) in succession. Hence we see that (4.3) is a useful
quantity for the characterization of the statistics of particle transfer. In the following section (and
indeed, in the rest of the chapter) we will be concerned with the calculation of various versions
of (4.3).

In the following, we will specialize to the case of electronic transport, by way of illustration. We
further motivate the presentation of the characteristic function via two well-understood examples.
We consider first a Poisson process, which describes, among other stochastic processes, charge
transport at very low transmission with uncorrelated transmission events [68]. This process is
described by the Poisson distribution

e ik k!, k<0,
Pr= { 0, k<O0. 4-5)
and we obtain for the characteristic function
x() = exp (¢ - D), (4.6)

where 71 = It/e is the average number of particles transmitted during time ¢, with [ the time-
averaged current and e the elementary charge. We see also that all cumulants of the Poisson
distribution are identical: m; = n. Physically, the Poisson distribution describes the transfer of
particles across a channel in one direction from one reservoir to another in a fully uncorrelated
manner. Transmission is assumed to be very low, such that one can restrict to single particle
transfers for any time interval o¢ under consideration.

Another example is the well known binomial statistics. A binomial distribution represents a
process in which a fixed number N attempts are made of a particular trial, with the probabilities p
of a “successful” and ¢ = 1 — p of an “unsuccessful” trial. It is known for the binomial distribution
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that the probability of obtaining k successes out of N attempts is given by the combinatorial
number Cj‘v = N!/(N - k)!k!. Hence similarly to (4.5) we can write the distribution and hence the
characteristic function for the binomial process as

pe=Chpfd"™  and  x(1) = (pe't + @)V (4.7)

The binomial distribution describes an ideally transmitting channel at zero temperature, which
means that the electrons are in ideal wave states and hence the momentum in the transport
direction is a well-defined quantum number, which is constant. This picture then describes
particle transfer in a fully correlated state.

This concludes the introductory section in which the general concept of FCS and its role in
characterizing transport properties was explained. In the following sections we will concentrate
on the application of the photonic sigma model in the calculation of the FCS and how this in
turn is able to yield information on the energy transport through a disordered, one-dimensional
waveguide.

4.3 Nonlinear sigma model with source

4.3.1 Keldysh field theory

In this subsection we will recall some notation first presented in the previous chapter in order
to show how to correctly include a source term in the original action. We consider a classical
electromagnetic wave with transverse magnetic (TM) polarization in a two-dimensional medium.
Following the previous chapter, we introduce two complex fields, A, (r) and A (r), whose real
parts correspond to the normal component of vector potential at the position r and frequency w.
The physically relevant frequencies for the fields are restricted to the neighborhood of the typical
optical frequency w = wyg > 0, which is assumed to be the largest frequency scale in the system.
Within the Keldysh formalism [9, 10], each field acquires two components as A, and Af_, for the
positive (+) and negative (—) time directions.

To access the full counting statistics we will again derive the functional-integral form of the
partition function,

Z= f DIA, AT SAAT p =1, (4.8)
with the measure ) )
A d(Re A/ d(Im A/
DIA.A" = v [ ] AREALD)Im AL () 49)
r.w, T
Jj=clq

All information about the system is contained in the action

S[A, AT = —ATG'A, (4.10)
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4.3 Nonlinear sigma model with source

where the inverse Green’s function operator has the form

A 0 (GHA
I _

G = (GHR (GHK “4.11)
(we remind that matrix products involve integration over continuous variables). The retarded,

advanced, and Keldysh components of G~! are given by (we set the velocity of light ¢ = 1)

(GHRA() = €(r,w) W* + 32 + i (r, w) W, (4.12)
(GH* = (GHRFy - Fo (G, (4.13)
€(r,w) = Re[e(r,w)], €’(r,w)=Imle(r, w)], 4.14)

where e(r, w) is the dielectric constant of the medium and
w
Fo =2ny + 1 = coth T (kg = 1) (4.15)

is related to the photon occupation number ng, which is given here for the thermal equilibrium
at temperature 7. The normalization constant A in Eq. (4.9) depends on the discretization of
continuous variables and ensures the property Z = 1, which reflects the fact that the system
arrives to its initial state as a result of the forward-backward evolution.

Till now we have only put previously defined quantities in context of the further addition of
a source term, which is necessary ion order to compute averages of physical observables. The
source term for the energy current density is (cf. Ref. [12])

AS =Tr (A-j), (4.16)

where j! is the classical field component of the current

j@r,n = [(0:A") (0,A) + (0,A7) (0:A)] 4.17)

1
16
and the source field A(r, 7) is the quantum component of the field (0, 2)T with the zero classical
component in the Keldysh space. Here and below the trace includes integration over continuous
variables. The average current is then given by the functional derivative of the (logarithm of)
partition function with respect to the source,

Szl 6zl

Glr. ) = =i SA(r, 1) lazo _lm A=0 (*413)

The fact that A is a quantum field is responsible for Z[A] # 1, in general, whereas Z[A = 0] = 1
by construction.

Performing the Fourier transform we approximate 9,A — —iwA =~ —iwpA and ;A — KA =
iwo Ve'k(k)A, where k(k) = k/|k|. Then the sum of contributions (4.10) and (4.16) yields the
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total action |
SIA AT, )= —AT (G + V2ewik - A1) A, (4.19)

T

where 1 is the unit operator in the Keldysh space. (4.19) is derived in detail in Appendix A.1.1.

4.3.2 Nonlinear sigma model
We neglect the dispersion of the dielectric constant
e, w) ~ € + A€'(r) + ie” (4.20)

and assume that its real part has a random component with (A€’(r)) = 0 and

2

(A€'(r) A€’ () = o(r—r'), (4.21)

vow(z)r
where vy is the optical density of modes at the frequency wy, 7 is the scattering time, and the
averages are taken over disorder realizations. The disorder-averaged partition function including
the source term has now the form

(ZIA]) = f D[Q] 8124,
4.22)

1 0

iS[0,4] = ~Tr [?QA2 + ln(éal + ﬂf’QA-F @wgk-li)], )A/E( 01 )
T T

We see from (4.22) that the partition function is again expressed via the functional integral over
the field O which has a 2 x 2 matrix structure in the Keldysh space; here Ga !'is the inverse Green’s
function operator in a medium with dielectric constant €’ without disorder. The random A€’ (r)
was neglected in the source term of Eq. (4.19), because its contribution to S [Q, A] would be small
compared to the disorder-free source term in the limit w7 > 1.

We find that the stationary point of the action (4.22) has the form

A IR IRF+F1A
Q=iA, A=(O Ca ) (4.23)

As in the previous chapter, the operator F is the so called distribution function and is to be
determined later. In thermal equilibrium, F = Fy [Eq. (4.15)] is uniform in space. The retarded
and advanced unit operators, laR,’A = ¢*? where £ < wy !'is an arbitrary constant, oscillate at
high frequencies w 2 &', which leads to the property Tr O = 0. Note that 0> = —1.

The dominant contribution to (Z[A]) arises from the trace-preserving fluctuations of Q about
the stationary point that satisfy the conditions

TTo*=0, 0*=-1. (4.24)
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4.3 Nonlinear sigma model with source

Fluctuations of this type are the “massless” modes which do not affect the Q% term in S[Q, 4],
and result in a weaker variation of the action compared to arbitrary, “massive” fluctuations. The
massless modes describe the diffusive light propagation. Following the general prescription in
Ref. [12], we generalize the expression for the effective action of massless modes [67] in the
presence of source:

~ ~ D A 4 | An
iS[0, 4] ~ —mvTr |-i8,0 + = (0, 0)* — LQAO A (4.25)
4 27T,
where (atQ)tt = (atQtt’)t’:h -
= 4.26
2¢€’ ( )
is the diffusion coefficient, the covariant derivative is defined as
A A A LW . A
v0 = 0:0 - 17‘%[1 N9 (4.27)
([, ]- being the commutator), the absorption rate (negative for amplification) is
1 s
— =22 (4.28)
Ta €

and Ao is given by A [Eq. (4.23)] with F = Fy. Explicit derivations of the covariant derivative
occuring in (4.25) is given in Appendix B.3.

We note that the disorder-free inverse Green function can be written as
$Gy' = (€w? +32) 1 + i€’ wf Ao, (4.29)
i.e., Ao describes the thermal bath responsible for dissipation (if € > 0). This expression is
slightly different from the one derived in the previous chapter '. The O-independent contributions

to the action are omitted. (4.25), which is the nonlinear o model in the presence of sources, is
derived under the assumptions of weak variation of Q in time and space and weak absorption,

T« (4.30)

Corrections to the diffusion coefficient D due to absorption are neglected within this order of
approximation (see the discussion in Ref. [67]).

! In Ref. [67] we did not discriminate between A and Ao, hence, the results of this reference are valid only in the case
of thermal equilibrium.
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Chapter 4 Application of the Nonlinear o-Model: Full Counting Statistics

4.4 Transmission statistics

4.4.1 Stationary-phase approximation

We apply the general method to compute fluctuatons of energy transmitted through a quasi-one-
dimensional disordered system. Let the light be continuously pumped into the channel at one end,
x = 0, and the outgoing energy E = fy j(L) accumulated during a time interval #y be measured
at the other end, x = L. [In the stationary regime the one-dimensional current j(x) has no time
dependence.] The source field

L, L-l<x<Land0<t<t
a(m):{ Vai rs s Y10, (4.31)

0, otherwise

is constructed in such a way that it couples to the current averaged over a narrow interval of
length [ near the channel’s end during the time fy 2. This form of the source field generalizes
the uniform field of Ref. [12], which was sufficient for a lossless medium where j(x) = const.
The disorder-averaged partition function (Z(#)) defines the cumulants C,, of energy E via the
expansion of its logarithm in the counting variable 7:

(i")‘m C,. (4.32)

In(Z(n)) =
In particular, C; = (E) and for m = 2,3 the cumulants are equal to the central moments,
Cy = ((E = (E))™). For m > 4 the mth central moment can be expressed in terms of C,,’s with
m’ < m.

With the help of the gauge transformation

A [ 0, O<x<L-I
Oy(x) = { eV O(x) WY, L-1<x< L’ (4.33)
—L+1
a(x) = % won. @ =al) =2, (4.34)

having the property 9,0 = 8xQn, the explicit source contribution is eliminated from the ac-
tion (4.25), which now reads

. . D . A
iS[Oy] = —m/oTr[—ic?tQ,] + Z(arQ,,)2 - %QH(AO),, . (4.35)

By allowing Qn to fluctuate under the constraints (4.24) and setting the linear variation of S [Qn]
to zero we obtain the Usadel equation

=i+ 9)(Q )y + DAL, 3x0) = 5—[(Ro). 0] =0 (4.36)

2 Note that j/ V2 = (j, + j_)/2
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4.4 Transmission statistics

for the stationary-point configuration Qn' Without the source (17 = 0), the Usadel equation reduces
to the equation
(=0; + DO*)F — 11 (F = Fy) = 0 (4.37)

for the distribution function F,(x,f) obtained from the matrix Fy, (x) by making the Fourier
transform in the fast variable #' — ¢’” and keeping the slow variable t = (' +1”")/2.
In general, Qn is not of the form (4.23). The source enters the Usadel equation via the

boundary conditions. We will model the pump at x = O by the time-independent non-equilibrium
distribution function within the frequency band of width Aw < wy:

F., |w-wol <Aw/2

Fo0) = { Fo, |w—-wol > Aw/2 (4.38)

where F. > Fg and Fy is the equilibrium distribution (4.15) at w = wg. At the other end, x = L,
the channel is assumed to be in contact with the thermal bath. Thus, the boundary conditions are

0 (0) = Q0) = iA.,

A o L (4.39)
Q, (L) = ilAo)y(L) = ie”" " Ao ',
where A, depends on F,(0).
We evaluate the functional integral for (Z(77)) by the stationary-phase approximation:
Z@m) = a@m) e®® =57, 5@ =5[Q ], (4.40)

where we neglect the i dependence of the prefactor and the normalization (Z(0)) = 1 is guaranteed
by the form of Qn: 0 (4.23). Thus, to obtain the cumulants we need to find the time-independent

solution of the Usadel equation with boundary conditions (4.39), and calculate the action S (7).

4.4.2 Weakly nonconservative medium

We solve the Usadel equation in the limit of small absorption/amplification retaining only the
leading order in the small parameter L?/I2, where the absorption length squared (negative for
amplification) is defined as

2 =Dr, (4.41)

The second-order Usadel equation is equivalent to the system of two first-order equations:

A
0xJ = =—[(Ao)y> O ],
2r T = (4.42)

J= QnaxQn [: _(axQ”) Q,,]
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Chapter 4 Application of the Nonlinear o-Model: Full Counting Statistics

where the last equality follows from the property d.( Qi) = 0. Equation (4.42) can be formally
integrated to yield

2,0 =0,0|eh i), (4.43)

where the exponential is ordered in x’ increasingly from left to right. In the zeroth order in
absorption one finds Ji (x) = const, which leads to [12]

0% =0 o, (4.44)
Jo=L7"In[-0 (0) 2 (D)]. (4.45)

In the next order we write J(x) = Jo + AJ(x) and Qn(x) = Q;O)(x) + le)(x). By expanding the
ordered exponential in Eq. (4.43) in AJ(x) we obtain

2@ =0 ) fo dx' &MY AJ(x') 0. (4.46)

The requirement Qi}l)(L) = 0, that follows from the boundary conditions, yields the property

L . .
f dx ™ AJ(x)e™* = 0. (4.47)
0
The gradient contribution to the action contains

(0.0, = ~Tr |0:0,) 220.0, | = Tr
= Tr J? + 2Tr (JoAJ) = Tr J3, (4.48)

according to the property (4.47). Thus, AJ(x) does not contribute to the action, which now takes
the form

. D TN N
iS(n) = —nvoTr [—fé - ?(Ao)n Q(O)] . (4.49)
a

4 =

The nonconcervative part of the action can be simplified in the limit / — 0 by tracing over x
explicitly and disregarding the interval L — [ < x < L; the remaining integral can be evaluated
with [ = 0 (note that Jy does not depend on ) yielding

iS ne() = % Tr x| Ro 00) Jg (0% - 1)] | (4.50)

where the trace is performed in the w and Keldysh subspaces. Below we apply the general
expressions in the cases of thermal equilibrium and transport at zero temperature.
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4.4 Transmission statistics

4.4.3 Special cases
Thermal fluctuations

We consider the fluctuations of transmitted energy in the absence of pumping, F. = Fy, at finite
temperature 7. The leading contribution to the action (4.49) is

i mvo Dt “dw
iSo(n) = —% fo §2(ln/l)2, (4.51)

where A is one of the two eigenvalues

/11’2 =1+X+£VXX+2), A4 =1, (4.52)
X =2(F - 1) sin®a, (4.53)

of the matrix Ag e YA ¢'®? appearing in the logarithm in Eq. (4.45). According to Eq. (4.15)
only frequencies w < T contribute to the integral (4.51) 3. The nonconcervative contribution

reads
™ * dw XX +2)
toL 2| —= -1/,
0

iSne(n) = _2Ta . Inl,

o (4.54)

where the unity is subtracted in order to account for the high-frequency regularization due to 184,
To justify this result, let us, first, set 7 = 0 (Fg = 1). In this case the matrix fo cannot be

diagonalized, but can be brought to the upper triangular form with 184 on the diagonal by the
rotation P~ Jo®, where

~ 1 11 A1 AT

p_\_rz(_l 1), Pl =T, (4.55)

The regularization makes the trace in Eq. (4.50) vanish, which results in S,c(r7; T = 0) = 0. For
finite temperature we can write

Snc(;T) = Snc(; T) = Snc(; T = 0)

. ~ (4.56)
=S8Snc(:T) = Snc(m: T = 0),

where the tilde indicates that the regularization is ignored when the action is calculated. The
second equality is based on the fact that the regularization is only important at frequencies w > T,
but the high-frequency contribution to the action does not depend on 7', because Fy — 1 for
w — oo. Equation (4.54) then follows from Eq. (4.56)

It can be easily seen that the expansion of In (Z(77)) ~ iS (1) contains only even powers of 7.
Hence, the odd-order cumulants vanish in thermal equilibrium, which is a consequence of the
equivalence of positive and negative direction of the current. The odd-order cumulants are useful
for studying the nonequilibrium properties at finite temperatures, because they are not obscured
by thermal fluctuations [69].

3 To regularize the integral at low frequencies we should avoid fixing w in & = wn/2.
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Chapter 4 Application of the Nonlinear o-Model: Full Counting Statistics

Transport at zero temperature
For the medium at zero temperature in the presence of pumping (F. > Fy = 1) the leading
contribution to the action becomes

DioA
_ YDA 1 12, (4.57)

iSo(n) = AL

Here A is one of the eigenvalues

/11,22 1-Y=+ \/Y(Y—Z),

nia (4.58)
Y=(F.-DEe™" -1

of the matrix
B=A,e Ay, (4.59)

It is convenient to calculate the nonconservative part (4.50) by diagonalizing the matrix Jy. This
is achieved with the transformation R~!JyR, where the rotation matrices

A Ay A N [ (DyT
R = (RV,R?), R‘1=(Ui ) ) (4.60)

are defined by the biorthogonal right and left eigenvectors of matrix B, R%) and L, corresponding
to the eigenvalue A;. After some algebra we arrive at

2
. _ votoAwL ;-1 )
iSne) = —— = ;{ T [1+2F, - D(LY) RY] - 14, 4.61)
where, again, the regularization makes it necessary to subtract unity.

The linear contribution in the S (17) expansion yields the first-order cumulant, the average
transmitted energy, which is proportional to the average current

LZ
= <jo>(1 - @) (4.62)

The average current in conservative medium,
(jo) = vo Aw woDn, L™, (4.63)

is linear with the photon occupation number (pump intensity) n. = (F,. — 1)/2 and inversely
proportional to the length of the channel. To clarify the meaning of these expressions, we derive
them, alternatively, from the nonconservative diffusion equation (4.37), which, in the stationary
regime, takes the form

Pn—17*n=0. (4.64)

The solution for the occupation number satisfying the boundary conditions n(0) = n. and
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4.4 Transmission statistics

n(L) =01is
sinh [(L — x)/I,]
=p— 4.65
nx) =n sinh (L/1,) ( )
Expanding the energy current j(L) = —woDn’(L) in L/I, we obtain Egs. (4.62) and (4.63) (up to
the number of modes vy Aw).
Higher-order cumulants can be calculated by expanding Egs. (4.57) and (4.61) in in, possibly,

with the help of a symbolic manipulation software. Specifically, we find

Cr/w} 2 1112

Vo =3 *(“ﬁl—z)’ (300
Cl /a)() a

Cs/w? 2
Glog 16 ,(; 19117 (4.67)
Y%y 15 336 2

where C (10) = (jo) tp and we take into account that n, > 1 for a classical electromagnetic wave.
The ratios C,,/ a)g1 describe fluctuations of the number of transmitted photons E/wg. The principal
terms in Egs. (4.66) and (4.67) agree with the results of diagrammatic calculation for the square
pump profile incident on a disordered slab [65]. The absorption (amplification) leads to decrease
(increase) of fluctuations.

The results for the conservative medium (l;2 = 0) are in agreement with the Dorokhov’s
distribution [59] of the transmission coefficients,

Py
P(T) p= W’ (4.68)

for sufficiently narrow pumping bandwidth Aw and short measuring time #y. The distribution was
used to derive the average shot noise for electron transport [57]. P(7") needs to be regularized at
7~ — 0 to be normalizable, but can be used directly to calculate the moments of 7~ and, hence, of
the transmitted energy E = n. wo7 . The constant

_ voAwDty

P
0 2L

(4.69)
can be determined by comparing the average (E) = n. wo(7 ) with Cgo). Then, for Py <
1, averaging with P(7") reproduces the leading-order terms in Egs. (4.66) and (4.67). After
estimating the one-dimensional density of modes as vo ~ 1, we can recast the condition of
small Py in the form
l t
Akly 2 ~ AL < 1, (4.70)
L ITh
where Ak = Aw is the wave number pumping bandwidth, Iy = +/Dry is the distance that the
energy diffuses in time ¢y, and the Thouless time #ty, = L?/D is the time that it takes to diffuse the
distance L.
Despite the similarities, the fluctuations of transmitted energy of the classical wave and the
fluctuations of transmitted electron charge (shot noise) are of different origin. In the latter case,
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Chapter 4 Application of the Nonlinear o-Model: Full Counting Statistics

the number of transmitted electrons fluctuates for a given realization of 7, and the average noise
is obtained after integrating with P(7"). In the classical case, the energy fluctuations result from
the fluctuations of 7~, whereas no fluctuations occur for a given disorder realization.

4.5 Conclusions

In the framework of Keldysh nonlinear o~ model for classical electromagnetic waves in non-
conservative disordered medium we derived an action that includes the source term for the
energy current. Within the stationary-phase approximation we obtained a generating function for
the cumulants of the energy transmitted through the weakly nonconservative one-dimensional
disordered system. The odd-order cumulants for thermal fluctuations vanish in the absence of
pumping, which is a consequence of the symmetry of the system. In the pumped system the
fluctuations over the ensemble of disorder realizations can be related to the Dorokhov’s distribu-
tion of transmition coefficients. Our results for a conservative medium quantitatively agree with
previous diagrammatic calculations of the low-order cumulants. The absorption (amplification)
causes reduction (increase) of fluctuations. The photon concentration, or energy density, in
the nonconservative medium is shown to obey the diffusion equation with relaxation term; the
gradient of the concentration determines the average current.
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CHAPTER D5

Application of the Nonlinear o-Model:
Random Lasing

5.1 Description of laser systems

In this appendix we will present detailed derivations of equations describing the dynamics of
laser systems. In general, a “laser system” consists of a multitude of “subsystems” which interact
with one another, which interplay then conspires to produce highly-coherent electromagnetic
radiation. These subsystems can be easily distinguished: an external pump, a “gain” medium,
a confined volume from which photons might escape (the “resonator”). We will not give a full
detailed description of all these components and how they work together (for good references
we refer to standard references like [70, 71]), in the experimental sense; instead, we will simply
summarize, in a concise manner, the corresponding facts about each subsystem which is relevant
to our presentation of the theory.

5.1.1 Gain and amplification

The gain material is the most important part of a lasing system as the output from a laser depends
crucially on the spectral properties of the lasing medium in the resonator. Gain media of typical
laser systems are made up of atoms with very particular configurations of energy levels; this is
required in order to support a state of population inversion in the different atomic energy levels,
the maintenance of which constitutes the most important requirement of continuous laser output.
Population inversion is the situation in which, effectively, more atoms have been excited to some
higher energy state than which remained in a lower energy one. In principle, for this purpose
we might imagine a simple two-level scheme, and then assume a large enough pumping strength
such that more atoms are excited to the second (higher) energy level than which remains in the
ground level.

This operating scheme is however not feasible because of stimulated emission. Specifically,
as the higher energy level is populated more and more, it is to be expected that the intensity of
radiation from atoms de-excited again into the lower energy level will increase. However, this
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

picture only takes into account spontaneous emission; it is known that via stimulated emission,
there exists another channel for radiation which is actually instigated by stimulation from radiation
which actively interacts with the atom; one can get a good physical picture by imagining the atom
as a miniature passive resonant antenna that is set oscillating by the applied signal itself [70].
This channel of radiation will of course deplete the occupation of higher energy levels in direct
proportionality to the radiation intensity, which means that one would expect that at some point
the radiated intensity and the input energy would saturate and no further increase in relative
difference of occupation numbers between the higher and lower energy levels is possible.

This difference in occupation between higher and lower energy states can be obtained by
carefully constructing atomic energy level schemes in which lifetimes of atoms in a higher-energy
state is much longer compared to the rate at which the population is depleted; this effect can
be achieved in many different ways, but two of the most common ones for achieving lasing in
solid-state lasers is the scheme with three- or four-level atoms. A scheme involving three atomic
energy levels is schematically shown in Fig. 5.1 while a four-level system in Fig. 5.2 [71] In the

E4 3 T upper pump level
|
| radiationless
| decay
E3 1 1 upper pump level |
: ;a:::i:)t,ionless E3 * upper laser level
| laser
+ transition w}
E2 ipper laser level
laser
transition W\J—} E2 JEN— lower laser level
|
| radiationless
| decay
E1 ground state 1
E1 ——*— ground state
Figure 5.1: Energy level scheme for a 3-level Figure 5.2: Energy level scheme for a 4-level
laser. From [71]. laser. From [71]

three-level system [71], some pumping process acts between the lowest (first) and the third level;
this fills up the third level. However, as mentioned before the same pumping process that fills
up the third level can also depopulate it directly back to the first level via stimulated emission.
However, atoms excited to the third level are also able to depopulate via other mechanisms, such
as spontaneous emission or collisions with the lattice (which usually results in the generation of a
phonon [70]; this second type of population decay of the higher energy level does not radiate in
the electromagnetic spectrum and is termed nonradiative relaxation). These alternative channels
for relaxation then tend to start filling up the second atomic level, which has the characteristic
that it has a particularly long lifetime as compared to atomic lifetime in the third level. Hence an
effective population inversion is achieved between the second and first levels. For this system it
can be shown that in order to maintain a steady-state population inversion the pumping rate into
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level three must simply be larger than the decay rate between the second and first level:
P>Tp (5.1)

The four-level laser system works in a similar manner, but in this case the pumping induces
population of the third atomic level, from which the atoms then undergo fast decay to the second
level. The second level has a relatively long lifetime and hence provides the population difference
between the first and second levels for a steady-state population inversion. The fact that the decay
from the first to ground (0) level is also fast contributes to the magnitude of the inversion.

5.1.2 Pumping of medium atoms

The operation of a laser requires first and foremost an external energy source, or the external
“pump”. This represents the energy input to the system which is required to energetically excite
atoms of the gain material; these excited atoms are then responsible for the light output from the
cavity when they are eventually de-excited leading to radiation in the form of both spontaneous
and stimulated emission. A term corresponding to the pumping appears in the laser equations,
which strength is a function of various physical parameters particular to the system under
consideration.

Another notable characteristic which is important and is currently a main topic of research into
random lasing is possible spatial inhomoegeneity of the pumping which is represented, in our
formalism, by a strong spatial dependence of the population inversion parameter An,(r). The
question of spatially dependent pumping [72] has arisen as an active field of research in recent
years (for a comprehensive review see [73]), and is also experimentally important due to the
impossibility of achieving full homogeneity in the pump profile in experimental situations.

It has been shown in numerical simulations [72] that relatively localized pumping spots yields
an output intensity profile that is also sharply peaked. We show in this chapter that we are able to
capture the physics of spatially dependent pumping via a position dependent population inversion
parameter. In addition, by exploiting known solutions of the equation that we obtain from our
theory, we expect that if we allow for such a possibility we will be able to mimic the experimental
observations. This is still a work in progress.

5.1.3 Randomness of medium

The main feature of note, from which arises most of the interesting properties of random lasers,
is the medium. In a random laser the medium is spatially disordered, i.e., light waves propagate
through a volume which contains a randomly-distributed ensemble of scattering centers (for light
waves these correspond to a spatially random distributed of dielectric coefficients). Hence as
light propagates through this volume its direction of propagation is multiply changed in a random
manner, and hence we say that light waves in a random medium is multiply scattered.

A direct result of multiple scattering is that is translates to motion which is diffusive in nature.
It is exactly this diffusion of light in random lasers, coupled with external amplification, which
provides the mechanism of lasing. Letokhov [7] showed already in the sixties that in a diffusive
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medium with amplification the total gain is proportional to the volume (since it is of order O(L?))
whereas the loss is proportional to the area (O(L?)). Hence large order increases in the light
intensity characteristic of laser gain can be achieved in such media.

Despite of the obvious apparent differences between the gain mechanisms governing a regular
and a random laser it has been found that generally there exists a significant number of similarities
between regular and random lasers, especially with respect to properties like photon statistics and
noise emission. In the latter, it is known that regular lasers exhibit excess noise originating from
interference between spontaneous and stimulated emission (“Petermann factor”) ][70]; it was
shown by Beenakker and coworker [18] via a random matrix calculation that the same noise can
also be expected for a random laser. Another interesting calculation involved the second-order
coherence in [74] ; there it was shown that, as compared to other chaotic sources of light, which
commonly display Bose-Einstein statistics (strictly speaking, they display “bunching” behavior),
the output from a random laser display Poissonnian statstics, just like in the case of a regular
laser, despite a random laser also being a “chaotic” light source.

Of course, due to the random nature of the medium in which the generated light intensity
propagates, there are also some differences in other aspects of the laser emission as compared
to those from a regular laser. The main neglected aspect in all the calculations mentioned
above is that of coherence effects, i.e., coherent interactions between modes of the random
laser. In a regular laser, the mode structure consists of standing-wave patterns consistent with
a regular cavity; in a random laser, the spatial profile of the modes is dominated by a speckle
pattern, which manifests as a granular distribution of intensity. A related phenomena is of
course the possibility of Anderson localization, in which coherent interference of light results
in the formation of randomly shaped but closed modes with exponentially decaying amplitudes.
However, localization is only expected to occur in strongly scattering medium, and no conclusive
evidence for localization of light has been found thus far.

5.1.4 Semiclassical Theory of Random Lasing

In this section, for completeness, we will derive in a concise manner the form of the wave equation
which we need for a description of the laser. We start from the set of Maxwell’s equations

VXE=-B 5.2)
VxH=j+D (5.3)
where the usual symbols have been applied: E: electric field strength, B: magnetic induction, H
magnetic field strength, j: external current and finally D: displacement vector. the derivation of
the lasing action starting from the Maxwell’s equations. The expressions displayed in this section

are given in [33], section 3.1. We will (mostly) work in the w representation. We start from the
equation of motion of the electric field

— €(r, )W E,(r) — V2E,(r) = 4nw?*P,,, (5.4)
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where E (1) is the electric field in medium, P, (r) the polarization function which acts as a source
which generates the field. (5.4) is in turn coupled to the matter fields via further expressions
governing the polarization P, (r) and population inversion of the laser system (here it is assumed
that we have the simplest model of a 2-level atomic system):

d? 1 [
P () = i— D(w)— f dw' E,(r)Ang_., (5.5)
Ty, 2 Jo
Dy(w) :
Any(r) = 2mAng(O8(w) — i—— | dw (Efy_oPer = EurswPly) (5.6)
Y Jo

In the matter equations (5.5) and (5.6) one finds the parameters that define the (effective) lasing
system. Here An,(r) is the population inversion, Ang(r) the unsaturated population inversion,
which is directly proportional to the pump strength, e(r, w) is the dielectric constant (includes
disorder and absorption), and d is the magnitude of the atomic dipole matrix element. D(w) and
D) (w) are combinations of the following matter parameters:

1- ZY_J_
Yl

We give a short description of the different matter parameters which appear in (5.7) and (5.8).

e v is the atomic transition frequency; this is the resonant frequency of the 2-level atomic
system (here homogeneous broadening is assumed; “homogeneous broadening” is where
the level broadening due to atomic lifetime of the different levels behave the same way
for all atoms in the system [75]. Hence the atomic transition frequency defines a lifetime
of the higher energy level of the form 7 = 1/v). In the following it is assumed that the
time dependence of the field and polarization is determined by fast oscillations which are
close to the atomic frequency v and residual slow time dependence; for practical purposes
this means that only the Fourier components E,,(r) and P,(r) in the close vicinity of v
contribute significantly to the dynamics [33].

e v, and vy are the polarization and population inversion relaxation rates, respectively.
Specifically, the population decay rate ) is the rate of relaxation of the population inversion
(see eq. (34) of [33] and the text below it), or in other words the relaxation of the quantity
Pbb — Paa> Where pgp are the density matrix elements corresponding to the two-level atom
with levels a and b, a being the lower and b the upper levels in our case ; in this picture it
is easy to see that p,, (0pp) and pp are the probability of the atom being in the level a(b)
and the complex dipole moment, respectively. On this note we say that the polarization
relaxation rate y, is defined as the decay rate of the quantity p,p.

Given the form of the wave and matter equations (5.4), (5.5) and (5.6) we can see that a cubic-in-
E,(r) term can be generated by suitably cutting off the self-consistency in (5.5) and (5.6) and
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substituting the resulting expresion into (5.6). This procedure is outlined in the following. We
first take only the first term on the r.h.s of (5.6) as the simplest approximation to An,(r); this
corresponds to an initial, constant population inversion as caused by the pump. This is substituted
into (5.5) to give the 1st order (in E,,(r)) approximation to P, (r):

2
PP = —i%D(w)AnoEw(r). (5.9)

Substitution of (5.9) into the 2nd term on the r.h.s of (5.5) yields the 2nd order in E,,(r) term for
the population inversion:

Al (r) =

dZAI’l() 1 © ’ « ’ * * ’
Sy Dy(w)— fo dw' |E},_,EwDW) + EusuElyD*(0)]. (5.10)
Finally, substitution of (5.10) back into r.h.s of (5.6) yields the required cubic order in E,(r) term
for the polarization

d Ano
PO(r) = f d f dw” E,D
(1) - (hy) D@ [ dof [ o £y D =)

X [ DW"E 0 oEur + DY@ )Euyr-wwEly | (5.11)

W'+ -w

and the substitution of (5.11) into the r.h.s. of (5.4) gives finally the desired equation for the
dynamics to 3rd order in E,(r)

— e(N)W?Ey(r) — VZE,(r) = —z4nhd—a)2D(w)— f do’ f dw'" EyDyj(w - o)
YL

x [D(")E; Eur + D"(W"Ewr-wioEl |, (5.12)

W'+ -w

In order to obtain a clean expression for the nonlinearity, an additional approximation has
been made. This is the constant inversion approximation ([33], sec. VI.C). This involves the
assumption of small population pulsations, or |Dj(w — w’)| << 1. Since the difference w — ' is
typically of order vy, , the constant inversion approximation implies that y, >> 7. In practical
terms this means for the function Dy(w) the following simplification:

Dy(w) =y [ﬂé(w) + iPH , (5.13)
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5.1 Description of laser systems

can be made, and we neglect the principal value part of the expression (5.13). This simpli-
fies (5.12) such that we can write it in the following manner:

d2
—e(r)W?E,(r) — V?E,(r) = — i47rh—Ano(r)w21)(a))Ew(r)+ (5.14)
Y1
2 A
4 idn 0O 2w E, ) f de’ L()Eu P,
hyL h
(5.15)
where
L(w) = Re(D(w)) = - (5.16)
w=y?
In order to simplify further calculations we define the quantities
Ey(r) = D(w)E,(r) (5.17)
E!(r) = D" (w)E:(r) (5.18)

which enables us to write (5.15) in the slightly different form

2
—e(P)W?E,,(r)— VzEw(r)_—z4n%Ano(r)w Ew(r)+l47r(hy ) Ano(r) W2 E,,(r)— f dw’ |Ey 2,

T h
(5.19)
Further defining the “generalized” dielectric constant:
d2
€(r,w) = e(r) — idn— Ang(r)D(w), (5.20)
h'}/J_
with which we can rewrite (5.14)
El 2 2 4 & ’ T > "Nt 2
—€(r,w)w E,(r) = V°E,(r) =i= | — | Ang(r)E,(r) du'|E, (1) (5.21)
hi\hy, 0

We note that in the Coulomb gauge the electric field is related to the vector potential as E,(r) =
iwA,(r), which translates similarly to the tilded quantities: E,,(r) = iwA,(r), where similarly

w(r) = D(W)A,(r) (5.22)

A,
A% (1) = D" (w)Au(T). (5.23)
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

From the considerations above we can then write down the action of the fields Ew(r)

f f E L [Er, w)w? + V7 w(r)}+
2 2 00 00 /
+ii(d—) f drAno(r) f do f dw |E,(OP|E, () (5.24)
4h h’)/J_ 0 T 0 T

or in terms of the “modified” vector potential Xw(r)

f f A* L O[Er, W)’ +V2]Aw(r)}

4h(h ) f drAny(r) f dw f du) WAL Ay @) (5.25)

The action (5.25) will be the starting point for the derivation of the nonlinear sigma model. We
recall that the disorder is contained in the random dielectric constant. Physically, (5.25) describes
the behavior of a laser in a disordered medium, operating in the multimode regime. Pumping
of the system is given by the population inversion Ang(r), and multimodality is seen from the
integral over w on the right hand side of (5.25). There the quartic term gives the saturation which
ensures that energy in the system saturates at some point and the laser operates in a steady-state
regime.
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5.2 Hubbard Stratonovich transformation

5.2 Hubbard Stratonovich transformation

From the previous section we have seen that it is possible to obtain a quartic term in the equation
of motion describing the electric field E(r, f). We first note that we will again work in the Coulomb
gauge, i.e., we will write the electric fields in terms of the vector potential fields A, (r), where
E,(r) = iwA,(r). Writing the quartic action in terms of A,,(r) then yields

f f A (r)[e(r w)w? +V2]Aw(r)}

d i dw do’ 2 2
4h(rm) f dr Ano(r) f f Au@PIA,@P. (5.26)

On the right-hand side, there appears the product £(w)L(w), where L(w) is the real part of the
atomic propagator.

L(w) = Re(D(w)) = 1 (5.27)

O

Y1
We see that (5.26) contains a term which is of quartic order in the modified vector potential Zw(r),
in the form

Simt = h(h ) f dr Ano(r) f de f 9 2P OO (528)

We can deal with this term by performing a Hubbard-Stratonovich (HS) transformation; the
details are given in Appendix D. As stated there, we assume homogeneous external pumping in
this work. This procedure then yields the quadratic action (we set /i = 1)

d2 \/A dwd
S = a f f ) YD ey (PN A, () (5.29)
— dwd
=7 f dr f U ) A ) Py (PN A (1) (5.30)
T
The Hubbard-Stratonovich transformed action will have the form
f f ——A* (l‘) Jww (T) = a(w)d)ww'(r))Awr(r) (5.31)
where we have defined
Jur (1) = 8(w — w)[Er, ) * + V7| (5.32)
and
a(w) = D(w)a (5.33)
dZVZ
= y_ VAny D(w) (5.34)
L
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

The definition of (5.32) follows that as given in the second chapter. We have also approximated
w, w’ by the value of the atomic transition frequency v. In the case of inhomegeneous population
inversion, we can show (in Appendix D) that in this case the quadratic action is given by

S = ——2 f dr f d“"i“’/ Ano(1) Ay (1) 0Py (N0 A%, (1) (5.35)
2@)&_ T
= f dr f —d“’i‘“ Au(r) in(r, w)A", (r) (5.36)
T

where % is a constant normalization factor proportional to the integral of Ang(r) over all space,

and
2.2

2 \/7_)%_

ain(r, w) = D(w)Any(r) (5.37)

and we can write our action in the form

f f do f 2 B )G () — 00, @)D (0 A () (5.38)

5.3 Disordered action

In the previous section we have derived, via the use of a Hubbard-Stratonovich transformation, the
disordered action including nonlinearity. For simplicity we will consider the case of homogeneous
pumping (population inversion), which is then given by the action

iS[0] = L [0?] - Tr[®T9D] + Tr In [Gal +—%0 - acb], (5.39)
4 2T
where . '
5 | P @ #E,,(T)
by (1) = ( I ) (5.40)

is the explict form of the Hubbard-Stratonovich field used in the decoupling of the interaction
term. The derivation of (5.39) follows closely to that of the linear action derived in Chapter 2; the
additional term a® is derived in detail in Appendix D. Using (5.39) we can derive the diffusive
form of the sigma model. The derivation of this action is very similar to that of the linear case,
which has been treated in Chapter 2. The derivation of the diffusive o-model including the HS
field is done in Appendix D and we obtain, finally

iS[0, ] = %/Tr [Dyd] — %Tr (D(V:0)* - 40,0 + BOA, - 4a®Q) (5.41)
where l .
2 | o ® ¢, @
(Da)w’(r) - ( ¢Z]uw,(r) ¢wa,(r) ) (542)
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5.4 Stationary saddlepoint in presence of nonlinearity

where we note the “correct” structure of ®. S is the strength of the pumping, given by the
combination of physical coefficients defined in (5.20). We note that for the derivation of (5.41)
we have discarded its dependence on both w and r; hereafter the pump strength will be a constant
parameter describing the strength of the external driving of the laser. Similar simplifications have
been performed on the saturation parameter a.

(5.41) is the diffusive nonlinear sigma model of a random laser. This expression is now the
starting point of a multitude of possible computations; in this work we will only touch upon one
(calculation of the nonequlibrium distribution function). The task which then follows is then to
find the effects of fluctuations away from the saddlepoint (4.23). This requires the choosing of
a suitable parameterization of the  matrix according to the physics of the system. In general,
since we have multiple elastic scattering in our disordered medium, we mainly want to look at
the diffusive modes of the system. These modes, called diffusons, can be studied by the following
parameterization of the Q matrix

O=ToeW?o0i;0eW2oq! (5.43)
where
~ 0 w ~ ~—1 1 F
fw_(wT o)’ U =17 _(0 _1), (5.44)

and w, w' represent diffusion modes of the system.

5.4 Stationary saddlepoint in presence of nonlinearity

Before we consider the diffusive fluctuations in presence of nonlinearity we need to determine
the how the stationary saddlepoint (4.23) is modified by nonlinearity. In this section we will
perform sketches of computations to illustrate the procedure; the explict calculations are to be
found in Appendix D. We start with the form of the action including the Hubbard-Stratonovich
field (5.41). Varying with respect to the classical and quantum components of the HS field ¢/
and ¢7 we obtain the following set of equations'

OS[0, ¢, ¢7] | R Y I P

z% =0 _2?q — a/(l - a/Gcl)’(_bq) o (6¢01Gcl7’) ° ?q =0 (5.45)

6S10, ¢, ¢7 : A loa

; —[Q&fq i) 0= —2¢" - a(l - aGczi/gﬁq) ‘o Gay =0 (5.46)
_ -1

) (G1R + L QR ¢cl} GK R K
where the notation G./§ = { 0 2= ~0 -1 E( %l g% )

0 {[Ggl]A Lot ¢c1} Tl

and we have used that the partition function in the absence of the quantum component of the HS
field is unity Z[¢/, ¢ = 0] = 1. We note that the Keldysh component of the Green’s function

! The notation A o B denotes convolution over time and space coordinates of fields A and B.
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

(:}fl can be parameterized in the usual way as (:}5 = (:}fl oF -Fo (:}?l, and in the case with

nonlinearity the Green’s functions gg’A) are functionals of the classical component of the HS
RA) _ ~RA)r cl

field, G,;"" = G, 1¢"]

Evaluating the second term of (5.45) explicitly we have

1 1 ¢1GY 0 ¢\
‘2?q’[det<--.>°(<z>q§?, 1 -Gk )Hfzﬂ 0 )‘O

! RIS}
- [det(. ) ° ( ® (qu?l )] (qu = 2?q (547)
_[det(".) Of_pq o((:}'fl+(:}'?1>] o(_pq = Z?q

The structure of (5.47) is important since, written out explicitly, the L.h.s. has the form

[det(. ) oo (gfl + g?l)] o¢? =

= f dr f dt[mngﬁq(r, 1) ((:;fl(r,r;t,t)+(:}d(r, r;t, t))g_bq(r, t)] (5.48)

where the equality in the time dependencies are due to the requirements of the trace (integration
over temporal and spatial variables). Specifically, the determinant, being a operation in the space
of the 2 X 2 Keldysh space will retain the same time dependence as the original matrix, while all
the other quantities in the square brackets will have their time dependencies imposed by the trace.
Since it is a known fact that due to the time causal characteristics of the retarded and advanced
Green'’s functions, we have the relation GR(z, 1) + GA(z, 1) = 0, the ¢9(r, 1) at saddlepoint vanishes.

The classical component of the HS field ¢/ can be determined similarly. We look at (5.46) and
writing out everything explicitly we obtain

I 1 giGk Gk GE\(0 1
. #G of G ¢
det(.) \ ¢G4 1 - ¢iGKe 0o ¢4 )1 o

. ;(1 0) 0(95 GR;) : (5.49)
det(...)\ 0 1 G4 0

a

2

2¢"l = —q

K . e, K .
= _a,gcl(r9 ra t’ t) = ?C (r’ t) = (:;CI(r’ r7 t$ t)

Hence we obtain the value of the classical component of the HS field. We note that due to the fact
that the Green’s functions (:}fl [¢?] and (:}?l[gbq] are functionals of the saddlepoint value of the HS

field, (5.49) is actually a self-consistent expression for gb"l . Written out in full, (5.49) is given by

¢l(r, 1) = —% f dr’ [Gg(z, e [¢DF(, x,0) — F(1, 0,1, 0)Gy (¢, ;1,13 [¢7D || (5.50)
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5.5 Diftusive motion

(5.50) can then be Wigner transformed? into the usual form

¢ (R, T) = -% Z f de [G§(R, T;k,e) - G2(R, Tk, e)] F(R,T;e€) (5.52)
k

where the “effective” Green’s functions are defined as

1

GRAR,T: Kk, €) = : .
e—ek) = 5 — (R, T)

(5.53)

To be able to determine qﬁd, we need a second equation that relates F(r,r’;z,¢") and ¢d ; this
can be obtained by choosing a suitable parameterization of the diffusive fluctuations around
saddlepoint and varying; this expression is called the Usadel equation.

5.5 Diffusive motion

In order to obtain the diffusive motion of light in disordered media we expand the action (5.41)
up to 2nd order in the diffusive modes. To facilitate this expansion we proceed as follows: the
matrix Q, in the parameterization (5.43), can be expanded in powers of the modes d, d up to
quadratic order in these modes to obtain:

0~ iA+60" +50® (5.54)

where the superscripts denote the powers of the d, d modes in each term. This expansion in the
diffusive modes has already been discussed in an earlier chapter. The expressions Q") and §Q®
are as follows:

R N ~Fow' -w-Fouw'oF
6Q(1):ﬂlo°z‘W‘Ll‘1:i( ;w Y w*Zﬁ ° ) (5.55)
and N s
A NN i{wow wow oF+Fouw' ow
6Q(2)=§(L{‘W20'qu1:§( 0 —wtow ) (5.56)

Keeping both orders we perform a systematic expansion. The explicit calculations are shown in
Appendix D and we will only show the final result in this section. The total action to 2nd order in

2 A Wigner transform is defined as the following transformation of a field depending on one spatial variable r and
two time variables ¢,1’:

Fp(r) = f %Fs(r, T)e =" (5.51)

where T (and also R, in our case) are “slowly-varying” quantities and hence represent our actual physical variables.
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

the diffusons is given by

iS[w,w', d] = %Vtr {D [2w%Vl2.w + wT(VrF)wT(VrF)] +8 [(6tw)wf] - i[waF + Fwwf] ¢+
+ [ww’ - w'w| ¢ — ~2D(VLF)(Vew') + 2[w’ (9,F)] + 4il¢? |(w' - w) + 2F - Fw'F|+

+ ¢l w'F - FwT)]} (5.57)

To obtain the usual form of the diffusion pole we neglect the term w' (Ve F)w'(V,F). In this form,
we note that the expansion in powers of w, w' has been done around the saddlepoint value iA, i.e.,
the stationary saddlepoint, at which the saddlepoint values of ¢/ and ¢¢ have been determined.
In other words, we should regard (5.57) as a formal expression. In order to obtain the complete
correct expression of (5.57), we need to find equations which determine the saddlepoint values
¢ and ¢?. We note that this has been partially done above in a previous section; there we see
that by Qarying the original (non-diffusive) action we obtain the following values

¢'(e.0) = -3G5 ) (5.58)
¢!(r,1) =0 (5.59)

We will show below that the values of gﬁ"l and ¢ do not change in the presence of fluctuations; in
other words, at the common saddlpoint manifold of ¢! and ¢? we find that the saddlepoint values
of the ¢ fields are unaltered (however, if we allow for different saddlepoint manifolds, i.e., if we
allow, for example, that the diffusive fluctuations are at saddlepoint while those of the HS are
not, then this might change the fact that the saddlepoint values of ¢ are unaltered, but we did not
examine this possibility).

5.5.1 Action for the lifetime term

The Usadel equation is derived by taking into account the action expanded to first order in the
diffusive modes which we are interested in and varying with respect to them in order to find the
most probable fluctuations around the stationary saddlepoint; these fluctuations are now (weakly)
spatial and temporal dependent. We proceed by substituting (5.55) into the action (5.41) and
keeping only terms which are of first order in the diffusive modes. This expression is then varied
w.rt. d, d, ¢ and ¢°'. This procedure yields 4 equations which determine these quantities in the
most probable configuration. The action expanded up to the correct order is as follows:

iS V[w,w’, d] = —%tr {2D(er)(ver) = 2[w'@F)] + 7, " - w)F-

— 4i¢? [(wT —w)+2F — FwTF] — ¢ w'F - FwT)]} (5.60)
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5.5 Diftusive motion

The 4 determining equations are then obtained as follows:

MDrH 1
;05°7°.ddl (V2F e (0,1)) 4 20 F o (r,7) = 7' Fro (1)

6w;,
\ .61
—4i[(¢() = ¢'() Fro(r,1) = (1) — F 0 ¢ 0 F| = 0 o
= D(ViFeo (1) = 0cF e (1) + 7, F = 4i(¢7(1) = (7)) Freo ()
6SWd.d®] ., i
A 4i¢?(1)0r = 0 (5.62)

= ¢(r)=0

For the saddlepoint equations determining the HS fields ¢°/(r, ) and ¢4(r, r) we need to take the
term in the action which is quadratic in the ¢s. Doing this, we obtain the last 2 equations
08 Ofw,w’, @]
! 5! -

’ (5.63)
= 2000 = 41 [ df (Wl Fietw) = PO}, 0) =0
88 Dw, wh, d]
—— =0
54
= 2410.1) = 0 = 0 )+ 260(6) = [ Y For O] (OF 16) = 26
(5.64)

In (5.63) we see that the the quantum component of the HS field ¢7 is indeed zero, since we have
expanded around the saddle point value at uf, w = 0. From the (5.63) and (5.64) we see that the
saddlepoint values for ¢/ and ¢? even in the presence of diffusive fluctuations retains their same
value as obtained in the absence of fluctuations (the saddlepoint value ¢ has the form indicated
because we have expanded the diffusive fluctuations around the station_ary saddlepoint, at which
the parameterization for the Keldysh component of the A matrix is given by AX = ARo F— Fo A4,
and where AR = —A4 = 1). Using the result from (5.61) we see that the interaction will affect the
form of the Usadel equation only via the classical component of the HS field ®; hence, we obtain
an equation describing the dynamics of the field F(r,r;,¢’)

1
DV2F(r,r;1,1') - E((‘)tF(r, K1) + 0y F(r,rt,t)) + 7, F(rri1,1') =

= (¢, 1) + ¢ (r. 1)) F(x, 15,1

(5.65)

(5.65) is the kinetic equation determining the dynamics of the function F(r,r;t,¢") and the
classical component of the HS field ¢/(r, f). In order for F to yield a physically meaningful
quantity we need to transform it in the Wigner representation, but since (5.65) is coupled to the
HS field ¢(r, t) we will proceed by first writing down the integro-differential equation.
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

5.6 Nonlinear integro-differential equation for the laser
distribution function

5.6.1 Introduction

In this section we outline our attempt at a solution of the set of coupled nonlinear equations (5.50)
and (5.65). However, before that we need to introduce some simplifications and additional details
which are crucial for their solution.

First, we write (5.50) and (5.65) for the physical quantity F(z,z;t,t") as a single nonlinear
integro-differential equation and transform this in the Wigner representation, which has then the
functional dependence F(R,T;e). In this representation we are able to deduce the behavior of
the photonic occupation as a function of the energy €, which is important for the determination of
linewidth. In addition, the dependence of F on the spatial variable also contains information on
the size of the lasing spot, which we show how to obtain analytically in the next section.

Secondly, we note that we will restrict our considerations to one dimension, i.e., our equations
will describe only dynamics in the z-direction. Space in the x — y plane will be assumed to be
translationally invariant, i.e., we can perform a Fourier transform in those directions. In doing
this we introduce an additional variable q; into the problem , which has the meaning of the
parallel momentum in the x — y plane. Hence physically, our system of consideration consists of
a thin slab which stretches indefinitely in the x — y directions, and has a fixed thickness in the
z-direction.

Finally, we need to impose boundary conditions in order to obtain solutions to our equations. In
our problem we impose boundary conditions similar to conventional Neumann conditions, where
instead of the value of the solution (u(x = 0) = a, u(x = L) = b) is provided at the boundaries (as
in Dirichlet boundary conditions), the values of the derivative (u'(x = 0) = a,u’(x = L) = b) at
the boundaries are provided instead. In our case, we impose a slightly different version of the
Neumann conditions, where instead of specifying the values of the derivatives at the boundaries,
we require that the derivatives at the boundaries are proportional to the solution itself at the
boundaries.

5.6.2 Wigner transform and first approximation of coupled set of
integro-differential equations

In this section we will perform further analytical simplification on the coupled set of equa-
tions (5.50) and (5.65). Specfically, we will write these as a single integro-differential equation
which we then transform in the Wigner representation.

We first simplify the problem to 1D, because later we adopt a particular spatial form for our
system which assumes homogeneity in both x, y-directions, and diffusive motion only in the
z-direction. We will write this 1D version of the distribution function as F (z,z;t,1"), or the
Wigner-transformed version f(z, q: T, €), where g = |q)|, and q is the wave vector in the x — y
plane.

62
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In 1D (5.65) and (5.50) take the forms

— 1, — —
D 2F . N F . / F . ’ —lF . N —
PFezt.t) = (0 FGunl) + 9, (iz,t,t))+Tp (r,r;1,7) 5.66)
= (¢ + ¢z 1)) F.zt.1)
and
¢z 1) = —% f dr' |Gz, 1) F (2.t 1) - F(e.5:1,6)G @ 21 1)] (5.67)

where ¢¢/(z, 1) is the saddlepoint value of the classical component of the Hubbard-Stratonovich
matrix field ®(z,1). We have shown that the quantum component of ®(z, ¢) is identically zero, at
least within the saddlepoint manifold. In order to separate out the physically relevant time and
length scales, which are typically much longer and slowly varying as compared to “microscopic”
scales of the system (atomic transition frequency between energy levels, frequency of light
oscillations, etc), we turn to the Wigner representation of our quantities.

The Wigner transformation involves the rewriting the time and length scales present in our
system in terms of sums and differences:

zE“ZZ, Az=7 -2 (5.68)
t+t
T = J;  At=f -1t (5.69)

We can then perform Fourier transform with respect to the “fast” variables, where the transform
has the form

Feznt)=Fr_y 52 (5.70)

= f j—; f(Z:T, ) e (5.71)

where we have suppressed the dependence of fon the difference of z. We note that since f(Z; T, €)
is a spatially local quantity, we have, with respect to the spatial variable Z the simple relation
Z = z (however, in the following we will keep the capitalized notation in order to emphasize what
we are working with Wigner variables). We obtain for (5.66)

DOy f(Z.T,€)-0rf(Z:T,e)+7, f(Z: T, €) = f de’ [ fZ;T, e+ %e’) - f(Z;T,e - %s')] ¢z, &)e T

(5.72)
and for the 2nd equation

¢7(Z,e) = _% f dT f de’ [GR(Z; T,& — %s)—GA(Z; T,s’+%s) f(Z: T, &) (5.73)
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where the retarded / advanced Green’s functions have the form(s)

1
GRMNZ:T,¢) = (5.74)

£-é 5 —¢UZT)

Substituting (5.73) into (5.72) yields the nonlinear integro-differential equation of our problem,
expressed in terms of the Wigner variables

DL f(Z;T,Q) - 0rf(Z: T, Q) + 7, f(Z: T, Q) =

f f f TG T +T,Q0) - GA e T + T, -Q4)|x

X fZ:T.Q) (fZ: T.w - o) - fZ:T. 0 —w) (575)
As have been mentioned before, the point of performing a Wigner transformation is to separate
the “fast” and “slow” variables of the problem such that we can study the typically macroscopic
quantities while getting rid of small rapid fluctuations. In terms of the equations under study this
translates to expansions of our functions GRM(z,z; T, Q + 1w) and f(z,2; T, Q + w) in powers
of w and retaining terms up to the appropriate order. The details of this calculation can be found
in Appendix D. Here we will simply give the final expression below

82

azzf(z Ta))——f(Z T,w)+7,' f(Z;T,w) =

== f 2_{[f(z; T,Q)ImGN(Z; T, Q|| f(Z: T, w) + fZ: T, ~w)|+

( f(Z;T, Q)) (ImG*(z; T, Q))] 0 [f(Z:T,w) + f(Z; T, a))]} (5.76)

We note that (5.76) can be written in the usual finite differential form as described above, but
in this work we will only take into account the first term on the right-hand side (term with
no differential operators) in order to make the connection with the nonlocal Fisher equation
stemming from the set of equations expressed in the original variables.

Alternative approach to approximation of integro-differential equation

In this section we mention an additional simplification of our problem. We again look at (5.76).
If we now proceed to discard terms which are of second order in the derivatives with respect to
the slowly varying variables, we obtained the simple expression

2
D f(Z:T,0) - —f(Z T.w)+7,' f(Z;T,w) =

=3 f E[f(z; T,Q)ImGR(Z; T,Q)|[ f(Z: T, w) + F(Z: T, ~w)| (5.77)
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5.6 Nonlinear integro-differential equation for the laser distribution function

Keeping in mind that our final expressions must be functions of the slow, or macroscopic variables,
we can now assume that our distribution functions are independent of the fast, or microscopic
variables, i.e.,

f(Z;T,Q) ~ f(Z;T). (5.78)

In this approximation we can then write (5.77) in the form of a local Fisher equation, i.e.,

2

- dQ
DA fZ:T) - —T fZ:T)+7,' f(Z:T) =a( f EImGR(Z; T, V|f(Z; T (5.79)

which now presents the form of a simple local Fisher equation with a (Z, T') dependent prefactor
which can be interpreted as the spectral function.

5.6.3 Diffusive motion in a thin slab
Fourier transform in the parallel direction

The description of transport as presented in previous sections applies to the diffusive behavior of
the distribution function f(Z, T'; €), which applies only in the single dimension z. In a realistic
situation we will also need to know how to deal with the other two dimensions and to correctly
include the dynamics in the x — y plane in our expressions; this issue will be dealt with in this
section. The simplest possible configuration is the thin slab, which is a particularly simple
high-dimensional physical configuration. Our spatial dimension of interest is aligned along the
z-axis, leaving the space translational invariance unbroken in the x — y direction. This implies that
we can perform a straightforward Fourier transform along both the x- and y-axes but leave the
z-axis in its original form, where we expect our solution for f(z, qy, T'; €) will show the relevant
dynamics, where here q is the momentum vector in the x — y plane.

We can see how to include the effect of the spatial homogeneity in the x — y direction by going
back to the diffusion equation in three-dimensional space and including the “collision integral”
from the right-hand side of (5.86)

DVRf(R,T;€) - 0rf(R, T;€) + Bf(R, T; €) = I[f(R, T; €)°] (5.80)

where here we temporarily denote the full 3-dimensional spatial vector as R = (X, Y, Z); we will
then move to more appropriate notation as necessary. The Vg operator in (5.80) can be trivially

rewritten as 5

Vrf(R,T;€) = (v2 + a—)f(z X, T;e) (5.81)

where on the right-hand side of (5.81) we have rewritten the function ]T(R, T;k.€) as depending
on the Z-coordinate and a X vector which we assume to point in the x — y plane only. The
nabla-operator in the parallel direction is space translational invariant, i.e., it admits of a Fourier
transform of the form
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

Both the neglect of the time dependence and the taking of the Fourier transform in the x — y axes
results in the following modification to the diffusion equation, (5.80)

~ DG f(Z.q). T; €) + DI%f(Z.q). Ts €) = ILf(Z.q). T; )] (5.83)
which yields for (5.65) and (??):
- Dq; f(Z.q). T €) + D&, f(q), Z.T; €) = 0r f(Z. q), T €) + Bf (Z.q), T €) =
= (¢"Z.T) - ¢™(2Z.T") f(Z.q). T:€) (5.84)

and
¢\Z.T) = —% f dezk: |GXZ.T:k,©) - GXZ.T:k, 0| f(Z.q. T:6).  (5.85)

here written in the original space and time variables. Substituting (5.85) into (5.84) gives the
single equation

- Dq}f(Z.q) T €) + D& f(q), Z.Ts €) = Or f(Z,q), Ts €) + BfZ,q), T €) =
= —afdwz (Ime(R,T;k, w)f(qn,Z,T;w))(f(qu,Z,T;e) +f(qu,Z,T;—6))- (5.86)
k
where InGR(Z, T; k, €) = GRR, T; k, €) - GA(R, T; k, €). We can perform the additional sim-

plification mentioned in the last subsection by discarding the frequency dependence of the f
functions (Eq. (5.78)) to obtain the final expression

~D f(Z.q).T) + D32 f(q). Z.T) = I f(Z.q). T) + Bf (Z.q).T) =

= —a/fdw(z ImGXR, T; k, w)| f(q), 2. T)". -8
k

(5.87) is a general form of an equation usually called the nonlocal Fisher-Kolmogorov-Petrovskii-
Piskunov (Fisher-KPP) equation ([76], [77]). This is a well-studied equation which has been
applied to the theory of population growth in ecology, econophysics and pattern formation in
bacterial cultures [78]. In general, it is suited to the description of effects of competition between
enhancement and depletion of resources which are required for sustained growth of a population
(of individual animals, value of stocks, or modes in a multimode random laser).

The first term in (5.87) has the form of a constant prefactor multiplied by the solution f(Z, g, T),
which is now a function of three variables. The second and third terms, along with the right-
hand side, corresponds to the original three-dimensional diffusion equation (5.80), but now
with dynamics in only the dimension z dimension. In the next section we will describe how
we combine the solution of the 1D version of (5.80) (which of course gives a solution with
the functional dependence f(R,T)) with the first term in (5.83) to obtain the overall solution
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5.6 Nonlinear integro-differential equation for the laser distribution function

Boundary conditions

As for the solution of any second-order differential equation, boundary conditions are required. In
our problem we impose a particular form of the usual Neumann boundary conditions: whereas in
the usual case the Neumann conditions states that, at the boundaries x = 0 and x = L (assuming a
one-dimensional domain x € [0, L])

d
=0, au(x, 1)

=0, (5.88)

—u(x,t
T .

x=0

in our problem the coupling of the system at the boundaries should be proportional to the solution
for the system at the boundaries, i.e.,

d
Eu(x, 1)

d
=au(x =00, —ux1)
X

=Bu(x=1L,1), (5.89)

x=L

x=0

where @ and 8 are physical parameters describing the strength of coupling of the system to the
environment. In physical terms, our boundary conditions enforces that the loss of energy from
our system must always be proportional to the actual energy intensity in the system. This is
then important to ensure the existence of stable solutions to our integro-differential equation.
Numerically, this set of boundary conditions are also simple to implement, and we will do so in
the next section.

5.6.4 Numerical approach to solve the nonlinear integro-differential equation
Crank-Nicolson scheme

We employ a usual Crank-Nicolson (CN) scheme for the solution of (5.87). This method is of
second order in the spatial and first order in the time coordinates, respectively. In this section we
will see how to write down a CN method involving a integral term on the right hand side. In finite
differentiation, the 2nd order spatial differential operator (in 1-dimension) can be approximated
as

& - w{fl _ Zw{’k + w{;jl
@21~ - (5.90)
and the first order in the time derivative is then approximated by
P Lk _ ik
ﬁf(qn,Z, T)~ % (5.91)

where w{’k denotes the value of the required solution at time, space and energy discretization
step (x;, 1, &). Note that the k-index is not affected in the dicretization of the spatial and time
derivative operators; in (5.90) and (5.91) it is a simple index. However, the k-index comes into
play in the right-hand side of (5.86) due to the presence of the convolution term.

In the Crank-Nicolson procedure one combines the time stepping in the form of (5.90) (usually
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

called the forward differencing scheme) with the alternative (backward differencing) form

7
@21~ 7 (5.92)
to yield the expression
j+1.k Jk .k Jk .k Jj+1.k Jj+1.k j+1.k
w; - w; /l[ oy 2w+ w L twy T 2wy +w;i_, (5.93)
where A = 2[;5 Up till now we have not taken the nonlinear term into account. We implemented

a simple trapezoidal qudrature rule, which we can write as

b 1 N-1
f dx f(x) ~ shi ) ) (5.94)
a 1=0

where h; = N , where N is the number of discretization points. Hence the integral part of the
equation can be discretized as

oo No-1

1
f doImG¥R,T:k,w) ~ Sm Z ImGR(R;, Tj; k, wy) (5.95)
- k=0
where m; = 16:_“1. Putting together everything we see that for values of i = 1,2,...,N, — 2,

j=12,...,N—-2and k=0,1,...,N, — 1 we obtain the discretized form of (5.86) including
nonlinearity and also pumping in the CN scheme:

1,k 1 i+1,k i+1,k
J+ —/l(wfr +uw'" )—
2 i+1 i—1

Ny—1
1 \ ik k|1
1+4+ Ekm,ﬁ( > (amGyFw! ) 7k |w]

1
{{1 ~ A= skmyp Z (ImG)/* + yk 5

w? +1/1( w + w/h )} 0 (5.96)

In order to solve for w K at arbitrary space, time and energy discretization points (x;,?;), we
need to provide initial and boundary conditions. We will explain the finite discretization of
the (“Neumann”) boundary conditions in the next subsection, but the necessity of the initial
conditions can be seen as follows. We start from an Ansatz to the solution at initial time point
t=1

WO (ul Wtk w0t ulk ) (5.97)
and substituting this into the term in the second curly brackets in (5.96), on obtains a coupled set
of nonlinear equations which can be solved using a root-finding algorithm. Doing this yields a
solution at time point ¢ = ¢, which we again substitute in the part in the curly brackets in (5.96).
Performing this operation for successive time steps yields the solution vector w' at an arbitrary
time step i.
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5.6 Nonlinear integro-differential equation for the laser distribution function

Boundary conditions

In order to be able to solve the set of coupled equations in (5.66) and (5.67) correctly, we need
to impose initial and boundary conditions. We have already mentioned how the Ansarz to the
solution at time point ¢ = # is essential to obtaining a solution wl{ in the CN scheme. On the
other hand, in order to obtain physically meaningful solutions, we also need to impose boundary
conditions. In a previous section we have explained and physically motivated our particular
choice of boundary conditions; these were defined in (5.88). In this section we will explain how
to include (5.88) into our finite differencing scheme.

In order to incorporate (5.88) into our discretized equations, we first note that our equa-
ik

tions (5.96) at space coodinates x = xo and x = xy,- involves the quantities w = w”, and
w= wka, respectively, which lie outside of our vector of solutions (which carry space indices in

therange i = 0,1,..., N, — 1). The values w_; and wy, are hence to be determined additionally
from the boundary conditions. To do this we first discretize (5.88). This yields

..’k /’k
4 wy” —wh jk
x|y 2h
o w'i’k - wj’k
Ny Ne—=2 ik
aw " T —,Bwa_l (5.99)
1=Nx—

We can then solve for the unknown values w and w 1n terms of known quantities, i.e.,

wh = w - 2hawg" (5.100)
wi = wh_, + 2hpwly | (5.101)

The finite difference equations at the points i = 0 and i = N, — 1 are, after taking (5.100)
and (5.101) into account are, respectively:

N,-1

1 1 1
1+ A(1 + ha) + —km;p Z(ImG)JK——yk+ ~Dgik|w) = aw} -
2 o 2
Ny—-1
{ 1-A( +ha) - —ka,B Z(ImG)JK yk— 5D Dqik|w) + w }: 0 (5.102)
and
1 N 1
1+ A (1= 1) + sk Z(ImG)JK yk+ 21)qu wit - wl -
1 .
{ 1-2(1 - hp) - —ka,B Z (ImG)>* + 2Dqﬁk} L+ zwjvx_z} =0 (5.103)
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Chapter 5 Application of the Nonlinear o-Model: Random Lasing

where we have also inserted the dependence on the momentum in the x — y plane (g)) in the
discretized equations. The set of equations (5.102), (5.96) and (5.103) form a set of N, — 1
coupled nonlinear equations which then needs to be solved numerically.

For our problem, we want to study the behavior of the solutions wl]k in the steady-state regime,
which translates to the solution at # — +oco. In the CN scheme, this can be implemented rather
trivially by performing the time-stepping up to a point where the solution does not change.

5.7 Comments and Future Work

In this section we would like to comment on the nonlocal Fisher equation which we have derived
in the previous sections. We note that this equation yields interesting solutions when different
assumptions are made on the gain (pump) and the nonlocal terms. All solutions in this section
have been taken from [79].

First, we see that if we allow for a nonlocal pumping coefficient (which, as is described in
Appendix D, can be included in our derivation of the Fisher equation) and impose a specific
pump profile, we can expect to obtain solutions which are of the form described in [72], hence in
agreement with numerical simulations in 1D. This can be seen in Fig. 5.3, where the x-dependent
pumping coefficient is given by the bimodal form

1 0.9

P = 350G - 15910 * {1+ 500 - 8327

(5.104)

Figure 5.3: Solution of the Fisher equation (right-most figure) for a particular form of pump function a(x)
(left-most figure). This result is to be compared with numerical simulations from [73]. Figure from [79].

Although (5.104) looks like a very specific pump profile which is not reproducible, it has
been proven in [79] that the Fisher equation with a local pump profile is able to yield “spike”
solutions, which would explain the observation of spatially narrow output spectrum in numerical
simulations.

In addition, treating the nonlocal term carefully, we can expect a solution of the form shown in
Fig. 5.4, where we see a striking visualization of lasing spots, which are localized regions of large
output intensity. We note that this solution of the Fisher equation only depends on the nonlocality
of the saturation term, and hence does not require the presence of a spatially dependent pumping.
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Figure 5.4: Spatial pattern formation due to nonlocal Fisher equation. Expected lasing spots can be clearly
seen. Figure on the right shows spot pattern for very small diffusion constant D. Figure from [79].

This of course points at a universal feature of random lasers, which we could then reveal as being
the solution of a particular form of Fisher’s equation.
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5.8 Conclusion

In this chapter we have described in detail the derivation of the photonic distribution function
f(q,Z,T) for random lasers via the nonlinear sigma model. This function is characterized by the
wavevector g originating from the Fourier transform of in the x — y plane, where translational
invariance is assumed. In addition, it is also assumed to vary slowly in space and time, which
behavior is described by its dependence on the slow variables (Z, 7). The calculation of this
quantity is a nice demonstration of the kind of nonequilibrium quantities which can be obtained
from the Keldysh nonlinear sigma model. f(g, Z, T) results from the solution of a set of coupled
equations relating f(g),Z, T) and the Hubbard Stratonovich field (Z)CI(Z, €), (5.72) and (5.73).
These equations are derived from the saddlepoint equations for the diffusive modes w', w and
the HS field ¢/(Z, €), which are in turn arrived at from the diffusive nonlinear sigma model
including nonlinearity, (5.41). The solution of (5.72) and (5.73) has to be done numerically,
and we outlined our computational strategy. Unfortunately, due to complexity of the occuring
equations, no numerical results have yet been obtained. The equation to be evaluated, well-known
in other contexts as the Fisher equation, shows a rich variety of solutions [79] and work is
continuing to extract numerically the solutions corresponding to our regime of interest.
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CHAPTER O

Effects of Light Polarization on Localization
of Light

6.1 Introduction

Propagation of classical waves in a disordered medium has been the focus of intensive theoretical
and experimental investigations since the publication of the paper [80] by John in which the
existence of photon mobility edges in systems with disorder was postulated. This was followed by
the equally seminal 1987 paper [81] (similar work was done independently by Yablonovitch [82])
where the possibility of localization of electromagnetic waves in systems with interplay of "order
and disorder" ("disordered superlattice microstructures") was first discussed. The most important
property of such structures is the possibility to restrict phase space for photon propagation near
critical frequencies demarcating the the photonic "pseudogap” region [81]. In other words, these
could be seen as the electromagnetic analogue of electronic bandgaps in anomalous semiconduct-
ors [83]. Experimentally, such systems have also been comprehensively studied in recent years [8,
84] and the important physical quantity, the diffusion coefficient D(w) of propagating light waves,
measured and shown to exhibit localization characteristics [3, 4, 85—-89]. Theoretical studies
of this problem have mainly consisted of diagrammatic self-consistent [40, 41] calculations of
D(w) [26, 35, 36, 42, 43] and field theoretical descriptions of light transport which in addition
takes into account the effects of absorption [67] and openness of media [47]; in most of these
works the the additional degree of freedom represented by light polarization was not considered,
usually due to reasons of simplicity. Hence, the effect of the vector nature of light on its transport
properties has not been fully understood.

We show in this chapter that polarization actually plays an important role in the transport
of light through random dielectric medium, i.e., it accounts for the difficulty to conclusively
account for strong localization of light in experiments. Although other dephasing mechanisms
like absorption play important roles, we find that, due to it being an intrinsic property of light
waves, polarization represents an intrinsic channel for dephasing which is not easily subtracted
from in experiments. We show that this can be clearly seen by drawing a formal analogy with
the electronic phenomena of antilocalization [19, 90-92]. In systems with spin, application of
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Chapter 6 Effects of Light Polarization on Localization of Light

an external magnetic field will cause coupling of the spin degrees of freedom to the applied
field, which yields an additional term in the Hamiltonian of the system [19] This additional
term incorporates the spin structure of the problem. Properly diagonalized in the singlet-triplet
eigenvector space, it has been shown [90, 91] to induce attenuation in the diffusion probability by
a factor of 2 at the origin. This phenomena has been confirmed in various experiments [93-95],
perturbative [90, 96, 97] and renormalization group [98—100] calculations.

We propose a suitable model of a disordered photonic crystal which is tractable numerically
via a diagrammatic self-consistent calculation [40, 41] with additional suitable formalism which
to take into account the vectorial degrees of freedom for electromagnetic waves. Setting up the
self-consistent equations in this formalism yields a set of complicated matrix equations which
needs to be solved. Fortunately the matrix structure can be simplified considerably using a
averaging procedure, and as a result we obtain scalar equations for all quantities except for
the important two-particle interaction vertices. These could however be diagonalised in their
respective eigenbases, namely the singlet and triplet bases. We have then essentially three coupled
equations which we then solve numerically for the diffusion coefficient. We show some numerical
results at the end and our conclusions.

6.2 Formalism

6.2.1 Helmholtz equation

We again start from the Helmholtz equation in frequency and real space ( (3.7))

ka
VXV X Eui(r) = £ e(rE (), (6.1)
C

where we have retained the full vectorial structure of the equation, unlike in the previous chapters
where we have only considered the scalar version of (6.1) E,x,(r) is the electric field in the
medium, and the additional subscripts n and k denotes the band index and wavevector, respectively.
Here we restrict our model to take the form of a translational invariant crystal lattice, where
randomness will be introduced via the values of the dielectric constant on each lattice site.

We again write the random, real-valued dielectric function &(r) as the sum of a periodic
gp(r) and a random (disordered) Ae(r) part. &,(r) shares the periodicity of the crystal lattice
and only contributes to the background dielectric constant of the crystal. The wavefunction of
electromagnetic waves in such a system is described by the usual Bloch wavefunctions [83]
E i (r) which obeys (6.1) with &(r) replaced by &,(r).

To take into account the additional degree of freedom due to the different polarizations, we
exploit the transverse nature of light polarization, in which

k-Dy =0 (6.2)

where D, is the electric displacement field which is related to the electric field E(r, t) in a linear,
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conservative system in the following manner
D(r,t) = goe(r)E(r, 1) (6.3)

(6.2) and (6.3) effectively means that only 2 components of the 3-dimensional polarization vector
is linearly independent in a perfect crystal. This allows us to establish an analogy between the
polarization and electronic spin degrees of freedom, or in other words, to impose a “pseudospin”
structure to single-particle quantities, which includes, for example, the Green’s function [42, 101].
In what follows we will denote this additional degree of freedom via an additional index o

Randomness is introduced as a perturbation to the periodicity of the Helmholtz equation, or in
other words, the disordered Helmholtz equation is given by:

2 2
(%ap(r) _ VX Vx| E,(r) + %As(r)Ew(r) - 0. (6.4)

Hence disorder is introduced substitutionally, i.e., the crystal lattice keeps its structural order,
but the basis changes from site to site in a random fashion. We note that the squared frequency
dependence of the disorder term is probably the most important characteristic of light propagation
in disordered systems and also the source of new effects which are unknown to electronic systems.
In particular, it leads to vanishing disorder effects for frequencies w — 0, whereas in contrast for
electronic systems they play a major role in the low energy region.

6.2.2 Photonic Wannier basis

The set of electric Bloch functions which takes into account the additional mode/pseudospin
index, fulfills the following orthogonality relation,

(2n)}

[r B 11200 Eueor0) = E20800 - K 65)
where u is the volume of one unit cell in the crystal. In the case of a disordered crystal, one would
expect that the electromagnetic wave functions would be primarily localized and in such a case
the extended nature of the Bloch wavefunctions are then not suitable for their description. We use
instead the Wannier wavefunctions, obtained from the Bloch wavefunctions via a simple Fourier
transform with respect to k [102],

. __u —ikR;
Wix(r) _(27r)3 L dee Ex(r). (6.6)

Owing to the unitarity of the Fourier transform, the Wannier functions will obey the same
orthogonality relation as the Bloch functions,

f dr Wi (P)ep(r)W o (r) = 6,677 . 6.7)
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We remark that due to the local nature of the disorder the Wannier functions forms a natural set of
basis functions upon which we can act with our disorder Hamiltonian. We also note that the use
of the Wannier basis also simplifies matters as we will then assume nearest neighbour hopping
of the polarization modes, which is in itself a small restriction since the dispersion relation of a
disordered crystal in three dimensions is very close to that of the ordered one, and moreover one
expects that the main contribution to transport would come from the IIE) + E’I contribution of the
Cooperon.

In contrast to the case of the perfectly periodic crystal, we note that the addition of disorder
implies one important fact: the Wannier functions now couple different pseudospin indices on
different sites, which implies that the hopping process would be able to change the polarization.
We can see this if we look at the form of the Hamiltonian of our system. We first note that the
form of (6.4) implies that we can write this in the form

2
H=Hy+V=VxVx-"2As (6.8)
C

where H( denotes the part of the Hamiltonian containing only the periodic potential &, and V
denotes then part which contains the disorder. The crux of the description above is that we will
then write the operator equation (6.8) in the Wannier basis which then has the form

H= —zz li, o)(j, o + Z VI li, o), o, (6.9)

@
where |i, o) is the Wannier basis vectors in the bracket formalism, with the appropriate indices
i,o; t is the usual hopping parameter, (i, j) denotes nearest neighbour hopping, and Vl.‘l.T‘T' are
matrix elements of the following scattering matrix

w? VYV T
V; = —C—zAsi( T, ), (6.10)

with the scattering parameters V; and 7~ are matrix elements of of the Hamiltonian in the Wannier
basis corresponding to the spin conserving and nonconserving channels, respectively.

6.3 Analytical Approaches

The particular nature of our model and the accompanying formalism developed to describe it will
be detailed in the following sections. These approaches deals with several different aspects of the
problem:

1. Taking into account the effects of disorder via the coherent potential approximation in
which the self-energy resulting from multiple scattering of propagating waves off our
disorder potential, is seen to modify the wave behavior via the Green’s function. The
self-energy can then be obtained via CPA.

2. Deriving a transport theory which describes these propagating waves in a random medium,
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while taking into account the vector structure of the waves. This step is performed by
writing down the quantity which is important for our case, namely the intensity propagator
I(r,r’;¢,¢") and from there, obtaining the well-known Boltzmann equation.

3. As our waves propagate in a random medium, we expect diffusive behavior to arise from
our transport theory calculations. We keep this physical Ansatz in mind to derive, applying
various standard approximations, a self-consistent expression for the diffusion coefficient,
more commonly known under the label Vollhardt-Woelfle theory of localization.

4. Taking into account the vector nature of propagating waves means that for all our previous
mentioned quantities there will be an associated matrix structure in the vectorial (polariza-
tion) space. In order to derive physical quantities we need to deal with this matrix structure.
For this purpose we apply a mode averaging procedure to our equations, which subsquently
simplifies such that they can be diagonalized and physical quantities extracted from them.

6.4 Coherent Potential Approximation

6.4.1 Green’s Function Formalism

In order to analyze the transport properties of a disordered crystal, we first define our vectorial
Green’s functions. Starting from the periodic operator Hy of Eq. (6.8) (where only the periodic
part of the dielectric constant &,(r) is present), the defining equation is given by

2
(‘;’—25 VX Vx) Golw.r ') = 6(r— 1), (6.11)

where we defined & = % f dr g,(r) as the the average dielectric constant of the ordered medium.
The imaginary part of Go(w, r,1’) is directly related to the system’s density of states [103].

By switching to momentum (or Bloch) basis |k, o), one is able to find an expression for the
periodic Green’s function

w? - w? -
Go(w) = (?é - Ho) 1= (?é - Ho) Z gplk, o)k, ole,
ko (6.12)

.y &plk, )k, ols,

25702 _ 2 527
k,o_ws/c wkas/c

where we used the completeness of the electric Bloch states and their eigenfunction character
. — 2 _ .

with respect to Hy. In the last step, we made the approximation Hyl|k, o) = %8 to get rid of the

position dependence of the dielectric function inside the denominator.
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From eq. (6.12), the matrix elements of G¢ can be calculated in a straightforward way to be

: 1 2n)? ,
GoY (@) = e, olGolk', ')y = ———————— s ey 67
wele 2“3"08/0 ! (6.13)
= (Go)y ( :) 5k — k') 677 .

One can see from eqs. (6.12) and (6.13) that the Green’s function exhibits poles at the positions
of the eigenvalues. This behavior can be used to extract the density of states from the Green’s
function. The density of states N(w) for the photonic crystal with a continuous eigenvalue
spectrum wyg,- is defined as

u
(2n)?

Ny(w) = fdk 0w — Wke), (6.14)
so that the number of states in a frequency interval [w, w + dw] is given by N(w) dw.

Consider now the k-summation over (Gg)x from eq. (6.12), and neglect the pseudospin o
without loss of generality. One can transform the integral over the pole by introducing a small
imaginary part inj in the denominator and then using the identity

1 1
lim =P —ind(w? — w2 s 6.15
-0 w? — a)%m +in w? - a)%m ( ko) ©.15)

where P denotes Cauchy’s principal value. One obtains

2=
Ak (Go) = lim [ ke —<1%
k050 w? - w%m +in
e P (6.16)
— sof dk ————— —in— f dk §(w* - wi,).
0‘)2 - wk(r €

If one now transforms the delta function as 6(w? — wi(r) = 0(w — wis)/2w (excluding negative
frequencies), one can relate the density of states from eq. (6.14) to the imaginary part of the
Green’s function by

2WE u

N‘T(w) = —EW

fdk Im G (w). (6.17)

The additional w-factor is a consequence of the w?-dependence of our equations.

6.4.2 Configurational Averaging

It was shown in sec. 6.2 that for the disordered crystal it is possible to separate the Hamiltonian
in the form H = Hp + V. When the eigenvalues for the periodic problem Hy are known, Green’s
functions provide a method to calculate the disordered system properties from the ordered ones.
Using the Green’s function G of the periodic problem Hy, i.e. (z — Hp)Go = 1, then using
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6.4 Coherent Potential Approximation

eq. (6.1) we can easily solve for G,
G =Gy + GyVG = Gy + G TGy, (6.18)
where we introduced the scattering matrix T as

T =V +VGoV +VGyVGyV + ...

6.19
=V[1-GyV] . (©.19)

From the above equation it can be seen that the scattering matrix describes all possible sequences
of wave scatterings and propagations inside the crystal. Being functions of the disorder potential V,
the scattering matrix T and the Green’s functions G are hence random quantities; as has been done
in the previous chapters, the usual procedure in this case is to perform a configurational average
over V, or concretely over possible realizations of the disorder potential, which are however
identical from a macroscopic point of view (see Fig. 6.1). Taking the Green’s function for the
disordered system G, which will originally depend on the whole set of {g;}, its configurationally
averaged counterpart is given by

(= [dor [dereo: [doxPleronoom) Glerenon). (620)
where the probability function P(ey, ..., en) describes the distribution of dielectric values on
every site. We will be interested in the special case of independently and identically distributed

e-values, i.e. we neglect any correlation between the sites. The probability then factorizes into
the product of single site probabilities,

N
P(e1, €2, ..., 6N) = np(g,-). 6.21)

If one applies configurational averaging to eq. (6.18), one obtains the Dyson equation

(G) = Go + G()(VG) = G() + G()Z(G. (6.22)

Figure 6.1: Three different possible disorder configurations with identical probability distributions of
scatterer types.
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Chapter 6 Effects of Light Polarization on Localization of Light

With the introduction of the self-energy X, there exists a useful relation between the periodic and
disordered Green’s functions and the self-energy which can be derived from eq. (6.22):

Gy '=G;' -2 (6.23)

6.4.3 The Effective Potential

From (6.23) we see that to obtain the configurationally averaged Green’s function (G)~!' one
simply needs to compute the self energy X. A method to calculate the self-energy X in disordered
systems is given by the coherent potential approximation (CPA), which is based on the concepts
of an effective medium and the single site approximation. The effective medium approach
assumes that wave propagation in an disordered medium can be locally (i.e., within the coherence
length, fig. 6.2) described, as if it propagates in an ordered, so-called effective medium. This
effective medium is derived from the periodic medium by a shift by a coherent potential ;(w).
We refer to [101], [104] for more in-depth expositions of these concepts. Here we will only state
the expressions appropriate for our problem.

The Hamiltonian of the effective medium is then H, = Hy + X and its Green’s function can be
determined from the ordered one by

Ge = Go + GoZ(W)Ge = [Gg' - Z()] . (6.24)

The disorder potential V of the disordered crystal is now expressed relative to this effective
medium, V = V —X. The right choice of X is determined such that the configurationally averaged
scattering matrix relative to the effective medium T vanishes (CPA condition):

(T(®)) = 0. (6.25)
If this is achieved, performing the average on eq. (6.18) yields

<G> = <Ge> + <GeTGe>
= G + G(T)G, (6.26)
= Ge.

Here, we exploited that the effective Green’s function G itself describes an periodic medium and
therefore is not affected by configuration averaging. One can see that with condition (6.25) the

Figure 6.2: Effective medium: Within the wave’s coherence length, the disorded photonic crystal can be
described by a periodic crystal.
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configurationally averaged full Green’s function is equivalent to the effective Green’s function
and the coherent potential is identical to the self-energy. Eventually, this procedure placed the
focus on finding an expression for the total scattering matrix T, so that from eq. (6.25) a value for
the self-energy X can be obtained. Expanding the total scattering matrix in terms of the single
site scattering t;, which comprise all successive scatterings at a single site i, and performing the
configurational averaging, one obtains the CPA equation for the self-energy X,

D = f ds; P() (Vile) - D)1 - GP®) (Ve - D)| ' 0. (6.272)

or, more conviniently for numerical work,
ri f ds; P(e;) Vile) |1 - GRE) (Vite) - B)] . (6.27b)
If one includes (pseudo)spin into the CPA, the disorder potential V; has a 2 X 2 matrix structure,

which will be adopted by the self-energy and by the effective Green’s function eventually. To be
more specific, using the disorder potential from eq. (6.10) the expression V; — X becomes

W’ Vv T it zi2
Vi-X= —C—ZA&'( Ti Vv, )—( $21 y22 ) (6.28)

The diagonal part of the effective Green’s function has to be rewritten as

2 . )
GeD((U, Z) = (21/;.)6 fdk fdk/elkR,' (Ge)kk'(wa Z) e—lk R;
= # fdk fdk’eikRi (Ge)k(w’ E) 6(k _ kl)e—ik’Ri

(6.29)

u -1

= o f dk |(Go)' - E(w)|

u g [ w-w? 0 Hw) =P(w) -
= dk | = k1 _
(27)3 2 0 w* - Wk, P w) R )]
where eqs. (6.13) and (6.24) have been used. From the local effective Green’s function one can
calculate the density of states via

.
N) = - =2 Im GP(w), (6.30)
Tc

also showing a 2 X 2-matrix structure.

6.5 Transport Theory

We are concerned with intensity transport of light in disordered photonic crystals. Such a quantity
can be obtained via the two-point correlation function, which in our system is a 4th-rank tensor
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Chapter 6 Effects of Light Polarization on Localization of Light

given by
I(r,r;t,1") =(G(r,r, ) G*(r,r, 1)), (6.31)

where G(r,r’,t) is a 2 X 2 matrix propagator and (... ). indicates mode averaging (see next
section) in addition to the usual configurational average. We show in the Appendix C.1 that the
quantity (6.31) can be rewritten to reflect, in a diagrammatical manner, the infinite sequence of
wave propagation and scattering describing the dynamics of wave motion in a random medium,
and this dynamics can be correctly extracted in a diagrammatic fashion from the Bethe-Salpeter
(BS) equation in K and frequency € space

w + - u 1 w
(. K) = ((Go)} ® (Goy) [1 ®1+ 5o f dK"Y 1 @2, (Q, K) |- (6.32)

where @, = (G; ® Gl:,)C and ®; = # f dk’ @7, .. However, in the form (6.32) the BS
equation is physically not very relevant, since it is difficult to interpret what physical quantities
are described by @7 (€2, K). It is however, possible to derive from (6.32) a much more well-known
quantity which directly provides us with information about the nature of wave transport in our
medium, namely the diffusion coefficient D(w). The framework which allows the computation
of D(w) from @7 (L, K) is commonly known as the self-consistent theory, since the required
quantity D(w) can be obtained from solving a self-consistent integral equation. We sketch below
the steps involved in the derivation of D(w) from @'(€2, K). An illustrative rewriting of the BS
equation can be performed by use of the following matrix identity (only valid for commuting
matrices) to rewrite the tensor product of the effective Green’s functions in terms of single particle
quantities:

G oG =[18@G) ' -GY ' el] [(GHel-18G)]. (6.33)

=[-AG ]! =AG

Using this identity and bringing its first factor to the left hand side, the BS equation can be
rewritten as

— u 7
_A(Gk1<Q, K)) DY (Q K) = AGr(Q, K) [1 ®1+ 2 fdk Vi (Q K)®@,(Q, K)|. (6.34)
Due to the similar structure with the Boltzmann equation known from kinetic theory, the above
equation is often called a generalized Boltzmann equation. It governs the transport of the intensity
tensor component ®¢(€2, K). The BS equation is solved in the usual way of expanding the
intensity tensor component ®(€2, K) up to first order in the current vertex (otherwise known as
the moment expansion) [41, 105], from which we obtain the important transport equations: the
continuity equation,
—iQSY(Q, K) — ilK|J*(Q, K) = j(Q, K), (6.35)
governing the relationship between the energy density S“(Q2, K) = # f dk ®(Q, K) and the
energy density flux J¥(Q, K) = 2~ f dk (K - v) @Y (Q, K), where j(€, K) denotes a possible

@m)3
source term. The derivation of (6.35) required the use of a Ward identity for classical waves [42],
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6.5 Transport Theory

which has a nontrivial right-hand side due to the fact that the conserved quantity for classical
waves is energy instead of particle number. The form of this equation is detailed in the subsection
below.
The other required equation is the diffusion equation, or Fick’s law, commonly written in the
form
— i|KID(w)S“(Q, K) + J*(Q, K) = 0. (6.36)

Here, D(w) denotes a quantity which can be interpreted as the diffusion constant. Taking the
hydrodynamic limit (QQ, K — 0), Eq. (6.35) and (6.36) can be solved for the quantity S“(Q, K),
which in turn yields D(w) in the form

D,
Dw) =[1®1+Mw)] 'DL= ————— 37
@ =@ 1+ M@)] "D = o, (6.37)
where Dy is the so-called ladder diffusion constant originating from incoherent transport
iD
DL=—[1&1+6]"
2w
i Jy (K- 0)’AG3(0.0) L (0:38)
= — 11+6] .
4o [, AG(0,0)
and {8
6=———FfQ [E0) 11 + Gy (0)]. 6.39
1o 7al @] 120191+ 11Gyy, 0) (639)

is a renormalization factor stemming from the nonzero right-hand side of the Ward identity.
M(w) is called the relaxation kernel and has the form

M(w) « f dk f dk’ (K - v) Im G v, Im Gy )* (K - vp). (6.40)

From the form of (6.40) we can see that the presence of the relaxation kernel M(w) renormalizes
the quantity D;. Physically, D; should be interpreted as the “bare” diffusion constant, i.e., the
quantity which can be calculated by using classical expressions, e.g., the Einstein relation. In
other words, D;, does not take into account coherent effects which are important in the studies of
wave localization.

The relaxation kernel M(w) represents the correction to Dy. As can be seen from the explicit
expression (6.40) M(w) is strongly influenced by the irreducible vertex yy,,. In priciple, ¥},
incorporates all possible wave scattering events since it is diagrammatically an infinite sum of
terms, each corresponding to a particular configuration of such events. Hence it is impossible to
obtain in its entirety. However, by chooses particular terms which are physically relevant, the
integral in (6.40) can be solved (at least numerically) and we can then obtain the values for (6.37)
corresponding to these terms. In the studies of wave localization account is taken usually of
two particular choices for y},,: the so-called ladder y" and crossed 7Ek, diagrams. We refer to
Appendix C.3 for further information on these quantities, but we point out that the ladder vertex
v is independent of momenta k, K’; i.e., it is homogeneous in momentum space. In addition,
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Chapter 6 Effects of Light Polarization on Localization of Light

we also refer to Appendix C.5 for the computational details regarding the derivation of (6.38)
and (6.40).

From presentation of the formalism till now we see that we work with quantities that possess
degrees of freedom in our “pseudospin’ space which manifests via the 2 X 2 matrix structure of
the Green’s function and self-energy, for example. However, as seen in the next section, y}, has
the form of a tensor product of two 2 X 2 quantities, thus making it a 4 X 4 matrix, thus making
the solution of (6.37), even in the usual approximations a particularly difficult task. In the next
section we will describe our method for reducing the dimensionality of these quantities.

6.5.1 Self-Consistent Theory of Localization

It is well known from standard sources [41, 105] that even taking into account both the ladder y*
and crossed vertices yEk, is only an adequate choice if we work in the weak scattering limit, i.e.,
the limit when the mean free path / between two scatterings is much larger than the wavelength
A. Only then configurational averaging will cancel all interference contributions except those
coming from coherent backscattering.

However, for the opposite case, the strong scattering limit (/ <« 1), many other interference
contribution are possible, since two waves will not accumulate phase differences that quickly and
hence are more resistant to averaging. Analytical approaches are unable to access this regime
of scattering strength and numerical methods are needed. The most well-known of these is the
so-called self-consistent theory of Vollhardt and Woelfle [40]. A short description will be given
below.

The authors of [40] extended the crossed vertex by all diagrams which are double crossed
with maximally crossed diagrams (figure 6.3). It can be shown [41] that this new vertex ¥5C is
given by a similar expression as the crossed vertex, only now the Diffusion constant Dy, has to be
replaced with the full diffusion constant D,

1

. 6.41
—iQ + Dk + K'|? 6.41)

Vie = LSk + k) y o

If this is inserted into the relaxation kernel M, one obtains a self-consistent equation for the
Diffusion constant D via eq. (6.37), hence the name self-consistent theory of localization.

-t

SR
e

Figure 6.3: Constituent parts of the self-consistent irreducible vertex. I' contains all diagrams, which are
not entirely crossed by an interaction line.
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o
-

84



6.6 Disorder and Mode Averaging Procedure

6.6 Disorder and Mode Averaging Procedure

In our model, we will treat all polarization modes equally with respect to their scattering strength
and their dispersion inside the crystal. That is why it is reasonable to expect that we can average
over the modes without losing important information. In order to define mode averaging <. .. ),
we use the fact that we can expand any hermitian 2 X 2 matrix in a basis made of the unit matrix 1
and the Pauli matrices o-;, which are defined by

1 —i 1
01:((1) o)’ azz(? 0’), 0'3:(0 _01). (6.42)

With the help of the Pauli matrices, we can expand a 2 X 2 matrix A, which describes single
particle effects, as follows,

A=A01+A10'1+A20’2+A30'3 EA01+A-0_)'. (6.43)

Here, & denotes a three-dimensional vector containing the Pauli matrices as its entries and
A = (A1,As,A3)T. The term A - & contains the information about the anisotropy in mode space
and will be dropped after mode averaging:

(A)eg =(A01+A -y =Apl = %tr(A) 1 (6.44)

As one can see, the obtained result is just the averge of the matrix’ diagonal elements multiplied
by the unit matrix. This implies that, in principle, it can be treated as a scalar quantity. We apply
the same reasoning to all our equations, with the result that we obtain scalar equations for most
of the quantities, with the exception of the irreducible scattering vertex tensors, which we need to
treat separately. These are not reducible to scalar equations as they couple different pseudospin
modes. However, due to the fact that they are concrete representations of the S U(2) algebra
which govern the symmetries of electronic spins, they can be diagonalized in the same eigenbases
which are used in the study of spin-orbit scattering in disordered semiconductor systems [96, 97],
namely the singlet and triplet bases.
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Chapter 6 Effects of Light Polarization on Localization of Light

6.7 Singlet/Triplet Structure of the Interaction Vertex

We recap the central logic of our ideas up to now: that the polarization of light, which we have
mapped onto a pseudospin model resulting in a 2 X 2-matrix structure of the effective Green’s
function G, and the self-energy X in polarization mode space, can be shown to affect the transport
properties of light in random media. Quantitatively, this effect manifests itself in the different
values of the diffusion coefficient in different “pseudospin” channels. In this section we show
how to decouple the previously obtained matrix quantities such that the correct matrix form of
the diffusion coefficient in the different channels can be obtained. We recall that the equations
describing intensity transport were then derived by considering the tensor product of two Green’s
functions, G ® G*. Thus, the resulting equations and quantities will have a 4 X 4 matrix structure
in polarization mode space. Performing the tensor product gives us matrices in the product space
|oT) of two modes, with a standard choice of basis vectors |11),[12),|21),]22). We will then
diagonalize these 4 X 4 matrix quantities by employing the appropriate choice of eigenbases.

6.7.1 Vertex Diagonalization

The diagonalization of interaction vertices or other two-particle quantities with a 4 X 4 matrix
structure has to be done in consistency with the mode averaging. For that, we consider an
interaction vertex y which is built from two scattering potential matrices v, i.e., ¥y = v @ v*. The
mode averaged vertex (y), is then given by

P =(VOV)e =((o1+v-F)Q Wyl +0v" - ")),

6.45
= ol 1®1 + pf’¢ ® & (643)

Obviously, elements proportional to 0'l~®a"jk., i # j, which represent some type of mode anisotropy,
have been dropped by this procedure. This is not the case for terms proportional to o7; ® o7,
which are mode-isotropic, as it is indicated by the Pauli matrix identity (07;)> = 1. As it turns out,
the pseudospin structure in eq. (6.45) is identical to the spin structure in the problem of spin-orbit
coupling in disordered electronic systems [19]. We can take advantage of this correspondence and
switch to the more suitable singlet/triplet basis, in which the mode averaged quantites become
diagonal. This will now be done for the ladder vertex ¢~ and the crossed vertex 7Ek,.
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Ladder Vertex

We start with the mode-averaged ladder vertex y" in the product basis and then change to its
eigenbasis:

e =N101+y'¢ed
1 000 1 0 0 2
_pol0oroo0f )0 -1 00
oo 1 0|0 0 -1 0
00 01 2 0 0 1 (6.46)
3 0 0 0
0 ¥y 0 o0
0 0 y 0 |~
0 0 0 ¥ )

where the subscript “L” on the matrix denotes the eigenbasis of the ladder vertex given by

1
singlet:  |Spy = —(|11) +]22)), with ¥ =9 + 3y (6.47)
V2
112)
triplet:  |TL) =< [21) , with y] =y -y, (6.48)

522~ [11)

The singlet eigenvalue yi always describes the so-called Goldstone mode of the system and
accounts for energy conservation. The effects of polarization mode flipping will be contained in
the triplet eigenvalue y{ instead, whose triple degeneracy is a consequence of the isotropy of the
configurationally averaged crystal.
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Cooperon Vertex

In sec. 6.5.1, it has been shown that the cooperon vertex y can be expressed in terms of ladder
vertices after performing time-reversal. During this transformation, however, the mode indices
of the lower channel line have also been flipped. As a result, the eigenbasis of this vertex is
a different one as in the ladder case. More precisely, exchanging the mode indices 7 < 7’ in
figure C.4 affects the Pauli vector product as follows:

(0—)_ ® 6_*)0‘0‘"1'7'/ tw_>13t (6’ ® 6}_*)0’0”1”1’ — (6»_ ® 6»_)0'0"1'7".

With this slight modification, the mode structure of the cooperon vertex reads

e =72101+y ¢ 0 (6.49)
1 000 1 0 0 0
0100 0 -1 2 0
_ .0 m
=¥clo 01 0|Tlo0 2 -1 0 (6.50)
000 1 0 0 0 1
y. 0 0 0
0 yL 0 o0
0 0 4 0 6.51)
0 0 0 ¥,

Here, the subscript "C" denotes the eigenbasis of the cooperon vertex given by

1
singlet:  |Sc) = $(|12> - 21)), with y8 =y =3y (6.52)

1)
triplet: |Tc) =4 122)
(12> +121))

, with y& =72 + v (6.53)

As we will see in the next section, the possibility to diagonalize our two-particle quantities will
considerably simplify the solution of the Bethe-Salpeter equation.
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6.8 Numerical Results

In this section we shall present various numerical results of expressions previously described. In
section 6.8.1 we present waterfall plots of the density of modes as calculated using the coherent
potential approximation described in Sec. 6.4 via the expression

N(w) = —27wlmG (6.54)

where the Green’s function refers to the expression given in (6.29). In Sec. 6.8.2 we then show
the results for the central quantity in our work: the diffusion constant D. Results are given for D
in three different channels: onefrom the singlet, and two corresponding to different eigenvalues
from the triplet channel. These are denoted as D°, D"? and D", respectively.

6.8.1 Density of Modes
T =0

The density of modes, obtained from (6.30) via the CPA, is shown in Fig. 6.4 in the form of a
waterfall plot. The DOMs at different values of the disorder strength, here represented by the
concentration of one of the sphere types, say p4, as a fraction of the total scatterer concentration
at fixed values of the dielectric constants of the A and B scatterers (¢4 and &g, respectively),
are plotted against the light frequency w. Hence in this plot a fraction of p4 = 0.5 represents
the one with the largest disorder strength. Most importantly, in Fig. 6.4 we set the pseudospin
flipping parameter 7~ = 0. This corresponds in our model to purely “potential scattering” of the
light fields, able to alter the intensity but not polarization degrees of freedom. We first note that
for the ordered case in which ps = 1.0 or p4 = 0.0 the DOM shows clearly visible van Hove
singularities which are to be expected for ordered systems. On the other hand, introduction of
disorder leads to broadening of the DOM until a dip appears at a certain value of w. This dip
eventually develops into a full gap, in the range of which light fields do not propagate.
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Figure 6.4: Waterfall plot of the density of modes.

T %0

Now we can study the effect of a finite pseudospin flipping parameter, 7~ # 0, on the density of
modes. The behavior of the DOM with varying values of 7~ is shown in 6.5. The behavior of
the DOM can be summarized in the following manner: the increase in magnitude of 7~ implies a
corresponding increase in the disorder strength. This increase brings about a general broadening
of the DOM. In addition, we see that a finite 7~ gives a upper band edge value which is generally
smaller than that at zero 7.

2.5 ‘

15 \ "
/ \ :f

/ \,
’/
/ |
0.5 '
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w/B

N(w)

Figure 6.5: Density of modes in presence of finite 7.
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6.8.2 Diffusion constant

We now move onto the results for the diffusion constant, which is the central physical quantity
of interest. For the diffusion constant we differentiate between contributions from “classical”
diffusion, i.e., that comes from the ladder (Diffuson) diagrams, and those coming from coherence
effects, which are due to contributions from the so-called maximally crossed or Cooperon
diagrams. It is precisely in this second set of contributions that the most significant effects of
light polarization appears, as we see below. Hence in this section we first look at results of the
classical diffusion constant, and then move onto those for the crossed diagrams.

Classical diffusion constant

As follows from our analytical analysis above, once we enable pseudospin flipping, we need
to consider the diffusion constant in both the singlet, here denoted DS and triplet Dl.T, i=0,1
channels, where i differentiates the two values of the energy eigenvalues in the triplet channel. We
start from the ladder diffusion constant, D”. This is shown in Fig. 6.6 We discern several expected

D — |

a

Diffusion constant D [5 - a]

e

—

il

(%)
T

015 b

— .

06 0.9

1] r | 1 I I 3
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
Frequency w [5]

Figure 6.6: Classical diffusion constant.

features in the plot above: at low frequencies the curve follows an expected w™* behavior, which is
in the regime of Rayleigh scattering. Since the disorder potential in the wave equation for classical
waves at smaller frequencies will be scattered less and hence obeys nearly free propagation,
which yields the Rayleigh regime. At higher frequencies we encounter a pseudogap region at
frequency w/B ~ 0.7 where a minimum of the diffusion constant appears, where diffusion drops
to a very low but nonzero value. The diffusion constant then stays a low values until vanishing at
around w/B = 1.2, which is the value of the band edge in our model.
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Full diffusion constant

We first look at results showing the behavior of the diffusion constant in the singlet channel, DS,
as a function of the flipping parameter 7. This is shown in the figures below. Starting with the
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Figure 6.7: Diffusion constant in the singlet channel.

diffusion constant in the singlet channel, we can compare figure 6.7 with 6.6 and conclude that
the inclusion of coherent effects correctly leads to an overall reduction of the diffusion constant
in comparison with the ladder diffusion Dy. A striking observation here is the appearance of
vanishing values of D in the frequency range 0.7 < w/B < 0.75, which now implies localized
states in this region. We note however that the singlet mode represents actually the Goldstone
mode of the system, and hence represents conservation of intensity (particle number). Given that
7 is certainly particle-number conserving, we do not actually expect large deviations between the
behavior of D* and D%, and this is confirmed from 6.7 for the range of frequencies w/B < 1.0.
Some deviations are seen for frequencies outside of this range, which still needs to be explained
in full.

We now move onto the diffusion constant in the triplet channel. As already noted in previous
sections, in the triplet channel the diffusion constant takes on different values corresponding to
the two different eigenvalues resulting from the diagonalization of the scattering vertex in the
triplet channel, here denoted D”° and D”!. These are shown in the plots below:

We see that in the absence of mode flipping, both values of D’ are identical to that of DS,
which is to be expected since in this case there is also conservation of polarization (pseudospin)
in addition to that of intensity. However, in the presence of mode flipping, it can be seen that the
diffusion constant increases as compared to that of D’ which is a signature of anti-localization,
in which the localizing effects of the disorder potential is decrease overall. For the case of vector
waves (as we have tried to model in this work) the observed anti-localization effect can be thought
to result from the randomizing of polarizations due to mode flipping. As (weak) localization
is due to coherent interference between electromagnetic waves, we expect that by introducing
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Figure 6.9: DT! as a function of 7.

an external “handle” to increase decoherence effects in the system we will decrease effects of
localization. For vector waves, mode flipping is exactly such a handle, which can be introduced
experimentally via materials with polarization-dependent optical scattering probabilities. A

summary of the results plotted above at a fixed value of de and py4 is shown in 6.10. This is the
main result of this work.

6.8.3 Phase diagram

Taking into account all the results above we can plot a phase diagram representing the transport
behavior of the system for various values of the parameter 7~ across a range of frequencies
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w/B. This is shown in 6.11 below: In order to have an experimentally realizable system where
transport of light waves can be controlled, to some extent, via the effect of disorder, the phase
diagram in Fig. 6.11 is very useful. It shows that a gap appears around the range of frequencies
0.70 < w/B < 0.75, which is confirmed by the lower plot in Fig. 6.10. In experimental studies
of light propagation in disordered media, one would hope to be able to accurately locate the
frequencies of interest in the near region of the gap, in order that localization properties could be
enhanced. On the other hand, due to the frequency-dependence of the disorder potential, one is
restricted to a range of frequencies not too near to w = 0. In our model we see that we are able
to control various regimes of transport properties via changing the value of the mode flipping
parameter 7 around the frequency range of interest (red and green curves in Fig. 6.11). It is
also clearly visible from the phase diagram that the switching on of the mode flipping parameter
decreases the range of frequencies in which modes of the light field are localized.
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6.9 Connection to Experiments: Classical Intensity

6.9.1 Introduction

Conclusions derived from the analytical and numerical results shown above can be applied as
a useful tool in the experimental search for strong Anderson localization of electromagnetic
waves in random dielectric media. Specifically, they can play a role as a definitive signature for
differentiating between absorption and localization of waves in such media. This is an important
point because current experimental studies often face difficulties to conclusively establish the
existence (or not) of Anderson localization in obtained data. In this section we will sketch how
our results can help to overcome this difficulty.

6.9.2 Classical Intensity

In this section we introduce the basic quantity measured in experiments to determine transport
properties of a particular medium: the classical wave intensity. Traditionally, for classical
waves including polarization we associate this quantity with the sum of diagrams of the form
shown in the Appendix (C.2) where a,f, v, represent the pseudospin directions carried by
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each propagating line. As was discussed in section E these are ladder (Diffuson) diagrams,
which we can represent in the singlet-triplet eigenbasis. The formalism in Sec. (6.5) carries
through completely, now with the requirement that we need to form the irreducible vertex of the
Bethe-Salpeter equation ( (6.32)) with a particular set of polarization indices, corresponding to
the diagram C.2. (6.32) thus has the tensorial component structure of the form

@, 552 K) = (G0 ® (Go)y) . (6.55)

u 1. L L
101+ P > f A"y L 55 Q.K)
u

for the Diffuson, and for the Cooperon has a similar equation with the corresponding index
structure d)gﬁ ﬁa(q). We note that in “matching” the pairings of identical pseudospin indices
between scattering events to calculate the probability of classical diffusion, the dimensions of our

vertices are reduced from 4 to 2; for example, the matched vertices of the Diffuson have the form

L _ A0 10 m I 2
0% >w>—n(0 R/ (6.56)

in the original product basis. One can apply a similar reasoning as detailed above and diag-
onalize (6.56) in the singlet-triplet basis. Doing this, it can be shown [19] that by taking into
proper account of sums over pseudospin components in the Diffuson and Cooperon BS equations,
one can conclude that the diffusion probability away from the origin is reduced by a factor of
2 compared to the situation in which the pseudospin structure is not taken into account (scalar
diffusion). Absorption, on the other hand, affects both coherent and incoherent parts of the
diffusion probability equally [19]. Hence it is tempting, especially in experiments, to set up
measurements such that the polarization is taken into account correctly, in the sense that the
diffusion probability in the singlet-triplet channels be measured and compared with the diffusion
probability of incoherent scalar waves.

6.10 Conclusion

In this chapter we examined propagation of light in random dielectric material of binary type.
We take into account the polarization degree of freedom of light by a mapping to a fictitious
“pseudospin” space, which is allowed due to the transverse nature of vectorial light propagation.
Our ultimate aim is a calculation of the diffusion coefficient D(w) using the self-consistent form-
alism of Vollhardt-Woelfle. For this purpose we need to evaluate several important quantities: the
self-energy X(w), and the ladder and crossed irreducible vertices, 'yi  and 'yik, )(corresponding
to diagrams in Appendix C.3), respectively. We simplify the complexity resulting from the
polarization structure by means of mode averaging, which renders unimportant quantities scalar
while preserving the important tensor structure of the vertices. These are then diagonalized in the
appropriate subspaces and the eigenvalues then used in the calculation of D(w). We discover that,
as expected, the inclusion of coherent effects (crossed vertices) radically modifies the transport
behaviour as compared to the pure diffusive (ladder vertices) case. In addition, when we take into
account the effect of different polarization channels on the diffusion coefficient (we call these
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different channels the singlet and triplet channels) we see that in the singlet channel the diffusive
behavior is unaffected since there is conservation of polarization in this channel [106], while in
the triplet channel we can show a marked increase in the diffusion coefficient as compared to the
singlet case, which is a signature of antilocalization. Hence we show that by properly addressing
the polarization degree of freedom, we are able to explain the difficulty of experimental realization
of full localization of light in random media. We discuss some experimental implications of this
at the end.
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CHAPTER 7

Conclusion

In this thesis we considered the behavior of light propagating in dielectrically disordered and
energetically nonconservative material. The two main physical attributes of interest in this
problem, namely disorder and energy nonconservation, can be dealt with in one stroke via the use
of the mathematical formalism commonly known as the Keldysh technique. We have approached
the work described in this thesis in a systematic, stepwise fashion, and this is reflected in the
ordering of chapters.

First, we derived in the Keldysh formalism a field theory of light propagation in disordered,
nonconservative media. In this early part of the work the nonconservation is provided by simple
static absorption. This field theoretical formulation is commonly known as the nonlinear sigma
model. We also show how to calculate physical quantities like correlation functions from the
sigma model, and how a source term can be included in the action of the field theory. This
represents the contents of Chapter 3.

In the next part, represented in the thesis by Chapter 4 we applied the derived field theory to a
nontrivial application: the calculation of full counting statistics. We derived within the framework
of the nonlinear sigma model a generating functional for the cumulants of energy transmitted
through a weakly nonconservative one-dimensional disordered system. We find fluctuations of
transmittance which is in accordance to Dorokhov’s distribution of transmission coefficients.
Our numerical results also agree quantitatively with previous diagrammatic results of low order
cumulants.

In Chapter 5 we come to the main part of the work, namely the application of the field theoretical
formalism to random lasing. Here the emphasis is on description of a pumped photonic system
which undergoes gain via the mechanism of spontaneous and stimulated emission of photons. We
are able to calculate, again in the context of the field theory, the photonic distribution function
f(z,q,T) as a function of spatial coordinate z, wavevector q and Wigner time coordinate 7.
f(z,q,T) also depends crucially on the pumping strength & and the imposed boundary conditions.
We find that the resulting equation governing f(z, q, T), at the saddlepoint of our nonlinear sigma
model, takes the form of a nonlocal Fisher equation, which is a nonlinear reaction-diffusion
equation describing the interplay of birth / pumping and competition / saturation. The Fisher
equation allows for a variety of solutions, depending on the specifics of the problem. We are
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presently evaluating this equation numerically.

In the final Chapter 6 we depart from the methodology of the previous chapters, which were
concerned with the consideration of scalar waves in which the vector nature of light waves do
not play a role. In this chapter we specifically consider the effect of the vector nature of light
on wave properties, specifically whether polarization increases or decreases the propensity of
light waves in disordered dielectric media to become localized (Anderson localization). In this
study we map the light polarization to a “pseudospin” degree of freedom which we then treat
with techniques adapted from classical studies of electronic spin. We find that the polarization of
light waves does in fact contribution to a diminished probability of return to the origin, the value
of which determines of course the ease for the occurrence of Anderson localization.
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APPENDIX A

Photonic Dissipative Nonlinear o-Model

A.1 Derivation of the effective action
A.1.1 Derivation of Eq. (3.39)
After substitution of the parameterization (3.38) in Eq. (3.33) we obtain
iS[Q] = -Tr In [R«ykl (Méolkl + i%f\]]
=-TrIny - TrIn (6" + RI3G;" . R7'1)

By separating Tr In(#G ') and dropping the O-independent terms we arrive at Eq. (3.39).

A.1.2 Derivation of Eq. (3.42)
The conservative part of $G-!, when substituted in the first trace in Eq. (3.39), yields

iS1101 = =Tr ) Go(®FRuur (k = K) RS} (K = k)| &) - Ew) - K + K

KK

~ —Tr Z Go(RFR i nu(—AK) R Aw’w(Ak)[FﬁAw — (2K + AK) - Ak]
w,Aw
k,Ak

where Aw = o’ — w and Ak = k’ — k. We note that R is peaked at small wave vectors in the
k representation. The sum

Z GoK)¥ = —invA (A.1)
k
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Appendix A Photonic Dissipative Nonlinear o-Model

follows from the saddle-point condition; furthermore, )i Go&) k = 0 due to the symmetry. After
calculating the Ak sum we arrive at

iS1[Q] = invTr )" f dr ARy s0()|iAw + | R, 4, (6)

w,Aw

= v Tr f drdrdt’ iRRy(v)|ind, + 67| R, (r)

Applying the representation (3.38) we obtain Eq. (3.42) from the &, part. The 2 part is neglected

A

compared to iS,[Q]; the latter contribution is multiplied by D ~ wT > 1.

A.1.3 Derivation of Eq. (3.43)

We substitute the k2 part of 5/@61 in the second trace in Eq. (3.39) to get

A 1 A N N A N N
i$2101= 5T ) Gk Rkt — ko) R (ka ~ k) G(ks)y Riks — ka) R (s = k) (& ~ kDK — k)

ki..kyg
oo Ak+AK noo sl o Ak+AK
=2Tr ) g(k)ixR(Ak - %)R‘I(Ak’)g(k)ixR(—Ak - +T) X
k Ak
Ak AK’

x R (AK)(k - AK)(k - AK')

where k = Z?:l k;/4 and we neglected the contributions of higher order in Ak = (k; + k4 — ko —
k3)/2, Ak = k4 — ki, and AK’ = k, — k3. We use the representation

N B N
Gy = EgRa +M+3d -ANg? (A.2)
and the well-known relations [see Eqgs. (3.45) and (3.44)]
R A 1 —~
2,650 G (K) koks = S1vAD60g, (A3)
k
65N ) GRN (k) kaks = 0, (A4)
k
to find

iS,[0] = —%m?{D Tr [(i + MROR™ -1 - MR (arﬁ'—l)]
, (A.5)
= %TW};D Tr [6r(1§_11A\IA€)]2

from which Eq. (3.43) follows.
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A.1 Derivation of the effective action

A.1.4 Derivation of Eq. (3.46)
The nonconservative part of iléa !, being substituted in the first trace in Eq. (3.39) yields
iS3[0] ~ — i€’ Wl Tr Z GR)IR(k - K)AR' (K - k) - R (K - K)A|. (A.6)
Kk’

We change the variable k' = k + Ak and apply Eq. (A.1). After cyclically moving the operators
under the trace we obtain Eq. (3.46).
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APPENDIX B

Appplication of the Nonlinear o-Model: Full

Counting Statistics

B.1 Introduction

In this appendix we give the explicit calculations for the full counting statistics paper. We will
fill in some derivation details not given in the main text, and in particular, the full derivation of
the nonlinear o-model action including a current source term will be given. The inclusion of the
source term is necessary as a “‘handle” with which the moments of the current can be generated

from the action.

B.2 Disordered action with current

The current can be written classically as follows (we set ¢ = 1)

1
i=—ExH
J iy

For simplicity, we align our electric field in the z-direction such that
E . =-A
which then restricts the magnetic field such that
H=VxA=H,=0,A, H/=-0,A
In terms of the above-defined quantities we can write the current:

1
4

1
J= —Ad,A

. . L. .
A0 A ji= —EAaxA, Jy = ~In

(B.1)

(B.2)

(B.3)

(B.4)
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Appendix B Appplication of the Nonlinear o-Model: Full Counting Statistics

Using the definition of the Fourier transform

Agr(t) = Re { f " dw A, e—fw’} (B.5)
_ 2

[ee)

A(D)

and from here on we use complex A(¢). We also assume that relevant frequencies are in a narrow
interval around the atomic transition frequency v = wg. We can thus define the current using the
complex A(?):

s l A ¥ *\ A
j= (A OV.A®D +(V.A)A) (B.6)

and the addtional term to the action coupling the source term has the form

S;i= f dtf dr A(x, 1) - j(r, 1) B.7)
C

where here A(r, ) is the source term, here representing an analog to the vector potential in the
case of electrons. The fc integration can be rewritten in a familiar way,

S j:—ﬁ _: dt f dr{a,-[A5(0,A,)+(0,A})A,|-2_-|A%0,A_+(,A")A_|} (B.8)

Performing the Keldysh change of variables

A+ Q4 Al + A4
Az = , A= —— (B.9)
V2 V2
gives the integrand in (B.8) in the Keldysh (c/, g) space as
1 Jg el cl 1 — S —~
I=—( A" Av) f,, LA =, 1A (B.10)
V2 A A Al V2
At T
1 A
~ — V22 VEA @ DA (B.11)
where we made the following approximations
0; ~ Fiwg (B.12)
V. ~ +iwg VER, K =1 (B.13)
We can represent Tas
1= 11 + 1%, 7:((1) (1)) (B.14)
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B.3 Keldysh sigma model with current source term

and we have finally, analogously to the simple free action described in the first chapter, the
following action including external sources

1~ 4 S
S=80+8;= ETAT(G(;I + V2wi Ve & 1))A (B.15)

B.3 Keldysh sigma model with current source term

In this section we will derive in detail the Keldysh sigma model action including source term
as was shown in Chapter 4. We start from the original Tr In action as was derived in Chapter 3,
Eq. (3.33). Including the source term, the term has the form

—~ [ =
Tr In(Gy' + o Vawi Ve 8- 1)) (B.16)
T
and using the usual parameterization of the Q matrix
0 =iR'AR (B.17)

we can rewrite (B.18) such to obtain

7 = Al a1y A T
Tr In (G51+2—+ V2w§ Ve ®-1)) = Tr In(RI5Gy", R1+7G ™"+ V2w VERYR DR™) (B.18)
T

where $G~! = yG + 12 A. Now if we pull out the Q-independent %G" and expand the In we
obtain the following sequence of expressions

Tr 1n(1+éyk[y65‘,k—‘]+«/§wg @Q&ﬁy(zj)ﬁ—l)z G o +
———
(o
+ V20§ Ve Tr (GIRY(R - DR™) - wie Tr (GIRY(R - DR ) V2wi Ve Tr (GIRIIGy', RMGHRY® - DR™)

1 2

We will look at the individual terms in (B.19).

B.3.1 Term 1

We first write out the expression in term 1 in Fourier transformed form

V2R VETH (3R & DR™) = Tr Y. Gl )pR(s: — ka)Fi(a) - (IR (ki — ko)

ki.ky

X . . . (B.20)
~Tr Z GRRK) - Z SRAK)Y(AR")(~AK) = 0
k Ak
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since the sum over £(Kk) gives zero. We have used the notation k = k‘;Zkz, Ak = k; — k», and
neglected Ak in G and %.
B.3.2 Term 2

For term 2 we again make use of the decomposition first introduced in Chapter 3
A A 1 R ~ 1 ~ /\A
Gy = Eg (I+A)+ 5(11 - NG (B.21)
In which case the terms which contain the products GRG* and GAGR! will yield the expression
A A DA 1)\2
Tr(GyRY(R- DR™') =

1 A _) 5 A
= 5Tr Z GRk))(1 + MR(k; — kp)iR(k) - (AR )(ky — k3)G* (k3)(1 — DR(k3 — kg)FR(ky)-
Kki,....kq

R Yk - ko)

’

1 A iAo a o e e A A s
~ 5ZQR(k)Ka(k)QA(k)KB(k)Tr |R3 AR RYAR™ — ARYAR ARASR™ |
k

(B.22)
Using the fact that?
2nvT 0, ah o
Ry GAwp = 2B _
DG kGl ip = = 507 D0 (B.23)
K 0
= 2z o Nl :
where D = &F and the group velocity is given by v = %}? = d‘j‘ = = 2% we then arrive at the
€ W
final form for Term 2 N
mvh - NN N - A
— DT |(74) - GD) + $0) - (710)] (B.24)
4€ wy
B.3.3 Term 3
For term 3 we use the fact that
FGo)u(k) = [s(w) - | 1 + ie” (w)w*A (B.25)

! Terms containing products of the form GXGF and G*G* will integrate out to zero due to placement of poles on the
same sides of the complex plane
2 These expressions have been proven and used in Chapter 3
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B.3 Keldysh sigma model with current source term

where &(w) = € w?. We look at (B.25) excluding the &(w) term, which contributes to the time
derivative. Hence

TrGIR [3Gy" R G9RY& - )R —
ST > Ghk)IRK — k)| — BR™ (ky — ks) + R~ (ky — Ka)k3+

W , (B.26)
+ie” Wi ARk ~k3) = R (ko ~ ks)A ) |Gks) PR3 — ka)9R(ks) - (IR™ (ks — k)
and using the same decomposition as above,
A 1 A 1 A A
gk = EQR(ki)(]l +A)+ S0 - MG k) (B.27)
while discarding terms that integrate to zero gives the approximate expression
~3 Zk: GRK)k G (K)Kp(K) Zi: Tr (1 + A)RG9,, R ¥ MRIAR™ =
_ . mvhD 5 T ST
=i Tr[74- (G:RR + 00,0 + R A0, )| ’ (B.28)
0
hD A
=iy [«m : Qc’)rQ]
2 e’w%

where we have used that Y, GR(K)G" (K)kg(k) = 0 and Tr (1 - OR™'8,AR) = 0 to obtain the
second line.

B.3.4 Final action with current source

We can now combine our previously obtained free action (in absence of current source term) with
the terms 1, 2 and 3 to obtain a covariant derivative in the disordered action of the form

iS[0] = iS[0] - m/ogTr (0:07 - 3 (ﬁf — W2 (?;TQ)Z - 2iV2woid - 06:0)

= (0:0 - 2171 01)(3:0 - 1 219, 0) . B29)
(
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ApPENDIX C

Effect of Light Polarization on Light
Localization

C.1 Mathematical Description of Intensity Transport

In this section we give a short description of how (pulse) light intensity can be described in a
mathematically correct manner with the help of diagrammatics. Due to the electric field’s vector
nature, the Green’s function will have a 2nd-rank tensor structure. The corresponding intensity
tensor I(r, ¥, ) of the field is a measure of its energy density and given by the tensor product of
two Green’s functions, resulting in a 4th-rank tensor

I(r,r,0) =(G(r, ¥, @ G*(r, 7, D), (C.1)

where (. .. ). indicates the configurational average. For further analysis, the intensity tensor can be
transformed into frequency domain and expressed in terms of spectral Green’s functions (position
dependence is suppressed for simplicity during argument)

(o) = f dt e 1(r) = f dt ¢ (G(t) ® G*(1))e

f fdwl fdwz W't g=lont pint (Gw1) ® G*(w)))e
(C2)

f dw, f dwr o 60’ — Q) (Glw1) ® G (W)

- [S2 (6w 9o 6 (w-9)), = [Fosv@rm)

After writing out the Fourier transforms of the Green’s functions, we introduced the center-of-
mass frequency w = (w; + w7)/2 and relative frequency Q) = w; — w», and eventually performed
the time integration. The intensity tensor S“ is often called density-density correlation function,
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and will be transformed to momentum space in order to allow a diagrammatic analysis [101]:

S, r,r) = <G(a) + %,r, r’) ® G*(a) — %,r, r’)>c
3

- f K KT fd" f K (G QE)®Gy@K) (3

u
(2n)?

f dK X §9(Q, K)

where u denotes the crystal’s unit cell volume. Here we introduced the retarded Green’s function
G* and the advanced Green’s function G~ as

G QK =Gw+2 k+%5K+5) (C4)
~— Y—— ~Y—
Wy k+ k/+
G, (LK) =G(w-2. k-4 K -%) (C.5)

The density-density correlation function S“(€2, K) describes the intensity component which is
modulated with frequency  and wave vector K. As it can be seen from the corresponding
Fourier transforms, these are conjugate variables to the propagation time ¢ and the distance |r — /|,
respectively. Since diffusive transport is expected on large time and length scales, we will be
interested in the case Q, |K| — 0, the so-called hydrodynamic limit. Using eq. (6.18), one can
express the averaged tensor product of two Green’s functions product in terms of the effective
Green’s functions

(GT®G ) = (G +GIT'GH 8 (G, + G, T GY))e
=G!®G; +GHT G © G, T )G,
= G! ®G, + (G 8 G (T @ T7)(G! ®G,)
= G ® G, + (G 9 G_)I'(G{ ®G,).

(C.6)

Here, T denotes again the total scattering matrix relative to the effective medium and the su-
perscripts label the considered frequency, i.e., T =Tw+9Q/2)and T™ = T (w - Q/2). Ge
describes propagation in the effective medium, which is periodic and, hence, not affected by
disorder averaging. Also the identity (AB) ® (CD) = (A ® C)(B ® D) of the tensor product has
been exploited. The new quantity I' is called fotal interaction vertex and includes all possible
interferences between two waves. It can always be written as a sum of sequences of a irreducible
scattering vertex y. These contain all interaction diagrams which cannot be turned into separate
diagrams by cutting two propagator lines vertically. Then, the total vertex I' can be decomposed
as follows,

IF=y+y(GI®G)y +7(G!{ ®G)y(GI @G )y +...

C.7
— ¥ +7(G! ®GT. €D
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C.2 Ward Identity

Plugging this into eq. (C.6) yields

(G"®G 7). =G ®G, +(G! ®G)y(G! ®G,) + (G ® G,)y(G! ® G_)I'(G ® G)
=G, ®G, + (G, ®G )y [G: ®G, + (G, ® GG, ®G,)]
=G!®G, +(G!®G,)y(G"®G").. (C.8)

Introducing @y = (G} w ® ; k>C and using the fact that the effective Green’s function G is
diagonal in momentum space (eq. (6.29)), the above equation can be written as

) [(2703

DY (Q.K) = ((Go)} ® (Go)g Sk — k') +

f K'y e (Q K@Y, (Q K)|.

(C.9
This equation is known as the Bethe-Salpeter equation (BS) and can be understood as the two-
particle equivalent of the Dyson equation (6.22). It is an integral equation for the intensity tensor’s
spectral components @7, ,, taking only the effective Green’s function G and the irreducible vertex
v as inputs. The Bethe-Salpeter equation can be depicted diagrammatically as seen in figure C.1.
For our purposes it will be useful to transform the BS equation by integrating over k’ first. With
the notation @y, = # f dk’ ® @7, the Bethe-Salpeter equation then reads

(2n )3

f AK"Y 1 @2, (Q, K) | . (C.10)

DY(Q, K) = ((Ge)} ® (Ge)y) [1 @1+ )3

C.2 Ward Identity

In the evaluation of the Boltzmann equation, we made use of the Ward Identity. The Ward
identity is a consequence of energy conservation and establishes a useful connection between
single particle quantities like Green’s functions and self-energies on one hand, the two-particle
interaction vertex y on the other hand. The expression for the Ward identity in nonconservative
media was first derived some time ago [42]. For our special case of the disordered photonic
medium with a pseudospin structure in the disorder potential, the Ward Identity was derived in a
later work [107] and reads:

AZ@) - [ AGH(©Kpin(@.K) = (@[12@) - [ 164©@ K@ K|, €11)

oo Ko hoo oo koo ) koo ko™ kio
By g = (G} e (G, + (Gai @Gy Ve get Dpger
e —— o s —(—k77, e - P o ) o

Figure C.1: Bethe-Salpeter equation in diagrammatic form.
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where the appearing quantities are defined as follows:

AGL(Q, K) = (G ®1 -1 (G (C.12)
AX(Q) = X(wy) @1 -1® X" (w.) (C.13)
NG(Q,K) = (G ®1+1® (G (C.14)
NZ(Q) = X(w)®1+ 18 X% (w.) (C.15)
f(Q) = [V(w,)®1+10 Vi(w.)] ' [Vw:) ®1-18® Vi(w.)]. (C.16)

Here(G7)k denotes the effective Green’s function, with the subscript and + in the superscript
denoting k + % and wy = w =% %, respectively. This has been calculated in Sec. 6.4.3. The
right hand side of the Ward Identity does not appear when considering electronic systems and
is an outcome of the squared frequency dependence of our disorder potential. In the ladder

approximation y; = ¥ and the limit Q, |K| — 0, the Ward Identity reads
AX ~ AGyy (0) = f(@)[TIE + NGy, (0)], (C.17)

with the integrated Green’s functions AGq = kaGk and IIG( = fkl'[Gk. From eq. (C.17), one
can easily derive an expression for the interaction vertex in ladder approximation y; in terms of
known single particle quantities:

yL(Q) = [AG + QTG ] [AZ - f(QIIZ] (C.18)

The prefactor f(€2) can be expanded for frequencies 2 <« w and diagonalized according to the
procedure explained in Sec. 6.6. We obtain for the singlet/triplet eigenvalues f5/7

2
Py~ 2 (1 s %) +o(). (19)
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C.3 Evaluation of the Irreducible Vertex

C.3 Evaluation of the Irreducible Vertex

C.3.1 Ladder Approximation

In order to estimate an expression for the irreducible vertex ¥ which was introduced in the
previous chapter, we start at the definition of the total vertex I from eq. (C.6) and expanding in
terms of single-site scattering events, we have

C

i )D (20

C

[Zt +Z;tG ]@[ ,;Zklzl;f‘Ggf,w...D
; _

In this form the total vertex I' is written as the sum of all possible two-wave interaction events.
Since we are working within the CPA, we know that the single site scattering matrices vanish,
(fii)c = 0 (CPA condition). However, this will in general not be true for higher moments like
T ot ) or (t )G @G ® t))c. If one again neglects correlations between different
scatterings at different sites, one can éxpress the configurationally averaged products as the
product of averaged scattering tensors,

(€ ®T)GE @ GHE @) ~ ( @ )(GI @ GOH(E; @) ). (C.21)

This is of course identical with the single-site approximation used in the derivation of the CPA
in sec. 6.4.3. Furthermore, one can drop all terms with an odd number of scattering matrices t,
since in the averaging process there will always be an isolated matrix which averages to zero.
The total vertex components I'j;, which describe all scattering sequences starting at site i and k
for the retarded wave and the advanced wave, respectively, can then be written as

r,-k=<[f,.++f:ZG;i;+...]®[f;+i;ZGgi;+...]>
I#k

J#i c

SSA - -
R et + @ 0t ) D (GIeGHE F )+ ... (C.22)
J#i 1#k

=@ oeau|1o1+ Y > (6 86T

i Ik
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|
|
|
| +
|
|

A-—--Y

Figure C.2: The total interaction vertex I in the ladder approximation.

To get rid of the summation restrictions in the above expression, we can add the missing term
on both sides of the equation and obtain

o1+ 016! 86)| T = & oT)oul1e1+ Y, > (6L oGO,
J I
o Toi = M|l 1+ Y > (6 GO,
j o1

with M) =[191+{ oG 0G| (& oF)..

Comparing above result with the decomposition of the total vertex I' in eq. (C.7), it is possible
to identify y" with the irreducible scattering vertex within the single-site approximation. In
this regime all scattering elements (. ® t; ). have the same strength, resulting in a completely
isotropic irreducible vertex (%) = ¥". This isotropy leads to a vanishing relaxation kernel
M(w), thus y* describes classical diffusive (i.e. incoherent) transport. For this reason it is called
diffuson.

The total scattering vertex 'y can then easily be written in terms of diffusons, as seen in fig. C.2.
Due to their similarity with ladders lying on the side, this group of diagrams is called ladder
diagrams, and the corresponding approximation which takes only these diagrams into account is
called ladder approximation.

C.3.2 Coherent Backscattering and the Cooperon Vertex

Staying within the ladder approximation is not that interesting, since the characteristic property of
waves — their ability to interfere with each other — is completely neglected in that case. As it turns
out, interference effects play a role, especially the phenomenon called coherent backscattering
has a considerable localizing influence on wave transport.

Coherent backscattering is caused by the fact that all scattering paths which scatter waves
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C.4 Mode Structure of the Diffusion Constant

Y

A

Figure C.3: The cooperon vertex y- comprises all maximally crossed diagrams.

opposite to their incident direction can have the same phase relation, resulting in constructive
interference in the backwards direction. This effected is expected to slow down the diffusion
process and thus is also known as weak localization. The corresponding diagrams contain only
interaction lines which are maximally crossed (see figure ??).

To include coherent backscattering into our theory, we have to add all of these maximally
crossed diagrams (fig. C.3) to our irreducible vertex [108]. The modified vertex will be denoted
by ¥* (and a zigzag line in diagrams) and is often called cooperon, in reference to similar
diagrams which describe cooper pairs in superconductivity [109]. If the considered system is
invariant under a time-reversal operation, one can express the cooperon vertex completely in
terms of ladder diagrams. As a result, one can use quantities calculated within the incoherent
ladder approximation to include coherent backscattering. The individual steps needed for this
transformation are depicted in figure C.4, If one performs the transformation on every constituent
of the cooperon vertex, one will obtain the total vertex for the ladder approximation I'y, with K

replaced by k + k’
1

—iQ+ Dk + K'|?
Apparently, the contribution from the cooperon vertex diverges in the case k = —k’, showing the

effect of coherent backscattering. The cooperon vertex can now be inserted into equation (6.40)
to calculate its effects on the diffusion process.

(C.23)

Yiw = TLQ k+ &) o

C.4 Mode Structure of the Diffusion Constant
As we will show in this section, it is possible to overcome the incovenient matrix structure of

eg. (6.40) in polarization mode space by consequent diagonalization of the tensor quantities. For
this we will make use of the methods developed in section 6.7.1, i.e., we will switch from the
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Figure C.4: Transformation of a maximally crossed diagram into a ladder diagram.

original product basis to a more suitable singlet/triplet basis. Most of these calculations have
been first performed in [106].

In our case, the mode structure of the ladder diffusion constant Dg is adopted from the
renormalization factor ¢, which in turn contains the ladder vertex y; and a factor f(QQ), see
eq. (6.38) and (6.39). These can be diagonalized in the same basis with eigenvalues yi/ T
(eq. (6.47) and (6.48)) and f5 T (eq. (C.19)). This structure is carried over to D, so that we have
a diagonal singlet/triplet structure for the ladder diffusion constant in the ladder eigenbasis (6.47)

and (6.48):

D 0 0 O N,
T i |, (K -vr)"AG%(0,0)
T A A Di”=if" ; (C24)
0 0 DI 0 4 w(l+65TAG,
o 0 0 D)

The mode structure of the renormalizing factor R = 1 ® 1 + M is determined by the irreducible
vertex y inside the relaxation kernel M. In the case of the cooperon vertex yik,, it has been
shown in sec. 6.7.1 that the vertex can be diagonalized with singlet and triplet eigenvalues,
however only in a different eigenbasis than the ladder vertex.

For further considerations, it is necessary to have both constituents of eq. (6.40) available in
the same basis. If we choose to work in the ladder eigenbasis (6.47) and (6.48), we will have to
transform the cooperon-diagonal quantity R into the ladder eigenbasis. To do this, consider the
change of basis matrices U, and Uc, which perform the change from the pseudospin product
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basis to the ladder eigenbasis or cooperon eigenbasis, respectively,

1 1 1 1
v 005 % w0
0O 1 0 O 1 0 0 O
U=l o 01 o | Uc=1yg 0o o0 1 (C.25)
1 1 1 1
v 00 5 0% v O

The change of basis matrix Uc;r, which transforms from the cooperon eigenbasis to the ladder
eigenbasis is hence given by

1 1
o Lk o
L 0 0o L
U = U0 =| Y3 o o b (C.26)
ooV
0 -% & 0

With the help of Uc;r, and some basic linear algebra we can find out how the quantity R, which

is diagonal in the cooperon eigenbasis with a singlet eigenvalue RS and a triplet eigenvalue R,
will appear in the ladder eigenbasis:

RS 0 0 0 RT 0 0 0
_ o RT 0 0 _ 0 BR R-RD
UcalRUGy, = Ucar o o RT 0 Ugy = 0 RT2RS  RTSRS o |- (C.27)
2 2
0 0 0 R"), 0 0 0 RT )

As we can see, the singlet eigenvalue RS is now mixed with the triplet eigenvalue R’ inside
the space which actually belongs to the ladder triplet eigenstates. A nice feature of this kind of
structure is the fact that it commutes with ladder diagonal quantities, i.e, RDy, = Dp R. We can
therefore understand eq. (??) as the product of a singlet/triplet diagonal quantity Dy, and another
quantity R with a structure as in eq. (C.27). However, the product of both quantities can also be
diagonalized, resulting in three different values for the full diffusion constant D:

DS 0 0

0 DIRS 0 0 0
0 D o0 0 0 DJRT 0 0
D= = L (C.28)
0 D" 0T 1 0 0 DIR' To ’
o 0 o0 D", 0 0 0 D[R ).
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Here, the subscript "LC" denotes the new eigenbasis with the corresponding eigenstates

ISpy = %(m)— 112)) with DS = DIR5, (C.29)

IT3) = %(m) +122)) with D' =DSRT, (C.30)
S22y - |11

ITE!y = (22 =11D) with D' = DIRT. (C.31)
5 (12)+21)

Equation (C.28) displays three scalar equations which can be solved iteratively to obtain three
diffusion constants DS, DT0 and DT1.

The appearance of a third eigenvalue for the diffusion constant can be understood using
symmetry arguments. As was mentioned in section 6.7, the threefold degeneracy of the triplet
eigenvalue can be seen as a consequence of the ladder approximation’s isotropic character.
Including coherent backscattering into our theory, however, allows constructive interference only
to happen in a certain direction and thus breaks the isotropic symmetry of our system. This
symmetry breaking then reduces the threefold degeneracy to a twofold one. Since coherent
backscattering does not break the inversion symmetry of the system, some degeneracy is still
conserved. Our choice of superscripts for the diffusion constants is influenced by the analogy to
the quantum mechanical spin coupling, where the triplet eigenstates can be further characterized
by the magnetic quantum number m which can take on values m € {—1,0, +1}. Since states
with m = +1 are degenerate in systems with inversion symmetry, we also denote the degenerate
diffusion constant with D!,

C.5 Diffusion Constant Calculation

Once we obtained the self-energies from CPA, we can move on to calculate the transport quantities
derived in chapter 6. In particular, we are interested in the set of full diffusion constants DS, DT°
and DT!. Most of these calculations have been performed in [106].

C.5.1 Implementation
Irreducible Ladder Vertex & Green’s Functions

For their calculation, we need an expression for the irreducible ladder vertex y; which appears
inside the renormalization factor § (eq. (6.39)) and the relaxation kernel M (eq. (6.40)). In the
case {2 — 0, it can be obtained via the Ward Identity (eq. (C.17)) from the CPA self-energy X
and Green’s function GP by

nO=(ePe1-1eG6>| [Eel-10X]), (C.32)
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If we diagonalize y; (0) as described in section 6.7.1, we obtain (using MaTHEMATICA) foOr its
singlet and triplet eigenvalues yi/ " the following expressions:

¢ (ImGPImE - (ImG)*(ReG' ReY +2ImG ImY’) + InGImE(2(Re G')? + (ImG')?)
& (ImG)? + (Re G’ 2)((ImG)? — (ImG')2)
ImGImX + ReG’'Re Y’
(ImG)? + (Re G*)?

!
Il

Y ) (C.33)

where G denotes the diagonal component of G? and G’ the off-diagonal one. One can easily
check that both eigenvalues become identical to y;, = % for disabled mode flipping (G’, %’ = 0),
in consistency with the scalar theory [].

Besides the irreducible vertex y; , the Green’s functions AG(0, 0) and AGi(O, 0) also appear
several times, their exact structure shall be discussed now.

From its definition in eq. (C.12), we can see that AG(0, 0) has the following form

1 1 1 1 1 1
AG(0,0) = = _ 1 _
«(0.0) Z(a)z—e(k)—Zl wz—e(k)—ZT)+2(a)2—e(k)—Zz w? —e(k) - %5

1 2iIm¥, Ll 2iIm3,
2P —e(k)—ReX)?+(ImZ)? 2 (w?—e(k)—ReXr)? + (Im,)?’

where X1/, = X+X' have been defined. Apparently, AG(0, 0) describes the sum of two Lorentzian
functions centered at e(k) = w®> — Re X, s2 and with a peak width given by ImX; ;. Also, its
integrated quantity AGq appears in the calculation, it can be evaluated as

1
AGO = W fdk AGk(O, 0)
(C.34)

. 1 - Im2, Im2,
=i | deN(e) + .
0 (wr—e—-ReX))?+(ImX)? (w?-e—-Re)?+(ImX,)?

The three-dimensional integration can be reduced to a one-dimensional one with the help of N(e),
since AG(0, 0) only depends on the momentum k via the squared dispersion e(k).

The exact form of the squared Green’s function AG%(O, 0) can be derived from eq. (??), and is
given by

AG;(0,0) =

1 2iTm Y, 2 . 2iTm 3, 2
2\ —e) —Rez)2 + (m2))?2) " 2\(w? —e(k)—ReZy)? + (Im2y)2)
(C.35

This expression obviously contains the sum of two squared Lorentzians, with the same peak
center and width as in the case of AG(0, 0).

The singlet and triplet values for the ladder diffusion constant are then calculated from
eq. (C.24). The expressions again comprise three-dimensional momentum integrals, but this time
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over the squared Green’s function AG%(O, 0) with a squared current term (K - vk)z:

. | )
pSIT = ! fdk K - 0)*AG2(0,0
L~ 4w(1+65/T)AG, (2n)3 (K -0 AGL(0.0)

1
1
= de AG2;,(0,0)F (e).
4w(1+6S/T)AG0f0 ¢ AGe(0: 0F (@)

(C.36)

Once again, the problem can be reduced to a one-dimensional integration, if we have access to
the special function F(e), defined via

F(e) = f dk(K - v)*5(e — e(k)). (C.37)

(2n)3

More information about the appearance and evaluation of the auxiliary function F(e) can be
found in appendix B.

Relaxation Kernel

In order to calculate the full diffusion constant D from eq. (6.37), it is crucial to evaluate the
integral My inside the relaxation kernel M in an efficient way. In our case the relaxation kernel
has the structure

AGr(0,0)AG2,(0,0) i s
S0/D v e+ Ko (C.38)

Mip(Q) = f dk f dk’ (K - vy)

where D is one of the interesting diffusion constants. This presents a six-dimensional momentum
integration of a quite complicated function, which can exhibit singular behavior either caused
by the Lorentz-shaped Green’s functions AGy, AG%c or, more importantly, by values of momenta
k ~ —k’. In the above form, an accurate numerical calculation is not possible in reasonable time.
Fortunately, with some approximations it can be reduced to a two-dimensional integration as we
will show now (idea taken from [101]).

To begin with, one can always execute the full k-integral in two steps. First, we perform an
integral over the surface S (e) in k-space, which is given by all k-points that yield the same value
for e(k). The result can then be integrated over all possible e-values. Thus, we replace

1
fdk - fde fﬁ (C.39)
0 elvkl

The constant frequency surface area So(e) for a given value of e would then be calculated from

Sole) = f ds = f dk log| 8(e — e(k)). (C.40)

In order to benefit from this procedure, one needs an inverse relation of the squared dispersion
e(k). Since the dispersion is not an injective function, an exact inversion is generally not possible.
However, one can give an approximation by defining the average momentum length k(e) for a
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given value e by

ds |k
k(e)zfe al

So(e)

Again, both functions k(e) and S o(e) have to be calculated and stored only once, so they can
be accessed when required. Furthermore we use a linear approximation for the gradient of the

squared dispersion,
1 sin k, 1 ky 1
vi = Vyie(k) = 3 sink, [~ —| k, |==k. (C42)

sin k, 6 k, 6

(C.41)

Within this approximation, the current terms in the relaxation kernel yield (K - v;) = |vg| cos Oxx
and (k vp) = |op| cos Ok, since K denotes a unit vector. Here, Ok and Ok denote the angles
between K and k or K and k', respectively.

Putting everything together, we end up with the following integral

ool AG1)(0,0) AGZ, 1, (0, 0) cos O cos Ox
fdefde’de de’ : s £ —— , (C43)
o Jo e Jo —iQ/D + (K2(e) + k3(e’) + 2k(e)k(e’) cos Oy

where we introduced another angle 6y as the angle between the in- and outgoing momenta k
and k. In eq. (C.43), we approximate the constant-e surface integrations by integrations over

spherical surfaces:
T 21
f s — 20 f do f do. (C.44)
e 4r Jo 0

With that, the angular part of eq. (C.43) for a fixed relative momentum direction K reads

So(e)So(e’) i oy cos Ok cos Oxp
— d9K Kk |dOkk | dpgir — = -2K Ll .
(4m) 0 0 —iQ/D + k*(e) + k*(e’) + 2k(e)k(e’) cos O
The result of above integral does not depend on which one of the three momenta k, k” or K is
fixed. That is why we can choose to fix the direction of k instead of K and then integrate over the

angles O, dri instead of Oy, pxir. Additionally, we can express the cos Ok, in the numerator
in terms of the new integration variables with cos Oxp = cos Og coS Ok + sin Ogy Sin Ogrr COS Py
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and arrive at

So(e)So(e’) fd@ kf kfdekk’ f » cos Ok (cos 9_1<k cos 9_1<k' + sin H_Kk si_n Ok COS dppr)

(471’)2 —iQ/D + k%(e) + k2(e’) + 2k(e)k(e’) cos Oy
So(e)Soe) cos? Ok cos O
= d91<k d9kk' , - = ——
4 0 0 —iQ/D + k%(e) + k*(e’) + 2k(e)k(e’) cos Oy
_ 50(6)50(6') f’zw , cos Oy
N IQ/D + K2(e) + R2(e') + 2k(e)k(e’) cos b

So(e)S o(e) [ kK (e) + k*(’) - zQ/D ((l_c(e) + k(e"))? - iQ/D)]
~ 6k(e)k(e) 4k(e)k(e”) (k(e) — k(e"))? —iQ/D]|’
(C.45)

Here, we first performed both ¢-integrations, followed by the integration over 8k. The remaining
integral then was evaluated by substituting x = cos ;- and using the formula

1
x 2 a a+b
d =2 - ZIn|—=], C.46
Il Yatbx b B2 n(a—b) (C46)
where we identified a = k%(e) + k*(¢’) — iQ/D and b = 2k(e)k(e’).

After all these considerations we are finally left with a two-dimensional integral M, inside
the relaxation kernel M,

So(@)So(e)
Min(Q) = f de f de’ AG (1(0,0) AG>, (0, O)W

[ - K*(e) + k*(¢") — iQ/D n ((l_c(e) + k(e))? —iQ/D
4k(e)k(e") (k(e) — k(e"))? - iQ/D

)| can

Even now, the evaluation of Mj, is anything but an easy task. In our calculations, we created
for every parameter set {w, X, X'} different two-dimensional integration grids and weights, which
were then customized for the occuring Lorentzian and logarithmic peaks.

Diffusion Constant

Now we want to find an expression for the diffusion constant in the special case of 2 = 0. Using
matrix multiplications, we first bring eq. (6.37) to the following form:

DQ) =D [181+MQ)]™!
o DQ)[1®1+DD'MQ)] = DQ). (C.48)
o D(Q) = Dr. + D(OM(Q)
In the eigenbasis of the full diffusion constant and for Q = 0, we can factor the inverse full

diffusion constant D~!(0) out of the relaxation kernel M(0), which then cancels with the diffusion
constant D in the above equation. One can then derive the following equations for the three
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different eigenvalues of the full diffusion constant D(0):

oS _pr_ iAGo 7% Min(0)
- YL Syl

AZ(0) 2w(1 + 6°) J(') de AG%F(@)
iANGy YL Ming(0)

D" =Dp; - L= (C.49)
AX(0) 2w(1 + 61) fO de AGZF(e)
iAGy i Min(0)

DT} — DI]: n

AZ(0) 2w(1 + 67) fOl de AG2F(e)
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APPENDIX D

Application of the Nonlinear o-Model:
Random Lasing

D.1 Quantum theory of the laser

D.1.1 Introduction

The semiclassical theory of lasing, as illustrated in Chapter 5, describes major features of lasing
very well, while at the same time maintaining the relative simplicity of the classical description.
However, a major shortcoming of the semiclassical theory is that it can best describe lasing
strictly above the lasing threshold, or strictly below it. The transition from a nonlasing situation
to a lasing one cannot be fit into the semiclassical framework since all expressions derived
from this theory are deterministic in nature, and the one important ingredient missing from the
deterministic description is noise, an intrinsically stochastic quantity. Laser noise is responsible
for spontaneous emission, which ensures that even in the absence of pumping (and hence at a
point far below the lasing threshold), there will still be spontaneous excitation and decay of atoms
to and from different energy levels. Radiation originating from these transitions are responsible
for light emitted from normal lamps, for example. In other words, without the inclusion of
spontaneous emission, a nonlasing system will remaing nonlasing for all times, and to study
dynamics of lasing we would have to assume that we are already in the lasing regime.

Hence, it is then important that one sees how the full quantum mechanical derivation of the
lasing equation can be done. In our work we restricted ourselves to the semiclassical case, where
there are no noise terms, but for sake of completeness we will detail in the following the complete
derivation of the lasing equations and thereafter restrict ourselves to the relevant regime. The
entirety of this section has been adapted from the relevant sections in [75].

D.1.2 The laser Hamiltonian

In order to have a full quantum mechanical description we need to write down the Hamiltonian
for our system. For that it is important to understand how the laser system can be physically
modeled.
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In general the laser system can be seen as being made up of an enclosed volume (the “reson-
ator”), containing the gain material, and an outside source of energy (the “pump”) to excite the
gain electrons. The resonator is assumed to be leaky, i.e., energy can be dissipated out into an
infinite continuum via the coupling of the resonator to heat baths. Radiation inside the reson-
ator couples to the atoms of the gain medium, in the sense that each different mode (assuming
multimode operation of the laser) couples to a different bath. The atoms are also assumed to be
coupled to their own baths. In addition, we also need to deal with the randomness in the gain
medium.

There are some subtleties associated with the description above: assuming coupling of each
radiating mode in the resonator to its own bath implies absence of bath-bath coupling, which
simplifies the analysis although it is known that this effect is known to incorrect for resonators
with arbitrary values of the Q-factor [18]. In addition, it is also of course important to ensure that
the losses from the cavity are not so large as to destroy the discrete mode structure of the fields
inside the resonator [18].

The Hamiltonian which we have described above will have the following form:
H:Hf+HA+HBl+HBQ+HA—f+HBl—f+HBZ—A (Dl)

A derivation of this Hamiltonian (quantization procedure) is given below. Here we first give and
explain the individual terms in detail:

1. The first two terms comprises the “free” part of the Hamiltonian.

a) Hy is the part of the Hamiltonian describing the propagation of free field modes. For
simplicity here we can assume a regularly shaped cavity; the specific shape does not
matter for our purposes as long as it supports a mode structure of the waves inside the
cavity. This term also contains the coupling of the field to the disorder potential V,
which characteristics will be clarified in a later chapter. Hy hence takes the simple
form

Hy =1 wblb, +h ) V,blb, (D.2)
v v

where b;’;, b, are field creation and annihilation operators, and we have dropped the
Zero point energy.

b) Hju describes the atomic Hamiltonian. We remind that lasing action requires the
presence of a gain medium in which propagating light can be amplified. The behavior
of this medium is described by this term H4. The physical picture of such a gain
medium has been elucidated in Sec. 5.1.4, in particular the required configurations of
atomic energy levels. From there we summarize that the simplest possible picture of a
gain medium is the 2-level atom; in such a picture population inversion is assumed to
occur only between these two levels and no other transitions are possible. In general
lasing action requires more complicated atomic structures, but for the purpose of
a “toy” model it is sufficient. The 2-level atom located at ry is described by the
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D.1 Quantum theory of the laser

Hamiltonian |
Hy = Ehaé'z(ro) (D.3)

where w is the frequency difference between the 1st and 2nd atomic levels, measured
with respect to the 1st level, assuming that the energy of the 1st level can be set to
0. This is the energy of the atomic transition, and is the largest energy scale in the
system under consideration. d(rp) is the z Pauli matrix describing the occupation of
the atom at rg. Of course, this term can be trivially generalized to the situation of a
collection of atoms (which is usually the case) by summing (D.3) over an additional
index

l._ o,
Ha = >l AP (D.4)
u
or, in second-quantized form,

Hy =1 ) d} a, . (D.5)
u

where the operators a;ﬂ, a, create (annihilate) an atom at the second (higher) energy
level.

c) The first bath term Hp, denotes the bath to which the atomic levels are coupled. As
this bath will have only the role of a dissipative bath we will assume that it takes the
simple form of a bath of harmonic oscillators, which thus have the usual form

Hp, = Z ho B! B, (D.6)
w

The bath modes have a continuum of frequencies.

d) The second bath couples to the field modes of the resonator; we can also assume the
dynamics of a harmonic oscillator Hamiltonian for this bath,

Hp, = ) f dw hw B}, (w)B,,(w) (D.7)

The bath modes are characterized by a discrete index m as they are assumed to couple
to discrete modes of the laser resonator.

2. The term Hy_y is the coupling between the field modes and the atomic levels. It has the
form

Hap= ) 3 (An0ib, + Aubios) (D.8)
uoAa

where the atom-field coupling strength is given by A, in the form

. a 3 *
Mt = =i\ [ Pxuic) 6150 exa(x,)
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where ¢;(x) is the eigenfunction of the atomic level i, while u,(x,) denotes the field
eigenmode A at position x,, of the atom. For the general case of a multi-atomic medium
laser operating in the multimode regime, the indices ¢ and A are then summed over.

3. The terms Hp, + Hp,_r provides for the bath-field mode coupling. This is the term which
allows for coupling of resonator modes with the external continuum. There is an inherent
subtlety in quantizing such “leaky” modes since it is not a priori clear what are the suitable
eigenmodes to use in the expansion of the field operators during the quantization process.
It has been shown in [110] that the bath B; and indeed its coupling to the resonator modes
can be derived for a quantum description of the system in an exact manner, and it can be
shown that the field Hamiltonian then reduces to a usual “system-bath” coupling.

Hp, + Hp, = ) f dw hew Bl (w)B,,(w)+

m

+hy 3 f dw [wﬁ,m(w)bij(w) +W,Bh(h,| (D.9)
A m

The first term describes the dynamics of the bath modes, which corresponds to set of
independent harmonic oscillators. The second term very closely resemble a typical “system-

bath” coupling term, where the ay) operators correspond “resonator” creation / annihilation

operators, while B,(;) (w) are the bath operators, now frequency dependent.

4. The final terms Hp, + Hp,_4 are the terms corresponding to the 2nd (distinct) bath and the
coupling of this bath to the atomic levels. This coupling induces an additional decay of the
population inversion in the system. Since this bath only plays the role of a dissipative bath
we will assume that it takes the simplest configuration of a harmonic oscillator bath. This
also means that the atom-bath coupling term will take the usual form, as shown below

Hy, + Hy-a = h Yy /B8, +h ) (gF w06, By + He)  (D.10)
[74 K

The coupling constant g‘,:‘B (rp) is local at the location of our single two-level atom; in the
case where we assume a collection of gain atoms there will be an additional sum over
atomic positions in the second term in (D.10). At the level of this work the effect of Hp, ¢
would be simply to contribute to the total noise content of the lasing system.

D.1.3 Equations of motion of quantities

Having defined the Hamiltonian of our system of interest, the next task is to find an expression
describing the field modes of the resonator. This will involve the elimination of the various atomic
and bath modes, and in the approach of Haken this is done via the equations of motion for the
field modes and atomic modes. Specifically, we will derive equations of motion for the following
quantities:
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1. The field modes b}, b, ;
2. The atomic dipole moments 6 and 5 _;

3. The inversion 4.

Equation of motion for the field modes in the presence of field-bath and field-atom
coupling

Since we have the explicit Hamiltonian terms for the various parts required the equation of motion
for b:ﬂ, b, can be derived simply. We consider the equation

o
b, = £[(Hf + Ha_s + Hp, f).by| (D.11)

= —iw,b, = iViby +i ) Ay =i ) f dw Wym(w)B,,(w) (D.12)
u m

In order to write (D.12) in terms of field modes b,, bi only we can correspondingly derive an
equation of motion for the bath modes of B,, which is

B (@) = iwB} (@) +i ) W@ (D.13)
2
(D.13) allows immediately solution in the form
B! (w,1) = iZ fo i W, ()bl + Bl (w,1 = 0)e! (D.14)
v
and substitution of (D.14) into (D.12) gives the solution

b, = —iwyb, — iV,b, + iz Ay — iZ f dw W () By(w, t = 0)e ™"
U m

- dw th W, ()YW?, (w) bl (1)e” ™™D} (D.15)
SE o [l

We can simplify (D.15) via several simplifications:
1. We separate the time dependence of the field modes bj,(t) as follows:
bi(0) = e“*'bl(1) (D.16)

where the time dependence of the factor b, (¢) is much slower than that of the exponential
factor.

2. In addition, we replace the summation over m in the 2nd term on the r.h.s of (D.15) by an
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integral over w,, such that

D W@ = f dwn [ W, expliont—Dlexpliot-1]  (D.17)
- 0

where the W, differ from W,,, by a factor stemming from the numeration of the w,,s

Given that the coupling factors W, are associated with a continuum of bath modes,
we make the simplification that they are independent of w,, and v. We can also shift the
integration variable such that w — «’ such that

Wy —wy = (D.18)

which renders the lower limit of integration to be at —w,,, which we replace by —oco. Hence
the integral can be carried out such that

f " dw I‘F\Vli/l2 exp [iw(t — )] = 2k6(t — 1) (D.19)

[Se]

where k = nlfw . Putting all parts together we see that the equation of motion for the field modes
can now be written in the form

by = =il (wy, + V) + iy + iZA,wé'; - iz f dw Wy pm(w)Bp(w, t = 0)e™™  (D.20)
u m

Fy(@)

F(t), which involves the bath modes B,, at t = 0, is a fluctuating force. The correlation functions
of this term can be determined. I will just list these here and do not derive them (they are similarly
derived in the book of Haken):

(F ) =(Fi0)=0 (D21)
(F(OF (1)) = (FI()F () = 0 (D.22)
(FIOF () = m(T)26:28(t = )50 (D.23)
(F (OF (1) = (AT + 1)2k,6(t = ') (D.24)

where 1,(T) is the mean number of modes with frequency A at temperature 7 .

Equation of motion for the atomic modes in the presence of atom-bath

EOM for the inversion 4,
In this section we derive the equation of motion for the atomic inversion &-;. This involves the
calculation of the expression

A

I .
'Z:;l HA+HA—f+HB1—AsO-Z (D25)

142



D.1 Quantum theory of the laser

Using the commutation relations

A— At T _ A
(6,60 ) = =656, (D.26)
[67.67,1=26,6,, (D.27)

we can calculate (D.25) easily.

&% = =20 )" (An (Gby = Auabloy) =20 Y (9P () Bidy - (905 (ro)) BL63)  (D.28)
P K

We can also derive the equation of motion for the bath operators, which takes the familiar form

Bu(w, ) = e By(w, 1) — i f dr' (¢35 (xo)) exp(—ie(t’ - 19)) o, (D.29)

fo

which we substitute back into the noise term to obtain, for the noise (third) term in (D.30) the
expression

5 = =2i )" (Ar,07b, — Awblor,)-

1
—2i Z [Q?'B(l‘o)e_iw/(l_m)Bk' (w,10)6, = (g?'B(rO))* B (0. 10)5, ] *
k/
rd

o

t
; 4i2f |lgE o) (e ) — )65 (D.30)
k' 0]

~4iy)(65(r=10)-57(1))

EOM for the atomic dipole moments .

The coupling of the atomic variables to their respective baths and to the field modes will also affect
the variables 6., which in turn influences the transition between atomic levels. The equation of
motion for these variables has the form

= % |[Ha + Haop, + Hay. 6 (D.31)

The various commutators in the above expression is quite similar to various quantities already
calculated above, and hence we will use them in and show directly the final expression,

!
. * i _ 1 — A . A
T = iwor—i ) (grP(r0)) Bj(w, t)oe 0 + ) f, dr |giB o) e Gt —i )" Ay b6
k 0 A

k

I« Y
(D.32)
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D.1.4 Nonlinearity and multimode operation

Having derived the equations determining the operation of the laser in (D.20), (D.30) and (D.32)
we can now eliminate the atomic variables 67, 67, in order to obtain an equation for the field
modes alone. We will do this again as descrlbed in Haken, for the case of multimode operation,
up to cubic order in the mode operators bi, b,.. To do this we first assume that the field modes
can be written in the form b,(r) = B, (1) exp(—i€,?), bj(t) = B (1) exp(i€,t) where the time
dependence of the envelope B, (1), B;(7) is slow compared to the atomic relaxation time scales y
and .. Technically, we assume B, (7) to be time-independent within the individual steps of this

derivation. We recap here the form of the expressions we will use for the derivation below

by = =i[(wy + Vo) + ik by + i D Ayyby + Fult) (D.33)
i
5% = =20 ) (A0,60b, — Auablor,) - 4y (6% (to) - 650) + T (D.34)
A
= i@ — )07 = ) Ayblos + T (D.35)
A

In the first step we first assume that due to pump and relaxation processes the inversion &7, has
reached an initial value O'Z O With the values of b,(¢) and & 0'(0) we insert these values in (D.32).
Since we see that on the r. h s. of this expression there is a sum of exponentials due to the presence
of exp(—iQ,¢) and exp(i€),¢), we assume a similar ansazt for the values of the dipole moment at
the first step, which we denote & 0'(1) #(t): &(J“l)#(t) =3, Bweigvl . This yields the form of (D.32) as

Z(igy)ﬁ'weiﬂvf:i(aﬂ—iy)ZBwein’—iZ(AM By o, ) (D.36)

v 14 A

Comparing the coefficients of the exponentials on both sides we obtain the following expression
A+ .

for 0'(1)#(t). .

=y = A b D.37

Tyl Z W —-Q, —iy Y (D.37)

v

Having the expression for é'zr])#(t) we can now compute an “improved” version of the inversion,

fl) We can do this by assuming the a form of the inversion of the form

- Z [CV,Vlei(QW_QV)l + DV’Vle—i(Q:,—QV)I] (D38)

VA%

AZ
Ty

‘We however first look at the substitution of &
the expression

A* A, A A
A _ ~Z _ A T ATV i
Ty =674, 21{ ; [_w—QV — vab A _w—# o+ l,yb Abv]} (D.39)

(1) on the r.h.s. of (D.30) by (D.37). This yields

u
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D.1 Quantum theory of the laser

Performing the time derivative on the L.h.s on (D.38) and comparing coefficients on both sides

yields the coefficients Cy,,» and D,/

1 A; WA

Cv,v’ =

Similarly, we can also obtain the coefficients Dy g

1 AT’#A/I L

B i(Qv’ - Qv) - 47|| w,u Qv - .'}/

Dv,v’ =

Q- Q) Ay o, - Q, +iy

B (1)B,(7)

B, (7)By(7)

(D.40)

(D.41)

Using the explicit solution for éfl)#(t) we will obtain an “improved” version of the dipole

moment, hence denoted & 0'(2) (#). This can be obtained from the general expression

Gy () = =i @=iy) 6, - ZAMb”fl) + T

ALA B;(1)B)(7)
L . . A v T)Db (T
= —i(w-iy) 6+ —z§ A b*{. £ — ,
VO 2)u - ; AT {(Q, — Q) — by @y — Qy —
AiuA/lp B, (T)BV(T)
z(Q = Q) + 4y wy —Q, + iy

and using the following Ansatz for & 0-(2)

6_2-2)’#([) — Z (Xijkei(ﬂi+gj—9k)l + yijkei(gi—ﬂj+gk)[)

i,j.k

(D.42)

ei(Qv/ —Qy)l‘+

ey —Qv)t} L

(D.43)

(D.44)

where the coefficients X;jx and Y are to be determined. Differentiating the left-hand side
of (D.44) and comparing with the right-hand side of (D.43) we obtain for these coefficients

X = - AI/JAJ/JA/(/J B*(T)B (T)B @)

L - .

! i(Qi+Qj—Qk—aﬂ)—’yl(Qj_Qk)_47|| w/t_Qk_lV

v - —i AWAJ ﬂAZ# B; (T)Bj.(T)Bk(T)
ijk =

i(Qi—Qj+Qk—aﬂ)—yi(Qt_Qk)+47|| wy — Qe + 1y

(D.45)

(D.46)

The expansion of &,() up to second order in the field operators b ,b" is given in total then as

LUk

ATATA
bibTh,

O_Z
5 p) = O)u n T 0y
() = § o Ay i =2 E S

Wy uk’

) 0% l(Q] Qk) 4’)/” 5/1

—Qk+iy
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Appendix D Application of the Nonlinear o-Model: Random Lasing

We can now substitute (D.47) into (D.15) to yield the equation of motion for the field amplitudes
up to 3rd order

by = =i[(wy + Vo) + ik by + i D A6y + Fult)
u

Z
= —l[(a)y+(V)+u<y b +IZA#V(ZCUO-+W_WAWZ9'
u

x AT
) Z T At bibby +cc )T + F (1)
. = : -C. v
z,kl +Qj—Qk—aﬂ)—yl(Q]_Qk)_4')’|lwy_Qk+l7/
o)
_ . . . M *
= —l[(a)y + (VV) + le]bv + zZﬂlA#,V( Z m‘qwbv
. PP (D.48)
z A*
T Ai i bibibi
—ZZ — — +c.c.|+ F,(p)
ik I(Ql +Qj —Qk —5;1) —’yl(Qj _Qk) _47” Wy _Qk -y

From (D.48) we see that we obtain again a cubic nonlinearity similar to the one derived in the
semiclassical formalism in (5.21). We also see that the correct form of the generalized dielectric
constant (5.20) can also be obtained by including the second term in (D.48) into the first term.
The cubic nonlinearity is proportional to the initial population inversion, denoted Ang(r) in
the semiclassical theory and a'f 04 in the quantum one. One minor difference consists of the
multimodal form of (D.48), which is to be contrasted with the semiclassical theory; however this
difference can be negated by setting the mode indices i = j = k in (D.48).

The one major difference between (5.21) and (D.48) is actually present in the form of the
noise term F,(¢), which is completely absent from (5.21). As was clear from the derivation, these
terms arise from the coupling of our system components (field modes, medium atoms) to external
baths, and serve to drive spontaneous emission and in addition provides a lifetime atoms in the
higher energy states. Hence we see that in the semiclassical theory we are unable to account for
the lifetime of atoms due to spontaneous emission; as is well known [111] the reduction to the
semiclassical picture eliminates terms that lead to a nonzero laser linewidth; however, in the our
study of random lasers, we are interested in the finite linewidth generated by multiple scattering,
which is of course still finite in the semiclassical picture. Hence in derive the formalism which
follows we will concentrate on the semiclassical formulation as presented in Sec. 5.1.4 and leave
the quantum equation of motion for the field modes (D.48) for future work.
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D.2 Hubbard-Stratonovich Transformation

In this section of the Appendix we will give a more detailed derivation of the Hubbard-Stratonovich
(HS) transformation which was used to decouple the interaction term of the action. Specifically,
here we derive the parameters a, and a,. We start from the interacting term as shown in (D.49)
and reproduced below

S = i [ f dr Ano(r) f dw f 9 R AR @ (D49)
4h \hy, o T Jo m

and with the associated HS identity

e = exp] - 41h(h ) [ aranace f dw f W o P @) D50

= Nso [ Did.s1exp{ - a [ dran) [ © A s 09, 01+
+ 00 AL 008 ., (00|

(D.51)

We note that the form of the HS identity is slightly different depending on whether the population
inversion (external pumping) Ang(r) is considered homogeneous (Any(r) = Ang) or retains
its full spatial dependence. In both cases, however, the most important factor is to find fields
Gww (1), due (r) that satisfies the condition

Nig f DId,¢lexp{-a f dr Ano(r) f Y G o) £ 1 (D.52)

where ¢, ¢ are generally independent fields. We would like to cancel the quartic term (D.49).
For the time being let us assume a spatially-independent population inversion. Then it is easy to
see via simple substitution that this can be achieved if we shift the fields ¢, ,,(r), ¢ (r) in the
following manner

Boowr () -5 Goar (1) + i, A (D)ww AX (1) (D.53)
Do) > Guro() + i, Ay (D)W WA, (T) (D.54)
with the condition s
Ang [ d?
22 0
= —[— D.55
= 5 i) o

We see in this case, provided that suitable values of a, and a; could be found, we only need
to introduce one HS field. We first determine the coefficient «;, as this is associated with the
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Appendix D Application of the Nonlinear o-Model: Random Lasing

normalization condition (D.52). As is usually done, we can discretize (D.52):

Nig f DIg. plexp| - a2 f dr f d“’ﬂ—‘i“”@wwf (1)guro())
= N‘I_ﬁlp fﬂ[&i},w” ¢£u,w’] exp{ - (Y% Z Z (zfuw’¢iu’w}
= N&#’ 1—[ 1—[ fﬂ[(l_&fu,w” ¢i),w’] exp{ - a’?&iyw’(pfu’w}

o N34 det(ZCny)‘l/2 o

(D.56)

where the normalization constant N 4 can be freely chosen to satisfy (D.56). Hence we choose
it such that a; = 1, and in this manner we can determine this parameter. Once «; is fixed, we can
then find a, from (D.55), which can then be trivially determined to be

_ d*\Ang

= D.57
ay iy, ( )

In the case where the spatial dependence of the pumping is not constant, we can use considerations
similar to the above to derive the coeflicients @, and a;. In this case, we obtain

1 (d?
r=——|— D.58
“ 2\/7_3(7&) ( )
a; = + VP (D.59)

However these values are only approximate and more study is needed to convince of the validity
of this approach. For the work in this thesis a homogeneous pumping is thus assumed.
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D.3 Derivation of term containing the Hubbard-Stratonovich
field

In this section we will give a short derivation of the term containing the Hubbard-Stratonovich
field in the diffusive action, starting from (D.60). The first two terms on the right-hand side
of (D.60) correspond to the free Green’s function and Q-field contributions resulting from disorder
averaging, respectively. These terms have been described in Chapter 2 and we have seen that we
can derive a diffusive form of the action. Including the contribution from the HS field is relatively
straightforward, and we see that from the last term in (D.60) we obtain

—aTr In[®] = —aTr In {?R‘I[R?Cf)f?‘l]f?}
= —aTr In [GIRYDR™!|
= —imvatr In [ARJOR™|
= —invatr In [i/dADIA?_lf\R]
= —invatr In [?@Q] = —invatr In [(TJQ]

D.4 Calculation of the saddlepoint equations in presence of
nonlinearity

In this section we will perform a detailed calculation of the saddle point equations including the
nonlinearity. We start from the full action containing the Hubbard-Stratonovich field (i)wwz (r),
which has the form

iS[0] = —%Tr (0] - Tr[&79®] + Tr In G5! + 70 - ad), (D.60)

We concentrate on the third term on the right-hand side. This term can be written explicitly as

Tr In|Gy' + ZET&QA - @]
o [G]") R{o o 7 ¢!
M ey {Géo(]_1 ]+5( 0" o )_“( ¢! g )
_ 0 G4 + 2ot —as! | (¢q 0 ) (D.61)
" ln[[ [GE| ™ + L0 ~ ag LoX oo o]
1 0y

=Trln [ixéc‘ll (1 — aéclffﬁ)q)]
=Tr G, ¥ Tr In (1 - aécz?dﬂ)
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We look at the second term in the expression above (the first term is proportional to the de-
terminant of the inverse Green’s function containing only the classical components of the
Hubbard-Stratonovich field, and is hence unity. Taking the log gives zero). Written out explicitly
this term is

S =Trln (l - a@clé)q)

¢trK{fdrdr’fdtdt’ ln(ér,rfé(t—t’)—aécl(r,r’;t, )y, r; t’,t))}

rK{ f drdr’ f dtdr’ ln(ér,rfé(t—t’)—aécl(r,r’;t, t’)ifci)q(r’,t’)ér,rfé(t—t’))}
= Ftrg | f dr f dt In (8e.05(t = 1') = aG(r, 131,070 (r, 1))}

where we imposed that OU(r, ;1 1) = dI(r, 1oy r0(t — t'). Taking the functional derivative
of (D.62) with respect to ¢(x, T) gives

58’
6¢°l(x,7)
= Ftry | f dr f dz[(+ia)(1—aé (r,xs 09, 1) (68| [ak] ( 0 ¢r,0) )]}
o - o ’ 0 [G/:l]' (r,t) 0

flasen

— R 1q GR ! GK ¢
= Ftrg fdrf (+la) ( N 1‘ . "'a"Gdl?(b \ ) [ cl] [ cl]/ %
det f(r,1;r,1) \ FiaGo¢? 1xiaG/0¢ 0 [G,:l]

0 ¢9r.0
% (¢‘f<r,r> 0 )]}

(+ia) [GE] 0 97 % iaGR o ¢ o [GE| 0 ¢4 o ]
- T fdl‘ fdt detf(l‘ 4, t)( ® ia'Gfl o¢?o [Gfl]/ o ¢ ]}
— ( ) ’ . ’ . ,
s far [l (o8] s mice el <0 +iach oot fot] o)
A B
(D.62)

We first look at the term A. Let us parameterize the Keldysh component of the Green’s function
matrix by the distribution function F in the usual manner: Gfl = Gfl oF-Fo G?l. Hence term A
can be interpreted in the following manner (the prime should be intepreted as the operation of
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) .
0P(X,T) )

(i) GET o 4
fdrf detf(rtrt)[d] ¢

fdr fdtdt det;(rw?”)[ (v, 1 O 1ir, 1) = F(e, 6 )G x| ¢4, 0)

(xia)
fdrf Tarr I)[ (GE(r. i, z)) F(r.t;x,0) + F(r, 6,0, ¢)(G4(r. £:x.1)) ](pq(r,t)

But since in the development of the formalism we have demanded that G (1) + GAl(t 1) =0 (at

equal times!), it is easy to see that the last expression in (D.63) vanishes. Term B can be treated
in a similar manner. We write this down explicitly

(xia)* ~ ro— ’
fdr fdt detf(ll‘at o (Glodto|Gif 04"+ Glio o o |G o)
’ 1’ (_. )2
= [ar far [ar [ S (Glogro(GL) 0w +alo g (GF) o)

( +ia)® A A R
d d 0?2 0G? o (G2 +GY)o | =
frft det f(r, t;r, 1) Ger© ¢ “ (‘Z+ ‘Z) ¢]
(D.63)

where in the last step we have used the fact that for equal times GR (8,1 + G 4, 1) = 0 to exchange
Gf - G? and G? Gf In the last step we have s1mply extracted the common factors.

The resulting sum in the brackets is then zero. From the above calculations we see that at the
saddlepoint the quantum component of the Hubbard-Stratonovich field vanishes ¢Zl(r, 1) =

151



Appendix D Application of the Nonlinear o-Model: Random Lasing

D.5 Diffusive motion

In this section we will derive explicitly the action up to the 2nd power of the diffusive modes w’
and w . We remind that these quantities have the functional dependencies

w' = w,(r) (D.64)
w,, (r) (D.65)

w

The action including nonlinearity has the form
e A B iv s, » vy An oA A
iS[0. 8] = S Tr |6, @] - 5T {D(V:0) - 4i6,0 - 4ia @0} (D.66)

Since we need to express the action in both first and second order in w , w' we first write down
the expressions that contribute respectively at those orders. The expansion of the Q matrix up to
second order in the diffusive modes can be written symbolically as

O ~iA+60" +50% (D.67)

We first look at contributions coming from the terms 14 and 24 to the respective actions
iSM[Q, ] and iS @[, ®]. Substituting (D.67) into the spatial derivative term of (D.66) yields

DTr(V:0) = DTr (Ve[iA + 600 + 60
- D[R + 7,00 + 5:00°) ot
= DTr{ - (VeA) +2i (V,A) (V,60") +
20 () (7250 + (700 42 (52507 (50 + (307
To first order in diffusive modes the action has the form
ISV, ] = 2Tr [b6r,] - 2T {20D(V,50V)(V,A) - 410,60 - 4ab60D | (D.69)
’ ! 1 1 1
A B C

while the same quantity to second order is

iSO, d] = %’Tr |b6,d| - %Tr{/)(vr(sQ“))2 + 2iD(V: 0PV, A) — 4i8,60? —
2A 2b’
—4i@®60? | (D.70)
2
C
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In Keldysh space, each term in (D.68) has the following forms
o A 0 —4(V.F)?*\| _
Tr (iV;A) = Tr [( 0 0 )] =0 (D.71)
2(VeF) (Vew®) 2F ((Vew")F + w'(V,F)) )]
0 0 (D.72)
= 4t [(VeF) (Vew') | = -4t [ (VEF)w']

0 —2(V,.F) ((Vruﬁ)w + wT(er)) H o
0 0

2iTr [(VeA) (Ve6QV)| = —2Tr [(

2Tr [(VeA) (V,50%)] = —2Tr [( (D.73)
The first and third terms in the sequence of equations above do not contribute to the trace,
while the second term proportional to V,6Q is of 1st order in the diffusive modes. This term
then contributes to 14 of iS V[0, ®]. The final term in the series which contribute to (D.70),
proportional to (V.6Q")? is calculated below

Tr [(VréQ(l))z] -

[ [Ve(Fuh)]" = (Vew + Ve(Fw' F)) (Veui) ® ]

_Tr 5
o} —(Veu Y (Vew + Ve(Fw'F)) + [Ve(w'F)]?

_— [2(er)(er*> [V (Fwh? + Vo' F)P -

—2(V,wh) [er + (Ve F)w'F + F(V,whF + FwT(VrF))]

Performing partial integrations we are then left with the following expression (reinstating the
diffusion constant D)

-2Dtr [(VréQ(l))2] = 22D tr|(VeF)(Vew') = (Ve )(Vew) + (Ve ) F (Vew' ) F |
(D.74)

= -2Dtr [w%V%w]

This term' contributes to 2,4 of iS (2)[Q, (i)]. We now look at the time derivative terms 1g and 2.
The former results in

i

~4iTr 0,60V = 4tr |-0,Fyyw], + (O], )Fri|

(D.75)
= _4 tI‘ [w;[ (at + (9;) Fl‘t']

! In calculating this term we have discarded a term which is of the form tr [wT(('),F Yw' (0, F )].
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while the term in 2 has the form

T

—4iTr [0, (60?)] = 2ur [(a__twn')wjfz ~ Oy Jwy, (D.76)
=2tr I:wt{/t(at + 8;)wn’]

The final term in the expansion in powers of the diffusive modes come from the last term in (D.66).
The complete contribution has the form

v Tr [Qﬁ] — imva Tr [(i[\ +600 +60?) 3]

e [ 1% 2F ) ¢l ¢\ (1R 2F [ ~Fv" —w-Fu'F .
=Imva 11 |1 0 _1A Zq acl l 0 _1A wT wTF
i(ww ww'F+ Fuww P
t3 T o\ 7y e ]
2 0 -w'w ¢1 ¢

Hence the total action in 1st order in w, w' is given by
i D, w', g, 39] = %Tr [66.B] + votr {D (V2F)w' +w' @, +0y) F-
~a| (2F - (w-w') - Fw'F)¢" + (-Fuw' + w'F) ?p’f’]} (D.77)
and in 2nd order
vy

iS POw, w', ¢, 7] = TTr [Ci)o“x(i)] + mvptr {DwTV%w —w (8, + 8 w-

- ?17[ (waF + Fwa)aq + (wa + w?w) 561]} (D.78)
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D.6 Saddlepoint action

We look at the prefactor of the ¢4(r, ) term in the previous expression. The lower case trace is
given explicitly by

— v |(2F - (d + Fu'F) + w' + % (w0t F + Fun?) )]
= —nva { f dr f dtdt’[ZF,t»(r)¢?(r) — Wi (1) (r)—

- f At Fyp (0w, (0)F pri (D) (1) + w], () (r)+ (D.79)

1 ’” T
+s f dt’” (wie (Ow} (O F (0 X) + Fyr (0w o (0w}, (07 ]}
=X
The lower case trace for the prefactor of the ¢°/(r, 1) can be similarly written
¥ 1 ¥
o _ T v - T 1
nva tr[( Fw' +w'F + 5 (ww w w))gbc]
(D), (D610 = w065 ®)]|
=Y

Performing the functional derivative of (D.79) with respect to w;, (r) gives the expression

X =@ | - [ dt 80 - 06+
ow,,(X)
- % f dt (Fy (0! (0w (x) + ¢4, () Fr()dir(x)) | (D.81)
and of (D.80) yields
0 —
iyl [Fre) (6 (%) = 670) + woe(0) (650 - ¢ (x) | (D.82)
wr‘r’

We note that due to the vanishing of ¢9(r, ¢) at the saddlepoint, the right-hand side of (D.81)
vanishes as well. As for (D.82), the vanishing of the fluctuations at saddlepoint renders the second

term on the right-hand side to be zero, and hence we are left with the first term, which is the
source term.

Finally, we also need to differentiate with respect to w,(X). For both X and Y terms, we obtain
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the combined expression

0
Owry (X)

(X +Y)=-mva [ - ¢ (x)+
+w!, (X)(¢5(x) — g2 (x)) + f dwl, (%) ($1()F=(x) + Fe(x)p(x)) | (D.83)

It is then easy to see from the vanishing of ¢4(r, ) and of the fluctuations at saddlepoint that the
right-hand side of (D.83) vanishes and hence does not contribute to the evolution equation for
F 77 (Xa X)-
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D.7 Derivation of the Wigner-transformed nonlinear
integro-differential equation

In this appendix we record the full explicit calculation of the Wigner transform for the two main
expressions, to be given below.

D.7.1 General expressions for the Wigner transformation

In this section we will fix notation and display some elementary steps in the calculation of the
Wigner transformation. In the following sections we will apply the relations derived in this section
to our own expressions. We consider a function depending on 2 sets of spatial-time variables
f(x1,t1; x2,12). The Wigner or mixed variables are the sums and differences of the respective
spatial and time variables

+

R= x12x2 r=x—-x (D.84)
1+t

T=‘22 t=t - 1. (D.85)

and hence we can rewrite our function in the equivalent forms

2 2 2 2
= fR.T;r.1)

1 1 1 1
(x1,H;x0, 1) = (R+—r,T+—t;R——r,T——t)
fGtisx,n)=f (D.86)

We can now perform a Fourier transform with respect to the “fast” variables r, t. To do this it is
often convenient to introduce the following abbreviation

X=(T,R), x=(r) (D.87)

such that we can write the transform in the following way

F(X, p) = f emiPxf (x + %x,X - %x) (D.88)

For the case of a convolution calculation, the following steps will then be performed

G(xl,x'l)zfdsz(xl,xz)B(xz,xa) (D.89)
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which can be written then in Wigner coordinates as

— 1 1
G(X,x) = f dsz(X + Ex, xz) B(xz,X - Ex)

—(1 1 1 ~(1 1 1
—fdsz(E(X+§x+x2),X+§x—x2)B(§(x2+X—Ex),xz—(X—Ex))

Performing a shift x, = x, — (X - %x) we obtain the expression

~ ~ 1 ~ 1 1
GX,x) = fdsz (X + Exg,x - xz) B(X - Ex + Exg,xz) (D.91)

and the Fourier transform with respect to (x, ¢) can be performed, resulting in the expression

. — 1 ~ 1 1
G(X,p) = fdxe_”"’ fa’sz (X + Exz,x - xz) B(X - Ex + Exz,xz)

. ’ . ! 1
= fdxe_lx’]fdxzf(;lp)4 LA (X+ Exz,p') (D.92)
s

dp” —ip” 1 1
X | —e " 2B(X - =x+4 =xp,p"
f(27r)4 ( YT p)
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D.7.2 WT for 1st Equation

We begin with the differential equation with source term, reproduced below:
D fir(2) - 91 fir(2) = (8 (2) + 67(2)) fur D). (D.93)

To simplify the calculation of the Wigner transform we write the sum ((;Sfl (z) + qbf,’ (z)) =Yz, t;2,1),
which then yields for (D.93) the total expression

D&, fir(Z) = B fir(Z) = W2, 12,1 fir (2). (D.94)

The Wigner transformation involves the rewriting the time and length scales present in our system
in terms of sums and differences:

+ ’

ZEZ2Z, Az=z-7 (D.95)
t+?¢

T = J; , ANr=t-t (D.96)

We can then perform Fourier transform with respect to the “fast” variables, where the transform

has the form
ftt’(Z) = fT+%,T_%(Z)

_ (4 5 gy it (D.97)
2n

where we have written E(Z, T) = f(Z, g, T). We note that since f(z) is a spatially local quantity,

we have, with respect to the spatial variable Z the simple relation Z = z. We first look at the

right-hand side of (D.94). We perform the Wigner transform by first multiplying (D.94) by ¢’*

and integrating over &. Then
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i f dAt €M (2, 1, 2,0 fiv(Z)
= ifdAt ENY(Z, T 72, AD f(z, Ts 2, Af)

—_ d(/_)’d(,_)" WA —iw’At~ . ,
—i [RRE [aseen [ a0 x

x [N flz, 5 T, 0") + e A f(2, 2. T, )] |

dw'dw” C Ap s A=
:if a)2 i fdAt e WA GWOAN (7 2 T () )

T (D.98)
% {e—i(—w+w'+w”)AtﬂZ,Z; T, w//) + e—i(—cu+a)’—a)”)AtJ'F(Z7 T, (1)”)}
= if dw'dw Y(z,2: T, w')X
2r
X {6(—a) +o + w")f(z, zT, ") +6(—w+ o - w")f(z, z T, a)")}
. do’ = ") 7r ’ Y, ’
=i | 5 - YeauT W) f@zT,w-w)+ fz,5T, 0 - w)
On the left-hand side, one can proceed analogously. We write
f dAt &N (D% f(Z) ~ 1 fir (D) = f dAt €N (DO fradZ) - Or fr.a2)) .99)

= DI fro(Z) - dr fra(2)

Hence one obtains for the complete expression

DO fra(Z) - drfro(Z) = i f 9 Gz, w’){f(z, zT.w-)+ flz.5T o — w)}

2n
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The function ¥(z, z; T, w) in w-space is given generically as
¥z, 5T, w) = f dAte M (z, 2, T, A1)
f dAtelw At ¢C1(Z7 t) + ¢Cl(z’ ¢ ))

dAte™” Af( U, T + At) + ¢, T - —At))

fdAt iw At f AT +EAN Q)] [fge—igq—;m)a(z,g)]}

céQ _iar f dAt [ ONG(z, Q) + TN G )

ffé —zQT ¢(Z,Q)5(Q W27 + Pz, DS(-Q — w)(27r))

= e TPz, ) + TPz, ~0) = ¥z, 5, T, )
(D.100)
and hence to continue we have to find ¢(z,z; T, w).
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D.7.3 WT for 2nd Equation

The second equation in our set of equations to be solved is the integral equation
¢'(2) = —= f dt' |GRz.z . 0)f @t 0 - f@ )Gzt 1), (D.101)

which can be transformed in a similar manner: on the left hand side we multiply by ¢’ and
integrate over ¢

de ;
f 2—618’@(2) = ¢:(2)
Vs
which gives for the right-hand side
f dt f di' NG @z, )@t 0 - f@ )G @ 51 1)

= f dT f dAt e {GR (2,2 T, A f(z: T. A = f(z: T, ADG* (2,22 T, An))

. aa . Q'
- f deAte’“”{ [ f Ee"AtQGR(z,z; T, Q)] [ f dz—ﬂem fz:T, Q’)}—
Q Qo
— [f Léﬂ_ —lAl‘Qf(Z T Q)] [f dz_ﬂ- elAtQ GA(Z, z T, Q,)]}

dQ dQ zw(T+2)At{ t(Q’ Q)AtGR(Z, T, Q) f(Z, T, Q’ )—

dedA f
— M) 17 T )GA 1 T, )
dedA fdQ aqy ,wT (@0 WNGR e O f(Z, T, Q)
— @t 1z T )G (2, 2 T. )
dQ iwT [~R 1 A !
dr | TG e u T.QfZ T.Q- Jw) - fZ: T.QC @ T.-Q + S w))

fdt fifrz “r GR(Z,Z,T Q+ 8)f(Z T,Q) - fZ; 1,96 @5 T.Q+ ;8))
a2

Q 1
(G uT.Q+ Jw) - A nT. -+ an)f(z; T,Q)
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D.7.4 WT for full expression

We will now combine the WT results from the previous 2 sections to obtain the full Wigner
transformed expression. From the previous sections we have

de . .
WD (Fra1@ - fran, @) (D.102)

Do% fra(2) - dr fra(2) = f o Pe

and

. dQ . 1 1
¢(2) = f dT f Ze’” [GR(z,z; T,Q—Es)—GA(z,z; T,Q+§s) f(Z;T,Q) (D.103)

Substituting (D.103) into (D.102) we obtain the full expression

D&% fro(Z) — drfra(Z) =
do’ dQ .11 R ’ A ’
= ar | =e [G (22T +T,Q,) - G (Z,z;T+T,—Q+)]><
2 2

JT
X 102 (fro-v @) = fro-2) (D.104)

where we have defined Q. = Q + %a) To proceed further we can expand the Green’s functions in
powers of the “small” frequency w, i.e. we have the following relations:

1 1 (1 \" o
R .7/ - — e R e 2l
GR(z,z; T+ T,Q + 2w) ;:O - (2w) aQnG (T +T,Q) (D.105)
Gz T +T,-Q + 1(0) = Ew l(—1)" 1&) i Gz, z:T' +T,-Q) (D.106)
T ’ 27 4Ll 27) o T ’ ‘

’ S 1 n Uil an
f@zT,w-o') = E —(-D'w ~f(z,z:T, w) (D.107)

i n! ow

’ - 1 n Ui an
f@uT,-w+o) = § D' = f(z, 2 T, —w) (D.108)

i n! ow
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Putting everything together one we obtain the following expression on the right hand side:

f f f "“T(z,z,T+Tw){Z ( )x

BQ" [GR(z,z, T +T,Q) - (-1)'G z,z;T" + T,-Q) |x (D.109)
xZ—«W%)ﬁmMqu+m¢TM%m
dQ le 8171
-5 [ 5 f ‘f S s T + T
X Z — |-z ( )””” o [f(z zT,w)+ f(z,z;T w)]x
e nim! 2 17 A SO i (D.110)
X o GRz,zT +T,Q) - (—1)'GMz,z;T" + T, -Q) | +6(T)
aTn aQn Z’ Z’ b Z’ Z’ 9
dQ 1 1y a"
= f f f e T{ — (——) ()" ——| .z T w) + f(z.5: T, w)|X
oy nim! 2 ow
" I — 1 S0 "
— T,Q " T',-Q T
X oT" agn{g 1 aTY [G @,z ) - (=D"'G"(z, 3 )]}}6( )X
om ad 1 l
=T T7,Q
% GTW[; T aT'lf(Z’Z’ ’ )]
(D.111)
From the final expression above it is easy to see that when the following is fulfilled:
m>[ or n>j (D.112)
m<l[ or n<j (D.113)

then all terms except of the one corresponding to m = [ and n = j vanishes. If we now keep only
up to first order in the “slow” derivatives %, % and %, then we obtain the final expression for
the nonlinear integro-differential equation

pZ fenTw - L p T =
aZZ Zy Z’ ,Cl) aT Z, Z7 7(‘) -

= %f@{[f(z,z; T, M)ImGR(z, z; T, Q)][f(z,z; T,w)+ f(z.z; T, _w)]+

( fz,z: T, Q)) (ImGR(z, z T, Q))} 0 [fz.zT,w)+ f(z,, T, a))]} (D.114)
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