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Abstract

Kinetic equations have played a significant role in optics since the introduction of the
radiative transport equation (RTE) by Schuster in the early 20th century. Now they are
applied in many scientific fields such as atmospheric physics and biomedical imaging to
understand how light interacts with a complex medium. In this thesis we investigate how
these equations arise in

1. models of classical optics in an inhomogeneous disordered scattering medium

2. in fully quantum real space models with a random distribution of atoms

In certain spatial and temporal regimes it has been empirically observed that light
interacting with a highly disordered scattering medium may be described by a radiative
transport equation with a constant scattering coefficient. One way to derive such equations
from microscopic principles is to model the medium as a random field which is statistically
homogeneous. We show that in a quasi-homogeneous media, where statistical correlations
vary rapidly on small length scales and slowly on large length scales, light obeys a radiative
transport equation with variable scattering coefficient.

In the second part of this thesis we introduce a new model in quantum optics which
allows us to treat a quantized electromagnetic field coupled to a medium of two level
atoms, both in real space. The rest of the chapter focuses on the interaction of atoms with
a field consisting of at most one photon. First we recover a classical result due to Wigner
and Weisskopf on the rate of single atom spontaneous emission. Next we show that in a
statistically homogeneous distribution of two level atoms the field and atomic amplitude
satisfy linear kinetic equations. Finally we show that at sufficiently long times and large
distances these amplitudes are asymptotically governed by diffusion equations which may
be solved analytically.

In the final chapter we use the previous model to analyze a system in which there can
be at most two photons. This allows us to study the time evolution of states that initially
contain two entangled photons, a phenomenon which has no classical analogue. We show
that the various probability amplitudes satisfy linear two particle kinetic equations which

again may be asymptotically evaluated at large distances and long times.
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Chapter 1

Introduction

1.1 Outline

This thesis is organized as follows. The remainder of this contains a brief background of
some relevant material in classical optics and scattering theoring, including discussions of
Maxwell’s equations, the radiative transport equation (RTE), and the diffusion approxima-
tion (DA) to the RTE. This is followed by an introduction to quantum mechanics and the
quantization of the free electromagnetic field in quantum field theory. Lastly, we discuss
two key phenomena which may be described through the formalism of quantum optics:
spontaneous and stimulated emission.

The second chapter discusses a generalization of the derivation of the RTE from the
Helmholtz equation in random media. While generally the medium is assumed to be
statistically homogeneous and isotropic, in which case the correlation function depends
only on the distance between the two points, we consider quasihomogeneous media in
which the correlation function is the product of two terms. One term varies rapidly and
depends on the distance between the two points, while the other varies slowly and depends
on their center of mass coordinate. We show that in such a medium one may derive a RTE
with a spatially varying scattering coefficient.

In the third chapter we introduce a general model for studying the interaction of a
quantized scalar field with a collection of stationary two level atoms. We use this to study

the dynamics associated to a one excitation state, where an excitation is either an excited



atom or a photon present in the field. First we recover a classical result due to Wigner and
Weisskopf on the rate of spontaneous emission from a single atom. Next, we introduce a
stochastic model of the distribution of two level atoms in real space. We show that in a high
frequency limit the probability densities associated to these orthogonal states are linear
combinations of solutions to transport equations. Within a suitable diffusion approximation
we extract algebraic pointwise decay estimates for both the atomic and photonic probability
densities.

In the fourth chapter we focus primarily on the dynamics of a general two excitation
state. This state is the superposition of three possible physical cases: two photons in the
field, two excited atoms, or one excited atom along with a field containing one photon. We
start by calculating the rate of stimulated emission from a single atom in the presence of one
photon. Then we introduce the same stochastic model of matter which was discussed in the
third chapter. In order to study the affect of entangled photons on such an interaction, we
assume the two photon state is initially nonfactorizable and that there are no excited atoms.
We use an asymptotic approach to show that in a high frequency limit the probability
densities associated to these three cases are integrated linear combinations of solutions to
two particle kinetic equations. Once again we are able to show that at large times and
distances far away from the origin these probability densities decay algebraically.

The final chapter is a brief discussion of several possible directions for future research.
Most of these directions focus on ways to generalize or incorporate new physics into the
model described in chapter 3 or the corresponding systems of equations governing the

dynamics of the one and two excitation states.

1.2 Maxwell’s Equations

In classical optics the electric and magnetic fields E(x, ) and B(x, ) are vector fields
whose dynamics are determined by a system of four coupled partial differential equations

due to James Maxwell. In SI units, in a nonmagnetic inhomogeneous medium without any



external sources these equations are given

0B
VXE+—=0 1.1

XE+— , (I.1a)
V-(eE)=0, (1.1b)

E
VxB—yoeoea—:O, (1.1¢)

ot
V-B=0, (1.1d)

where ug, €9 and € are the permeability of free space, permittivity of free space and dielectric
function respectively [43]. The speed of light in vacuum c is defined as ¢ = 1/+/uo€o.

These equations, along with the Lorentz force law
F=gqE+qgvxB, (1.2)

give a complete description of the electromagnetic field in classical optics. In the case
of monochromatic light at a frequency w, as long as the dielectric function varies slowly
on the scale of the wavenumber of the light, ky) = w/c, one can show that the field E(x)

satisfies a vector Helmholtz equation of the form
V’E +kieE=0, (1.3)

We note that the dielectric function € determines the speed of this wave and the case € = 1
corresponds to a homogeneous medium in which the speed is that of light in a vacuum.
Although the components of the field E(x) are not independent, one frequently works with
a scalar model of the electric field U(x) which satisfies a scalar Helmholtz equation of the

form

AU +k}eU =0. (1.4)



1.3 Scattering

Scattering occurs when the dielectric function €(x) in Eq. (1.4) is nonconstant. Generally it
has the form €(x) = 1+n(x) where 7 is a compactly supported function which corresponds
to the presence of one or several scatterers. This has the affect of changing the speed of
the wave in these regions in space and altering the behavior of an incident wave, even
very far from the scatterers. A fundamental result in scattering theory is known as the
Lippmann-Schwinger equation, which gives the field U(x) at a point X in terms of its
values inside the region in which the scatterers are present [16]. If we suppose that 7(x) is
supported in a volume V, then we may decompose the field U = U; + Uy where U; is the
incident field and Uj is the scattered field which satisfy

AU +k3U; =0, (1.5a)
AU + kJUy = —kin(x)U(x) . (1.5b)

Solving these equations allows us to rewrite U(x) as
U(x) = Ui(x) + k2 / Go(x, X )n(xX\U(X)d’r", (1.6)
14

where G is the Green’s function associated to Eq. (1.4) with = 0 and is explicitly given

by the formula

Go(x,X) = . (1.7)

Eq. (1.6) is the Lippmann-Schwinger equation and may be iterated to give an infinite series

expansion of U(x) in terms of the incident field U;(x)

U(x) = U;(x) + k% / Go(x, X)n(xX)U;(x')d>x’ (1.8)
14

+ kg / Go(x,X)n(x)Go (X, x")\n(xX"U; X)X d®x" + - - - . (1.9)
14



This expansion is known as the Dyson series and when truncated to first order is referred
to as the Born approximation. If we have a collection of N point scatterers at locations

X[, - - - Xy then the function n(x) is of the form

N
n(x) =ao Y 6(x-x;), (1.10)
=1

J

with ¢ the polarizability of the scatterer which has units of volume. This leads to a system

of algebraic equations for the value of the total field at the points xj

N
Ui(x)) = ) ApU(xi) (L.11)
k=1
where
Ajk = 5jk - CZ()k%G()(Xj,Xk) . (112)

These algebraic equations due to Foldy and Lax [30] are quite useful for a small number

of scatterers, but are computationally costly to solve as N gets large.

1.4 Radiative Transport

The microscopic description of light given by Maxwell’s equation is theoretically satisfying
and valid on scales close to the wavelength of the light. However, it can be difficult to obtain
useful solutions in scattering mediums where the dielectric function €(x) is complicated.
Because of this, it is reasonable to search for another description of the propagation of light
waves through a scattering medium that is valid on scales larger than that of the wavelength.
This scale, referred to as the mesoscale, is related to the fundamental quantity known as
the scattering length £; which is the mean distance between interactions with the scatterers.

As early as 1887 physicists including von Lommel and Khvolsen wrote down integro-
differential equations phenomenolically for the flow of light energy through matter on this

scale [62]. These equations were influenced by the work of Bolztmann on the kinetic



theory of gases and are linear analogues of the Boltzmann equation. Later work due to

Schuster and Planck [62] led to the radiative transport equation (RTE) in it’s modern form
k : VI(Xa l2) + (/"S + ﬂa)I(X, l2) = /’LS / dzlg/A(l}, l2/)[()(, l2/) s (113)

where I(x, k) is the specific intensity of light, a spatially and angularly resolved measure-
ment of the light at a point x flowing in direction k. The constants y, and 1, are scattering
and absorption coefficients and the function A(k,k’) is a phase function or scattering
kernel. This equation was first derived as a conservation law for the total amount of light
gained and lost through absorption and scattering at each point and direction in space.
However, it is quite natural to try and derive it from microscopic principles such as the
scalar wave equation in an attempt to connect the physical laws that describe the behavior
of light on different scales. While in general this connection is still not fully understood,

in certain cases it is possible to derive RTEs from electromagnetic theory.

1.5 Random Media

One way to arrive at at an RTE from a scalar wave equation is to model the inhomogeneous
medium of scatterers as a random field with specified correlations. To this end we suppose

the dielectric function €(x) is has the form
e(x) =1+n(x), (1.14)
and that n(x) is a mean zero Gaussian random field satisfying

n(x))=0, (1.15a)
nxn(x)) =C(x-x). (1.15b)

The function C(x) is the correlation function and (- - - ) denotes statistical averaging over
realizations of the medium. Additionally, it is required that the medium is statistically

homogeneous and isotropic which corresponds to imposing the restriction that the corre-



lation function depends only on the distance between the two points x and x’. The goal
of introducing random media is to obtain an equation satisfied by the specific intensity
1(x, k), which may be defined in terms of average values of the correlations of the field
U(x), where the phase function A (K, k’) and the scattering coefficient s, are determined by
the correlation function C(x). One must ask, do these solutions which involves averaging
over many realizations of the medium provide useful information about a single realization
of the medium? This question can be addressed in two ways: 1) If the fluctuations in
the correlations between various realizations of the medium are small, then the averages
give accurate answers. 2) If the randomness present is ergodic, then we may equate a
time average with a spatial average to see that the results obtained are useful in a single

realization after a sufficient amount of time.

1.6 Derivation of RTE

There are two main techniques that are used to derive an RTE from the scalar wave
equation with a random dielectric function: diagrammatic perturbation theory and multi-
scale asymptotic analysis. While the two methods are quite distinct, they both require a
quasiprobability distribution introduced by Eugene Wigner in 1932 known as the Wigner
transform [93]. The Wigner transform W (x, k) associated to a function U(x) is defined
W(x, k) = ﬂeik'X'U(x -X'/2Q)U*(x+X/2), (1.16)
(27)3
where the * denotes complex conjugation. The Wigner transform is a phase space repre-
sentation of the correlations which is resolved in space and momentum. While the Wigner
transform itself is not a measurable quantity, one can recover several important measurable
quantities from its moments. The zeroth and first order moments are the intensity of the
field and the energy current density respectively.
The diagrammatic approach, pioneered by physicists [11, 91, 31, 57], involves ob-
taining an expression for the field correlations through an expansion similar to the Born
series given in Eq. (1.8). This infinite series solution can be expressed graphically as a

collection of diagrams and the process of averaging over realization of the medium has a



specific combinatorial interpretation. Additionally, the diagrams can be categorized and
the expression factored which allows for only the diagrams whose contribution are the
largest to be retained. This selection of the most important diagrams, known as the ladder
approximation, has been placed on rigorous footing cite. From this simplified expression
for the correlations, one can show that the Wigner transform is localized in the magnitude
of the variable k and that it satisfies an RTE.

The other approach, involving asymptotic analysis, is due to applied mathematicians
[48, 32]. In this case the goal is to study the behavior of the Wigner transform in a high
frequency limit. To this end, a dimensionless parameter € is introduced and the strength
of the correlations are appropriately rescaled to order €. Moreover, one separates the slow
and fast spatial scales x and x/e and treats them as independent variables. By expanding
the Wigner transform in powers of €, one obtains a hierarchy of equations which may be
solved given a specific closure hypothesis. Once again one finds that the Wigner transform
is localized in the magnitude of k and that it satisfies an RTE.

The relationship between the two methods is not completely understood. In particular
it is of interest to understand the analogue of the key assumption in each derivation [19].
What is the analogue of the ladder approximation in the asymptotic approach? And what

is the analogue of the closure hypothesis in the diagrammatic approach?

1.7 Diffusion

Again, except in a small number of situations, exact solutions to the RTE can be quite
difficult to obtain. At distances much greater than the scattering length, {; and times
much greater than ¢;/c, the solution to the RTE can be approximated by the solution to
a diffusion equation [16]. This approximation also breaks down if the system is weakly
scattering or strongly absorbing. The idea is to split the intensity / into two pieces I = Is+1,
where I corresponds to ballistic and singularly scattered terms and /; corresponds to all

higher orders of scattering. The term /; may be solved for exactly and the term /; can be



approximated as
1y(x) = 4i (u(x) + 6k - Viu(x)) (1.17)
v

where ¢{; is the fundamental length scale associated with diffusion and u satisfies the

diffusion equation
—DAu+cuuu=0. (1.18)

The diffusion constant D and ¢; are determined by the scattering and absorption coefficients

s and 1, as well as the phase function A (k, k’).

1.8 Quantum Mechanics

In quantum mechanics, particles no longer have trajectories in phase space and instead
states are given by vectors in a fixed Hilbert space, /. The measurable quantities, such
as position and momentum, which are functions in classical mechanics are replaced by
self adjoint operators on H and the spectra of these operators correspond to the possible
outcomes of measurements [75]. For any system of particles there is an associated self
adjoint operator, H, called the Hamiltonian which represents the sum of potential and
kenetic energies of the system. The dynamics associated to any initial state ¥ € H is

completely determined by the Schrodinger equation

ihow = Hy (1.19a)
Yli=0 = Yo , (1.19b)

where 71 is the reduced Planck’s constant. A case of particular interest is the one dimensional
single particle harmonic oscillator where the potential is a quadratic function of position.
2
p- 1 55

H= o + Emw x°. (1.20)



Here p is the momentum operator, x is the position operator, m is the mass of the particle
and w which is the frequency of the oscillation. The position and momentum operators

satisfy the canonical commutation relations
[x,p] =ih. (1.21)

In order to factor the Hamiltonian, we introduce the ladder operators a' and a through the

change of variables

mw i
a = E(X + mp) , (1.22a)
mw i
=4/——=—@-—p). 1.22b
N (1.220)

One can show that the Hamiltonian has a discrete spectrum consisting of positive eigven-
values increasing to infinity Eg < E; < E; < --- [75]. The operator a' raises a state with
energy E, to a state of energy E,,; while the operator a lowers a state with energy E, to a
state with energy E,,_1. Hence, these operators act as a way to move up and down the rungs
of the ladder of eigenvalues associated to the Hamiltonian. Moreover, one can rewrite the

Hamiltonian using these ladder operators as
.;. 1
H=hw aa+§ . (1.23)

The extra fiw/2 appears due to the fact that @ and @' do not commute but instead have a
commutator equal to 1. Physically this additional term corresponds to a positive background

energy present in the system and is known as the zero point energy.

1.9 Quantum Optics

Quantum optics is the study of the interaction of light and matter on the quantum scale.
Often this means considering a quantum system of particles and coupling them to an

electromagnetic field via an interaction term in the Hamiltonian. This formulation, in

10



which the matter is treated quantum mechanically and the electromagnetic field is a classical
field satisfying Maxwell’s equations is known as semiclassical optics. While semiclassical
optics is an extremely fruitful area of research and application, in a fully quantum optical
model, the electromagnetic radiation must also be treated quantum mechanically. This
means that the electric and magnetic fields should be elevated to fields of operators [35].
Since we work with a scalar transport equation we will describe the process of quantizing

the scalar field U(x) which satisfies a scalar wave equation

AU-=-—==0. (1.24)

To do this we first assume we are working in a finite box of side length L with no
sources present. The side length of the box L will be taken to infinity before recovering
any physical result, but for the meantime we impose periodic boundary conditions on the

field. The solution can be expressed as a solution of plane waves of the form

U(x,t) = Z [Uk ()™ + Uy (1) e *] (1.25)
k

where the sum is over a discrete set of wave vectors k due to the periodic boundary

conditions. The coefficients Ux(7) satisfy

1 0°Ux
KUk + — =0, 1.26
k352 (1.26)
whence this expansions is given by
U(x,1) = Z [Ukeik'x—"wkf + Uk(t)*e_(ik'x_i“’k’)] : (1.27)

k

with wy = c|k|. The Hamiltonian associated to the wave equation is given by

1

H = —/d3x (i(atU)2+(6xU)2) , (1.28)
2 c?

11



and can be expressed in terms of the modes Uy as

H=V ) iUy, (1.29)
k

where V = L3 is the volume of the box. This is strikingly similar to the harmonic
oscillator Hamiltonian in Eq. (1.23) and shows that the system is equivalent to a collection
of uncoupled harmonic oscillators. This suggests rewriting the Hamiltonian in terms of the
canonical position and momentum variables, elevating their status to operators and then
rewriting the Hamtilonian in terms of the associated ladder operators a;r( and ak. This leads

to the expression
Hp = E h t + —1 1.30
F Wi |4y ak . (1.30)

We may interpret a;i as a creation operator which has the effect of introducing an additional

photon into the system with wave vector Kk, and ak as an annihilation operator which destroys
a photon of wave vector k if there was already one present in the system. The presence
of the additional 7w /2 in each term is more troubling as the sum over all modes diverges.
While we may resolve this issue by neglecting the vacuum energy for large frequencies,
it is an extremely important term in the Hamiltonian and leads to interesting quantum

phenomena such as spontaneous emission, the Lamb shift and the Casimir effect [35].

1.10 Quantized Field Coupled to a Two Level Atom

Many of the most studied phenomena in quantum optics involve the transition of an atom
between various energy levels. In the absence of an an electromagnetic field, eigenstates of
the Hamiltonian are by definition fixed points of the dynamics introduced by the Schrodinger
equation. Once the particle is coupled to an electromagnetic field, these states are no longer
eigenstates for the new Hamiltonian and can transition to higher or lower energy levels. A
simple, yet effective model for studying these transitions considers a two level stationary

atom. The atom can be found either in its ground state |g) where the energy has been

12



shifted to 0, or its excited energy state |e) with an energy #Q [35]. There are raising and
lowering operators o' and o which when applied to one of the states outputs the other.
That is

o'lg) =le) (1.31a)
oley=1g) . (1.31b)

Since the atom has only one excited state above the ground state, these operators satisfy

fermionic anticommutation relations
o0’y =1, (1.32)
and the Hamiltonian associated to just the atom is given by
Hy=hQo'o . (1.33)

The field E then interacts with the atom through the dipole moment u and leads to an
interaction Hamiltonian, H;, which is bilinear in the creation/annihilation operators of the

field and raising/lowering operators associated to the atom. Specifically we have

H; = Z fi(o + o) (grax + gl";a:;) , (1.34)
Kk,s

where g is the coupling of the atom to the electric field mode of wavevector k and
polarization s. It is common to employ the rotating wave approximation (RWA) in which
we neglect the quickly oscillating terms which do not conserve the number of excitations
in the system, namely O'TCZIK and o ay. Itis straightforward to generalize this to a system of
N two level atoms located at the points X, - - - , X)y. There are now a collection of N pairs
of raising and lowering operators o-; and 0';, j =1,---, N, which satisfy anticommutation

relations of the form

{oj, 00} =65, (1.35)

13



and the atomic and interaction Hamiltonians become

Hay= ) hQjolo;, (1.36a)
>
H; = Z h(g;e_ik'xfdjalt + gkeik'xfajak) ) (1.36b)
j.K,s

In order to solve for the dynamics of the system with given initial conditions, one expresses
the general state of the system in a basis of simple tensors of the atomic and field states
with time dependent coefficients.. These simple tensors are the eigenvectors of the sum
H4 + Hr. By plugging these states into the Schrodinger equation and projecting back onto
the basis vectors, one arrives at a system of coupled ordinary differential equations for the
coefficients. However the number of these equations grows exponentially in the number of
atoms present in the system and hence are costly to solve. This is analogous to the situation

of the Foldy-Lax equations which arise in classical optics with N point scatterers.

1.11 Spontaneous Emission

As previously discussed, a single excited two level atom which is not coupled to an
electromagnetic field will not decay to the ground state; however, in the presence of such
a field the atom will transition to a lower energy state by emitting a photon, even if
electromagnetic field has no photons present. This phenomenon is known as spontaneous
emission. In 1916 Einstein derived a heuristic value for the rate of spontaneous emission in
a cavity of two level atoms [26]. In 1930, physicists Eugene Wigner and Victor Weisskopf
showed that in the case of a single two level atom initially in its excited state, the probability
of finding this atom in the excited state at later times decays exponentially on short time
scales [92]. This result, known as Wigner Weisskopf theory, has corrections at longer time
scales which have also been investigated [64]. Here we will reproduce a calculation of
Wigner Weisskopf spontaneous emission for the scalar model described in the previous

section.
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Recall that the Hamiltonian H = H4 + Hr + Hj is given by

Hy =hQo o, (1.37a)
Hp = ) hwaja, (1.37b)
k
H; =hg Z (altO' + ojak) , (1.37¢)
k

where we have neglected the polarization of the photons and also made the Markovian
approximation in which each mode of the field couples to the atom with the same strength

gk = g. The general state of the system can be expressed in basis of simple tensors as
W(1)) = c()]e,0) + > ex(®)lg, 1) - (1.38)
k
By substituting Eq. (1.38) into the Schrodinger equation
iho ¥ (1)) = H|'Y(2)) , (1.39)

along with the definition of the Hamiltonian H given in Eq. (1.37) and projecting onto the

state |e,0) and |g, 1k) respectively, we arrive at a system of coupled ordinary differential

equations
i0ic=Qc+g Z Ck » (1.40a)
k
i0;cx = wick + gc , (1.40b)
along with the initial conditions
c(0)=1, c¢kx(0)=0 forallk, (1.40c¢)

which correspond to the atom initially in its excited state and no photons present in the
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electromagnetic field. Using the Laplace transform defined by

f(2) = / e U f(t)dt, (1.41)
0
we can solve for ¢(z) as
) = _ 1.42
clz C2+iQ+iX(2) ] (1.42)

where the self-energy X(z) is defined

1
%(2) =gzzk:m. (1.43)
The term i€ is a small regularization parameter which will be sent to O during the calculation.
In order to compute the inverse Laplace transform, and arrive at a result for the amplitude
c(t) we make an approximation due to Wigner and Weisskopf in which we replace X(z)
by it’s value of greatest contribution, X(—i€2). This approximation is sometimes referred
to as the quasiparticle pole (QPP) approximation. Upon making this approximation and

inverting the Laplace transform we find that
C(Z) — e—i(Q+6Q)te—Ft/2 , (144)

where 6Q and —I"/2 are the real and imaginary parts of X(—i€2) respectively. 0Q is
commonly referred to as the Lamb shift and I" is the decay rate of the atom. The decay rate

can be computed directly

174 292
r=-_-, (1.45)
Tc
and the probability of finding the atom in its excited state is
e =e", (1.46)

which is seen to decay exponentially.
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1.12 Stimulated Emission

A related phenomenon is that of stimulated emission. This is the process by which the
presence of a photon in an electromagnetic field coupled to an atom may interact with the
atom causing it to drop to a lower energy level. We may also use the scalar model from
the previous section to calculate the rate of stimulated emission for a single two level atom
located at the origin. For this we assume that initially there is exactly one photon present
in the field with frequency kg and the atom is in its excited state, which corresponds to the

initial condition
@ (0)) = |1, 1,) - (1.47)

The general two excitation state of the system is given by

P(0)) = > e, ) + > Dige(1)lg, Tl (1.48)
Kk kK
and our initial condition on the state |'¥') imposes initial conditions on the Cx’s and Dy x’s
of the form
Ck(()) = 6k,k0 . (1.493.)
Dxx(0) =0, forall k,k". (1.49b)

Inserting the general state into the Schrodinger equation and projecting onto the vectors
le, 1x) and |g, Ixlx/) we arrive at the following system of coupled ordinary differential

equations
i0,Cx = (wo + wi)C +2g Z Dy , (1.50a)
k/
i(?,Dk’k/ = (a)k + wkf)Dk,kf + % (Ck + ngf) . (1.50b)

By applying the Laplace transform given in Eq. (1.41), we may eliminate the coefficient

Dk x’(z) and arrive at an algebraic equation for Cx(z). We apply an approximation anal-
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ogous to the quasi-particle pole approximation of Wigner and Weisskopf and invert the

Laplace transform to arrive at equations for the coefficients C(¢)

g2€—i(w0—6w)t—rt/2

Cx(1) = —lort _ okl K £ K 1.51
k(?) (Wiy — wo) (Wi, — Wk) & ¢ IR (1:51a)
. 02t
Cig, (1) = e i rrwr=ow=Tt/2 1y 187 ] : (1.51b)
a)ko — Wo

where I" and 6w are given by the same formulas as in the previous section. This shows that

the coefficients |Cy|? still decay at a rate of I" in time.

18



Chapter 2

Radiative Transport in

Quasi-homogeneous Random Media

2.1 Introduction

The theory of light scattering is a subject of fundamental interest and considerable applied
importance. In the multiple-scattering regime, radiative transport theory is widely used
to describe the propagation of light on macroscopic scales [20, 40, 18, 58, 7, 61, 6].
Nevertheless, the microscopic origins of the theory remain a topic of current research.
Indeed, two conceptually different approaches to the derivation of the radiative transport
equation (RTE) have been advanced. Both are based on the theory of wave propagation in
random media, in one case proceeding by diagrammatic perturbation theory [11,91, 31, 57],
while in the other by multiscale asymptotic analysis [48, 32]. A comparative exposition of
the two approaches has been presented in [19].

The fundamental physical quantity of radiative transport theory is the specific intensity
I(r,8), which is defined as the intensity of light at the position r in the direction §. The
specific intensity obeys the RTE

S-VI+u.l = pg / ds'A(8,8)I(r,§), 2.1
which is a conservation law that accounts for gains and losses of electromagnetic energy.
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Here u, and u; are the extinction and scattering coeflicients of the medium, and u, = y; in
the absence of absorption. It is important to note that if the random medium is statistically
homogeneous and isotropic, then u, and ug are constant [19].

Up to now, the derivation of the RTE has been restricted to statistically homogeneous
media. Indeed, the foundations of radiative transport theory for inhomogeneous media,
where u, and p, are generally position-dependent, are not firmly established [58]. Since
inhomogeneous media are of great interest in applications, particularly to biomedical
imaging [8], the problem of justifying radiative transport theory in this setting is of some
importance.

Quasi-homogeneous media are a broad class of random media with correlations that
are rapidly varying on small length scales and slowly varying on large scales [78, 17]. They
have been extensively studied in the weak-scattering regime, especially in connection with
coherence theory and inverse problems [28, 29, 87, 95, 22]. In comparison to homogeneous
media, the aforementioned separation of scales compensates for the loss of translational
invariance on average.

In this paper, we investigate the theory of radiative transport in quasi-homogeneous
media. By making use of diagrammatic perturbation theory, we derive the radiative
transport equation that governs the propagation of light in such media. This result pro-
vides sufficient conditions under which it is justified to apply radiative transport theory to
spatially-inhomogeneous media.

The remainder of the paper is organized as follows. In Section 2, we introduce the
theory of scalar waves in quasi-homogeneous random media. The computation of the
average field using diagrammatic perturbation theory is presented in Section 3, which is
followed by a discussion of field correlations in Section 4. The RTE is then derived in

Section 5. Our conclusions are formulated in Section 6.
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2.2 Quasi-homogenous Media

We consider the propagation of a monochromatic scalar wave in a random medium. The

field U obeys the wave equation
V2U(r) + kZ(1 +4rn(r))U(r) = —4xS(r), (2.2)

where kg is the wave number in vacuum and S is the source. For simplicity, the effects
of polarization are not considered and the susceptibility 7 is taken to be purely real, so
that the medium is nonabsorbing. We also assume that 7 is a Gaussian random field with

correlations

(n(r)) =0, (2.3)
() =C(r,r), (2.4)

where C is the two-point correlation function and (- - -) denotes statistical averaging. If
C depends only upon the quantity |r — r’|, the medium is said to be statistically homoge-
neous and isotropic. In this situation, the specific intensity obeys the RTE with constant
coeflicients and a phase function that is invariant under rotations [19].
In a quasi-homogeneous random medium, the correlation function is taken to be of the
form
C(r,x') =Cy(Ir —r'NCs ((r+1')/2) , (2.5)

where C; varies more slowly than Cy. Such a model describes a medium that is homo-
geneous and isotropic on small length scales, but also varies over large scales. Possible
examples include biological tissue and the atmosphere. A case of particular interest has

correlations of the form
Crr)=Coe ", )= (2.6)

where Cy is constant and the correlation lengths I, [ obey the condition [; > [;. We also

require that ko/; > 1, so that the average field varies slowly on the scale of the wavelength,
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meaning that spatial dispersion can be neglected. Models with non-Gaussian correlations
can also be considered.
In an infinite medium, the solution to the wave equation (2.2) obeying the outgoing

radiation condition is of the form
U(r) = / d*r'G(r,r)S(r') . 2.7
Here the Green’s function G obeys the integral equation [14]
G(r, 1) = Go(r,v) + k} / Er"Go(r,r")n(r")G ", r) , (2.8)

where the unperturbed Green’s function G is given by

eiko|r—r'|
Go(r,r') = : (2.9)
Ir—r|
For later reference, we note that G can be written as the Fourier integral
d3 k ik-(r-r’)
Go(r, 1) = 4n ¢ (2.10)

(2m)3 k2 — k2 —ie’

where the limit e — 0% is implied, consistent with the outgoing radiation condition that
Gy obeys.

2.3 Average Field

It follows immediately from Eq. (2.7) that the average field is determined by the aver-
age Green’s function, provided that the source S is deterministic. Following standard

procedures [19], the average Green’s function can be seen to obey the Dyson equation

(G(r,T)) = Go(r,¥) + / Erid’rGo(r,r)Z(r), 12){(G(r2, 1)) , (2.11)
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T = LD

Figure 2.1: The lowest order self-energy diagram.

where X is the self-energy. There is a convenient diagrammatic expansion for 2. To lowest
order in perturbation theory, which is known as the weak-scattering approximation, X is
given by

2(r1,12) = kgGo(r1, 12)C(11,12) . (2.12)

The corresponding diagram is shown in Fig. 2.1. A straight line with a left pointing arrow
corresponds to a factor of the Green’s function G and a line connecting two vertices
corresponds to a factor of k(‘)‘C .

For a statistically homogeneous medium, Eq. (2.11) can be solved by Fourier trans-
formation due to the translational invariance of (G) and X [19]. We will see that quasi-
homogeneous media can also be analyzed, but the loss of translational invariance must
be properly handled. To proceed, we transform to relative and center of mass coordinates
according to

r+r’

R=——. R=r-r. (2.13)

Eq. (2.11) thus becomes

Z(R,R) =% (R) + / Erid’rnCR+R /2 -1))Z(r],172)

xZ((r+R-R'/2)/2,r, —R+R’/2) , (2.14)
where

Z(R,R)=(GR+R/2,R-R'/2)), Go(r-r) = Go(r,r) . (2.15)
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It will prove useful to introduce the Fourier transform of & with respect to R":
Z(R,Kk) = / PR *RE(RR), (2.16)

which allows the treatment of the large-scale variations of the medium in real space, and
the high-frequency variations in Fourier space. After straightforward calculation, we find
that

Z(R,K) = Go(K) + C;(R) % (K)Zo(K)Z (R, K) , 2.17)
where
~ 4r
K= 2.1
o (k) kz—k(z)—ie’ (2.18)
310 .
o (k) = k4 'k C&k-K) (2.19)

(2n)3 k2 - k2 —ie’
and we have used Egs. (2.10) and (2.12). We have also made use of the approximations
C,(R+R) ~C,(R), Z(R+R,k)~ZRK), (2.20)

consistent with the slow variation of Cj. It follows immediately from Eqgs. (2.17) and (2.18)

that
4

Z(R,k) = .
(R.k) k2 — ki — 4nCy(R)Zo (k) — i€

(2.21)

Next, we separate X into its real and imaginary parts by making use of the identities

1 |
=P +ind(k* — k) 2.22
K2-k2—ie  k2-k2 ( 2 (222
1
S(k* - k§) = T (6(k — ko) +6(k + ko)) , (2.23)
0
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where P denotes the principal value. We thus obtain

Bk’ Cr(k-K')

ReXo(k) = k*p , 2.24
s [ d§ = .
Im Xo(k) = k) 4—cf(k — ko8, (2.25)
T

where we have used the fact that Cy is real-valued. Now, Re Xy can be neglected by
introducing a high-frequency cutoff in Eq. (2.24). Physically, such a cutoff corresponds
to introducing a minimum scale for the spatial variations of Cy (the size of the smallest

scatterer). Let us define the scattering length £ (on-shell) as
1 4 AL~ A AL
v =ky | dS'Cy(kolS-§]), (2.26)

which is constant due to the statistical isotropy of the medium. We now find that in the

weak-scattering limit kol > Cy, Eq. (2.21) becomes

~ 4
Z(R,k) = - CR) e (2.27)
where C.(R)
1l
k(R) = ko (1 + kol ) . (2.28)

Performing an inverse Fourier transform to obtain & (R, R”) and inverting the transforma-
tion to relative and center of mass coordinates, we see that the average Green’s function is

given by

iko|r—r’|

(G(r,r)) = exp [-Cs ((r+71")/2) [r —1'|/21,] . (2.29)

r—r'|
We conclude that the average field decays exponentially on the scale of the scattering

length, modulated by the slowly-varying function Cs;.
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r=]

Figure 2.2: The lowest order irreducible-vertex diagram.

2.4 Field Correlations

We now turn to the problem of calculating the second-order correlation function of the

field. We begin by observing that

U@U () = / Pridr(G )G (F,L)SE)S (), (2.30)

which follows from Eq. (2.7) and the assumption that S is deterministic. The correlation

function (GG™) can be shown to obey the Bethe-Salpeter equation [19]

(G(r1,12)G*(r],15)) = (G(r1,12)){(G"(¥], 1))
+ / drd®r’ (G (r1,0)){G* (), v )T (r, 1)

X(G(r,r)G*(r',1})), (2.31)

where I' is the irreducible vertex. Here we have made the weak-scattering approximation
in which I' is of the form
I(r,v') = kyC(r, 1) . (2.32)

In a manner similar to the construction of the self-energy, there is an analogous diagram-
matic expansion for I". The corresponding diagram is shown in Fig. 2.2. Note that the
Bethe-Salpeter equation can be solved by iteration, leading to a sum of ladder diagrams,
as shown in Fig. 2.3. The sum can be calculated analytically in a homogeneous medium
with short-range correlations. At large distances, this leads to diffusive transport of light.

However, for quasi-homogeneous media this approach is not applicable. Instead, it is
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(GG = S + ol

Figure 2.3: The correlation function (GG*) in terms of ladder diagrams. A double line
with a left-pointing arrow denotes a factor of (G) and a double line with a right-pointing
arrow denotes a factor of (G*).

advantageous to introduce a phase-space representation of the field correlations, which

directly leads to the theory of radiative transport.

2.5 Radiative transport

In this section we present the derivation of the RTE for quasi-homogeneous media. We
begin by introducing the Wigner transform of the field, which provides a phase-space
representation of the field correlation function. To this end, we define the Wigner transform
W(r,K) as
W(r,k) = ﬁe"k'r/(U(r —-r'/2)U"(r+1'/2)) . (2.33)
(27)3
The Wigner transform has several important properties. It is real-valued and related to the

average intensity I = {|U|*) by

I(r) = / d>kW(r,K) . (2.34)
By Fourier inversion, the Wigner transform is related to the correlation function of the field

by
(U(r)U*(r)) = / Phe ™ TW ((r+1)/2,K) . (2.35)
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Thus the Wigner transform is a measure of the spatial coherence of the field, with random-
ness due to fluctuations in the medium rather than the source [94].

In order to handle the loss of translational invariance, we introduce a shift Ar in
the spatial coordinate of the Wigner transform, and consider the Fourier transform of

W (r + Ar, k) with respect to Ar. We find, as shown in Appendix A, that W is given by

W(Q.k) = e (U(-k + Q/2)(U*(k + Q/2))/(27)’
+ ke @TE (r, —k/2 + Q)T (r,k/2 + Q) Cy(r)
a3k’

P Crk -K)W(Q.K) , (2.36)

X

where the dependence of W on r is not directly indicated. Here we have made use of
Egs. (2.30),(2.31) and (2.32), and the slow variation in Cy, as reflected in the approximations
(2.20). Next, we use (2.17) and the algebraic identity

ab = ﬁ (2.37)
to obtain the relation
G(r,—k/2+ QT (1 k/2+Q) = - ?)Z;(ZEQ(} kg i (2.38)
where
AZ(r,Q,K) = 4n(Z(r,-k+Q/2) - €*(r,k + Q/2)) , (2.39)
A%(r, Q. k) = 47C,(r) (AZo(—k + Q/2) — A% (k +Q/2)) . (2.40)
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It follows from the above that Eq. (2.36) becomes

(2k - Q + AZ(r, Q. k) W(Q,k) = kA% (r, Q,k)Cy(r)
317

(27)3

+ ;A?(r, Q.K)S(-k +Q/2)S* (k+Q/2) . (2.41)
(27)3

Cr(k -K)W(Q.K)

Finally, computing the inverse Fourier transform of W(Q, k), we obtain the integral equa-

tion obeyed by the Wigner transform:

k- V,W(EK) +— g “IQTAY (r, Q, k)W(Q, k)

- VW (r,K) + 5 20 e r,Q.k) ,
_ kg dsq —-iQr dSk/ ~ ’
=5 | G (zﬂ)3Cs(r)A?(r, Q.K)Cr(k—K)

X W(Q,K)
3

i1 [ 9 0rpg(r, Q. K)5(—k + Q/2)5 (k +Q/2) . (2.42)

2i ) (2n)°

In order to obtain the RTE, we take the long wavelength limit Q — 0 in Eq. (2.42).
That is, we assume the average Wigner transform varies slowly on the scale over which Cy
varies. In performing the limit, we replace AX(r, Q,k) and A€ (r, Q,Kk) by AZ(r, 0, k)
and AZ(r, 0, k), respectively. In addition, we apply Egs. (2.22) and (2.27) in the weak-

scattering limit to obtain

2i(2m)3

AZ(r,0,k) = o(k — ko) . (2.43)
Likewise, we use Eqgs. (2.25) and (2.26) to obtain
AZ(r,0,K) = 2ikCq(r) /I, . (2.44)

Using the above results along with Eq. (2.26), and defining the specific intensity /, phase
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function A, scattering coeflicient u; and source Iy by

§(k — ko)I(r,8) = koW (r, k8) , (2.45)
A(8,8) = kil ,Cr(ko(8 —8)) (2.46)
,us(r) = Cs(r)/ls , (2.47)

~ 1 d3q ~iorgS ~ — ~
Iy(r,8) = k_g / Pl QrS(—kos +Q/2)S* (ko8 + Q/2) , (2.48)

we find that Eq. (2.42) becomes

§- VeI(r,8) + s (D) (r,8) = ps(r) / dY A8, 8)I(r,§)

+Io(r,8) . (2.49)

Eq. (2.49) is the RTE in a quasi-homogeneous random medium. Several comments
on this result are necessary. First, when Cg is constant, Eq. (2.49) reduces to the RTE in
a homogeneous medium. Second, we note that y; and A are determined by correlations
in the medium. Since Cy is a function of |r — 1’|, A depends only on § - §’, and u does
not depend on the direction §. Third, for the case of short-range correlations we have
Cy(r) = Coo(r), where Cy is constant. It follows that p(r) = Cokng(r) and A = 1/(4n),
which corresponds to spatially-modulated isotropic scattering. Fourth, our results are
easily generalized to allow the susceptibility r7 to be complex-valued. It can then be seen
that the extinction coefficient u, is proportional to the imaginary part of the self-energy.
Fifth, the Wigner transform, although real-valued, is not necessarily nonnegative. In
contrast, the specific intensity cannot take on negative values. This inconsistency can
be resolved by noting that only the high-frequency behavior of the Wigner transform is
of physical interest [19]. Finally, under certain conditions, the solution to the RTE can
be well approximated by the solution to a diffusion equation. This so-called diffusion
approximation is widely used in applications [18, 8]. For quasi-homogeneous media, it is

easily seen that the diffusion approximation can be derived from Eq. (2.49), and that the
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corresponding diffusion equation is of the form
—V-D(r)Vu(r) =Q(r) . (2.50)

Here the energy density u and source Q are defined by

1
u(r) = —/dél(r,ﬁ), Q(r) = / dSIy(r,S) , (2.51)
C
and the diffusion coefficient is given by

C A Y4 A AL Y4
D(r) = 3A—gnm 8 :/S~SA(s,s)ds , (2.52)

where g is the anisotropy of scattering and c is the speed of light.

2.6 Discussion

We have derived the radiative transport equation that governs the propagation of multiply-
scattered scalar waves in quasi-homogeneous random media. An alternative derivation of
Eq. (2.49) may be possible using a multiscale asymptotic analysis [48, 32]. This is consis-
tent with the equivalence, for homogeneous media, of diagrammatic perturbation theory
and multiscale asymptotics [19]. We note that it would be of interest to extend our results
to the radiative transport of electromagnetic and elastic waves. In the electromagnetic case,
the calculation of the self-energy for quasi-homogeneous media poses a challenge, and thus
the asymptotic approach to the derivation of the RTE may be worthy of exploration. The
associated inverse problems is likely to have applications to polarization-sensitive imaging
with diffuse light [8].

2.7 Appendix

In this appendix, we present the derivation of Eq. (2.36). We begin by noting that the
Bethe-Salpeter equation (2.31) in combination with Egs. (2.7) and (2.32) can be used to
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obtain the correlation function of the field. We thus obtain

UmU)) = UE)XUI)) + kg /d3Rd3R’<G(r, R)NG™(r',R))Cr(R-R)

x Cs((R+R)/2)(UR)U(R)) . (2.53)

We introduce the shifted Wigner transform W (r + Ar, k), whose Fourier transform with

respect to Ar is given by

W(Q.k) = W (Q.k) + W2(Q. k), (2.54)
where
Wi (Q,K) = T / BArd?r e QTR T (U(r + Ar — ¥/ /2) WU (r + Ar +1//2))
T
(2.55)
and
— k# . .
W>(Q, k) = 2 0)3 / BArd®r P RAPR V27X T (G(r + Ar — ¥ /2, R)) (2.56)
T

X (G*(r+Ar+1'/2,R))C;(R - R)Cs((R+R) /2)(UR)U(R)) .

Making a change of variables to relative and center of mass coordinates, Wl (Q, k) becomes

_ —-iQr _ -
W1(Q, k) = ——(U(~k + Q/2))U(k +Q/2)) , (2.57)

(27)3
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where U is the Fourier transform of U. Recalling the definition of & from Eq. (2.15),
Eq. (2.56) becomes

. kg O e
W2(Q.k) = 2 73)3 / dArd®r' d*RAPR QAT T

XE((r+Ar-r'/2+R)/2,r+Ar-1r'/2 - R)
X ((r+Ar+r'/2+R')/2,r+Ar+1r'/2 -R")C;(R-R)
x Cs((R+R')/2)(UR)U(R')) . (2.58)

Upon making further a change of variables to relative and center of mass coordinates,

invoking the approximations (similar to Eq. (2.20))

C(r+Ar,r')~Z&(r,r), (2.59)
Cy(r+Ar) = Cy4(r) (2.60)
and defining K (r,r’) = C¢(r')(U(r —1r'/2)U(r +1'/2)), Eq. (2.58) becomes
4

_ k . s o
W2(Q,K) = ﬁ / BPArd®r PRAPR QAR KT R)g e /2 LR (2.61)

x&*(r,r+r'/2-R)Ci(r)K(r+R,R) .

Carrying out the indicated Fourier transforms in the second arguments of &, &* and K, we
find that

— L~ — Bk ~ —
Wa(Q.k) = kge "% (r, —k/2 + Q)T*(r, k/2 + Q) Cs(r) / ch(k ~K)W(Q,K) .
(2.62)

Finally, putting Eqgs. (2.57) and (2.62) together, we obtain Eq. (2.36).
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Chapter 3

Collective Spontaneous Emission in
Random Media

3.1 Introduction

The quantum theory of light-matter interactions has historically been concerned with sys-
tems consisting of a small number of atoms [58]. To some extent, this is due to the early
emphasis on such systems in atomic physics. However, the recent focus on cold atom sys-
tems [38, 33], waveguide quantum electrodynamics [96, 23], and semiconductor quantum
optics [46], has served to stimulate research on quantum many-body problems. Progress
in this direction can be expected to lead to significant advances in controlling quantum
systems, with applications to quantum simulations, quantum information processing, and
precision measurements [45, 37, 39].

Perhaps the simplest many-body problem in quantum optics arises in a system of two-
level atoms interacting with a single photon. Suppose that one of the atoms is initially in
its excited state and there are no photons present in the field. The atom can then decay
by spontaneous emission, thereby transferring its excitation to the field. The resulting
photon can then excite the remaining atoms, which likewise decay. This process, which is
referred to as collective or cooperative emission, results in the transmission of light through

the system. Two regimes are usually distinguished, depending on the wavelength and the
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size of the system: superradiance and radiation trapping. In single-photon superradiance,
certain states decay much faster than the single-atom decay rate. Alternatively, there is
very slow decay, and the states are said to be trapped. Moreover, in contrast to single-atom
spontaneous emission, where the Lamb shift is divergent, the Lamb shift can be finite in
single-photon superradiance.

The theory of collective emission has been considered from several points of view.
One approach is based on a Hamiltonian describing the atoms, the optical field and their
interaction. Eliminating the optical field yields an effective Hamiltonian for the atomic
degrees of freedom [50, 44, 85, 9, 60]. A master equation can then be derived, and has
been shown to describe quantum effects in light scattering. However, the computational
cost of this procedure, which scales exponentially with the number of atoms, limits its
utility to systems consisting of a small number of atoms. An alternative approach, which
makes use of the eigenstates and corresponding eigenvalues of the effective Hamiltonian,
can be employed to describe the dynamics of the system [69, 70, 68, 56, 2, 1, 86]. This
method is especially fruitful in the setting of single-photon superradiance, where analytical
expressions for the collective decay rate have been obtained for dense atomic gases.

In this paper, we consider the problem of collective emission for a random medium of
two-level atoms. We emphasize that randomness is employed as a proxy for information
about the medium. That is, the medium is modeled as a realization of a random process
with known statistics. In this setting, we investigate the dynamics of the field and atomic
probability amplitudes for a one-photon state of the system. At long times and large
distances, we find that the corresponding average probability densities can be determined
from the solutions to a pair of kinetic equations. There are several novel mathematical
aspects of our work. We employ a real-space quantization procedure for the optical field.
In contrast, quantization of the field is normally carried out in terms of Fourier modes. The
advantage of the real-space approach is that it allows the field and atomic degrees of freedom
to be treated on an equal footing. Moreover, the field and atomic probability amplitudes
obey a system of nonlocal partial differential equations with random coeflicients. Using
this result, we show that the average Wigner transform of the amplitudes obeys a kinetic
equation, whose diffusion limit is extracted. Here the average over the random medium

is carried out by means of a multiscale asymptotic expansion in a suitable high-frequency
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limit [48, 10, 19, 16].

This paper is organized as follows. In section 3.2 we introduce the model we study,
carry out the real-space quantization of the optical and atomic fields, and derive the
equations obeyed by the atomic and one-photon amplitudes. These equations are studied
in section 3.3 for the case of a single atom, where we recover the Wigner-Weisskopf theory
of spontaneous emission, and in section 3.4 for the case of a medium of constant density.
Random media are introduced in sections 3.5, where the average behavior of energy
eigenstates is established. A related approach leads to the derivation of kinetic equations.
The paper concludes with a discussion of our results in section 3.7. The technical details

of the calculations are presented in the appendices.

3.2 Model

We consider the following model for the interaction between a quantized field and a system
of two-level atoms [25, 36]. The atoms are taken to be stationary and sufficiently well
separated that interatomic interactions can be neglected. The overall system is described
by the Hamiltonian H = Hr + H4 + H;. The Hamiltonian of the field is of the form

d3k
(2m)3

F= howk a) ax , 3.1)
where we have neglected the zero-point energy and for simplicity have adopted a scalar
theory of the electromagnetic field. Here wx = c|k| is the frequency of the field mode
with wave vector k and alT( (ak) is the corresponding creation (annihilation) operator. The

operators ax and alT( obey the commutation relations

la,a},] = 6(k - k), (3.2)
[ak, ak'] =0. (3.3)
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The Hamiltonian of the atoms is given by

Hay= ) hQoloy,labelHAI (3.4)
J

where Q is the resonance frequency of each atom and o-; (o) is the raising (lowering)

operator of the jth atom. The operators o; and o'JT obey the anticommutation relations

{00} = 8 (3.5)
{O'j,O'j/} =0. (36)

The interaction between the field and the atoms is governed by the Hamiltonian

H; = Z/ o )3hgk ax + aT) (eik'XfO'j + e_ik'xfa;) , (3.7

where gy is the field-atom coupling and x; is the position of the jth atom.

In order to treat the atoms and the field on the same footing, it is useful to introduce
a real-space representation of the Hamiltonian (3.1). To this end, we define the operator

¢(x) as the Fourier transform of ay:

d3k ik-x

p(x) = (2ﬂ—)3/2€

ak - (3.8)
Making use of (3.2) we find that ¢ is a Bose field which obeys the commutation relations

[p(x), o' (xX)] = 6(x - X)), (3.9)
[o(x), (x)] =0. (3.10)

It follows immediately that Hr becomes

Hp = hc/ Bx(-M)"2e" (x)p(x) . (3.11)
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1/2

Here the operator (—A)'/“ is defined by the Fourier integral

&k . N
—A)1/2 — S ikx
(=A) f(x)—/ (2ﬂ)3e k| f (k) , (3.12)
f(K) = / d*xe ®Xf(x) . (3.13)

We note that (—A)!/2 has the non-local spatial representation

-2y = [y WD) i

x —yl*

We note that real-space quantization has proven to be a powerful tool for one-dimensional
systems in the setting of waveguide quantum electrodynamics [77].

To facilitate the treatment of random media, it will prove convenient to introduce
a continuum model of the atomic degrees of freedom. The atomic Hamiltonian then

becomes
Hy = hQ / Exp(x)o’ (x)o(x), (3.15)
where p is the number density of atoms. In addition, the operators o; are replaced by a

Fermi field o which obeys the anticommutation relations

|
{o(x), 07 (x)} = YeS)

{o(x),0(x)}=0. (3.17)

S(x—-Xx), (3.16)

We find that the interaction Hamiltonian is given by

Hy=tg [ dxp(x) (60 + ¢/ () () + ') (3.18)

where we have made the Markovian approximation gx = g for all k, so that the atom-
field coupling is frequency independent. We also impose the rotating wave approximation

(RWA), in which we neglect the rapidly oscillating terms ¢ o' and ¢o. The total Hamil-
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tonian thus becomes
H = h/ d’x [c(—A)1/2¢T(x)¢(x) +Qp(x)o (x)o (x)
+gp () (¢ (0T + (0 ()| | (3.19)

which is the model we will investigate for the remainder of this paper.

We suppose that the system is in a one-photon state of the form

) = / P [0(x. 06" (%) + pax. o (9] [0, (3.20)

where |0) is the combined vacuum state of the field and the ground state of the atoms. Here
a(x,t) denotes the probability amplitude for exciting an atom at the point x at time ¢ and
W (X, t) is the amplitude for creating a photon. The state |¥) is the most general one-photon
state that is consistent with the RWA. In addition, |¥) is normalized so that (¥|¥) = 1. It

follows from (4.2) and (4.7) that the amplitudes obey the normalization condition

'/d%ﬂw@JW+p@NM&ﬂF)=l- (3.21)
The dynamics of |¥) is governed by the Schrodinger equation
ino,|¥) = H|¥) . (3.22)

Projecting onto the states ¢ (x)|0) and o' (x)|0) and making use of (4.2) and (4.7), we

arrive at the following system of equations obeyed by a and ¢:

io = c(-A)"y + gp(x)a, (3.23)
ip(x)da = gp(X)y + Qp(x)a . (3.24)

The details of the derivation are given in Appendix A. The overall factors of p(x) in (3.24)
will be cancelled as necessary.
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3.3 Single Atom

In this section we consider the problem of spontaneous emission by a single atom. We
assume that the atom is located at the origin and put p(x) = 6(x). We also assume that
the atom is initially in its excited state and that there are no photons present in the field.
We thus impose the initial conditions a(x,0) = 1 and ¥ (x,0) = 0. Taking the Laplace
transform in # and the Fourier transform in x of (3.23) and (3.24), and applying the initial

conditions gives

izd(k, z) = c|k|¥(k, z) + ga(0,z) , (3.25)
i(za(0,z) = 1) = gy (0,2) + Qa(0, 7) . (3.26)

Here we have defined the Laplace transform by
@)= [ e, (327
0

and we denote a function and its Laplace transform by the same symbol. Solving the above

equations by making use of the relation

&Pk -
¥(0,2) = / (2ﬂ§3¢'(k,z), (3.28)

leads to an expression for a(0, z) of the form

1

0’ :—’
a(0,2) 7+iQ —i2(2)

(3.29)

where X is defined by

d’k 1
(2r)3 c|K| —iz — i€’

Y(z) = g° (3.30)
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where € — 0*. Inverting the the Laplace transform in (3.29), we obtain

dz e
I N 31
a(0,1) /2m'z+iQ—i2(Z) (3-31)

In order to carry out the integral (3.31), we make the pole approximation in which we
evaluate X near resonance. That is, we replace X(z) with X(—iQ). In addition, we split

X (—i€) into its real and imaginary parts:

Re X(-iQ) = dw , (3.32)
ImX2(-iQ) =1/2, (3.33)
which defines 6w and I'. By making use of the identity

1 1
— =P
clk|] - Q —ie clk| — Q

+ins(clk| - Q) , (3.34)

where P denotes the principal value, we find that I' is given by

r=2 zﬂ/ TE ekl -2 (3.35)
=28 (27T)3 .
292
_8 iy (3.36)
nc
We also obtain ) mIA 12
g T kcdk
Sw = 5 L 3.37
w 272 A ck — Q ( )

where we have introduced a high-frequency cutoff to regularize the divergent integral.
Finally, making use of (3.31), (3.32) and (3.33), we find that a is given by

a(0, 1) = (@0 ~T1/2 (3.38)
We immediately see that the probability the atom decays is exponentially decreasing:

la(0,0)]> = e . (3.39)
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We note that the decay rate I agrees with Wigner-Weisskopf theory formulated within
scalar electrodynamics and that dw is the corresponding Lamb shift.
Next we determine the behavior of the amplitude . Making use of (3.25), (3.29) and

inverting the Laplace transform, we find that

5 B ﬂ gezt
V(1) _/ 27i (iz — c|K|) (z +iQ - iZ(2)) (540

Carrying out the above integral in the pole approximation, we obtain

~ _ 8 —ictk| _ _-Tt/2 —i(Q—&u)t)
k.f) = ( - . 3.41
VD) = (@ ea) +iT2 \¢ ¢ e (341

At long times (I't > 1), we see that the one-photon probability density is given by

lg|*

e
i ol [clk| - (2 - 6w)]? +T2/4°

(3.42)

which has the form of a Lorentzian spectral line.

3.4 Constant Density Problem

In this section we consider the problem of emission and absorption of one photon interacting
with a collection of atoms with constant number density pg. We will start with (3.23) and
(3.24) and p(x) equal to pg. That is

i = c(-A)"*y + gpoa (3.43)
i0ia =gy +Qa, (3.44)

where we have cancelled the density from (3.23). Defining the vector quantity W(x, t) as

Y(x,t) = (3.45)

Y(x,1)
\poa(x, 1) ’
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then the previous system becomes
0¥ =AY, (3.46)

where

c(=A)'? gvJpo
g\po Q

Taking the Fourier transform of (3.46), we arrive at the system of ordinary differential

A(x) = . (3.47)

equations
i0,¥ =AY, (3.48)
where
Y(k,1) = / dxe P (x, 1), (3.49)
and
Ay = | Kl &vpo) (3.50)
gvpo  Q

The eigenvalues and eigenvectors of A are given by

(clkl + Q) = V(c|k| - Q)% +4g%p0

A+ (k) = 3 : (3.51)
vo(K) = ! L~ 8 (3.52)
V(s - Q)2 + %0 | 8VPO
The solution to (3.49) is given by
Y(k, 1) = Ci(K)e v, (K) + C_(K)e " v_(K). (3.53)
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Solving for the coefficients C. (k) we find

(Yog — do(A- — Q))(1s — Q)2 + g2pg

0= §( - ) ’ (339
 (do(A4 — Q) — go) V(- — Q)2+ g%py
C_(k) = 2 (L — 1) . (3.55)

We assume that initially there is a localized region of excited atoms around the origin with

width /;. The initial amplitudes are taken to be

w(x,0) =0, (3.56)
1\ e
Vpoa(x,0) = (n_ﬂ) e XI/2E5 (3.57)

Taking the Fourier transform of (3.56) and (3.57) and using (3.54) and (3.55), we see that
the components of W(K, t) are given by

3/2 i (k) —id_(K)t
gpoly'” e — o7 o liKI/2 (3.58)

j(k, 1) = :
VD) = s 1) — ()
B2 () —Q)em™ 0 — (A (k) - Qe ey

Vpood(k, 1) = 2572 100 9 (3.59)
Inverting the Fourier transforms, we find that
3/2 poo —idy (k) _ ,—id_(k)t
_ 8\5/0013 e e ~12K2)2
U(x,1) = 7r3/—2|X| ; dk k L0 — 100 e sin(k|x]), (3.60)
Vpoa(x,t) = \/ilf/z B dk (Ao (k) = Qe - (A_(k) - @)e
T R o 1. (k) = (k)
x e 5K 2k sin(k|x]) . (3.61)

Figure 3.1 illustrates the time-dependence of the probability densities [¥|> and po|a|?,
where we have set the dimensionless quantities /(+/pog) = ¢/(ls+/pog) = 1. We see that

the probability densities are oscillatory and decay in time.

44



02 T T T T T T T T T
ElyP
0.18 } — — —Bpolal?| A

0.16*\ g

012} | /" |
01F | I |
oosfF | ]
oosr |l | |
004k |

0.02F | 1 \ \ 1

0 2 4 6 8 10 12 14 16 18 20
Qt

Figure 3.1: Time-dependence of atomic and field probability densities for the constant
density problem with [x| = [,

3.5 Energy Eigenstates

3.5.1 Radiative Transport

In this section we investigate the energy eigenstates of the Hamiltonian H in a random
medium. We consider the time-independent Schrodinger equation H|¥) = hiw|¥Y), where
|¥) is of the form (3.20) and 7w is the energy. It follows that the amplitudes a and v,

which are independent of time, obey the equations

c(=8)'"y + gp(Ma = wy (3.62)
gy +Qa = wa . (3.63)

45



By eliminating a from the above system, we immediately obtain the equation obeyed by v,

which is given by

g2p(x)

A2y 8PN
(=A) A rpse)

v=ky, (3.64)

where k = w/c.

For the remainder of this work, we assume that the atomic density p(x) is of the form

p(x) = po(l +n(x)) , (3.65)

where pg is constant and 77(x) is a real-valued random field that accounts for statistical

fluctuations in the density. We further assume that the correlations of 1 are given by

(n(x)) =0, (3.66)
nxn(y) =C(x-y), (3.67)

where C is the two-point correlation function and (- - - ) denotes statistical averaging. If C
depends only upon the quantity |x — y|, the medium is said to be statistically homogeneous
and isotropic. To make further progress, we consider the relative sizes of the important
physical scales. The solution to (3.64) oscillates on the scale of the wavelength A = 27 /k.
However, we are interested in the behavior of the solutions on the macroscopic scale L > A.
We thus introduce a small parameter € = A/L and rescale the position x by x — x/e. In
addition, we assume that the randomness is sufficiently weak so that the correlation function
C is O(€). Thus (3.64) becomes

e(=0)"ye + ko(1 + Ven(x/€)e = ke, (3.68)
where the € dependence of ¢ is indicated explicitly and

2

0= m . (3.69)

Note that we have also rescaled 7 to be consistent with the O(¢) scaling of C.
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We now introduce the Wigner transform of the amplitude ¢/, which provides a phase-
space representation of the correlation function of . The Wigner transform W (x, k) is
defined as

d3x

We(x,k) = @)

e RNy (x - exX' [2)YF (x + ex'[2) . (3.70)

The Wigner transform has several important properties. It is real-valued and related to the

probability density |i¢|* by

WP = / PIW(xK) . 371

Next we derive a useful relation governing the Wigner transform. Let ®.(x1,X;) =

Ve (X1)Y2(x2). Sincen isreal-valued, it follows that @, (X, X2 ) satisfies the pair of equations

€(=Ax,) ' P@c(x1, %) — k@ (X1, %) + ko(1 + Ven(x1/€))Pe(x1,%2) =0,  (3.72)

€(=Ax,) PDc(X1, X)) = kDe(X1, X)) + ko(1 + Ven(xz/€))Pe(x1,X2) =0.  (3.73)
Subtracting (3.72) from (3.73) yields

€| (=Ax)'? = (=Ax,) | @c(x1,%2) + Veko [n(x1/€) = n(x2/€)] Pe(x1,%2) = 0,

(3.74)

We now perform the change of variables
X] =X-—€x'/2, (3.75)
X) =X+ex'/2, (3.76)

and Fourier transform the result with respect to x’, thus arriving at

dq
(2m)?

e[|~k + €q/2| - |k + €q/2[] We(q, k) + VELW.(x,k) =0,  (3.77)
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where the Fourier transform of the Wigner transform is defined by
We(q,k) = / d*xe 9% W (x,K) (3.78)
and
dq |
LWE(X’ k) = kO / Welq.X/Eﬁ(q) [WE (X$ k+ q/2) - WE(X’ k- q/2)] . (379)

The details of the calculation are given in Appendix B.
We now consider the behavior of W, in the high-frequency limit € — 0, which allows
for the separation of microscopic and macroscopic scales. To this end we introduce a

multiscale expansion for W, of the form

We(x,k) = Wo(x, k) + VeW1 (x, X, k) + eW2(x, X, k) + - -, (3.80)

where X = x/¢€ is a fast variable and W), is taken to be deterministic. We treat x and X as

independent variables and make the replacement
1

Vi — Vx+-Vx. (3.81)
€

Eq. (3.77) thus becomes

d3q d3Q iqx+iQ-X -
/ (2r)? 2n)° ) [l -k+eq/2+Q/2| - [k + €q/2 + Q/2[] We(q. Q. k) (3.82)

+\/ELW€(X, X,k) =0, (3.83)
where

Wo(q,Q.k) = / dxd> X e X w_(x, X, K). (3.84)
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Inserting (3.80) into (3.82) and equating terms of the same order in €, we find that at O (+/€)

a0 .
Q etQ‘X

@ [l -k+Q/2| - [k +Q/2[] Wi(x, Q. k) + VeLWo(x, k) = 0. (3.85)

Eq. (3.85) can be solved by Fourier transforms with the result

[Wo(x,k +Q/2) - Wo(x. k- Q/2)]

Wi (% QK = koil(Q) == (3.86)
where 6 — 0 is a positive regularizing parameter. At order O(€) we find that

d*q &Q x+Q-X . .

——5¢'! [ -k+Q/2| - [k+Q/2|]] W2(q, Q. k) + k- VWy(q, k)
(27)? (2m)°

dq
+ko / B¢ @ Wi (x X K+ a/2) = Wi(x X k- a/2)] =0. (3.87)
V4

Next we average (3.87) over realizations of the random medium. To do so, we impose
the condition ([| —k + Q/2| — |k + Q/2|] W2(q, Q,k)) = 0, which closes the hierarchy
relating the terms in the multiscale expansion, and corresponds to the assumption that W,

is statistically stationary in the fast variable X. Eq. (3.87) thus becomes

3
- 7 Wo(x,K) + ko / (‘%Se’“'xw(q) [Wi(x, X,k +/2) - Wi (x, X k — q/2)]) = 0.

(3.88)
After substituting (3.86) into (3.88) and using the identity
(@) = 2m)°5(p + @) C(p) (3.89)
we find, as shown in Appendix C, that W, satisfies
.\ 2 d3q ~
k- Vel + k3 [ 5L Cla=kslal = IDWo(x. k)
2 dq -
= kj )2 C(q-Kk)é(lq| - [K)Wo(x,q) . (3.90)
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Here we define the scattering coefficient y; and phase function A as

k2|k|? .
_ 0 i/ TR
o=~ /dk C(|k|(k k)) , 3.91)
i / (2)|k|2 ~ i i/
Ak K) = ¢ (lkl(k _k )) (3.92)

N

Making use of these definitions, (3.90) becomes
k- ViWo(x, k) + usWo(x,K) = s LWo(x,K) , (3.93)
where the operator L is defined by
LWy(x,Kk) = / dk' A(k, KWy (x,K'). (3.94)

Eq. (3.93), which has the form of a time-independent radiative transport equation, is the
main result of this section. We note that u; and A are defined in terms of the correlations of
the medium. Since the density fluctuations 7 are statistically homogeneous and isotropic,
C depends only on the quantity [k — k’|, and hence the phase function A depends only on
k - K’ and |K|. Similarly, u; only depends on the magnitude |K|.

In the case of white noise-disorder, where C = Cy6(x) with constant C, the scattering
coefficient and phase function are given by

s = 4nCokj|k|* (3.95)
. 1
Ak, k) = et (3.96)

which corresponds to isotropic scattering.

3.5.2 Diffusion Approximation

We now consider the diffusion limit of the radiative transport equation developed in

the previous section. The diffusion approximation for a radiative transport equation of the
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form
k- ViWo(x,K) + s Wo(x, k) = 11, LWy (x, K) (3.97)

is obtained by expanding Wy in spherical harmonics [16]. To lowest order, it can be seen
that

1 A
Wo(x k) = 2~ (u(x, K|) - £K - Vu(x, |k|)) , (3.98)

where the first angular moment u(x, |K|) is defined by

u(x, [K|) = / dkWy(x,K) , (3.99)

and the transport mean free path £* is given by

1

= ————
Hs(1—g)

g= / dk’k - KAk, K) . (3.100)

The anisotropy g takes values between —1 and 1 and vanishes for isotropic scattering. The

quantity u satisfies the diffusion equation

Au=0 in Q, (3.101)
u=g on 0Q, (3.102)

where we have prescribed Dirichlet boundary conditions on a bounded domain €2 and g

generally depends upon k. Since |/|? is given by

|w(x)|2:/d3kWO(x,k):/omdk kKu(x, k) , (3.103)
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it follows that || obeys

Alyl?=0 in Q, (3.104)

|1//|2:/0 dkk’g(x,k) on 0Q, (3.105)

where the k dependence of g has been made explicit.

3.6 Collective Spontaneous Emission

3.6.1 Kinetic Equations

In this section we study the time evolution of the atomic and field amplitudes in a

random medium. Our starting point is (3.23) and (3.24) (with p cancelled):

0 = c(-A)"?y + gp(x)a, (3.106)
i0ia =gy +Qa . (3.107)

A similar system of pseudodifferential equations with a random potential has been con-
T
sidered in [10]. If we define the vector quantity u(x,?) = |¢/(X,1),a(x,1)4/po| . then u

satisfies the equation

i0u = A(X)u+ g+/pon(x)Ku, (3.108)
where
[ —A)2
A(x) = (=407 8vpo , (3.109)
g+/po Q
0 1
K= . (3.110)
»0 0

52



This definition of u has the advantage that its two components have the same dimensions
and that the matrix A(x) is symmetric. We perform the same rescaling of the variables x

and 7 as previously, and we also rescale the time ¢ as t — ¢/€. Thus (3.108) becomes

€idue = Ac(X)ue + Vegvpon(x/€)Kue , (3.111)
where

ec(-A)'"? g+po
gv/po Q

We now consider the Wigner transform of u, which is matrix-valued and defined by

Ac(x) = (3.112)

d3 ’ y
(2;)3 e N ug(x — ex'/2,n)ul(x + ex'/2,1) . (3.113)

We(x,K, 1) =
The probability densities | (x, 1)|? and |ac(x, 1)|* are related to the Wigner transform by
We(x,DI? = / El(Won (x, K, 1) , (3.114)
polacx.F = [ Pk (3.115)
If we define @, (x1,X2,7) = U (X1, 1)ul(xy, 1), then ®, satisfies the equation

€i0; D = Ac(x1) D + \/Eg\/P_OU(Xl/G)K(De
— ® Ac(x2) + Vegpon(x2/€) DK . (3.116)

Next we perform the change of variables

X =X-—€x'/2, (3.117)
Xo =X+€ex/2, (3.118)
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and Fourier transform the result with respect to x’. We thus obtain

€idWe(x,k, 1)
dq . B ) ) )
= (2733 PlAX [Ae(k/e - q/2)We(q,k, 1) = We(q, Kk, 1) Ac(K/€e + q/2)]

dq
+ \/ng/p_o/ #e’q'x/eﬁ(q) [KWe(x,k+q/2,1) - We(x,k—q/2,)K"] , (3.119)

where
N K| ¢vpo
A = | €Ik 8o (3.120)
gyVpo Q

The details of this calculation are given in Appendix D.
Once again we consider the behavior of W, in the high-frequency limit € — 0. To this

end we introduce a multiscale expansion for W, of the form
We(x, Kk, 1) = Wo(x, Kk, £) + VeEW1 (X, X, K, 1) + eWr (X, X, K, 1) + -+ -, (3.121)

where X = X/e€ is a fast variable, and W, is taken to be deterministic and independent of
X. We treat x and X as independent variables and transform the derivative Vy according
to (3.81). Eq. (3.119) thus becomes

d’q d*°0
(27)? (27)3

3
~We(q, Q. k. NAc(k/e +q/2+Q/2¢)] + \/Eg\/P_O/ %eiq'x [KWe(x, X,k +q/2,1)

~We(x, X,k —q/2,)K"]. (3.122)

eial‘WE (X’ Xa ka t) = eiQ'X+iQ'X [Af(k/e - q/2 - Q/2€)We(q, Qa ka t)

Inserting (3.121) into (3.122) and equating terms of the same order in €, we find that at
o(1)

Ac(k/e)Wo(x, Kk, 1) — Wo(x,k, 1) Ac(K/€) = 0. (3.123)
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Since A.(k/€) is symmetric it can be diagonalized. Its eigenvalues are given by

(clkl + Q) = V(c|k| - Q)% +4gpo

A:(K) = > (3.124)
The corresponding eigenvectors are real and are of the form
1 /l+ - Q
b. (k) = N . (3.125)
VL — Q7+ g7p0 | VPO

It follows from (3.123) that W, is also diagonal in the basis {b,(k),b_(k)} and can be

expressed as
Wo(x, K, 1) = a,(x, Kk, )b, (K)b (k) + a_(x,k, 1)b_(k)b” (k) , (3.126)

where a. are suitable coefficients.
At order O (+/€) we obtain

Ac((k-Q/2)/e)Wi(x,Q.k,1) - Wi(x,Q.k, A ((k+Q/2)/e€) (3.127)
= gvVpoii(q) [Wo(x, k — Q/2,1)K" — KWo(x,k+Q/2,1)] . (3.128)

We can then decompose W as

Wi(x, Q.k,1) = ) wun(% Q. k, )b, (k= Q/2)bj (k+Q/2), (3.129)

for suitable coefficients w,,,. Multiplying (3.127) on the left by b! (k — Q/2), on the right
by b, (k + Q/2), and using the facts

g\/%(/lm (q) - Q)

bl (q)Kb,(p) = : (3.130)
V(@) — Q)2 + 8200V (1x(p) — Q)% + g2po
b? (q)K b, (p) = sVPoldn(p) ~ &) , 3.131)

V(@) = Q)% + 8200V (1, (p) — Q)% + g2p0
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we find that
2~
g°po1(Q)

v QKD = G Gy - k= Q)+ i0)
(O + Q/2) ~ Q)an(x k= Q/2,1) ~ (k= Q/2) - Qan(x. K+ Q/2,0)

VA (k = Q/2) — Q)2 + g2po/(Au(k + Q/2) — Q)2 + g2pg

(3.132)

where & — 0 is a positive regularizing parameter. At order O(e) we obtain

i0:Wo(x, K, 1)
= LWy (x, X, Kk, 1) + M(x, K)Wo(x, Kk, 1)

+g\/P_0/

&Pq
(27133 elq'Xﬁ(q) [KW1 (X’ X, k+ q/29 t) - Wl (X, X’ k- q/2’ t)KT:I ’ (3133)

where

3 3
LWr(x, X, Kk, 1) = d_q dQ PIUXHQX
(27)3 (2)°

~Wa(q, Q. k, 1) Ac(k/e +Q/2¢)] ,
ick- Vx O
0 0

[Ac(k/e — Q/26)Wa(q, Q. k, 1)  (3.134)

M(x,k) = . (3.135)

In order to obtain the equation satisfied by a, (a-), we multiply (3.133) on the left
by b’ (k) (b’ (Kk)) and on the right by b, (k) (b_(k)) and take the average. Moreover, we
assume that (bL LW,b.) = 0, which closes the hierarchy of equations and corresponds to
the assumption that W, is statistically stationary in the fast variable X. This leads to the

kinetic equations

1 .\
Eal‘ai(x9 k9 t) + fi(k)k : ani(x’ k’ t) + /’li(k)ai(x’ k’ t)

= . (k) / dK Ak, K)as(x, K, 1), (3.136)
which is the main result of this paper. Here the scattering coefficients y.., the phase function
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A and transport coeflicients f. are defined by

4n(g%p0)*|+ (k) - Q| 2
+(K) = k| - Q)2 +4g%polk
112 (K) &«ﬂdky_gp+g%pr«w| )2 +4g2po K
dk’ . o
X C(k|(k -k")), 3.137
[ G COItR =) 3137
“(|k|(k - K’
Ak, K') = C(Jk|( ) , (3.138)
/ dk'C(|k|(k - K'))
(1= (k) - Q)
f:(K) = . (3.139)
(A+(k) — Q) + g%po
The details of this calculation are given in Appendix E.
Suppose that ¢ and a have time dependences
Y(x,1) = e “Yo(x),  a(x,1)=e"ap(x), (3.140)

which correspond to eigenstates of the Hamiltonian with energy %w. Then using (3.136), it
can be seen that the Wigner transforms of ¢ and a satisfy the radiative transport equation
(3.93). That is, the results for the time-independent problem are consistent with those of
the time-dependent problem.

The Wigner transform W; can be obtained from the solution to the RTE (3.136) by
making use of (3.126). It follows from (3.114) and (3.115) that the average probability
densities (||?) and (|a|?) are given by

qwxm%=/d%M@tho

_ / P [a+(x, K, 1) (1:(k) — Q)? .\ a_(x, Kk, 1)(1-(k) - Q)2
(A+(k) — Q)* + g%po (A-(k) — Q)2 + g2pp

] . (3.141)

mwmnw:/fmmmmkn

= g2 d3k[ a+(% k1) a-(x. k1) } 3.142
gm/ LM -2+ %0 T (LM -2 +gp0| = O
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3.6.2 Diffusion Approximation

We now consider the diffusion approximation to the kinetic equation (3.136). The

diffusion approximation for a kinetic equation of the form
%&I(x, k )+ k- Vil (x, Kk 1)+ ud(x, Kk, t) = u,LI(x, Kk, 1) (3.143)
is obtained by expanding / in spherical harmonics [16]. To lowest order, it can be seen that
I(x,K, 1) = % (u(x, K|, 1) — €'k - Vu(x, |k|,t)) , (3.144)
where u(x, |K|, 7) is defined by
u(x, K|, 7) = / dkI(x,k, 1), (3.145)

and ¢*, which depends on |k|, is defined by (3.100). We then find that u satisfies the

diffusion equation
Ou = DAu , (3.146)

where the diffusion coefficient D is given by

1
D = §C€* . (3.147)

The solution to (3.146) for an infinite medium is given by

Ix - x'|?
4Dt

] u(x',0) . (3.148)

1 3.7

We note that the diffusion approximation is accurate at large distances and long times.

It follows from the above that the first angular moments of a.., which are defined by

us(x, K|, 7) = / dkas(x, Kk, 1), (3.149)
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Figure 3.2: Time dependence of atomic probability density for several initial conditions
with |x| = [;.

satisfy diffusion equations of the form
8tui = Di(k)Aui . (3.150)

Here the diffusion coeflicients are given by

cfe(k)?

(R

(3.151)

In order to compute (| (x,1)|?) and (Ja(x,)|?) from (3.141) and (3.142), we must

specify the initial conditions ¥ (x, 0) and a(x, 0), which in turn imply initial conditions on
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a of the form

(Wo)i1(x,k, 0) [ (14 (k) — )% + g%po]

(A+(k) — Q)% - (A_(k) — Q)2
~ (Wola(x.k, 0) (A= (k) - @)* [(4+(k) - Q)% +g%po]

8200 [(A+(k) - Q)2 = (A_(k) - Q)?] ’

(Wo)i1(x, Kk, 0) [(A-(k) — Q)% + g%po|

(A-(k) - Q)2 = (L, (k) - Q)2
~ (W) (x, k, 0) (A4 (k) — Q)2 [(A=(K) — Q)% + g%po|
g2p0 [(A-(k) = Q)2 = (A,(k) - Q)?] '

ag (X, k, O) =

(3.152)

a_(x,k,0) =

(3.153)

The corresponding initial conditions for u. (X, |K|, 7) are then given by

- (Wo)i1(x,k,0) [(A4(k) — Q)+ g%po

4 (%, K], 0) = / Jk (/1+((k)—)§2[)2— - (k)_gi" |
~ (Woka(x.k, 0)(A-(k) = Q)* [(44 (k) - Q)* + g%

200 [(A+(K) — Q)2 - (1_(k) - Q)?]

~(Woi1(x,k, 0) [(1_(k) = Q)% + g20p

u_(x, KI,0) = / ikl )(ﬂf(k)_)Q[)(z_((i(k))_gﬁp |
 (Woa (%, k, 0)(A4(K) = @) [(A- (k) - Q) + g0

200 [(A-(K) — Q)2 — (A4(k) - Q)?]

(3.154)

(3.155)

We suppose that the atoms are initially excited near the origin in a volume of linear
dimensions /; and that there are no photons present in the field. We thus impose the

following initial conditions on the amplitudes:

1\ e
Vpoa(x,0) = (ﬁ) e XIP/2s (3.156)
¥(x,0)=0. (3.157)
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Figure 3.3: Time dependence of the field and atomic probability densities in a random

medium with |x| = [;.

The initial conditions inherited by u.. are then given by

4 (1:(K) = Q)* + g%po (A-(k) - Q)? ~2k]? - |x[?/12
w0 = T -2 g - ¢ OPY

4 (A-(k) - Q)P +¢%0  (:(k) =) _ppp _ixp
oY (3 ) e

Using (3.148), we find that the solutions to the diffusion equations (3.150) with initial
conditions (3.158) and (3.159) are given by
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(L0 -2 +go0 (-0 =R g

(X, k|, 1) = e (k) Q)2 - (1,(k) —Q)2  g2po

4
7T
32
( ) o~ WP/ (B+41D.(IKD) (3.160)
2+ 4tD+(|k|)

4 AW -9?+e’0 (LK) -Q)P e
72 (4.(k) - Q)7 = (1-(k) - Q)7 g%po

12 3/2 Y
( ) o~ X/ (E+D_(K)) (3.161)
12 +4D_(|k|)

u—(x, k|, 1) =

Using (3.141), we see that the average probability densities are given by the formulas

4 722
(|l (x, f)|2> = — dk ke Ik
2 2
870" Jo

(A () = Q) (1.(0) - Q) ( & )3/2e_|x|z/<lg+4m+<k>
(A-(6) = Q)2 = (4 () - 7 \Z+ 41D, (k)

(LK) = Q) (A (k) - Q) ( & )3/2 2D (1)
(A4 (k) = )2 = (A-(k) = Q) \ 2 + 41D_(k) ’

(3.162)
2 4 oo 2 —12k?
pollax.0f) = 5 [ dkie”
2 Jo
(A_(k) - Q)? ( l; )3/2 o IX/(B441D.. (k)
(A-(k) = Q)% = (A4(k) = )2 \I2 + 4tD, (k)

(A4(k) —Q)? ( [ )3/2 o~ IXI2/(B+41D_ (k)
(A4 (k) = Q)% = (A-(k) — )2 \ 2 + 4rD_(k) '

(3.163)
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At long times, we find that (|a|?) and (|y/|*) decay algebraically according to

C (6))

pollax,0I?) = <5 = <5, (3.164)
C C
o (x,0F) = =75 = 5 IxP (3.165)

where the C; are given by

4 [ ke K
Ci=3z ), ((L(k) S0 (L -0

, 2 3/2 , 2 3/2
X [(A-(k) — Q) (4D+(k)) — (Ae(k) — Q) (4D_(k)) ] , (3.166)
4 0o ke L3k
C=———
x> Jo ((L(k) - Q)% - (44(k) - Q)
2 5/2 2 5/2
2 s 2 s
X [(A-(k) = Q) (m) - (A4(k) = Q) (“T(k)) ] , (3.167)

=2 /°° Jk 2e-lR ( (A_(k) = Q)2(A,(k) — Q)2 )
0

" oo (k) - Q72— (1, (k) - Q)
2o\32 2o\
(4D+(k>) ) (4D_(k> ’ (169
__ 4 © e [ (A-(k) = Q)2 (A4 (k) - Q)° )
= Per /o e\t —2r - (L) - 97
2o\ 2o\
\ww) (@) | (169

To illustrate the above results, we consider isotropic scattering with A = 1/4x, and
put the dimensionless quantities QI/c = po(g/Q)*> = 1. In Figure 3.3 we plot the time
dependence of (|¢|?) and po(|a|?) for |x| = 3I;,. We note that the negative values of
these quantities for small times are due to the breakdown of the diffusion approximation.
Figure 3.2 shows the time dependence of po(|a(x, t)|?) for different values of |x|. As may

be expected, po(|a|?) decays faster at larger distances away from the initial volume of
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Figure 3.4: Long-time behavior of the field probability density when |x| = ;.

excitation. In Figures 3.4 and 3.5 we compare (3.162) and (3.163)) with the asymptotic
formulas (3.164) and (3.165). There is good agreement at long times.

3.7 Discussion

We have investigated the problem of cooperative spontaneous emission in random media.
Our main results are kinetic equations that govern the behavior of the one-photon and
atomic probability densities. Several topics for further research are apparent. An alternative
derivation of (3.136) may be possible using diagrammatic perturbation theory rather than
multiscale asymptotic analysis. This is the case for the classical theory of wave propagation
in random media, where a comparative exposition of the two approaches has been presented
in [19]. It would also be of interest to examine the transport of two-photon states in random
media. Here the evolution of the entanglement of an initially entangled state is of particular
importance, especially in applications to communications and imaging. Finally, it would

be of interest to extend our results to polariton transport in random media consisting of
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Figure 3.5: Long-time behavior of the atomic probability density when |x| = [;.

atoms embedded in a dielectric. In this setting, the systems of equations (3.43) and (3.44)

is no longer nonlocal.

3.8 Appendix

3.8.1 Derivation of (3.23) and (3.24)

Oem Here we derive the system of equations (3.23). To proceed, we compute both sides

of the Schrodinger equation i7id,|¥) = H|¥). Making use of

|¥) = / &Ex [y (x, 09" (%) + p(x)a(x, )" (x)] |0), (3.170)
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we find that the left hand side is given by

iho,| P = / dx [ihd (x,1)¢" (x) + ihid,a(x, 1) p(x)o" (x)] 10) . (3.171)

Next, using the definition (3.19) of the Hamiltonian H and the commutation relations (4.2)
and (4.7), the right hand side becomes

HI‘P>=/d3X[h6(—A)l/2w(X,t)90T(X)+hgp(X)w(X,t)0T(X)+hgp(X)a(X,t)90T(X)

+1Qp(x)a(x, 1) (x)][0) . (3.172)
It follows that
(0] (X)ihd;|¥) = ihd (X, 1) , (3.173)
Ole(x)H|¥) = hic((-A)"y)(x,1) + higp(X)a(x, 1) . (3.174)
Likewise
(0]o (%) p(X)ihd,|¥) = ihd,a(x,1) , (3.175)
(Olo(x)p(X)H|¥) = hgp(X)¢¥ (x,1) + IQp(X)a(x,1) . (3.176)
We thus obtain
0 = c(-M)"?y + gp(x)a, (3.177)
ip(x)0a = gp(X)Y +Qp(x)a, (3.178)

which are (3.23) and (3.24).
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3.8.2 Derivation of Eq. (3.77)

We proceed from (3.73):

¢ (=812 = (-8)12] e, 1 @c(x1,%0) =
(3.179)
and make the change of variables
X] =X—€x'/2, (3.180)
X =X+ex'/2. (3.181)

We then Fourier transform the result with respect to x’. The first term becomes

d>x’
(27)3
d3x/ d3q1 d3q2

e X (A = (A | De(x — X' /2, x + €X' /2)

—ik-x eiq1~(x—ex /Z)e—iqz-(x+ex /2) [

d*q .
= | Znp e[| —k+€q/2| - |k + eq/2[] We(q. K) - (3.182)
Continuing with the second term we have
pog® [ X
Ve al @ )3 e *¥ p(x/e — X' [2) D (X — €X' /2, X + €X' /2) (3.183)
w— Vs
p0g2 d3(] iq-x/e ~
=Vet Gy @ Wk +q/2) (3.184)
The third term follows similarly:
2 3.
d’x
Vet pog TRk XX p(x/e + % [2) Do (x — X' [2,X + €X' /2) (3.185)
2 d3 . _
S G / s ¢ AWk k= a/2). (3.186)
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Combining the above yields (3.77):

3
/ (;,Tqﬁeiq'x [| - k+eq/2| - |k +eq/2]] We(q, k) + VELW (x, k) =0,  (3.187)
where
dq .
LW¢(x,k) =ko/ #elq'xkﬁ((ﬂ [We(x,k+q/2) - We(x,k—q/2)] . (3.188)

3.8.3 Derivation of Eq. (3.90)

We evaluate the second term in (3.88) using (3.86)

dq
kO / (27733 el‘I'X<ﬁ(q) [Wl (X’ X, k+ Q/Z) - Wi (X» X, k- Q/Z)] =

, [ d°q d°Q

- (2m)3 (27)3 X (i(q)

« |7(Q) [Wo(x,k+q/2+Q/2) - Wo(x,k+q/2 - Q/2)]
k+q/2+Q/2|-|-k-q/2+Q/2|-i6
~ 5(Q) [Wo(x,k —q/2+Q/2) - Wo(x,k—q/2 - Q/2)] ]>
k—-q/2+Q/2[-|-k+q/2+Q/2|-if
dq - 1 1
_ 12 _ _ _
=41 [ (sl olx ) = o) [|k| “lal—6 K —lal+i0]
(3.189)
where we have made use of the relation
(Q7(Q)) = (21)°C(q)s(q + Q) . (3.190)
Finally we put & — 0 and use the identity
li ! ! =2mid 3.191
el—r>r(1)(x—i9_x+i9)_ o) (3190
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to obtain

d3q
(2m)?

ko C(g k) (Wo(x,k) - Wo(x,q)) 6(/k| - Iql) , (3.192)

which yields (3.90).
3.8.4 Derivation of Eq. (3.119)

We begin with the equation satisfied by ®.(x1, X2) = u(x)ul(x2):

€i0; D = Ac(x1) D + \/Eg\/P_OU(Xl/G)K(De
— ® Ac(x2) + Vegpon(x2/€) DK (3.193)

Next we make the change of variables

X =X—€x'/2, (3.194)
Xo =X+€ex/2, (3.195)

and Fourier transform the result with respect to x’, which leads to
el We(x, K, 1) = / d3x e kX [Ac(x — €X' /2)Dc(x — €X' /2, x + €X' /2)
— D (x—ex'/2,x+ex'[2)Ac(x + ex’/2)]
+Vegvpo / e ® ¥ n(x/e - X [2)KDP (X — €X' /2, X + €X' /2)

+Vegpo / B e ®¥n(x/e+ X [2)D(x — ex'/2,x + €X' /2)K" .
(3.196)

69



The first term on the right hand side of (3.196) becomes

/ e * X [A(x — €X' [2) D (x — €X' /2, X + €X' /2)

O (x—ex'/2,x+ €X' /2) A (x + €X' /2)]

:/d3x/ d36]1 d3C]2 e—ik~x’+iq1-(x—ex’/2)—iq2~(x+ex’/2)
(2m)3 (27)?

X [Ae(q1)Pe(q1, q2) — Pe (a1, q2)Ac(q2) |

g g~ - ~ -
= [ S5 [Akje - a2 Welalo - W@ WA+ /2] . (3197
The second term is seen to be
\/Eg\/p_o/ d*x'e® ¥ p(x/e — X' [2) KD (x — X' /2, X + €X' /2)
d3q iqXx/€~
=Vegpo We QKW (x,k+q/2) . (3.198)
The third term is handled similarly:
\/Eg\/p_o/ A e ® ¥ n(x/e + X' [2)De(x — ex'/2,x + €X' [2)KT
d3q iqx/€~
=Vegvpo We T(@QWe(x,k —q/2) . (3.199)

Putting the above together yields (3.119).
3.8.5 Derivation of Eq. (3.136)

The first two terms on the left hand side of (3.136) are easily obtained. The remaining

terms come from considering

3 .
(bl (k)gvpo / (;ique’q'Xﬁ(q) [KW1(x, X,k +q/2) = Wi (x, X,k — q/2)K” ]| by (k))
(3.200)
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The first term above is given by

0100 [ LN @KW (x XK+ /2,00, (K)

g Qg i
_/ (27_()3 (27‘(’)3 q-X QX<bT(k)n(q)KmZJlWmn(X,Q,k+q/2’t)bm(k+q/2_Q/z)

x bl (k +q/2 +Q/2)b.(k))
_ [ 2 .
- / SrClk-q)

Z (8°00)** (A4 (k) = Q) ((+ (k) = Q)an(X,q,1) = (An(q) = Q)as(x,k, 1)
(A (@) = )% + 8200) (A+(K) = )% + g200) (Am (q) — A+(k) +i6)

(3.201)

The second term becomes

010 [ LW X K /2.0K by ()

dq &PQ
(27)3 (27)3

x b (k- q/2+Q/2)K b, (k))
_ [ 4.
| Gt w

Z (8°00)* (14 (k) = Q) ((Aa(q) = Q)as(x, k. 1) = (A+(k) = Q)an(x, g, 1)
(A4 (k) = )% + g200) ((An(q) = Q)2 + 82p0) (A+ (k) = Au(q) +16))

XHOXB (K)77(q) D" wonn (%, Q. k = q/2, )b, (K - q/2 - Q/2)

m,n

(3.202)

Subtracting (3.201) and (3.202), letting & — 0 and using (3.191) yields

3
07 [ 5 e i) (KW (x. XK+ 0/2) = Wi (6, X,k = /20K ] b ()
_2n(g%p0)2(A+(K) —Q)? [ d’q

(@) - Q)2 +g%00) J (2n)?

C(k — @)5(A+(q) = 2:(K)) [a+(x. k) - a+(x, @)]
(3.203)
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where only the m = + contribution is included. Putting everything together we see that a.

satisfies the equation

(A+(k) — Q)?
(A+(k) — Q)2+ g%po
2m(g%p0)? (1. (k) —Q)? [ d°g
[C((/h(k) -Q)2+g%p0)?J (27)3
_ 271(82p0)* (A4 (k) — Q)2 dq
(k) - Q)2+ g2p0)2 S (2m)3

1 N
_ata+(x, k, l) + ( ) k * an+(X, k, t)
C

C(k - q)5(+(q) — A+ (k) | a+(x,k, 1)

C(k — q)5(2:+(q) — 2.(K))a(r,q,1) . (3.204)

The delta function 6 (1.(q) — 1+ (Kk)) can be expressed as

V(clk| — Q)2 +4g2pg

6(A+(q) — A+(k)) =25(lq| - |kI) R (3.205)
Hence (3.204) becomes
1 (14(k) — Q)2 .
Z@,a+(x, k, 1)+ ((/l+(k) B gzpo) k- Vya,(x,Kk,1)
dk’
a0 (k) = ) [ AR K)a(rKeD).
where
_ 4r(g%p0)*|A+(K) — Q| 2
) = e +g2p0)2\/(c|k| — Q) +4g2polk]
k' .
x/ P C(k|(k-K)), (3.206)
Ak K) = Cllkjk - K)) (3.207)

/ AR C(K|(k-R))

This is (3.136). The equation for a_ is derived in the same manner.
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Chapter 4

Kinetic Equations for Two-photon Light

in Random Media

4.1 Introduction

The propagation of light in random media is generally considered within the setting of
classical optics [90]. However, there has been considerable recent interest in phenomena
where quantum effects play a key role [54, 81, 83, 66, 67, 82, 89, 53, 51, 52, 65, 13, 88, 12].
Of particular importance is understanding the impact of multiple scattering on entangled
two-photon states, with an eye towards characterizing the transfer of entanglement from
the field to matter [13, 49, 66, 42, 21, 15, 55]. Progress in this direction can be expected
to lead to advances in spectroscopy [80], imaging [47, 84, 3, 5, 34, 73, 72, 27, 24, 74] and
communications [63, 79, 76] .

The propagation of two-photon light is generally considered either in free space or, in
some cases, with account of diffraction [71, 4] or scattering [41]. In this paper, we consider
the propagation of two-photon light in a random medium. A step in this direction was taken
in [59], where a model in which the field is quantized and the medium is treated classically
was investigated. The main drawback of that work is that it is does not allow for the
transfer of entanglement between the field and the atoms or between the atoms themselves.

Instead, we treat the problem from first principles, employing a model in which the field
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and the matter are both quantized. We show that for a medium consisting of two-level
atoms, the field and atomic probability amplitudes for a two-photon state obey a system of
nonlocal partial differential equations with random coefficients. Using this result, we find
that at long times and large distances, the corresponding average probability densities in
a random medium can be determined from the solutions to a system of kinetic equations.
These equations follow from the multiscale asymptotics of the average Wigner transform
of the amplitudes in a suitable high-frequency limit [48, 10, 19, 16]. This formulation
of the problem builds on earlier research by the authors on collective emission of single
photons in a random medium of two-level atoms. In that work, we employed a formulation
of quantum electrodynamics in which the field is quantized in real space, thus allowing for
the field and atomic degrees of freedom to be treated on the same footing.

This paper is organized as follows. In section II we formulate our model for the
propagation of two-photon light and derive the equations governing the dynamics of the
field and atomic amplitudes. Section III is concerned with the application of the real-space
formalism to the problem of stimulated emission by a single atom. In section IV we study
the dynamics of a two-photon state and in section V we discuss the problem of stimulated
emission in a random medium and obtain the governing kinetic equations. Section VI takes
up the general problem of two-photon transport in random media and presents the relevant
kinetic equations. Our conclusions are formulated in section VII. The appendices contain

the details of long calculations.

4.2 Model

We consider the following model for the interaction between a quantized massless scalar
field and a system of two-level atoms. The atoms are taken to be identical, stationary
and sufficiently well separated that interatomic interactions can be neglected. The overall
system is described by the Hamiltonian H = Hr + H4 + H;. In order to treat the atoms
and the field on the same footing, it is useful to introduce a real-space representation of H.
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The Hamiltonian of the field is of the form
Hr =te [ d(-0)Pg 0. .
where ¢ is a Bose field that obeys the commutation relations

[p(x), ¢ (x)] = 6(x X)), 4.2)
[o(x), o(x')] =0. (4.3)

where we have neglected the zero-point energy. The nonlocal operator (—A)'/2 is defined
by the Fourier integral

(-M)'"2f(x) = Cp—ke"‘”‘lklf(k) 4.4)
(2m)3 ’ ‘
f(K) = / d*xe ®Xf(x) . (4.5)

We note that (4.1) is equivalent to the usual oscillator representation of Hp.
To facilitate the treatment of random media, it will prove convenient to introduce a

continuum model of the atomic degrees of freedom. The Hamiltonian of the atoms is given
by

Hy = hQ / Exp(x)o’(x)o(x), (4.6)

where Q is the atomic resonance frequency, p(x) is the number density of the atoms, and

o is a Fermi field that obeys the anticommutation relations

(C(X®).07 (X))} = ——6(x~X) . @)
p(X)

{o(x),0(x)} =0. (4.8)

The Hamiltonian describing the interaction between the field and the atoms is taken to
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be
Hi =g [ dxp(x0 (¢ 000+ (900 9

where g is the strength of the atom-field coupling. Here we have made the Markovian
approximation, in which the coupling constant is independent of the frequency of the
photons or positions of the atoms, and have imposed the rotating wave approximation
(RWA).

We suppose that the system is in a two-photon state of the form

|'¥) = / d*x1d%x; (¢2(X1’X2,t)¢%(xl)¢T(X2) + 1 (x1, %2, Dp(x1)0 T (x1) " (x2)
(4.10)

+a(x1, %, Dp(x)p(0)e (x1)o () 0,

where |0) is the combined vacuum state of the field and the ground state of the atoms.
Here the atomic amplitude a(x, X2, 7) is the probability amplitude for exciting two atoms
at the points x; and x; at time 7, the one-photon amplitude | (X;, X2, t) is the probability
amplitude for exciting an atom at x; and creating a photon at x,, and the two-photon
amplitude ¥, (X1, Xp, 1) is the probability amplitude for creating photons at x; and x;. The

functions ¥, and a are symmetric and antisymmetric, respectively:

Yo(X2,X1,1) = ¢Yo(X1,X2,1),  a(Xa,X1,1) = —a(X1,Xo,1), 4.11)

consistent with the bosonic and fermionic character of the corresponding fields.
The state |¥') is the most general two-photon state within the RWA. In addition, |¥) is
normalized so that (¥|W) = 1. It follows from (4.2) and (4.7) that the amplitudes obey the

normalization condition

/ dPx1d3xs (2lwz<xl,X2,t)|2+p<xl)|¢1<m,xz,r>|2 +2p<X1>p<Xz>la<X1’X2")'2) =1
(4.12)
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If the amplitudes a (X1, X2, 1), 1 (X1, X2, 1) and ¥ (X1, Xo, 1) are factorizable as functions
of x| and x;, then there are no quantum correlations and the state |¥') is not entangled.
Otherwise |V) is entangled. If i, alone is not factorizable, we say that |'¥') is an entangled
two-photon state.

The dynamics of |¥) is governed by the Schrodinger equation
iho;|¥) = H|Y) . (4.13)

Projecting onto the states ¢'(x)|0) and o¥(x)|0) and making use of (4.2) and (4.7), we

arrive at the following system of equations obeyed by a, ¥ and ¢/;:

02 (X1, X0, 1) = c(=Ax,) 2 (X1, X2, 1) + c(=Ax,) V200 (X1, X2, 1)

+ %(P(Xl)lﬂl(xbxz,t) +p(x0)Y1 (X2, X1, 1)) , (4.14)
p(x1)id (X1, %2, 1) = 28 (X1)W2 (X1, X2, 1) + p(X1) |c(=Ax)/* + Q| Y1 (x1, %2, 1)

- 2gp(x1)p(x2)a(xi, X2, 1) , (4.15)
p(x1)p(x2)idra (X, X2, 1) = P(XI)P(XZ)g(WI(Xz,XI, 1) —¥1(X1,%2,1))
+2Qp(x1)p(x2) a(x1,X2,1) . (4.16)

The overall factors of p(x) in the above will be cancelled as necessary. The details of the

calculations are presented in Appendix A.

4.3 Single-Atom Stimulated Emission

In this section we consider the problem of stimulated emission by a single atom. We assume
that the atom is located at the origin and put p(x) = §(x). Thus the system (4.14)—(4.16)
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becomes

102 (X1, %2, 1) = ¢(=Ax)) Py (x1, %0, 1) + c(=Ax,) P2 (X1, %0, 1)
+ S (Ee)U (31 %2, 1) + S (x2)1 (32, %1.1)) @.17)

S(X1)idr1 (X1, Xa, 1) = 288 (X1 )2 (X1, X, 1) + 8(X1) |c(=Ax,)1* + Q] 1(X1,X2,1) ,
(4.18)

where the term 6(x;)d(x2)a (X1, X, ) does not contribute due to the antisymmetry of a.
We assume that initially there is only one photon present in the system, which means that

the initial conditions for the amplitudes | and Y, are given by

lﬂl(o, X, O) — e[kO.X ,
Yo (x1,%2,0) =0,

where Ko is the wavevector of the photon. Note that the amplitude of i/ is set to unity for
convenience. To proceed, we take the Laplace transform with respect to ¢ and the Fourier

transforms with respect to x; and x; of (4.17) and (4.18). We thus obtain

izga(ki, ko, 2) = [clki| + c[ka|] Y2 (ki ko) + % [¥1(ky,2) +¥1(K2, 2)]

(4.19)
i [zy1(k,z) — 6(k —ko)] =2g / k(K K, 2) + [c|k| + Q] 1 (k, 2) . (4.20)
Here we have employed the Fourier transform convention
f(k) = / e EX F(x)dx . 4.21)
and have defined the Laplace transform by
a(z) = ‘/OOO dte a(t) , (4.22)
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where we denote a function and its Laplace transform by the same symbol. Solving (4.19)

and (4.20) leads to an integral equation for /| (k, z) of the form

_ o(k — ko)
y1(k,z) = P TR B oY g
. 2 ,
'8 3, wi(K,2)
+ z+i(c|k|+Q) —iZ(K, z) / d’k (cK| +cK]) — iz’ (4.23)

where

1
(c|K| +clK|) —iz — i€’

S(k.2) = ¢ / B (4.24)

and € — 0*. In order to evaluate the integral in (4.23), we make the pole approximation
where near resonance we replace X(k, z) with X(k, —i(Q + c|k|)). We note that this
quantity is independent of k and z, and so we will denote it by X. For consistency, we also
replace z by —i(Q + c|k|) under the integral in (4.23). This approximation arises in the
Wigner-Weisskopf theory of spontaneous emission. In addition, we split X into its real and

imaginary parts:

ReX = 6w, (4.25)
ImX=T/2. (4.26)

We can calculate I and 6w by making use of the identity

1

1
=P 6(clk| — Q) . 4.27
K —Q—ic lan—g tirollkl-Q) 4.27)
We find that
r—22n/'d%&qm—g) (4.28)
I ACTOR '
292
:gg, (4.29)
JTC
and
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4.4 Constant Density

In this section we consider the case of a homogeneous medium and set p(x) = pg, where
po is constant. It is useful to define the function ¥/ (X1, X2,1) = ¥(X2,X;,¢) and write

(4.16) as a 4 x 4 symmetric system. If we further define the vector

V242 (x1, %2, 1)
VPo/2¢1(X1,X2,1) 430)
Vo /241 (X1, %2, 1) | .

V2poa(xi, X2, 1)

Y(x1,X2,t) =

then (4.16) can be written as

i0;¥ =AY, (4.31)
where
c(=Ax) % + c(=Ax,)'? g\/po g+/po 0
A= 8Vko ¢(hx) 40 | B IS
gpo 0 c(=Ax)'?+Q  gpo
0 —g+/po g+/po 2Q

This definition of ¥ has the advantage that the matrix A is symmetric. The Fourier

transform of (4.31) with respect to the variables x; and x; is given by
io,¥ = AY (4.33)
where

clki| +clka|  g+/po gvpPo 0

. 0o K| +Q 0 —g+/00
Akiky=| SVP0 clkl EVPOL (4.34)
g\po 0 clki|+Q  g+/po
0 —-8vVpo  &\po 2Q
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The matrix A has eigenvalues

by —2+/b
/11:[91_2—\/_3’
2
by — 2D
/12:b1+2—\/_3’
2
by + 2D
/13:[91_&,
2
by +2+b
/14:b1+L\/_3’
2
where
k k
b1=Q+C|21|+C|22|, (4.35)
by =202 +8g%p0+ k1> +? |ka|> —2Qc k| -2Q¢ ko], (4.36)

by =Q 2% clk | -2 ¢ |ko| + Q2 2 |k > +4 Q% ? k| [ko| + Q% 2 |ko|?
+8Q% g% —2Q¢” |k * [ka| —2Q¢7 K| kol — 8Qc g%p0 ki |
-8Qc g’po kol + ¢t [kil? [Ka|* + 4 ¢ g%po [Ki|* +4 ¢* g po [Ka*. (4.37)
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The components of the associated eigenvectors v; (K, ky) are given by

20Q° -2Qg%p)+2Q% ¢ k1| +2Q% ¢ |ks|
g%po (c ki| = ¢ ka|)
L cgpolkil —cg’polka +2Q67 kil [ko| _ (4Q+c k] +clka)) 47

Vil = -

g%po (c ki| —c|ka|) g%po (c|ki| —c|ka|)
. (592 -2g%00+3Qc k| +3Qc k| +c? k| |kal) . r
g%po (¢ |ki] = c|ka|) g%po (c kil —clka|)’
| A7 V2@ rclki|Q-g’0)  (3Q+clki) (4)
Y2 Vms (el “clkal) gypo (clki|—clkal)  gvipo (clki|—clka|)”
(4.38)
| 2 2 (Q% + ¢ [ka| Q — g%p0) __(BQ+clkal) (1)
V= gvpo (clki| —c |k2|) gvpo (clkil —clka])  g+fpo (clki| —clka|)’
(4.39)
via = 1. (4.40)

It follows that the solution to (4.33) is

d3k d k 1x ix —i i
¥(x1, %2, ) = Z / (27r)13 (2n)23 vhiieke gy kg, ky)e BV ikLkalty, () ky) | (4.41)

where the values C; are solutions to the linear system

4
¥(ki, ks, 0) = ) vilki, ko) Ci(ky, o). (442)
i=1

In order to study the emission of photons, we assume that initially there are two localized

volumes of excited atoms of linear size /; centered at the points r; and r;. The initial

82



0.015 T T T T T T T T T
10°7E 4P
\ — — —Lpjlal®
N ELEEEEREE L polih|?
|
0.01 .
0.005 | .
N RN
ok LS D

977

Figure 4.1: Probability densities with distances |x;—r;| = [x;—r1| = [X;—12| = [Xo—12| = [

amplitudes are taken to be

Ya(x1,%2,0) =0, (4.43)
Y1(x1,x2,0) =0, (4.44)
3/2
a(xy,x2,0) = (%) (e—lxl—n|2/21§e—|X2—l‘2|2/21§ _ e—lxz—l‘l|2/21§e—|X1—1‘2|2/21§) . (4.45)
S

Figure (4.1) illustrates the time dependence of 1, ¥, and a, where we have set the di-
mensionless quantities Q/+/pog = ¢/l;v/pog = 1. Note that the atomic amplitude is
antisymmetric, consistent with (4.7) and that it corresponds to an entangled state. We ob-
serve that the amplitudes oscillate and decay in time. Moreover, the atomic and one-photon
amplitudes are out of phase with one another, and the two-photon amplitude is an order of

magnitude smaller.
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4.5 Stimulated Emission in Random Media
4.5.1 Kinetic Equations

In this section we consider stimulated emission in a random medium. We suppose that
there is at most one atomic excitation and that there are at most two photons present in the
field. Thus we set the a(x,Xp,¢) = 0 and study the dynamics of ¢; and ¢». The system
(4.16) then becomes

1042 (X1, X2, 1) = c(=Ax,) P (X1, X2, 1) + c(=Ax,) P02 (X1, X2, 1)
+ 2 (p(xDW1 (X1, X2. 1) + p(x2)Y1 (2, X1.1))
01 (X1,X2, 1) = 282 (X1, X2, 1) + |c(=Ax,)'/? + Q| Y1 (X1, %2, 1),

0=y1(x2,x1,1) —¥1(X1,X2,1) , (4.46)

which can be rewritten as the pair of equations

102 (X1, X2, 1) = c(=Ax)) Py (X1, X2, 1) + c(=Ax,) P (x1, %2, 1)
+(p(x) + ()i (x1,30,1))

. C C
01 (X1, X2, 1) = 28U (X1, X0, 1) + 5(—Axl)1/2+ E(—A,Q)l/%sz W1(X1, %0, 1) .
(4.47)

We will assume that the number density p(x) is of the form

p(x) = po(1+n(x)), (4.48)

where pg is a constant and 7 is a real-valued random field. We assume that the correlations

of i are given by

(n(x)) =0, (4.49)
m(x1)n(x2)) = C(x1 — X2). (4.50)
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where C is the two-point correlation function and (- - - ) denotes statistical averaging. We
further assume that the medium is statistically homogeneous and isotropic, so that C

depends only upon the quantity |x — y|. If we define

W (x1,x2,t) = 4.51)

V242 (x1, %2, 1)
Voov1 (X1, X, 1)

then the above system of equation can be rewritten as

10, (x1,X2,t) = A(xq,X2)¥(x1,X2, 1) + g\/@(’?(xl) +1(x2)) K¥(xq,x2,t), (4.52)

where
A(x1 %) = c(=Ax)' 2+ c(=Ax)? V2g+/po 53
Xl’Xz - \/z c —A 1/2 c —A 1/2 Q ’ ( . )
| 8VPO 2( x) 1T+ 2( x) [T
0 1
K = ) (4.54)
00

To derive a kinetic equation in the high-frequency limit, we rescale the variables
t — t/e, Xx; — Xi/€, and X — Xp/e. Additionally, we assume that the randomness is

sufficiently weak so that the correlation function C is O (€). Eq. (4.52) thus becomes
iealll’f (X19 XZ’ t) = AE(Xla X2)Te (Xl’ X2’ t)

+ \/Eg\/?(n(xl/e) +1(x2/€)) KW (x1,X2, 1), (4.55)

where
Ac(x1,X2) = cc(=An) " +ec(-Ay) V280 (4.56)
€ ) - . .
V2g+/po €5(~Ax) 2+ €5(-Ax) 2 + Q2

Next we introduce the scaled Wigner transform, which provides a phase space repre-

sentation of the correlation functions of the various amplitudes. The Wigner transform
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We(x1, K1, X2, Ko, 1) is defined by

dBx B
We(x1,Ki,%0, Ko, 1) = all ﬁe"kl'xl_’kz'xﬂl’ (X1 — €x/2,X3 — €X,/2, 1)
€ 1, 1, &2, 25 (27‘[)3 (27_()3 € 1 1 , A2 2 D)

X ‘PT(XI +€X)/2,X2 + €X5/2,1),
4.57)

where 1 denotes the hermitian conjugate. The Wigner transform is real-valued and its

diagonal elements are related to the probability densities |¢/1¢|> and 2| by
20y (X1, %2, 1)]* = / B kid ky(We(x1, k1, X2, ko, )11, (4.58)
ol (x1,%2,1)|* = / dkid ko (We(x1, ki, %2, ko, 1)) (4.59)

The above factor of two is due to the symmetry of the function ¥, (X1, X). The off diagonal

elements are related to correlations between the amplitudes:

\/2p0lﬁ25(X1,X2,f)lﬁli(Xl,Xz,f)=/d3k1d3k2(We(X1,k1,X2,k2,t))lz- (4.60)

As shown in Appendix B, the Wigner transform satisfies the Liouville equation

l'Ea,W (X] . k], X2, k2a t)
&’k dk,
(2nm)3 (27)3

2 ixikiHixg: 2A(k1 — K. /2 k, — Ek’2/2)WE(k' LK, k’z, k, 1)

dSk, d3k,2 iXp- k! +lX2 2 /
0 KW (K, k1, K, ko, ) A(K) + €k /2, ko + €k} /2)

+«Fg,/ LOw, (xl,kl,xZ,kz,r>+xfg,/2 LOW.(xi, ki, %0, ko, 1), (4.61)
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where the operators LEO) and L;O) are given by

Bq iaxise o
L§O)W€ = / ﬁequ'/ H(q) [KWe(x1, ki +q/2,%5, ko, 1)
~We(x1,ki — q/2. %0, ko, )K" |,
0 dq
Lg W, = / —36””2/6 A(q) [KWe(x1, ki, X2, ko + q/2,1)
(2r)
~We(x1, ki, %2, ko —q/2,)K" | ,
while A is defined

clki| + c|ks| 2p0g

Ak, K)) = ;
(k1 ko) p0g (clki| +clkal)/2+©

and the Fourier transform W is defined as

We (k). ki, K5, ko, 1) :/d3x1d3X2€_ixl'k;_ixz'kQWe(Xhk1,X2,k2,l)-

(4.62)
(4.63)
(4.64)

(4.65)

(4.66)

(4.67)

We study the behavior of W, in the high frequency limit € — 0. To this end, we introduce

a multiscale expasion of the Wigner transform of the form

We(x1, X1, K1, X0, X0, ko, 1) = Wo(x1, Ky, X2, K, ) + VeW (x1, X1, Kq, X2, X0, ko, 1)

+ eWs(x1, X1, Ky, X0, X0, Ko, ) + -+ -,

(4.68)

where X| = x;/€ and X; = x;/e€ are fast variables and W, is assumed to be both deter-

ministic and independent of the fast variables. We treat the variables x;, X and x», X» as

independent and make the replacements

1
Ve, = Vi +=Vx,, i=12,
€
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Hence the Liouville equation becomes

€0 We(x1, X1, ki, X2, X2, ko, 7)
31,7 37,7
d k d k d3K1 d K2 X k’+lX2 k'+lX1 Ki+iX5-K,
(27T)3 (27T)3 (27)3 (27)3
x A(ki — ek]/2 - Ki/2,k; — €k} /2 — Ky /2)We (k. K1, ki, kb, Ko, Ko, 1)
377 37,7
d k d k d3K1 d K2 Xg- k/+lX2 ké+1X1 K +iX5- K,
(27T)3 (27T)3 (27)3 (27)3
X W (kl,K],k],kz,Kz,kz,l‘)A(lﬂ - €K/ /2+K1/2 k, — ek’ /2+K2/2)

+\/_g\/ O LW, (Xl,X1,k1,X2,X2,k2,I)+\/_g\/ > 0 1 We(x1, X1, ki, %2, X2, Ko, 1)

4.70)
where
d3‘1 iqX) A
L]W:/ Weq ln(q) [KW(X],X],k] +Q/2,X2,X2’k2at)
-Wi(x1, X1,k — Q/Z, X2, Xo, k2,t)KT] > (4.71)
dq .
LoW = / (2”)3 e %2 5(q) [KW(x1, X1, ki, X2, Xo, ko + q/2, 1)
~Wi(x1, X1, K1, %2, X0, ko — q/2, )K" |, (4.72)

and the Fourier transform We(k’ , K1, Kk, k’z, K, ko, 1) is defined

Wé(k,17 Kl» kl’ k’z, KZ» k2, t)

/ d3X1d3X2d3X1d3X2€ ix k| =i X K —ixy- k) —iXp- K2W (Xla Xl7 kl9 X7, XZa kZ, t) (473)

Substituting (4.68) into (4.70) and equating terms of the same order in /e leads to a
hierarchy of equations. At O(1) we have

Aky, ko) Wo(x1, K1, X2, Ko, 1) — Wo(x1, K1, X1, Ko, 1) A(ky, kp) = 0. (4.74)
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Since A is symmetric it can be diagonalized by a unitary transformation. The eigenvalues

and eigenvectors of A are given by

3d(ki, k) + Q £ /(d(ki, ko) — Q)2 + 8g2pg

e (ki ko) = > (4.75)
1 A:(ki, ko) — d(ki, ky) — Q
vi(ki, ko) = :
V(A: (ki ko) — d(Ki, ko) = Q)2 +2g2pg 8V2po
(4.76)
where
ki| + |k
d(ky. ky) = UKt * ol 1|2 k) 4.77)
Evidently W is also diagonal in this basis and can be expanded as
Wo(x1, K1, X2, Ko, 1) = @ (x1, K1, X2, ko, 1) v (ki ko) vE (K1, ko)
+a_(x1, ki, X2, ko, ))v_ (K1, ko) V. (K, K). (4.78)

At order O (+/€) we have

Ak — K1 /2,ks — Ky /2) Wi (x1, Ky, kp, X2, K>, k)
— Wi (K}, K1, ki, Ky, Ko, ko) Ak + Ky /2, ks + Ky /2)

= g\@ (2m)° (A(K1)6(K2) +7(K2)5 (K1)

X [Wo(xi, ki — Ki/2, %0, ky — K2 /2) KT — KWo(x1, Kk + K /2, %0, kz + K2 /2)] .
4.79)
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We can then decompose W as

Wi (x1, K1, k1, %2, K, k)

= Z wij (x1, K1, ki, X2, Ko, ko)vi (ki — K1/2, k2 = Ka/2)v] (ki + K1 /2, K + K2/2).
i.J
(4.80)

Multiplying (4.79) on the left by v,{l (ki — K1/2,k; — K;/2) and the right by v, (k; +
Ki/2,k, + K;,/2), we arrive at

(Am (k1 —K1/2, ko = K2/2) — A, (ky + Ky /2, ky + K>/2) +i6)
X Wi (X1, Ki, Ky, X2, Ko, k3)
:g\/%(znf {n(K)§(Kz) +n(Ka)o (Ky)}

X [am(ki — K1/2, ko = Ko/2)Kpn(ki — K1/2, ko = Ko /2, ki + K /2, ks + Ky /2) |

—g\/?(znf {n(K)§(Ky) +n(Ka)o (Ki)}

X |an(ki +Ki/2, ko + K2 /2) Ky n (ki + K1 /2, ko + K2 /2, ki —Ki/2, ko - K /2)] ,
(4.81)

where 6 — 0 is a small positive regularizing parameter and

Knn(ki, ka2, q1,q2)
=v! (ki, k) Kv,(q1,q2)
8V2p0(Am(ki, ko) — d(kyi, ko) — Q)

B VU (K1, k) — d(ky, k) — Q)2 + 28200y (A (q1, @2) — d(q1, q2) — Q)2 +28%p0
(4.82)
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At order O(€) we find that

i0;Wo(x1, K1, X2, Ko, 1) = LWa(x1, X1, K1, X2, X0, ko, 1)
- M(x1, ki, X2, ko) Wo(x1, ki, X0, ko, 1) — Wo(x1, K1, X2, Ko, 1) M (X1, K1, X2, Ko)
+ LWy + LaWh, (4.83)

where

LW, (x1, X1, ki, X2, X0, Ko, 1)

— d3K1 d3K2 X1 Ki+iXs- Ky
(2n)3 (2m)3

~Wa(x1, K1, k1, %20, Ko, ko, 1) A (K + K1 /2, ks +K3/2)]

[A(k; — K1/2, ks — Ko/2)Wa(x1, Ky, ki, %2, Ko, ko, 7)

Cﬁl . VX] + ClA(z . VX2 0
0 RI-VXI+§R2-VX2 ‘

i

M(x1, ki, %2, ko) = 3 (4.84)

[
2

In order to obtain an equation satisfied by a., we multiply this equation on the left by
vl (k1,k2) (vI(ki, ko)) and on the right by v, (k;,k;) (v_(kj,k;)) and take the average.
Additionally, we assume that (VZ_;LWQV1> is identically zero, which corresponds to W,
being statistically stationary with respect to the fast variables X; and X,. This relation

closes the hierarchy of equations and leads to the kinetic equation

1 . N
—das+ fo(ki ko) (ki Vg + ko Vi ) @+ prisds + pzas

:yli/dl}’A(f(l,f(’, |k1|)ai(|k1|ﬁ',k2)+ﬂ2i/dﬁ’A(ﬁz,ﬁ',|k2|)ai(k1,|k2|f<'),
(4.85)

where the scattering coeflicients p;., the scattering kernel A, and the functions f. are
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defined as

g*pon K.+ (ki ko, ki, kp)?

i+ (ki ky) =

2 gla0aka) - @+ 3y(d(k k) — Q)7 + 8¢

A&
<l [ 5 Clllal ki = ).

2 2
T Ki,i(k ’kz’k ’kZ)
Hos (K1, ko) = &R0 1 :

2 d(ki ko) - @+ 3y(d (ki kz) -~ Q)7 +8g2p|

<
1

dk’ L,
<ol [ 55 Cllaln - R)).

Ck(k - k)
/ AR C(k (& - &)

(1+(k1, ko) — d(ky, ko) — Q) + g2
(A (k1 kp) — d(ky, ko) — Q)2 +2g2pg

Ak K, k) =

fi(klakZ) =

Some details of the derivation of (4.85) are included in Appendix C.
4.5.2 Diffusion Approximation

(4.86)

(4.87)

(4.88)

(4.89)

We now consider the diffusion limit of the kinetic equation (4.85). The diffusion

approximation (DA) to a kinetic equation of the form

1 . .
2(9:1+f1(|k1|, Ika))ky - Vi, I+ (k1] [Ka|)ko - Vi, I+ i (K1, [k2|) ] + po (ki ], [ka|)1

= 1 (K, [Ka)) / R A, (K, &) (K0 R o)
+ 1o (k] |k2|)/dﬁ’A2(f(2,f(')I(k1, ko |K'),

is obtained by expanding / into spherical harmonics as

1
= + —
162" " 1on2

3

16”2J2'1A(2+"',

1 Jl-R1+
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where

M(Xl,Xz,f)=/dﬁldﬁzl(xl,ﬁhxz,f(z,f), (4.92)
Jl(Xl,Xz,I)=/dﬁldﬁzﬁll(xl,ﬁl,xz,ﬁz,f), (4.93)
Jo(x1, X0, 1) = / dkidk, koI (x1, Kk, %, k, 1) . (4.94)

Integrating (4.90) with respect to k; and k, we arrive at
1
Z0u+ fiVy, - Ji+ f2Vx - J2 =0, (4.95)

If instead we multiply by k; and integrate we obtain

%&Jl + fiVx, o1+ oV, o3+ (1 - g1)J1 =0, (4.96)
where
g1 = / dk; ki - k| A (ki,K)) , (4.97)
and
o1 (X1, X0, 1) = / dkidky k) ® ki1(x1,kq, %2, ko, 1), (4.98)
o3(X1, X0, 1) = / dk dk; ki ® koI (x1, ki, %2, ko, 7) . (4.99)

Similarly, multiplying (4.90) by k, and carrying out the indicated integrals leads to

1
E@Jz + f2VX2 0 + fZVx2 c 03 +/12(1 - gz)Jz = 0, (4.100)
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where
¢ = / ks s - K, Ay (o, )

and

o2 (X1, X0, 1) = / dkodky k) ® kol (x1,ky, %2, ko, 1)

(4.101)

(4.102)

Next we substitute (4.91) into (4.98), (4.99), and (4.102) and carry out the indicated

integrations. We find that

VX] 01 = §VX1M ’

1
VX2 02 = gVXQu ’

Vx1 '0'3:VX2~O'3:0.
Using the above results, (4.96) and (4.100) become
1
;@Jl +ui(l=gJi = —ﬁVxlu ,

3

1
E@Jz + (1l —g2)J2 = L

3 Vy,u .

(4.103)

(4.104)
(4.105)

(4.106)

(4.107)

At long times (r > 1/[c(1 — g12)1.2]), the first terms on the right-hand sides of (4.106)

and (4.107) can be neglected. Substituting the resulting expressions for J; and J; into

(4.95), we obtain the diffusion equation obeyed by u:
Ot — D1Axu — DAy u=0.

Here the diffusion coefficients are defined by

2
e,

Di=——— i=1,2.
C3u(1-gp)
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In the case of white noise disorder, where the correlation function C(x) = Cyd(x), with
constant Cy, the phase functions A, = 1/4x, which corresponds to isotropic scattering.

The solution to (4.108) for an infinite medium is given by

u(xy,x2,1)
1 x| =X > |xp—x,|?
= d3 /d3 ’ _ L 2 /, ,’0 .
(4ﬂD1t)3/2(47rth)3/2/ nen exp[ 4D\t 2Dy | % 0)

(4.110)

Making use of the above results, we see that each of the modes a. satisfy (4.85) and

thus their first angular moments, which are defined by
ue(Xy, ki, X0, ko, t) = / dkidkaas (x1, kiky, xa, koko, 1), (4.111)

satisfy the equations

6tui - Dl,iAxlui - Dz,iAXQMi = O 5 (4.112)
where
2
D, =S 4.113)
' 3uis

We assume that initially there are two photons present in the field localized around the

points r; and r; in a volume of linear size /;. The corresponding initial conditions are

given by
Yo (X1, X2, 0) = 113 o XTI P28 —xamma 2208 | =X 205 =[x /215 , (4.114)
S
Y1(x1,%2,0) =0 (4.115)

Note that ¥, corresponds to an entangled two-photon state. These initial conditions imply

initial conditions for the Wigner transform Wy from (4.57), which in turn imply initial
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conditions for the modes a. from (4.78):

a-(x1,ki1,x2,k2,0)
1 e e 202 e e 2772 e 12712 e 12712
= _37_(|k1|’|k2|) e X1/ p=Ixe =2l 7 /I5 | o= Ixi=12l /I =X =17/
T
+ e—lxl—(r1+r2)/2|2/lfe—|xz—(r1+r2)/2|2/l§e—ik1~(r1—r2)—ik2-(r2—r1)

+e—|X1—(1‘1+l‘z)/2|2/l§e—|xz—(r1+l‘2)/2|2/l§e—ikl “(ry-r1)—iks-(r1-r3) , (4.116)

a+(X1’ kl’ X2a kz’ 0)
= (KL a]) [ PR g maP 2 e o P
3 b
T
+ e—|X1—(r1+l’2)/2|2/152~e—|xz—(1’1+l‘2)/2|2/lfe—ik1'(1'1—1’2)—ik2'(l‘2—r1)

yoXi—(ri4r2) 2713 —[xo—(r1412) /22 /13 =ik, -(ra—11) =Ko+ (1 —12) , (4.117)

where

(As(k1, ko) — d(ki, k2) — Q)% +2g%po _RR-2
(As(kr, ko) — d(ki, kz) = Q)2 = (A (ki, ko) — d(k1, ko) — Q)2 '

’}/i(kh kZ) =
(4.118)

The initial conditions for the first angular moments u.. are then found using (4.111):

u_(x1, k1,Xx2, k2, 0)

B B N N S O L[ A
T
=40 2P o= (rrar 2P SIMKLT — ) sin(Ralr — oD | g
kilry — 1| ka|ry — s

+ 2e
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M+(X1, k19 XZa kZa O)
_ 16y (K1 ko) T2 bR pelxieal - lxar
T
=+ [2P 2 y-lxa=(ry+r) 222 SN (K1 [P — 1) sin(Ra |y — 1)
kilry — 1| kary — 12|

+ 2e , (4.120)

The above initial conditions are then inserted into (3.148) and the Gaussian integrals

carried out. This results in the following formulas for the angular moments u..:

u_(xy, ki,x, ko, 1)
16y_(ki, k) ( 2 )3/2( 2 )3/2
n 12+4tD _ I2+4tD> _

% [e—m—n|2/<z§+4z01,_>e—|xZ—rz|2/<z§+4zDz,_> 4 o~ XImEal/(B+4D) 1) y—lxo—r P/ (13+41D5, )

4.121)

e IXI= (1) 2R (B+41D1 ) - lxa=(ry4r2) (2 /(244D ) SID(K1[T1 — o)) sin(ka|ry — 1))
kilry — s ka|ry — 1 ’
(4.122)

M+(X1, kla XZ, kZ, t)
3/2 3/2
_ 16y+(k1,k2)( A ) ( A )
X [e—|X1—r1 |2/(l§+4l‘D],+)e—|X2—l‘2|2/(lA2,+4lD2’+) + e—|X1—l'2|2/(l§+4l‘D1,+)e—|X2—I’1 |2/(l§+4l‘D2’+)

(4.123)
2RI =) 22 (P+41D1 1) = (1 +12) 212/ (B441D,,,) SN LT1 — T2]) sin(ka[ry — 1a))
kilry — s ka|ry — s
(4.124)

Finally, combining the above with (4.58), (4.78) and (4.111), we see that the average
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probability densities are given by

po{lw (x1, X2, 1)|%)

3
32g PO / / A

dkydley ik, k s

Z ket D\ 4tD11 2 +41D,;

—|x1-12| /(l§+4lDl,—)e—|X2—l‘1|2/(l§+4102,7)

3/2

% [e—m—m /(l§+4101,f)e—lxz—r2| [(B+4Dy7) 4 o

2RI (EHT) [2P(B44tD) ) o (1482 (2P (B4, ) SR F1 — T2]) sin(ka|ry ‘r2|)]
kilry —ra| kalry —1o| |7

(4.125)

(| (x1, %2, 1) %)

lz 3/2 12 3/2
dkidks (i(ky, k S
Z/ / 12k Gilks 2)(12 +4D;_ ) (l§+4zDz,_)

X [e—|X1—l‘1| /(lf+4lDl,—)e—|X2—l‘2| [(I3+4tD; ) + ¢~ IX17T2 /(l§+4TD1,—)€—|X2—1‘1|2/(lf+4lDz,—)

2RI~ (EHT) 2R (B441D1 ) =i (r1482) (2P (441D, ) SR F1 — 1) sin(ha|ry —1'2|)]

kilry — 1| ka|ry — 12|

where we have introduced the notation i = —i for i = +, and the coefficients 1, and £, are
defined by

k%kge—szf—szg
(Ae(ki, ko) = d(ki, k) — Q)2 = (Az(k1, ko) — d(k1, k2) — Q)%

K33 BRI (4, (k1. ko) — d (ki ko) — Q)
(As(k1, ko) = d(ki, ko) = Q)% = (A_(ky, ko) = d(ki, ko) — Q)

N+ ki, ka) = (4.126)

Ci(ky, ko) = (4.127)

It is readily seen that long times, (||?) and {|y»|?) decay algebraically according to the
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formulas

C3  C4(x1,X2,11,17)
pollun ) = = - == (4.128)
Ci  Ca(X1,X2,11,12)
af?y = 5 - LX), (4.129)
where the constants C; fori = 1, 2, 3,4 are given by
Ci=) — dkdky &i(ky, k 3 >
: Z7r/o /0 1k £iky 2)(4D15) (4sz)
==+ ) 5
o [1 N sin(ky|ry —ra|) sin(ka|r; — rzl)] , (4.130)
kilry — 1| ka|ry — 1|
C, = — dkidky &i(ky, k S S
=R 7 [ ke aook (o) (35
xi—ri> [x-n? |xi-nf  |x -1
+ + + 4.131
4D ; 4D, ; 4D ; 4D, ; ( )

2 ( x| — (r] +12)/2 N |xo — (r1 + 1‘2)/2|2) sin(k[r; —ra) sin(kz|r) — l‘zl)]
4Dy, 4D»; kilry —ra| ka|ry — 12| ’

00 00 3/2 2 3/2
_ 32g2p0 l% ls
C3 —Z . /o /0 dkydky ni(k1, k2) D iD,

i=+
sin(ky[ry —ra|) sin(kz|r; —ra|)

2+2
kilry — 12| ka|ry — 12|

X

] , (4.132)
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=%

I ) 3/2 2 3/2
32620 [ , 2 2
Cy = dkidkyky ni(ky, k

[|X1 -r)? x-nf? x-n? |x-nf

4D, 4Ds, 4Dy, ' 4Du,
2 (|X1 —(r1+12)/2? N X2 — (11 + 1‘2)/2|2) sin(ki|r; — ra|) sin(ka|ry — 1‘2|)]
4D ; 4D» ; kilr; — s ka|ry — ;] .
(4.133)

To illustrate the above results, we consider the case of isotropic scattering and set the
dimensionless quantities /4/pog = c¢/ls+/pog = 1. In addition, we choose x| = ([y,0,0),
x; = (=13,0,0), r; = (0,0,15) and ry = (0,0, =), so that the distances from the points
of excitation (r; and r») to the points of detection are equal to /5. In Figure (4.2) we plot
the time dependence of the probability densities |(¢1)|> and [(¥>2)|?. We note that |y |?
is monotonically decreasing while |i{|* has a peak near Q¢ = 1. A comparison of these
results with the asymptotic formulas (4.128) and (4.129) is shown in Figures (4.4) and

(4.3). There is good agreement at long times.

4.6 'Two-Photon Transport in Random Media

In this section, we consider the general problem of two photons interacting with a random
medium. That is, we will study the the time evolution of the amplitudes a(xi,Xp,?),
W1(x1,Xp,1) and ¥ (X1, X2, 7). We begin with the system (4.16), where we have canceled

overall factors of p:
. _ 1/2 1/2
102 (X1, X2, 1) = c(—Ax,) Y2 (X1, X2, 1) + c(=Ax,) "“P2(X1, X2, 1)
+ 2 (p(x)Y1 (x1,30,1) + p (321 (x2.X1.1)
01 (X1, X0, 1) = 28U (X1, X0, 1) + |c(=Ax,) 2 + Q| ¥1 (X1, X0, 1)

- 2gp(x2)a(xi, %2, 1), (4.134)
i0ia(X1,Xp, 1) = §(¢1(X2,X1J) —Y1(X1,X2,1)) +2Qa(xy,X2,1) .
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Figure 4.2: One- and two-photon probability densities for stimulated emission in a random
medium.

Here the number density p is a random field of the form (4.48). Eq. (4.134) can now be

rewritten as

i10,¥ = A(x1,%x2) ¥ + gvpon (x1) K1Y + g+/pon (x2) Ko W, (4.135)
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Figure 4.3: Comparison of diffusion approximation and long-time asymptote for {|y{]?).

where ¥ is defined by (4.30) and

[c(-Ax)' 2 +c(=Ax)'* g0 g0 0
A(X],Xp) = 8 VP c(-Ax) P+ Q 0 8o
g+/po 0 c(-Ax)?+Q  gypo
0 N g\po 20
(4.136)
0 1 0 0 001 0
0000 000 -1
K= Ky = (4.137)
0001 000 0
0000 000 0
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Figure 4.4: Comparison of diffusion approximation and long-time asymptote for {|y/»]?).

As before. to derive a kinetic equation in the high-frequency limit, we rescale 7, X1, X
according to t — t/€, X; — X;/€ and X; — Xp/e. Additionally, we assume that the
randomness is sufficiently weak so that the correlations of n are O(¢). Eq. (4.135) thus

becomes

i€ ¥e = Ac(x1,%2) e + Vegypon(x1/€)K1We + Vegypon(xz/€)Ka¥e,  (4.138)
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where

Ae(X1,X2)
ce(=Ax,)'? + ce(-Ay,)'? g\Po gVPo 0
3 gvVpo ce(—AXz)l/2 +Q 0 —-g+/po
- gvVpPo 0 ce(=Ax)'?+Q  gvpo |
0 —gvpo g+\/po 20
(4.139)

To proceed further, we introduce the 4 X 4 matrix Wigner transform W, which is defined

by (4.57). The diagonal elements of W, are related to the probability densities by

2P = [ Ed oW kix ke (@140
%|¢15(X1,X2,f)|2=/d3k1d3k2(We(X1,k1,Xz,k2,t))zz, (4.141)
205lac(x1, %o, 1)[* = / APk d’ky(We(x1, K1, X0, Ko, 1))ag (4.142)

while the off diagonal elements of W, are related to correlations between the amplitudes. It

can be seen by direct calculation that the Wigner transform satisfies the Liouville equation

i€ We(x1,ky, X2, ko, 1)
PRy Ky , o ,

= (27{)3 —(27()36 1K +iX3 2A(kl - Gk] /2, k, — Ekz/Z)We(k akl’kzakZ,t)
d3k,1 d3k,2 ix) K +ixo K vf ’ ’ N ’ ’

| G PO W (K kL, K, ko, D) A(K + €K /2, kg + €K /2)

Aq iaxise o
+\/Eg\/P_0/ #equl/ A(q) [K1We(x1, K1 +q/2, %2, Kz, 1)
_Wf(Xl’ kl - q/29 X2, k2, t)K]T]
+\/Eg\/p_o/(

~We(x1, ki, X2, ko — q/2,0)K] |, (4.143)

d3 a- € A
¢ @ KWk e +0/2.1)
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where A is given by (4.34), and the Fourier transform W, is defined by
We (K], ki, Ky, ko, 1) = / dBxidxpe” KW (x),k, X0, K, 7). (4.144)

Once again we study the behavior of W, in the high-frequency limit € — 0 and introduce

a multiscale expansion of the Wigner transform of the form

We(x1, X1, k1, X2, X2, Ko, 1) = Wo(x1, K1, X2, Ko, 1) + VeW  (x1, X1, Ky, X2, X0, ko, )
+eWa(x1, X1, ki, x2, X0, ko, ) + -+ -, (4.145)

where X; = x;/€ and X; = xp/e are fast variables and W, is both deterministic and
independent of the fast variables. We will treat the slow and fast variables x; and X
(respectively x; and X3) as independent and make the replacement (4.69). Hence (4.143)

becomes

i€d,We(x1, X1, ki, X2, X0, Ko, 1)
37,7 377
_ d’ky d’ky dP°K, d°K> i1 K +i%0 K +X) K +Xo Ko
(27m)3 (2m)3 (27)3 (27)3
x [A(ki — Ki/2 - €k} /2, ko — Ko /2 — €k, /2)We (K], K1, ki, K), Ko, ko, 1)
WK, K1 k1. Ky Ko Ko, ) A (K] + Kp/2 + €k, /2. K + Kp /2 + €k /2)]

Bq ioxise
+\/Eg\/p_0/ (2#?36"1 Ve n(q) [KiWe(x1, X1, ki +q/2, X2, X2, ko, 1)

- We(x1, X1, k1 — q/2, %2, X0, ko, I)KlT]

Bq iaxse o
Ve [ S @) KW (31, X1 o Ko o + /2,0
— We(x1, X1, ki, %2, X0, ko — q/2, K] |, (4.146)

where the Fourier transform We(k’ , Ky, Kk, k’z, K>, ky) is defined by Eq. (4.73). Next we
substitute (4.145) into (4.146) and collect terms at each order of y/e. At order O(1) we
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have
Aky, ko) Wo(x1, K1, X2, Ka) — Wo(x1, ki, x1, ko) A(Kp, ka) = 0. (4.147)

Since A is symmetric it can be diagonalized. We then define {v;(ki,k»), 4;(k;,Kk2)},
i = 1,2, 3,4 be the eigenvector-eigenvalue pairs given by (4.35) and (4.38). It follows from
(4.147) that Wy is also diagonal in this basis and can be expanded as

4

Wo(x1, ki, X2, ko, 1) = Z a;(x1, k1, X2, ko, ))vi(ki, ko) v} (Ki, ka). (4.148)
i=1

At order O(+y/€) we find that

Aky - Ki/2, ko - Ko /2)Wi (x1, K1, ki, %0, Ko, ko)

~ Wi (K}, K1, ki, K5, Ko, ko) A (k; + Kz /2, ks + K2/2)
+gvpo(27)*1(K1)d (Ka) [K1Wo(x1, ki + K /2, %2, ko + Kp)

~Wo(x1, ki — K1 /2, %2, ky — KoK |

+gvpo(27)*1(K2) 8 (Ky) [KaWo (x1, ki + Ki, X2, ko + K2 /2)

~Wo(x1, ki — Ki,x2, ko — K2/2)K] | = 0. (4.149)

Although W; is not diagonal, we can still decompose its Fourier transform W, as

Wi (x1, K1, k1, X2, Ko, k)

= Z wi j(x1, K1, i, X2, Ko, ko) vi (k) — K /2, Ky - Ko /2)v] (K + K /2, ks + K3/2).
L,J

(4.150)
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Multiplying (4.149) on the left by v’ (k; — K;/2,k, — K3/2) and the right by v,(k; +
K;/2,k, + K;,/2), we obtain

(Am (k1 —K1/2, k2 = K3/2) — A, (ky + Ky /2, ky + K>/2) +i6)

X Wnn (X1, K1, k1, X0, K3, ko)
=gpo(27)’n(K1)5(Kz)

X |am(ki = Ki/2,ks = Ko /2) K1 ma(ki —Ki/2,ky — K2/2, ki + K1 /2, ks + K3 /2) |
+8vpo(27)°n(K2)5 (K1)

X [am(ki — K1 /2, ks = K3 /2) Ko mn (ki = K1/2,ky = Kp/2, ki +K1/2,k; + K2/2)]
—g\po(27m)°n(K1)6(Kz)

X [an(ki + K1 /2, ko + Ko /2)K jn (ki + K1 /2, ko + K2 /2, k) — K1 /2, ko — K5 /2) |
—gVpo(27)*n(K2)6 (Ky)

X [an(ki +K1/2, ko + Ko /2) Ko n (K1 +Ki1/2, ko + Ko /2,k = K /2, ko - Ky /2)]

(4.151)

where
Kl,m,n (kl’ k2’ ql» q2) = Vz;;(kl’ kZ)KIVn(ql, q2) ’ (4'152)
Ko mn(ki, k2, q1, q2) = v}, (ki, ko) K2v, (q1, q2) - (4.153)
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Here § — 0% is a regularizing parameter. At order O (€) we find that

i0Wo(x1, K1, X2, Ko, 1) = LWa(x1, X1, K1, X2, X0, ko, 1)
) )
- EMWO(XI,kl’XZ,kZ) - EWO(Xl»kI,XZ,kZ)M

$3q ox .
+g\//0_0/ (2733 e IX1 i(q) [Ki Wi (x1, X1, ki +q/2, %2, X2, Ka)

~Wi(x1, X1,k — q/2,%2, X0, ko)K] |

&g ox .
+g\//0_0/ #e’q&n(q) [KaWi(x1, X1, K1, X2, X0, ko + q/2)

~Wi(x1, X1, ki, %2, X0, ky — q/2)K] | (4.154)
where
cky - Vg, + cky - Vy, 0 0 0
0 ky -V 0 0
M= e (4.155)
0 0 cki -V, O
0 0 0 0
and

LW, (x1, X1, K1, X2, X2, Ko, 1)
_ [ &K IPKy i,
) e
W (x1, Ky Ky, %0, Ko, ko, 1) A (K + K /2, ko + K /2). (4.156)

Xi+iKoXo A (ky - K /2, ko — Ko /2)Wa(x1, Ky, ki, X2, Ko, Ko, 1)

In order to obtain the equations satisfied by the a;, we multiply (4.154) on the left by
Vl.T(kl, k,) and the right by v;(k;, k), and take the ensemble average. In order to close
the hierarchy of equations, we assume that (Vl.TLWQV,-) = 0, which corresponds to the

assumption that W5 is statistically stationary with respect to the fast variables X; and Xo.
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Following procedures similar to those in Appendix C, we find that

1 N .
Eazai + fii(ki, ko)Ky - Vy,a; + fri(ki, ko)ks - Vi, a;
+ pii(ki, ko) ai(Ki, ko) + poi(ky, ko) ai(kp, ko)

= (k1 ko) / PRAKK, [k Dar (kiR k)

+ p2i (K1, ko) / d*RA(K2, K, [ka|)a;(ki, [k2|K) (4.157)
where
fii(ki, ko) = vi (ki, k2)? + vis (ki ka)?, (4.158)
fri(ki, ko) = vi (ki, ko)? + via (k. ko), (4.159)
it k) = &2 OﬂKll”'a’;(fZ’(ll::l‘;;T(Z)zlkllz : (4.160)
i (K, ko) = gr 0“73;?2;::;E;;T(Z)zlkz'z : 4.161)

C(k(ks - ky))

Ak, ko, k) = :
/ d*k'C(k(k; - k')

(4.162)

4.6.1 Diffusion Approximation

In this section we consider the diffusion limit of the kinetic equation (4.157). We again
specialize to the case of white-noise correlations, which leads to the phase function A =
1/4r, corresponding to isotropic scattering. Making use of the diffusion approximation

developed in section 5.2, we see that the first angular moments

ui(x1, K|, %o, (Kol 1) = / dkydfoai(x1, K1, %2, ko, ) (4.163)
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satisfy the equations

Oiu; — Dy (|kil, [ka|)Ax,u; — Doi(ki], [ka|)Ax,u; =0, (4.164)
where
2
CT..
L= i (4.165)
3
2
CTAa
Dy = i (4.166)
3uoi

Suppose that initially there are two photons in the field localized around the points r;
and r; in a volume of linear size /. The corresponding initial conditions are given by
\/EWZ(XhXZaO) — % e—|X1—I’1|2/2[§e—|X2—r2|2/2[§ + €—|X|—l‘2|2/2[§e—|X2—l’||2/213 , (4167)

Y1(X1,%2,0) = a(x1,%2,0) =0, (4.168)

where

C = ”e—le—rl|2/21§e—|X2—r2|2/21§ + e—|X1—I‘2|2/21§e—lxz—l'l|2/2132<”L2 ) (4.169)
X1.X2
Note that this corresponds to an entangled two-photon state.
The above initial conditions imply initial conditions for the Wigner transform W,. The

initial conditions for the modes a; are determined by solving the linear system

(Wo1(x1, ki, %2, kp, 0) a1 (x1, ki, x2, k2, 0)
W ,k 5 ,k ,O ,k s ,k 70
(Wo)a2(x1, ki, X2, k2, 0) Yk k) az(x1, ki, x2, k2, 0) , (4.170)
(Wo)33(x1, ki, X2, k2, 0) az(x1,Kk1,x2, k2, 0)
(Wo)aa(x1, k1, X2, kp, 0) as(x1,K1,x2, k2, 0)
where
(V(ki,k2))ij = vji(ki, ko). (4.171)
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It follows that the initial conditions for the first angular moments are given by
(1. il v lol,0) = [ oy (x1. i 0. K. ) @.172)

The diffusion equations (4.164) can then be solved using (3.148). Combining this result
with (4.140)—(4.142), (4.148) and (4.163) we see that the average probability densities are
given by

(a2 (X1, X2, 1) %)

12 3/2
dk1dko kK2 SRR (kL ko) (V7 )i (k) —5
ZCZZ/ | dmaraiiice k. k) (VD ko) |

l2 3/2

s [e—m—rl|2/(l§+4an>e—|xZ—rz|2/<z$+4tDZi>
12 +4tD»;

+ ¢ X112 2/ (I3+4tDy;) _|X2_r1|2/(l%+4tD2i)

+2€_|X1 (r1+l‘2)| /(12+4ID11) —|X2 (r1+r2)| /(12+4tD2)Sln(k1|r] - I‘2|) Sll’l(kzll’l - I’Ql)]
kilrr — 1| kary — 1o
(4.173)

(g (X2, x1, 1) %)

32
27,2 lz
Z/ / dkydkok?kZe ™5k~ l‘k2V% (k1, k2) (V1)1 (ki k2) (—)
4tD;

PoC2

12 3/2
x(_) oD oo ey
2
I5+4tDy;
+e_|Xl_r2|2/(l.%+4tDli) —[xa—r1|?/(I3+41D2;)

1012 P/ (12441D 1) - o= T2 J(2+41D5;) Si(k1 [T = 12]) sin(ka|r; — l‘2|)]
kilr; — 12| kalry —1a| |7
4.174)
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(la(x1,%2, 1))

4
_ 1 sre 272 ~12k>~12k2 2 -1
_2p2C2;“/0 /0 dkydkokikye s 17552 vy (ky, ko) (V7 )i (k1, k2) l

12 3/2

% ( s ) [e—|X1—l‘1|2/(lf+4lDli)e—lxz—l‘zlz/(l§+4tD2i)
152 +4tDy;

+ €_|X1_r2|2/(l%+4tD1i)e_|X2_rl|2/(l?+4lD2i)

+2e

1= P (24diDyy) - lxa— TG P/ (12441D ) sin(ki|ry — ra|) sin(ka|ry —ra|)

kilry —ra| ka|ry — 12|

3/2
g + 41‘D1,‘)

(4.175)

We note that at long times, the average probability densities decay algebraically according

to

Bi1 B2 (X1,X2,11,12)
(lpa(x1, %2, 1)*) = = " :

4By 4Bxn(X),X), I, 1)

(w1 (x1, %2, 1)) =
pot3 pot*
Bis  Bos(X1,X2,T,17)
pot pot

b
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where the constants By; and B;, j = 1,2, 4 are given by

l? 3/2
4D ;
4.179)

4
1 Y e _RR2_2p2 _
By = E;/O /0 dkydkokik3e K TRVE (K, ko) (V l)il(kl,kz)(

3/2 . .
X( & )/ [Hlsm(mrl—rz|>sm<k2|r1—r2|)]
4D, kilr) — 2| ka|ri — 12|

4 e oo 2 \3/2
1 _212_52,2 _ .
By = Z_CZZ/O ./0 dhkydkok? ke sk lé‘k2V§,-(k1,k2)(V 1)i1(k1,k2)( ‘ )
p

4Dy;
(4.180)
32
o 12 / Ix; — 1|2 N X — 12|? N x| —12|? N Ixp — 1|2
4D,; 4D; 4D»; 4D ; 4D»;
" Ix1 — —(r';r2)|2 . X2 — —(r1§r2)|2 sin(ki|ry —r2|) sin(ka|ry —ra|) 4.181)
4Dy; 4D; kilr; —ra| kalrp =] | '

In order to illustrate the above results, we consider the case of isotropic scattering
and set the dimensionless quantities /+/pog = ¢/ls4/pog = 1. In addition, we choose
x; = (1;,0,0), x, = (=1;,0,0), r; = (0,0,/5) and r, = (0,0, —[;), so that the distances
from the points of excitation (r; and r;) to the points of detection are equal to /;. In
Figure (4.5) we plot the time dependence of the probability densities a, |(¢1)|? and |(¥2)|%.
We note that the negative values of these quantities are due to the breakdown of the diffusion
approximation at short times. We observe that the two-photon probability density increases
before eventually decaying. A comparison of these results with the asymptotic formulas
(4.176), (4.177) and (4.178) is shown in Figures (4.6), (4.7) and (4.8). There is good

agreement at long times.
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Figure 4.5: Atomic, one-photon, and two-photon probability densities in arandom medium.

4.7 Appendix
4.7.1 Derivation of the System (4.16)

Here we derive the system (4.16). We begin by computing both sides of the time-
dependent Schrodinger equation (3.22), employing the Hamiltonian H and the state (3.170).
The left-hand side is equal to

m0l) = [ & (im0axi.x.0¢ (x)¢" ()

+ i1 (X1, %2, 1) p(x1) 0" (x1) 9" (x2)
+ ihdja(x1, %, )p(x)p () (x)o (%)) 0y, (4.182)
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Figure 4.6: Comparison of diffusion approximation and long-time asymptote for {|y/|?).

while the right-hand side is given by

H|P) = Hp|¥) + Ha|P) + H|P) . (4.183)
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Figure 4.7: Comparison of diffusion approximation and long-time asymptote for {|y{|?).

We compute each term separately.

Hp|¥) =h / dxd*x d’x; {c(—A)l/Zgﬂ(xw(x)}

X {2 (x1, %2, 1) (x1) ¢ (X2) +yr1 (X1, X2, ) p(x1) " (x1) " (x2)
+a(x1,X2, ) p(x1)p(x2)0 " (x1)0 " (x2) }0)

_h / Pxd®x1 P (0 (x1. %0, e (-A) Pt (0 0(X)0" (x1) " (x2)

+ 1 (x1, %2, D)p(x1)e (=)@ () () (x1) ¢ (%2)}0) . (4.184)
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Figure 4.8: Comparison of diffusion approximation and long-time asymptote for {|a|?).

Hy|¥) = / dxd’x dx2 {Qp(x)0 T (x)0 (%)}

X (Yo (x1, X2, )¢ (x1) " (x2)
+Y1(x1, %0, 1) p(x1) o (x1) g (%2)
+a(x1, %2, 1) p(x1)p(x2) " (x1)0 T (x2) }0)

=h / Exd’x1dx2{y1 (x1,%2, ) p(x1)Qp (X)o7 (X) T (x) 0" (x1) 9" (x2)

+a(x1,%2, 1)p(x1)p(x2)Qp(x) " (x)or (x)o " (x1) " (x2) . (4.185)
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H W) = / Exd*nd’x (gp) (¢! ©o () + o0 ()
X {Y2(x1,%2, )" (x1) " (X2) + Y1 (X1, X2, 1) p(x1) 0 (x1) " (x2)
+a(x1, X2, 1) p(x1)p(x2) 0 (x1)0 " (x2)}0)
= h/ d*xd®x1dx2 {1 (x1, %2, 1) p(x1)gp(X) 9" (X)or (x)o " (x1) " (x2)
+a(x1, %2, 1)p(x1)p(x2)gp(X) ¢’ (X)o (x)o' (x1)0 " (x2)
+ Y1 (x1, %2, ) p(x1)gp(X)p(x) o’ (x)o" (x1) " (x2)
+ Y2 (x1, %2, ) gp(X)p(x) (x)" (x1)¢" (x2)}0) . (4.186)

Combining these results and using the commutation and anticommutation relations (4.2)

and (4.7) we arrive at

H|¥)
=7 / BxidPxa{(c(=Dx) P (x1, %0, 1) + ¢ (~Axy) 2 (x1, %2, 1)) 0 (x1) 0 (%2)

+c(=Ax) Py (x1, %2, )p(x1) 0 (x1) 97 (%2) + 1 (X1, X2, 1) p (x1) Q0 (x1) ¢ (x2)
+2a(x1, %2, 1) p(x1)p (x2) Q0 (x1) " (x2) + W1 (x1, %2, D) p(x1) g0’ (x1) 9" (x2)

= 2ga(x1, X2, ) p(x1)p(x2) 9" (x2)0 ' (x1) + g1 (X1, X2, ) p(x1) 7 (x1) 07 (x2)

+ 2802 (x1, X2, ) p(x1) 0 (x1) ¢ (x2)}0). (4.187)

Computing the inner products

Ole(x1)(x2)in0: | V) = 2ih0p2 (X1, X2, 1) , (4.188)
Olp(x1)p(x) H|P) = 2(c(=Ax)* + c(=Ax,) V)2 (x1, %2, 1)
+gp (X)) (X1, X2, 1) + gp(X2)¢1 (X2, X1, 1), (4.189)
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yields (4.14). The inner products

(Olp(x2)0 (x1)p(x1)ihd, |¥) = p(x1)ihdp1 (X1, X2, 1) , (4.190)
(Olp(x2) o (x1)p(x1) H|P) = (c(~Ax,)'/* + Q)p(x1)¢1 (X1, X2, 1)
+2gp (X1)Y2(X1, X2, 1) — 2gp(X1) p(X2)a(x1, X2, 1),

(4.191)
give (4.15), while
(Olo (x1)o (x2) p(x1) p(x2)ilid,|¥) = 2p(x1) p(x2)ild;a(X1, X2, 1) , (4.192)
(Olo(x1) o (x2)p(x1)p(x2) H|Y) = gp(x1) p(x2)¥1(X1,X2, )
—gp(x1)p(X2)¥1 (X2, X1, 1)
+4Qp(x1)p(x2)a(xi, X2, 1) , (4.193)

gives (4.16).
4.7.2 Derivation of the Liouville Equation (4.61)

Here we derive (4.61). We first define

D (X1, X], X0, X5, 1) = P (X1 — €X]/2, X2 — €X,/2, t)‘I’Z(xl +€X7/2, X3 + €X5/2,t) .
(4.194)

The Wigner transform is defined by

d3x’1 d3x'2
(2m)? (2n)3

WE(Xl,kl,Xz,kz, t) = e_ikl'xi_ikz'xéq)f(xl,X’l,Xz,X’z, t) . (4.195)
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We begin by computing ied; W,

d3 ,l d3 ik k

—l -1 X

oW = [ RN e (31X, 1)
3 ’ 3 ’

&x dxy

(27)3 (27)3

+\/Eg\/%(n(X1/€ = X1/2) +n(x2/€ = X3/2)) KD (X1, X}, X2, X5, t)}

eTMIXTeX [LA (%) — X /2, %) — €X,/2)Dc (X1, X], X2, X}, 1)

— D (X1, X], X2, X5, 1) Ac (X1 + €X[/2,X) + €X}/2)

¢ Veg [ n(xi /e + /2 +n(xZ/e+x’z/2>>c1>e<xl,xq,xZ,xg,nKT}
= ild il d3x'2 oK1 X] —ikax; {A (X1 — €X}/2,%x) — €x,/2)D (X1, X}, X2, X5, 1)
(27'()3 (27'{')3 € 1 ) 2 € ) 1’ ) 27

—D (X1, X], X0, X5, 1) Ac(X] + €X] /2, X0 + ex’2/2)}

d3 ’ d3 / .
X —zkl X' —ikp X/, ’ ’ ’
+ ,/ 1 2 X1/€ =X, [2)) KD (X1,X,,X2, X5, t
\/_g / (271_)3 (271')3 {77( 1/6 ]/ ) E( 1 1 2 2 )

—n(x1/€ + X /2)@e(x1,X], X2, X5, KT }

d3 ’ d3 /
Ves\[B [ s N (g — ;2K X, %0 501
—n(x2/€ +x5/2)Pe(x1, X, X0, X5, 1)K } . (4.196)

The first term becomes

d3x’1 d3x’2
(27)? (27)°
—D (X1, X|, X0, X5, 1) Ac(X] + €X] /2, X0 + 6X’2/2)}
_ d3k, dSk/ ix;-k! | HiXa: k ’ ’ A , ,
FE (2ﬂ)3e 2 {A(k) — €K/ /2, k) — €Ky /2) W (K|, k1, K), ko)

— WK, Ky, K, ko) A (K + €K /2, ks + €Ky /2) ) (4.197)

e"MIXTK Xy LA (x) — €X] /2, %) — €X,/2) @ (X1, X}, X2, X, 1)
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where

Pl &’k .
(2n) 22

(Acf)(x1,X%2) = kitixake 4 ek, eko) f (K1, ko) . (4.198)

Likewise, the second term becomes

\fg\/if (27r)13 G T (0316 X, () KPe(x1, 30, 5.)

—n(x1/€ + X, /2)De(x1, X], X2, X5, )K" }

[ d3x dPx, g3 . ,
= \/Eg % / (271-)13 (271-)23 (2733 e—lkl 'Xl_lkz'x2+lq'(xl/E_Xl/z)ﬁ(q)K(DE (Xla X/] . X0, X/2’ t)

3,7 3.,/ 3
00 d’x) d°x), d3q _ , ,
~Vesy' / B G e e i (@)@ (x1, X 30,3, DK

= Ves V 2 ./(2 )3 IR (Q)KWe(x1, ki +q/2, %2, ko, 1)
- Veg \/ / (2 )3 IR (QWe(x1, ki — q/2, %2, ko, DK

) \/Eg\/gf (2n)3‘€iq'x‘/ “i(q)

X [KWe(x1, ki +q/2,%0, Ko, 1) — We(x1, K1 — q/2, %0, ko, 1)K | . (4.199)

Finally, the third term becomes

\/_g\/if (2n )13 (2zr)3 e TN {1 (%o € = % [2) KD (x1, X, X2, %), 1)

_U(XZ/G + X2/2)q) (Xla X17 XZ’ X/z, I)KT}

[KWE(Xlakla x2, ko +q/2,1) = We(x1, ki, X2, ko — q/2, )K" ] . (4.200)
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4.7.3 Derivation of the Kinetic Equation (4.85)

Here we derive the kinetic equation (4.85) which is satisfied by the quantity a,. The

first two terms are elementary and so we must compute
LWy, (VLW . (4.201)

We compute each of the above in two steps. The first term is

g ax, -
(/ ﬁelq Xih(q) [VE (ki ko) KWy (x1, X1, ki +4/2, %2, X0, ko) vi (ki ko) |)
= d3q d3K1 d3K2 X1 +HK X 4K X 3(q)
(21) (27)% (2n)? !
x [V (ki, ko) KW (x1, K, ki +q/2, %2, Ko, ko) v (K1, ko) |)

dq &Ky P°Ky x4 :
q-X1+lK1-X1+lK2~X2 A VT k , k K

=

X { Z Wi (Ki, K1 +q/2, Ko, ko) v, (ki +q/2 - K /2, ks — K3 /2)

m,n==+

XV,TZ(kl + q/2 + K /2, k, + K2/2)V+(k1, kz)}). (4.202)
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Next we substitute the expression w,, , using equation (4.81) to arrive at

d*q BPKy BPKy oximiK XK Xo
< GrE Grr e e (v, (k. ka)K

x { D g\/@zfrﬁ {n(K1)5(Ko) +77(K2)5(K1)}}

><( am(ki +q/2 - K;/2,k; - K;3/2)
An(Ki +q/2 -K;/2,k; = K3/2) = A, (ki +q/2 + K /2,ky + K5 /2) +i6
X Knn(kKi +q/2 -Ki/2,ky —K3/2,k; +q/2 + K /2, k, + K, /2)

a,(k; +q/2+K;/2,k; + K5, /2)
B An(K1+q/2 -K;/2,ky —Ky/2) = 4, (k1 +q/2 + K /2, ky + Ky /2) +i6
XKmn(Ki +q/2 + K1 /2, ks + K2/2,k; +q/2—K1/2,k2—K2/2))

X V(K1 +q/2 - K1 /2,ky — Ko /2)VE (Ky +q/2 + K /2, ko + K2 /2)v, (k1, K2)).

We separate the above into two terms and use the orthogonality of the basis {v;} to see that

n = + in the first term. We thus obtain

oo [ d’Ki 4 [am (ki — K1, ko) Ko+ (K — Ki, K, Ky, ko) |
:gﬂT/ C(Kl)Z(
m=+

(2n)3 Am(k1 =K, k) — A, (ki ko) +i6

[a+(k1 ’ kZ)Km,+(k1’ k23 kl - Kl, kZ)]
An(ky = Ky, ko) — A, (ky, kp) +i6

[0 [ @Ky ik, (x-x)) A T
+g 7/@6 222 1C‘(I<2)V+(kl»k2)[( Z

m,n=+

K+’m (k], k2, kl - Kl’ k2)

y [am(ki — K2/2, ko — K2 /2) Ky (ki — K2 /2, ko — Ko /2, ki — Ky /2, ks + Ky /2) |
An(ki —K2/2,ky —K3/2) — 2,(k; — K3/2, ko + K3/2) +i6
[an(ki — K2/2, ks + K3 /2) K (K1 — K2/2, ks + Ky /2, k) — Kp/2, ks — Ky /2) |
An(k —K3/2,ky = K3/2) — 2, (k1 —K3/2, ks +K>3/2) +i6

X Vi (ki — K2/2, Ky — Ka/2)v) (ki — K2/2,k + K2/2)v, (K1, K2). (4.203)

123



As € — 0 the above converges to

[am (K, K2) K+ (K, k2, ki, k2) |
5 [ G €% 2 ( A (Ko K) — A (ki ko) +10 (4209
[a+ (K, ko) K+ (K1, K2, K, K2) |
An(K, ko) — A4 (ky, k) +16

K+,m (kl ’ k2a K7 k2) ’ (4'205)

which follows from the Riemann-Lebesgue Lemma and the fact that W, is independent of

the fast variables X and X,. Similarly the other three terms become

5[ (-3,

[an(K, ko) K. (K, ko, ki, ko) |
Ae(ki ko) = 4, (K ko) +i6

LTRSS

[a+ (i, ko) K+ (K1, Ko, K, K) |
An(ki, K) — A, (k1, ko) +i6

o3 [ it n0 3

+.n=%

[a+(k1 ’ k2)K+,}’l(k1 s k2, Ka k2)]
/l+(k1 , kz) — /ln(K, kz) +10

K+,n(kl, kz’ K’ kZ)

[am (kl D) K)Km,+(k1 1) K9 k] D) k2)]

K+,m (kl’ k27 kla K)

|as(ki, ko) Ky (K1, Ko, K1, K) |

[an(ki, K)K.. (K1, K ki, ko) |
K nk’k’kaK~ 4.206
Ae(ki, k) — A, (ky, K) +i |77 (ki ko, K, K ( .
Making use of the identity
li ! ! =27mid(x) (4.207)
el—r}g) x—i0 x+i0] o '
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we see that we must have m,n = +, to ensure that the support of the delta function is

nonempty since A, and A_ are never equal. Thus the above equation simplifies as

G SR ST R SEPNIS)
x (ax ki, kz)K++(k1, Ko, K Ko)? = (K ko) K (K Ko, o, o) K (K1 Ko, K o)

i [2 [ Gl - 1050001 ) - B )
X (s (&1, ko) K (et Ko, K1, K)? = s (K1, KK (ki K K o) Ko (i Ko, K, K) ).

(4.208)
Putting everything together, we see that a. satisfies the equation
1 A+ (k1. ko) — d(ky, ko) — Q)2 + g2 R .
_(9;CI++[(+( ! 2) ( ! 2) )2+g2ﬁ)0:|(k1-VX1+k2~VX2)a+
c (A+(ky, ko) — d(ky, ko) — Q)% +2g%p
d°K
~785 | Gyr Gl = KIS (K k) = 4,01, ko) (4.209)
x (s (k1 ko) Koy (K1 Ko, K ko) = a4 (K Ko Koy (K o, K Ko K (i Ko, K Ko))
d’K
-1 | Gyr Cle ~ KIS (1 K) - A,k o)
x (s (1, ko) Koy (K1, Ko, K, K)? = s (1, K) K (K1, KK KoK (i Ko, e K
(4.210)
The delta function can be simplified using the identity
) —
5(g(x)) = 23— X0) “211)
|8’ (x0)|
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where g has a single real root at x = xo. Thus

5(/1+(K, k2) - /l+(k1, kz))
S(IK| ~ ki) 4212)

(1K + [Kal) 2 = @+ 3(e(IKl + K2} /2 = )7+ 870

<
7

Hence (4.209) becomes

1 (K1, ko) — d(K, Kky) — Q)2 + g2 . .
Lo, + (A+(ki, ko) —d(ky, kp) — Q) + g7po (kl -Vx1+k2~VX2)a+
c (A+(ki, ko) — d (ki kp) — Q)% +2¢2%p0

2g2p0ﬂ' K+,+(k17k27 kl’k2)2 |k |2
- | 1

¢ Jdki, ko) - @+ (Al ko) - 7 +8g7p

A

X / dk;s C ket (R = &) (ar (ki ko) = ac (KiK' ko))

(2r
_ 2¢°pont K.+ (ki ko, ki, kp)? ol
‘ )d(kbkﬁ - Q+3(d(ki ko) - Q)7 + 8¢
dk' L, N
x/—(zﬂ)3 C(|ka| (k2 —K)) (a+(k1,k2)_a+(kl,|k2|k)), 4.213)

as desired.
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Chapter 5

Future Work

The model developed in the beginning of Chapter 3 is may be applied to many physical
scenarios and thus contains many possible directions for future research. Below we briefly

describe several of these potential projects.

5.1 Reintroduce Polarization

While the model introduced in Chapters 3 considers a scalar model of an electromagnetic
field, we could reintroduce the polarization of the field back into the model in order to
study the effects on the dynamics. This would allow us to have the coupling constant g
depend on the polarization while still working within the Markovian approximation. One
other aspect of such a model is that the differential operator (—A)'/? which is nonlocal in

our scalar model could be traded out for a local operator.

5.2 More General Coupling

Additionally, in the model presented in this paper we have made the Markovian approxi-
mation, which replaces a wave number dependent coupling gk for a constant strength of
coupling between the matter and all modes of the electromagnetic field. There are several
ways that we could consider a more general version of coupling between the field and the

collection of atoms.
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* Reintroduce the k dependence on g before transferring the model to real space.
* Introduce a spatially dependent coupling constant g(x).

* Introduce a time dependent coupling g (7). One such time dependent coupling would
be modeled as a pulse train where a compactly supported function go(z) is repeated

at regular or stochastic time intervals.

5.3 Other Spatial Distributions of Matter

While chapters 3 and 4 consider a medium consisting of two level atoms fluctuating
randomly about a density py, there are many other distributions p(x) to consider. These
can be broken down into two main categories:

1. Deterministic p(x)

2. Stochastic p(x)

One extremely interesting example of a deterministic density is the case of periodic
p(x) which is supported on a Bravais lattice. In this setting one may investigate the
corresponding band structure of the Hamiltonian. A key example of such a lattice is the
hexagonal honeycomb lattice.

A related phenomenon occurs in media that vary on small scales, one can derive
effective equations for the behavior of waves in the medium on larger scales. This process
of replacing a rapidly oscillating coefficient by an effective overall coefficient is known as
homogenization. Such a constant coefficient system of equations could be derived for the
systems studied in chapters 3 and 4 given that the density p(x) oscillates rapidly.

Many other stochastic models may be considered as well. One such generalization
would be to consider a medium which is not isotropic and statistically homogeneous. In
terms of the correlation function, this would mean removing the assumption that C(x,y)
depends only on the quantity |x — y|. Additionally, while the work presented in this
thesis primarily deals with densities which fluctuate about an average value pg, one could
study many other models of random densities. Examples include perturbations of periodic

densities where the location of the sites are given by random variables.
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5.4 Time Dependent Distribution of Matter

In a similar vein to the previous subsection, it would be quite interesting to alter the model
in such a way that allowed for the density to depend on space and time p(x, 7). This would
make it possible to study the effect of the motion of the atoms on the transport or diffusion
of the excitations in the electromagnetic field. Additionally, one may be able to derive a
transport equation rigorously in this case as long as there is a sufficient mixing hypothesis
placed on the time dependence of the density.

In order to introduce such a density one would need to go back and reconfigure the
Hamiltonian instead of altering the equations of motion directly. It seems that the right
approach would be to make the operators ¢(x) and o (x) time dependent and work in the

Heisenberg picture of quantum mechanics.

5.5 Nonlinear Hamiltonians

Incorporating terms which are nonlinear in the field operators would allow for the consid-
eration of particle particle interactions in the model. This would likely lead to systems of
coupled nonlinear pseudodifferential equations akin to the focusing or defocusing nonlinear
Schrodinger equations (NLS). There has been some work on the derivation of transport
and diffusion equations from the NLS and analogous questions for the model presented

here are quite interesting.

5.6 Coherent States

Another direction to go in is to consider the dynamics associated to different initial states
of the electromagnetic field. One important set of states are coherent states which are most
similar to classical states of light. Comparing the dynamics of states which are initially
coherent to that of states which are initially entangled could provide insight into the effect

of entanglement on the transport of light.
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