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Abstract

The difficulty of description of the radiative transfer in disordered photonic crystals arises from
the necessity to consider on an equal footing the wave scattering by periodic modulations of the
dielectric function and by its random inhomogeneities. We resolve this difficulty by
approaching this problem from the standpoint of the general multiple scattering theory in media
with an arbitrary regular profile of the dielectric function. We use the general asymptotic
solution of the Bethe—Salpeter equation in order to show that for a sufficiently weak disorder the

diffusion limit in disordered photonic crystals is presented by incoherent superpositions of the
modes of the ideal structure with weights inversely proportional to the respective group
velocities. The radiative transfer and the diffusion equations are derived as a relaxation of long
scale deviations from this limiting distribution. In particular, it is shown that in general the
diffusion is anisotropic unless the crystal has sufficiently rich symmetry, say, the square lattice
in 2D or the cubic lattice in 3D. In this case, the diffusion is isotropic and only in this case can
the effect of the disorder be characterized by a single mean free path depending on frequency.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The interest in structures with periodic modulations of the
dielectric function (photonic crystals [1]) was motivated
initially by the possibility to modify substantially the
spontaneous emission in such media. One of the main motives
of the study, therefore, has been the existence of the complete
band-gap [2] when the propagation of light is completely
inhibited inside some frequency region. Only relatively
recently has it been realized that the periodicity of the refractive
index in photonic crystals by itself results in a number of
unusual properties even in the absence of the complete band-
gap [3-8]. These properties do not necessarily require a
strong contrast of the periodic modulation, i.e. the ratio of
the minimum and the maximum values of the refractive index,
and, particularly, can be observed even if the contrast is much
weaker than needed for the gap to open. One of the illustrative
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examples is provided by dark modes [9-11], which are not
coupled to plane waves propagating outside the structure. The
existence of these modes is related to the point symmetry of the
photonic crystal and, therefore, the dark modes present even
if the contrast is very low. The dark modes, as well as other
phenomena such as self-collimation and negative refraction,
demonstrate that periodic spatial modulations of the dielectric
function have more ways to affect the propagation of light than
just producing a gap in the spectrum.

Real photonic crystal structures always contain one
or another type of disorder regardless of manufacturing
procedure. It is crucially important, therefore, to understand to
what extent disorder affects properties of these structures. This
issue is of great interest because an interplay between periodic
and random variations of the refractive index creates new
challenges for a theory of light propagation in inhomogeneous
media, and promises new and unusual effects in the radiative
transport.

The problem of the disorder in photonic crystals can be
approached from two perspectives. On one hand, there is an
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issue of effects of disorder on spectral features of photonic
crystals and their manifestation in such characteristics as
reflection or transmission spectra. This research direction
involves, for instance, studying such problems as a dependence
of the width of the photonic band-gap on the degree of the
disorder [12-14]. A different type of question arises when
one is concerned with effects of disorder on propagation
of light inside the photonic structure within the framework
of the transport theory. Problems considered in this case
include diffusion in the photonic crystals [15, 16] or enhanced
backscattering [17-19].

The main objective of the current paper is to develop a
general theoretical approach to wave transport in disordered
photonic crystals, which would systematically, from first
principles, take into account the periodic nature of the average
refractive index. The microscopic nature of our approach
distinguishes it from earlier papers, which relied either on
ad hoc modifications of results obtained within the multiple
scattering theory in statistically homogeneous media [19, 18],
or on phenomenological assumptions regarding the distribution
of the field in the bulk of the photonic crystal [16, 17]. For
instance, it was assumed in the latter papers that propagation
of light in the bulk of the photonic structure is the same
as in statistically homogeneous random media, and the band
structure of the photonic crystal only manifests itself within
a narrow surface layer of the sample. This idea is obviously
based on the assumption that multiple scattering destroys
photonic modes of an ideal periodic structure so that the
structure of the electromagnetic field in the bulk of the photonic
crystal becomes indistinguishable from that of a regular
disordered medium. A number of experimental and numerical
results, however, cast doubts on this assumption. For instance,
it was shown in [20] that photonic modes are completely
developed in samples with linear dimensions as small as just
a few periods. It was also determined experimentally that the
mean free path, £ (see equations (60) and (72)), due to disorder
in real photonic crystals (see. e.g. table I in [21]), substantially
exceeds the lattice constant of the photonic crystal. Even for
relatively high frequencies Q2a/2mwc = 1.6 it was found that
£/a =~ 4. Thus, even in this least favourable case there
are about a hundred elementary cells in a volume with the
linear dimensions of the order of £. Comparing these two
results and invoking ideas of the separation of length scales
it is reasonable to expect that the underlying periodicity of the
photonic crystals must still manifest itself even in the presence
of disorder. In our paper we show that this expectation
is indeed justified, and demonstrate explicitly the effects of
periodicity on wave transport in the diffusive regime.

The standard multiple scattering theory of wave transport
in disordered media depends significantly on the plane wave
representation of the scattered field.  The role of the
plane waves is explicitly emphasized by the use of the
Wigner function in derivations of the radiative energy transfer
equations [22-25]. In photonic crystals, however, approaches
based on plane waves encounter significant difficulties because
plane waves are not normal modes of the underlying ideal
periodic structure. While the Wigner representation of the
field—field correlation function itself remains, of course, valid

even in such structures, the Wigner function, however, ceases
to be a smooth function of coordinates, which is essential for
the derivation of the radiative transfer and diffusion equations.

Qualitatively, one of the difficulties of the plane wave
based approaches is due to the fact that the plane waves are
scattered not only by the random fluctuations of the refractive
index but also by its periodic modulation. The latter is a purely
deterministic process and is responsible for the formation of
photonic crystal modes, which can be considered as coherent
superpositions of the plane waves. Thus, in order to describe
wave transport in disordered photonic crystals one has to be
able to separate the deterministic contribution to the scattering
from the one caused by the disorder. This can be achieved
by developing the transport theory on the basis of photonic
modes of an ideal crystal, but as we will see even within this
approach the discrimination between coherent and incoherent
processes is highly non-trivial. The second, more technical,
difficulty in adapting the standard multiple scattering theory to
photonic crystals arises from the fact that the theory developed
for statistically uniform media heavily depends on certain
assumptions (e.g. the translational invariance of the averaged
Green’s function) that are not valid in disordered photonic
crystals.

In the present paper we resolve these difficulties and
develop a consistent multiple scattering theory of light
transport in media with the periodic-on-average dielectric
function. Some of the results obtained are actually valid
also in media with arbitrary modulation of the background
(average) dielectric functions. We introduce the interpretation
of the field—field correlation function as the density matrix and
show how it can be used to separate coherent and incoherent
contributions in the transport. Using this idea we generalize the
concept of specific intensities to the case of photonic crystals
and derive respective radiative transfer equations. We also
find an asymptotic solution of the Bethe—Salpeter equation
describing a steady state intensity distribution in an infinite
medium far away from sources, which we use to derive a
diffusion equation in a steady state regime describing long
scale spatial relaxation of the intensity toward the limiting
distribution.

2. Multiple scattering in disordered photonic crystals

In the framework of the scalar model, the spatial distribution of
the wave field at frequency w in a disordered photonic crystal
is governed by the Helmholtz equation

AE,(r) + 0*€(r)E,(r) = j(r), (1

where j(r) is the external source. Here and henceforth we
use units with ¢ = 1. In (1) we have introduced the dielectric
function

€(r) = e(r) + Ae(r), 2

which consists of two components. The periodic part, €(r +
a) = €(r), constitutes the photonic crystal with a being the
vector of lattice translations. The zero-mean random term,
Ae€(r), describes the deviation of the dielectric function from
the ideal periodic form. We assume that the random part of
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the refractive index is a zero-mean Gaussian random field,
i.e. its statistical properties are completely characterized by
the covariance K (rq, ) = (A€e(r)A€e(ry)). In appendix A
we provide a model of such inhomogeneities relevant for
disordered photonic crystals. With this assumption (1) can
be readily analysed by standard diagrammatic techniques
based on the Born series representation of the solutions of
the integral (Lippmann—Schwinger) formulation of (1), which
were developed in the theory of multiple wave scattering
in statistically uniform media [26-28]. This approach is
virtually model independent and can be applied for structures
with arbitrary spatial profile of the deterministic part of the
refractive index.

The Dyson equation for the Green’s function of (1)
averaged over realizations of the disorder, G = (G), is
obtained using the standard diagrammatic technique and has
the form

Go(r, 1) = Go(r, 1)
+ / dry dry Go(r, 1) Su(r1, 72) G (r, 1), 3)

where ¥, is the self-energy ‘defined’ as a sum of all irreducible
diagrams. We use somewhat cumbersome coordinate
representation in order to emphasize its generality and
independence of a particular form of the regular modulation
€(r). The latter determines the non-perturbed Green’s
function, Go(r, r’), which is assumed to be known. In
particular, in disordered photonic crystals Go(r, r’) is the
Green’s function of the ideal periodic structure.

The main difference between statistically uniform media
and disordered photonic crystals is reflected in this equation
through symmetry properties of the unperturbed Green’s
function. In periodic-on-average systems, this function is
invariant with respect to lattice translations and the group of
point symmetries of the underlying photonic structure, while
in the uniform disordered systems it has full translational and
rotational symmetry. In appendix B we demonstrate that the
averaged Green’s function and the self-energy possess the same
translational and point symmetries as Go(r, r’). We utilize
these properties by expanding all related quantities in terms
of photonic Bloch modes,

W, (1) = ¥ uy (1), 4

where u, (r) is periodic with the period of the photonic
lattice, k is the Bloch wavevector lying inside the first Brillouin
zone, and n enumerates photonic bands. Using these functions
we introduce the matrix representations of the quantities
appearing in (3) according to

Go(ri,m) =Y ga(k) Wi (r) ¥, (r2),

k.n
Go(ri,m) = Y Gun(k) Wk (r) ¥y, (12),
k,n,m
T 7)) = Y Zum(R)e) Wi, (r) Wy, (r2)e(ry).

k,n,m

(&)

The respective matrix elements in these expansions are
1

gn(k) = w2 — a)ﬁ(k)’

1
Gum(k) = ﬁ/dm dry e(r)uy, , (1) ©
%

X G o(r1, T2)Uge m (12)€(12),

1
Ynm(k) = v / dry dryuy, , (1) 2o (71, 72) Uk m (T2),
1%

where a)ﬁ(k) is the dispersion law of the nth band, the
integration is performed over the elementary cell of the
ideal structure, and V is the volume of the elementary cell.
Deriving (6) we use the orthogonality condition of the Bloch
functions

/dr €)W, 1 (P) Wy g(r) = 8mnd(k — q). (7

Using (6) we can rewrite (3) in the matrix form

Gun(k) = gm(K)dpn + ng (B) X1 (k)G (k). (8)
[

This equation emphasizes the fact that the translational
invariance of the self-energy prevents modes with different
Bloch vectors being mixed while states corresponding to the
same Bloch vector but belonging to different bands are coupled
by non-diagonal elements of the self-energy %, (k).

In order to analyse the general effect of the disorder, we
separate the diagonal, fd(k), and the off-diagonal, fo(k),
parts of the self-energy, representing the latter in the form

T (k) = Sa(k) + Zo(k). 9)

The diagonal part fd(k) modifies each band independently.
It can be accounted for by introducing a modified Green’s

function .

Gyl(k) — Sa(k)’

which is determined by a Dyson equation similar to the one
written for the standard case of a statistically homogeneous
medium. In terms of the modified Green’s function (8) takes
the form

Go(k) = (10

G = Go+ GoZ,G. (11)
Equations (10) and (11) show the twofold role of the disorder
in disordered photonic crystals. The disorder not only modifies
each band separately, similar to the case of the statistically
homogeneous media, but also couples these modified bands.
It is important to note that the band coupling is a subject of
various selection rules. First, the most restrictive rule comes
from the translational symmetry of the self-energy. As has
been noted, it prevents states characterized by different Bloch
vectors being coupled. In other words, from the perspective of
a band diagram one can have only ‘vertical’ coupling. The
second rule follows from the point symmetries. The self-
energy transforms according to identity representation of the
symmetry group of a given point in the reciprocal space of
the photonic crystal. As a result, its matrix elements between
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states corresponding to different irreducible representations
vanish. This selection rule has important implications for
high symmetry points and directions. In particular, it means
that disorder does not lift the degeneracy at the points
where the degenerate states are described by different or by
multidimensional irreducible representations. The first can be
shown by direct calculations of the respective matrix elements
of the self-energy. The second follows from the following
argument. The states corresponding to a representation with
a dimension higher than 1 can be coupled only with the
states that transform according to the same presentation. As
a result the modified state also transforms according to this
presentation and, hence, the respective state should also be
degenerate. This implies, in particular, that the degeneracy is
not lifted at high frequency I'-points.

In order to analyse the effect of the band coupling in more
detail, we consider a two-band model when all bands but two
(denoted by 1 and 2) remain uncoupled. The solution of the
Dyson equation describing the coupled bands has the form

C:L(gzl—ﬁzz _]Elz )
g —Zu

Di» o1
where g; and X;; are the respective matrix elements of the
unperturbed Green’s function and the self-energy, respectively.
The zeros of the function

12)

D= (g —Z1) (&' — =) — T3y 13)

give the spectrum of averaged excitations. Introducing w »(k),
the unperturbed dispersion laws of the interacting bands, the
poles of the averaged Green’s function can be written in the

form | A

Here @7, = w?, — %112 are the band frequencies after the
diagonal modification, A1y = @ — @3, and

(14)

Y2201
AL

N2 =4 (15)

is the parameter characterizing the strength of the band
coupling. As one could expect, this parameter is proportional
to the matrix elements of the self-energy between the coupled
bands and is inversely proportional to the frequency separation
of the modified bands. When this parameter is small,
N2 K 1, the effect of the band coupling can be neglected
and the photonic crystals can be described in a single band
approximation. It should be noted, however, that in spite of
formal similarity between the averaged Green’s function in
the single band approximation and the respective expression
for the uniform disordered medium, the transport properties of
the two systems remain substantially different. The condition
N2 < 1 can be more easily satisfied at lower frequencies,
when the band separation is of the order of magnitude of the
fundamental band-gap. For higher frequency bands, however,
the band coupling may play a significant role even in the case
of photonic crystals with weak disorder and strong contrast of
the refractive index.

3. Transport in disordered photonic crystals

3.1. General formalism

The transport properties of disordered media are characterized
by the field—field correlation function

Porn (T1,12) = (Eo, (r) E,, (12)), (16)

which can be used to describe transfer of energy and, generally,
spatial distributions and time evolutions of any quantity
quadratic in the field. A relation between p,, 4, (71, 72) and
the external sources is provided by the intensity propagator
M(r1, 72: 70y = (G, (11, 7)) G, (72, 7)) according to

Py (T1, T2) = /dr/ldré TI(ry, 715 72, 75) Jo, (7)o, (75).
a7
Using the standard diagrammatic technique one can show that
the intensity propagator satisfies the Bethe—Salpeter equation,
which can be written as

I (ry, r2; 7)75) = Gy, (71, 7)) G* oy (12, 75)
+ / dr; dry dry drééw] (1, 13)G* 4, (12, T4)

(18)

The kernel U,, ., is the irreducible vertex presented
formally as a sum of irreducible diagrams [26]. We would
like to emphasize that, similarly to the Dyson equation,
the Bethe—Salpeter equation holds for an arbitrary regular
spatial modulation of the dielectric function, not necessarily
periodic. We show in appendix B that, regardless of the
spatial dependence of the regular part of the dielectric function,
the irreducible vertex possesses an important property of
reciprocity

X Uw],wz (r3, T4; réa ri)l’[(rg, rz/t; ’I"i’l"é).

Usy o (1, 725 71, 75) = Usy 0, (1), 755 71, 172). (19)
Additionally, in disordered photonic crystals this quantity is
invariant with respect to lattice translations (see appendix B),
suggesting the following representation for the vortex:

Unpon (P, 7 7, 7)) = Y €(r)e(ra)e(r))e(r))
v1.2,012,q;
x U 2 (qr, @25 @3, q4)8 (@1 + @4 — @2 — @3)
X Wy 0, ()W, 1, (PDWE, | (r) WL, (1)),

q,02
where the bar over a vector denotes the vector reduced to the
first Brillouin zone.

Using the Bethe—Salpeter equation, equations (18)
and (17), one can derive an equation for the field—field
correlation function o, ., (71, 72). We present it in an integro-
differential form, which is the most convenient for further
analysis. To derive such an equation one can apply operators

(20)

Aix+of,, (1)

€(r2)

where indices 1 and 2 indicate a coordinate acted upon by the
Laplacian, to both sides of (17). As a result, in the region of
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space free of external sources, one has

L A L gt ot — ol ( )
—_ w; — W w]’wz’l’,’l’
) : ! 2| P b

= / A7} A7) Fooy 0, (71, 725 71, 75) Py (71, 7). (22)
where
1
Forwn (T, 125 71, 15) = —— 2, (r1, 1) (12 — 15)
e(ry)
mlpr o (12, 15)8(r) — 7))
S(ry — 7)) -
d //d Vi 1 G* , "
* / " rz[ e(ry) on(T2:T2)
S(ry — 1) -
_ #Gw, (ri, )
€(rp)
X Usy,o, (7], 735 71, 73). (23)

This equation has been a subject of numerous investiga-
tions [26, 29], most of which were concerned with the radiative
transfer or diffusion regimes in statistically homogeneous
media. In many of those works, diffusion was understood
as a transport process characterized by asymptotically slow
(both in time and space) changes of the field intensity. In the
spectral domain this behaviour manifests itself in the form of
the characteristic ‘diffusion’ pole of the intensity propagator,
which is proportional to (12 — D%~ in the limits @ — 0,
QO — 0. Here frequency and wavevector transfers, 2 =
w; —wy and Q = q; — ¢qa, characterize slow spatiotemporal
dynamics of intensity, and wavevectors q; and g, arise from the
plane wave representation of the scattered field. This reliance
on the plane waves significantly complicates generalization
of standard microscopic derivations of radiative transfer or
diffusive equations to the case of disordered photonic crystals.

In order to better recognize the source of these difficulties
and find a way to circumvent them, it is necessary to re-
examine basic physical ideas about diffusion of light in
disordered media. As a first step in this direction, in the current
paper we consider time independent spatial distribution of the
wave intensity in an infinite medium far away from the sources.
This regime arises in the case of a monochromatic source,
when the field in the structure harmonically depends on time,
x exp(—iwt), so that 2 = 0. In this case, the equation for
the field—field correlation function p = (E,E}) (hereafter
we omit the lower index corresponding to frequency) can be
obtained from (22) by setting w; = w; = w:

1 1
|:6(1°1) Ay — mAz} p(ry, ™)

_ / dr! Al Fry, 1as 7 750 ),

where ¥ = F, . Using (24), the optical theorem (the Ward
identity) can be derived [26] in the form F(r, r; ri, ré) = 0,
which is especially useful from the technical point of view.
Integrating this equation over r we obtain the Ward identity
in the form

E(ry, 1) — X (ry, 1)

(24)

= /dri’ dri[G(rl, r]) — G*(r], ¥DIU @], 75 71, 7).
(25

The physical picture of the transport in disordered media
is developed using close relation of the function p(ry, 1)
to both transport characteristics and coherence properties of
the field. The description of transport (e.g. the energy
density and the flux) is based on the property that the
averaged values of any quantity quadratic in field can be
expressed in terms of convolution of respective operators with
p(r1, r2) (see equations (33) and (39) below). The coherence
properties are described considering p (ry, ;) as the coherence
function [30, 31].

A quantity that simultaneously describes such transport
related characteristics as energy density and flux and coherence
properties of the system is well known in quantum statistics.
It is called the density matrix [32]. Indeed, on the one
hand the density matrix can be used to calculate current
and energy densities, and on the other hand the density
matrix describes mixed states, which can be characterized as
incoherent superpositions of pure or coherent states. Using
the density matrix analogy one can think of the field—field
correlation function as a characteristic of such a mixed state of
the wave field in disordered media. Separation of coherent and
incoherent properties of the field would then involve finding
states whose incoherent superposition would reproduce the
field at the level of function p(ry, ;). However, before
developing this idea any further, we need to demonstrate that
the field—field correlation function has indeed all the formal
properties of the density matrix.

We expand p (7, ;) in terms of the eigenstates of the non-
perturbed system, say the modes of the ideal photonic crystal,
writing

P T) =Y o W))W (r)),

v

(26)

where summation over indices p and v enumerating the
eigenstates can involve integration. It is easy to see from
the definition of the correlation function that coefficients
Pu,v constitute a Hermitian matrix. This matrix can be
diagonalized, which corresponds to the spectral representation
of the statistical operator in quantum mechanics, by means of
a unitary transformation to another basis

Ve = BV, 27)

so that one has (Mercer’s theorem [30, 33])

p(ri ) =Y peWe(r) Wi (r2) (28)

with p; = 0, which follows from the fact that p (7, ;) is
non-negatively defined [34]. Following the standard quantum
mechanical interpretation, p in the diagonal form represents an
incoherent superposition or mixture of pure states Wi, which,
according to (27) are coherent superpositions of states W,,. In
order to clarify the exact meaning of this expression let us show
that the correlation function can be used to calculate the energy
density of the field and its Poynting vector in much the same
way as the density matrix is used in quantum statistics.

The energy density of the field in a steady state can be
presented as

w(r) =L [0®€@)IE®)*+ IVE™)*], (29)
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where €(r) is the total dielectric function including both
regular and the random components. By introducing the
operator

w=—(V;—

V2)?/4, (30)

one can show that the averaged energy density can be expressed
in terms of the function

(€2))

w(ry, ) = wp((ry, ry)

as

(w(R) = w(R, R), (32)

where we used the Helmholtz equation to arrive at (32). One
can see that this equation can be presented in the form typical
for quantum statistics as

(w(R)) = Tr[p wrl, (33)

where Wg = §(r; — R)§(r — R)W.

As an example let us consider the case when the density
matrix has the form of an incoherent superposition of the
eigenstates W, of the ideal system. Then from (33) we find

Z PuWy (R),

where we have introduced the energy density of the pth mode

(w(R)) = (34)

wy(R) =W Wy, (r) W} (r) | (35)

ri=r=R"’
This expression provides a clear explanation of the notion
of incoherent superposition. Indeed, the average energy of
the field in this expression is presented as a sum of energies
of individual modes W, (r) as expected for the addition of
incoherent fields as opposed to the sum of the field amplitudes
expected for the coherent fields.

Similar expressions can be obtained for the average value
of the Poynting vector, S = iw[E*VE — EV E*]/2, which can
be calculated using the operator

S= —5 (Vi = V), (36)
which gives
(S(R)) = S(R, R), 37)
where R
S(ri, 1) = Sp(ri, m). (38)

In the case when the density matrix is diagonal in the basis of
the eigenfunctions of the ideal system we see again that the
average Poynting vector is a sum of Poynting vectors of each
mode, which indicates the absence of any interference effects
in the superposition of modes W, ():

(S(R)) = Z puSu(R),

Tr p SR 39)

where Sg = 8(r; — R)8(r, — R)S and S, (R) is the
distribution of the Poynting vector in the pth mode
Su(R) =

S W, (r) W (r)] (40)

7‘_1"_

It is seen from equations (34) and (39) that p, have
the meaning of the weights of the incoherent superposition.
More generally, if we normalize p(r}, ;) in such a way that
Tr[p] = 1, we can interpret pg, the eigenvalues of the matrix
Py.vs as the distribution function in the space of the states \i/,;.
The values of any quantity quadratic in field averaged over
the disorder realizations, therefore, can be calculated as the
average over the distribution function p; in a similar way as
is done in quantum mechanics. We would like to emphasize
here that the emergence of the incoherent superposition in the
problem of wave propagation is directly related to averaging
over realizations of disorder. Without averaging, the density
matrix defined in (28) would have a form o, , « a,a,, and
matrices of such form have a single non-zero eigenvalue. As a
result, the sums in (34) and (39) would consist of just one term,
indicating that p represents a pure or coherent state.

The notion of incoherent superposition expressed by
equations (34) and (39) also allows one to provide a physical
meaning for the states W; diagonalizing the density matrix.
The spatial field distribution in a random medium can be in
principle presented as a linear combination of functions from
any full system: plane waves, Bloch waves, etc. The concept
of normal modes as well defined spatial distributions of the
fields that can be excited separately one from another is not
very useful here. Indeed the distribution of the field in a
random medium is so complex that at any given frequency it
is impossible to excite a single mode out of infinitely many
degenerate modes. In this situation, functions W; play a
special role as such distributions of the field whose linear
combination is purely incoherent in the sense of equations (34)
and (39). The form of these functions is determined by
remaining coherence effects in the scattered waves, and thus
by using the density matrix formalism we achieve a separation
between coherent and incoherent contributions to the energy
transport in disordered systems. In other words, one can say
that the functions diagonalizing the density matrix describe the
modes which provide the energy transfer.

In order to illustrate these general ideas, let us consider
a case of wave scattering in a homogeneous random medium.
In the case of an infinite medium and asymptotically far away
from the sources the field—field correlation function restores its
translational invariance: p(ry, ) — p(r; — 7). Using plane
waves as a basis we can rewrite (26) for this particular case as

p(ry,r) = /dq dk pun(K)é(k — q). (41)
One can see that the density matrix in this case is diagonal in
the basis of the plane waves so that they are responsible for the
incoherent transport.

3.2. The field—field correlation in an infinite photonic crystal:
asymptotic behaviour

In this section we consider a solution of the steady state Bethe—
Salpeter equation (24) for the correlation function p(ry, 72)
valid in an infinite photonic crystal asymptotically far away
from the sources. Besides providing an important non-trivial
example of the application of our formalism, this solution
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shows how the periodicity of the underlying photonic structure
affects the asymptote of the intensity distribution in the
disordered structure and provides a starting point for deriving
the diffusion equation. Using equations (19) and (25) one can
check that (24) is solved by
(00) 1 ok ~
p N (r, 1) = =[G (r2, 1) — G(r1, 1)), (42)
2iN

where N

coordinates.
rewritten as

is a normalization constant independent of
Using the reciprocity theorem [26] this is

p(r1, ) = —Im[G(ri, )] /N (43)

This solution is valid in a general case regardless of the
specific form of the regular modulation of the dielectric
function and the distribution of the disorder. In the case of
statistically uniform media it is reduced to a form found in [35]
and [36]. Thus we can consider this function as the asymptotic
distribution of the field—field correlator, which can be called for
this reason an equilibrium density matrix.

In the case of disordered photonic crystals, the function
p© (1, 1) can be expanded in terms of normal modes of the
underlying periodic structure. According to (5) we can present
this expansion in the following form:

P (ri, ) =Y pie ()W (r) W), (1), (44)
k.,n,m
where
o) (k) =[G, (k) = Gun(k)] /2iN
= e dry dr, e(rl)u,’;,n(rl)
x Im G, (71, 72)ttg m (12)€ (7). (45)

This expression shows that in the basis of normal modes of
an ideal periodic structure the density matrix is diagonal with
respect to the quasi-wavevector k, but is not diagonal with
respect to the band indices. Following equations (26)—(28) we
diagonalized the matrix ,o,5°°) (k) by a unitary transformation

Wi = ) Biin (k)W (46)

Since the diagonalization procedure involves only band indices
and leaves the Bloch vector intact, functions W, ;; () can also
be presented in the Bloch form similar to (4)

W (r) = ety (r). 47)
Transformation (46) preserves the scalar product because of
unitarity so that

/ dr e(r) W (1) Wy (r) = 8(k — Q)8 (48)
Using this property we normalize p® defining
N=-x / dr e(r)Im[G(r, r)], (49)
%

where the integration is performed over the elementary cell of
the ideal structure. Equations (42) and (49) define p© as
the asymptotic form of the density matrix, which according to
equations (44) and (46) is an incoherent superposition of the
states Wy, 5 with respective weights.

As was discussed, the eigenvalues of p(°°) define the
probability distribution function on the space of the states
\IJ,”;, (r) parametrized by the number of the band m and by the
point in the first Brillouin zone k. As follows from the Dyson
equation the singularities of the averaged Green’s function and,
respectively, of the eigenvalues of p>°) are determined by
the dispersion law of the average excitations (see e.g. (13)).
For more detailed analysis we consider the situation when we
can neglect the band coupling so that the averaged Green’s
function is given by (10). In this case, the eigenvalues of the
density matrix as functions of the quasi-wavevector have the
largest values when k obeys the dispersion equation for a given
frequency. In other words, these eigenvalues reach maximum
values on equifrequency surfaces, F;, (w), corresponding to
different bands of the ideal photonic crystal. The width of these
maxima is proportional to Im[ Xq,, (k)] (see (9)). If the disorder
is weak in the sense of the Ioffe-Regel criterion (see below),
then for frequencies which do not lie at band edges we can
obtain

(00) ~
() =~ 2Nw2/w> |vm(k)|

X e—\)’m(k)-(?“l —72)| \I"k,m (rl)q”k,m (r2),

(50)

where the integration runs along the equifrequency surfaces,

vy (k) = Vi, (k) is the group velocity, and
Im[%q, (R)]v, (k) 1 _
k) =— = —0 (k)v, (k). 51
Ym(k) 2002 (k) 2m()v() (51)

Here v,, (k) is the unit vector along the direction of the group
velocity and we have expressed the imaginary part of the self-
energy in terms of the respective mean free path ¢, (k), which
is defined later in (60).

As follows from (50) in the limit of vanishing
disorder, which corresponds to the on-shell approxima-
tion [26, 29, 37-39] in the standard theory of transport in
statistically homogeneous media, the density matrix takes the
universal limit

1
o0) —
(r1,m) = ZNwZ/F(w) iy e (M) Wi (r2)-

(52)
The magnitude of the group velocity is, in general, not constant
along the equifrequency surfaces. As a result, different states
are not equally presented in the equilibrium distribution, as is
seen from equations (50) and (52). In particular, if there are flat
bands [40] with low group velocity near the frequency w, then
these bands would give the main contribution to p(()oo). Another
example of a highly inhomogeneous distribution is provided
by the frequencies when an equifrequency surface touches the
boundary of the Brillouin zone. In this case, the magnitude of
the group velocity becomes very low at the points of contact,
resulting in an increased weight of the respective states in the
equilibrium distribution (see figure 1).
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Figure 1. The dependence of 1/v,,(k) along the equifrequency
surface corresponding to wa /2w = 0.41. The horizontal plane is the
first Brillouin zone. Here and below the calculations are presented
for a square lattice 2D PC made of dielectric cylinders with the
contrast of the refractive indices n = 2 and with the radius—period
ratio r/a = 0.4.

It should be noted that the on-shell approximation is
poorly suited for studying the correlation properties of the field.
Indeed, the function p(goo) (r1, r2) does not tend to any limit as
|ry — 2] — oo while p© (7, ) in (50) obviously vanishes
in this limit. Thus, for this purpose one has to use (42) or in
the case of weak disorder the simpler version (50), as has been
practically done in [36], where additionally the approximation
of spherical equifrequency surfaces was used.

However, for studying transport properties the on-shell
approximation may by appropriate because, as follows from
equations (32) and (37), the energy density and the Poynting
vector are determined by the behaviour of p (7, ;) near the
diagonal »; = r,. We estimate the effect of the exponential
term in (50) by calculating the average energy density. The
density matrix in the on-shell approximation yields the energy
density as a sum of contributions of different modes (see (34))

(W(R)) =Y pov wim(R), (53)
k,m

where wg, ,, (R) is the energy density of the mode Wy, of the
ideal photonic crystal. The exponential term in (50) can be
shown to modify each contribution by the factor

1
[4ol,, (k)*

~1 —

(54)

In order to evaluate the correction, we note that w?,, (k) is a
parameter of the Ioffe—Regel type [27], which is expected to
be much larger than unity far from the localization regime, so
that the deviation of the equilibrium density matrix from (52)
can be neglected in the analysis of transport quantities.

The problem of special interest is what happens in
the immediate vicinity of the complete band-gap. Formal
application of (60) gives vanishing mean free path for the
modes lying at the edge of the gap. This means that
approximation (50) for the density matrix is no longer valid

and that the modes of the ideal photonic crystal are not a
good approximation for the modes \IJ[L. Such non-perturbative
reconstruction of the modes constitutes a special problem and
is not considered in the present paper. Therefore, in what
follows we restrict ourselves to the frequencies which are not
too close to the complete gap so that the condition w?,, (k) > 1
can always be fulfilled if the magnitude of the inhomogeneities
is not too high.

Let us conclude the analysis of the equilibrium distribution
by outlining two significant differences between the transport
in statistically homogeneous media and disordered photonic
crystals. The most essential difference is that the radiative
transport in photonic crystals is provided not by plane waves
but by the modes which reflect properties of the ideal structure.
Indeed, these are the modes of the photonic crystals that
constitute ,o(oo) (ry, rp) rather than pure plane waves. As a
result, even in the asymptotic distribution of the energy density
the disorder does not wash out the features specific for the ideal
structure. In the case of weak disorder when the energy density
can be approximated by (53), one can see explicitly that for
frequencies near the fundamental gap and higher, the spatial
profile of wy ,, (R) is highly inhomogeneous on the length
scale of the elementary cell [41]. This inhomogeneity is stable,
to some extent, with respect to averaging over the equilibrium
distribution function. Most clearly this effect should be seen
for frequencies near the lower edge of the fundamental gap.
Indeed, as follows from the variational principle [1] at such
frequencies the field distribution takes higher values in the
regions with higher values of the refractive index for each point
on the equifrequency surface. The same obviously holds for the
energy density of each mode. Thus, we can conclude that even
the long scale asymptotic behaviour of intensity in disordered
photonic crystals is highly inhomogeneous. This property
is unexpected from the point of view of the transport in
statistically homogeneous media, where the distinctive feature
of this limit is the homogeneous distribution of the energy
density [42].

The second important feature of the field distribution in
photonic crystals is its significant anisotropy as a function of
direction of the Bloch vector. Anisotropy itself is not, of
course, the specific feature of disordered photonic crystals.
The similar effect can be expected in regular anisotropic
media, where the group velocity depends on the direction
of the wavevector. In disordered photonic crystals, however,
this anisotropy can be very pronounced, especially near the
frequencies corresponding to the edges of (partial) band-gaps.

3.3. The radiative transfer equation

Applying (37) to the equilibrium state described in the previous
subsection,

S (1, 12) = 8p (11, 72), (55)

and using the symmetry properties of the equilibrium
distribution given as p®(r1, 1) = p @, 1), we
can immediately see that the flux in this state vanishes:
S (R, R) = 0. This is of course a result expected for
an asymptotic regime in the infinite medium. In order to
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describe states with a non-zero flux, which are most relevant
to experimental situations, we have to consider the correlation
function at a finite distance from the sources or in a finite-sized
medium. In this case, we cannot expect that the same modes v/
will diagonalize the correlation function, but if the deviations
from the equilibrium state are small we can assume that non-
diagonal elements decay very fast when one moves away from
the main diagonal of the density matrix. Then, instead of trying
to find the true diagonalizing states we will follow the same
approach as in the standard transport theory in a statistically
homogeneous medium and convert the non-diagonal density
matrix into a function slowly changing in real space. The field—
field correlator in this representation takes the form of

P ) =Y Tea(R) Wk (r) B 5 (r),
k,m

(56)

where R = (7] + 7;)/2 and Zj ;5 (R) are smooth functions of
the coordinate R. The functions 7 ; (R) can be interpreted
as specific intensities of the respective modes Wy 7. In order
to show this let us calculate the average energy density and
the average Poynting vector. Using representation (56) in
equations (32) and (37) we obtain

(W(R)) =Y T w(R)ywi (R),
k.m

(57)
(S(R)) =Y T w(R)Sk.n(R),
k.m

where we have used equations (35) and (40) to define formally
the energy density, wg;, and the Poynting vector, S,
corresponding to the states Wy, . Equations (57) agree with
the intuitive concept of the specific intensity, justifying our
identification for functions Z ;.

In order to derive an equation for the specific intensities,
we calculate the matrix element of both sides of (24) between
the states \i’,’;m/zﬁ and \i’k,q/z,;, and then use the assumption
of smooth 7, ;; (R) as expressed by (C.8). Calculations based
on the separation of length scales (see details in appendix C)
lead to the radiative transfer equation in the form

o Vii(k) » VRIk i (R) = Im[ Xy jn (k) Lk, (R)

+ / dg Y onalk, 9Ly (R). (58)
Here and below the matrix elements for the self-energy and the
irreducible vertex in the basis provided by the states \il,; are
related to the matrix elements defined in equations (6) and (20)
through transformation (46).

In equation (58) we have introduced several important
quantities. The velocity Vj; (k) determines the direction of the
‘ray’ corresponding to the mode W}, ; and is expressed in terms
of the group velocity of the photonic crystal modes as

Vilh) = © > Bank) Ponko, (k). (59)
(1) n
The spatial decay of the initial distribution Zj ,(R)
concentrated in a single mode towards equilibrium is quantified
by the mean free path

Im[Z5. (k)]

1 _
o B = =

(60)

As follows from the optical theorem, the decay is a result of
the redistribution of energy between the modes specified by
different points in the first Brillouin zone and different band
numbers. Making use of representation (20) the scattering
kernel, which describes the redistribution, can be shown to
have the form

ok, @) = NpSo () UL (K, K, 4, @). (61)

Initially, in relatively small samples or near the boundary
of a big sample, the distribution of energy can be arbitrary
complex. For example, almost all energy can be concentrated
in only a few modes. The distribution changes along the
sample according to (58) and eventually 7Zj ; (R) tends to
p,fj-l), which cancels both sides of (58). This confirms

our interpretation of p,i?;) as the asymptotic equilibrium
distribution. '

If we can neglect the interband coupling and use the on-
shell approximation, which is justifiable in the limit of weak
and short scale disorder, the picture significantly simplifies
since in this approximation B ,(k) become just identity
matrices and the density matrix can be approximated by (52).
This means that the transport is provided by the modes of
the ideal photonic crystal corresponding to the frequency w
and the specific intensity Zj, ;; has the transparent meaning of
the intensity of these modes. The spatial distribution of the
specific intensity is governed by the same equation (58) with
the velocity Vj; (k) substituted by the respective group velocity
Vi (k) — v, (k) as follows from (59).

In order to illustrate the specific features of the radiative
transfer equation in disordered photonic crystals, we calculate
the scattering kernel o ;(k,q) for a 2D structure made
of dielectric discs in the limit of weak disorder. We
approximate the intensity propagator by the sum of the ladder
diagrams and additionally assume the §-correlated disorder
when K (r1, 1) = V28(r; — 1r5)8(r1 — 72), where rg denotes
points lying in a thin shell near the surface of the ideal
disc (see appendix A). In this case the specific intensity
is concentrated at the equifrequency surfaces F,(w) so that
it can be presented as Zy ,(R) = Zpn(R)S[w* — w2 (K)].
The amplitudes fk,m (R) satisfy the radiative transfer equation
of the same structure as (58) with the scattering amplitude
between the states on the equifrequency surface given by

3y/2

- 2 )
Uy (q)V2 [ng |uk’m (T)| |uq,n (T)l 5 (62)

Om,n (k, Q) ==
where the integration is performed in a thin shell near the
surface of the ideal disc. =~ We show the dependence of
omn(k,q) on the direction of the final Bloch wavevector
in figure 2(b) for two cases when the frequency w is well
below the frequency of the fundamental gap wg (wg =
0.28 for the structure used in the numerical calculations) and
when w 2 wg. As one can see, for low frequencies the
scattering amplitude is close to isotropic (the variation of
the scattering amplitude is not visible on this scale), which
is the consequence of slow spatial variation of the Bloch
amplitudes uy, ,, (r) and the shape of the equifrequency surface
close to spherical. However, when w approaches wg both
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Figure 2. (a) The band structure of the ideal photonic crystal with the same parameters as in figure 1. Only two bands used in calculations for
figures 1 (b) and 3 are shown. The horizontal lines correspond to the frequencies wa/2m = 0.21 and 0.41. (b) The scattering amplitude

o (k, q)/»’V? between the states belonging to the first (wa /27 = 0.21, the internal points) and the second (wa /2w = 0.41, the points
corresponding to higher values) bands as a function of the angle between the vectors k and q. The direction of the initial Bloch wavevector g
is taken along the I'X direction for both frequencies, thus the angle in (b) is counted from the I'X direction.

the spatial variation of the Bloch amplitudes and the shape
of the equifrequency surface become non-trivial, resulting in
strongly anisotropic scattering. The interesting feature of this
dependence is that the scattering rates between the states,
which belong to the same band (the points corresponding
to wa/2nr = 0.41 near the horizontal line), are noticeably
higher than the scattering amplitudes connecting the states in
the different bands (points near the vertical axis). It should
be noted that since the gap is not complete the scattering
amplitude remains finite for all directions.

The expression for the mean free path ¢, (k) in terms
of the scattering amplitude oy, ,(k,q) is found from the
requirement for p> to solve the radiative transfer equation,

g ] /
Em (k) - (,()Um(k) ; dqanl,n(ks q)s

where the integral runs over the respective equifrequency
surfaces. Substituting (62) into this expression we find E;l (k)
in terms of the Bloch amplitudes. The same result can
be obtained from (60) using for the self-energy the same
approximation as for deriving (62).

The evaluation of the mean free path for the same
frequencies as in figure 2 is presented in figure 3. It is seen
that for the relatively low frequencies the mean free path only
weakly depends on the direction of the Bloch wavevector,
thus reproducing the well known results for statistically
homogeneous media. In a vicinity of the partial band-gap
the anisotropic scattering is manifest in strong directional
dependence of the mean free path. This is especially evident
for an intermediate frequency wa /2w = 0.31, for which near
the I'M direction the mean free path drops by a factor of five.

(63)

3.4. The diffusion equation

The right-hand side of (58) describing spatial variations of the
specific intensities consists of the sum of two terms. In order to

10
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Figure 3. The directional dependence of the mean free path
£(w)w*/ V? for frequencies wa /2w = 0.21 (curve 1), 0.31 (curve 2)
and 0.41 (curve 3). The angle is counted from the I'X direction.

appreciate their physical significance let assume that at small
distances from the source only a single mode is excited so that
the specific intensity can be presented in the following form:
Tieym < Z(R)8y,my0(k — ko). (64)
The first of the right-hand terms in (58) describes exponential
spatial decay of this specific intensity due to scattering and
redistribution of the energy among other modes. At small
distances this term dominates and the solution of (58) can be
presented in the same form as (64) with exponential spatial
dependence. However, at distances from the source exceeding
the mean free path this term diminishes and the second,
integral, term starts determining the spatial distribution of the
specific intensities, which is no longer exponential. One can
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describe this situation at asymptotically large distances taking
into account that in this limit the density matrix o(ry, 72)
must be close to its limiting value p(r1, 1) so that one
can present p(r, T2) using an appropriate expansion near
Pr. n) Drawing an analogy with the derivation of the diffusion
approximation in the standard case [29, 42, 27] and assuming
that the photonic crystal has the centre of symmetry we present
specific intensities in the following form:

Tiem(R) = (W wa(R) + 9, (k)T ' Sa(R)], (65)

U (k)
where wq(R) and Sg(R) are assumed to be slowly changing
functions of R, while W and T are scalar and tensor
respectively, which do not depend on spatial coordinates. With

an appropriate choice of these quantities one can show that
wq(R) and Sq(R) in (65) can be presented as

1
wyq(R) = g/ dr w(r, r),
V(R)

7
— dr S(r,r),
V v

where the integration is performed over the elementary cell
with the coordinate R; w(ry, r2), and S(r;, r;) are defined
by equations (31) and (38), respectively. These expressions
clarify the physical meaning of wy(R) and Sq(R) as long
scale envelopes of the averaged energy density and the flux,
respectively. W and T in (65) are found to be

(66)
Sq(R) =

W =2 _ %;/dkﬁm(k) ®Bu(k). (67)

where ® denotes the tensor product, (v ® w);; = v;u; and
M(w) is the density of states of the photonic crystal defined as
Mw) =3, 8(0 — o).

The equations with respect to wq(R) and Sq(R) can be
derived from the radiative transfer equation. Summation over
all states on the respective equifrequency surface yields the
energy conservation law

V.-S4(R) =0. (68)
Multiplying both sides of (58) by v,, (k) and summing over all
states we obtain

VDVwy(R) =0, (69)

where the diffusion tensor D(w) up to a constant factor
is defined by D(w) = TM~'T with the current relaxation

kernel [43]
Z / dk [eml(k)

@*A(w)
Q)

Omn (k
— —— (k) ®v
Z/ oy o) n(q)}
It is important to note that despite the scalar character of
the initial Helmholtz equation (1) the diffusion in photonic
crystals is characterized by a diffusion tensor rather than
by a single diffusion constant. In particular, if the

(70)
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periodic modulation is characterized by a rectangular (non-
cubic) elementary cell then the eigenvalues of the tensor
corresponding to different principal directions will be different,
resulting in anisotropic diffusion.

This diffusion anisotropy, however, appears only in low
symmetry photonic crystals. If the point symmetry group of a
particular structure is such that irreducible representations of
the full rotation group remain irreducible for the point group
of the crystal, the diffusion tensor is reduced to a scalar form.
Indeed, crystals with such symmetries, e.g. crystals with square
and hexagonal lattices in 2D and cubic and fcc lattices in 3D,
do not allow non-trivial tensors of the second rank [44]. In this
case the diffusion, despite the strong directional dependence of
the scattering kernel o,,,, (k, @), is isotropic and is characterized
by the diffusion constant

_ F(w) £(w)
" di(w) 1 = (cos(8))’

(71)

where d is the dimensionality of the problem, F(w)
Y. [ dk 1 is the total area of the equifrequency surface,

—1
N (w) = o )Z/dke (k) (72)
and
(cos(h)) = ((—; % m(k) 'Un(q)
(73)

The expression for the diffusion coefficient has the same
general structure as for statistically homogeneous media [29]
with the transport velocity vg(w) F(w)/Mw) and
the ‘transport mean free path’ £(w)/(1 — (cosf)). The
transport velocity is independent of the details of the disorder
distribution owing to the §-functional approximation for
the correlation function K (r;,7;), which is valid if the
frequencies corresponding to morphological resonances at the
typical inhomogeneity size are much higher than the range of
frequencies under consideration [45-47]. Figure 4 shows the
frequency dependence of £(w) for a disordered photonic crystal
with a square lattice. It should be noted that the minimum
of £(w) is reached at the band edge in the I'X direction (see
figure 2(a)) and is due to the significant drop of the group
velocity when the equifrequency surface touches the boundary
of the first Brillouin zone.

It should be emphasized, however, that the possibility to
introduce a single scalar diffusion constant and, respectively,
to describe transport by a single transport mean free path is
not a result of the disorder destroying the effect of periodicity
but rather is the consequence of the underlying symmetry of
the photonic crystal. In the case of low symmetry structures
the diffusion is described by a tensor, and is characterized
by different effective mean free paths for different principal
directions of the diffusion tensor.

4. Conclusion

In this paper we have developed a systematic approach based
on multiple scattering analysis to the theoretical description of
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Figure 4. The dependence of the effective mean free path £(w)/ V?
(dashed line, squares) on frequency in a log—log scale. The solid line
(circles) shows the dependence o w? (this asymptotics for low
frequencies is due to the dimensionality of the problem).

incoherent transport properties of disordered photonic crystals
in the steady state regime. The main difficulty in developing
such a theory using a standard plane wave based multiple
scattering approach lies in the separation between waves
scattering due to periodic modulations of the dielectric constant
and scattering due to random deviations from the periodicity.
One might think that this difficulty is readily resolved by
incorporating modes of the ideal photonic crystal instead of
plane waves into the standard transport theory. However,
such a straightforward approach fails because of the inherent
presence of two spatial scales, the period of the crystal and the
main free path, both of which have to be retained in the theory.
As a result, a formally constructed Wigner distribution, which
is the main technical tool in deriving the radiative transfer
equation in the regular case of a statistically homogeneous
medium, loses its smooth spatial dependence and, hence, its
methodological usefulness.

We have shown that these difficulties can be overcome
if one incorporates the concept of the radiative transfer as
an incoherent process into the foundation of the theory. In
order to achieve this, we showed that the field—field correlation
function, p(ry, 1) = (E(r;) E*(1r;)), has all the properties of
a density matrix defined in quantum statistics, and hence can be
interpreted as such. This interpretation allowed us to separate
coherent and incoherent contributions to the transport and
eventually obtain radiative transfer and diffusion equations for
media with periodically modulated average dielectric function.

We found an exact asymptotic solution, p(°°), of the
Bethe—Salpeter equation (42), which describes the limiting
form of the correlation function in an infinite medium
asymptotically far away from the sources. This function
determines the asymptotic distribution of the intensity of the
field, which was shown to be highly spatially non-uniform and
anisotropic. This result should be contrasted with the case of
statistically homogeneous medium, in which the asymptotic
distribution of intensity is spatially uniform. It is important
that the properties of the intensity distribution even inside an

12

infinite photonic crystal are determined by the normal modes
of the underlying periodic structure. This result casts serious
doubts on the assumption made in [15, 16] that the field
distributions deep inside a photonic crystal and a statistically
homogeneous media do not differ from each other, and that
the anisotropy of the light emerging from photonic crystals is
formed within a narrow layer at the boundary.

The asymptotic character of p® is expressed by the
absence of flux in this state. Using analogy with the statistical
physics we can interpret o> as an equilibrium distribution. In
order to describe actual energy transfer, one needs to consider
small deviations from equilibrium. We derived generalized
forms of radiative transfer and diffusion equations valid for
disordered photonic crystals and obtained general expressions
for the scattering cross-section, mean free path, and diffusion
coefficient. As an example, we calculated the cross-section for
one particular model of a photonic crystal and demonstrated
how the underlying periodic structure effects disorder induced
scattering of photonic modes. In particular, we found that
the scattering cross-section describing the redistribution of
the energy between modes becomes highly anisotropic at
high frequencies. The mean free path of a particular mode,
which describes the rate of redistributing the correspondent
specific intensity, also depends strongly on the direction of
the respective Bloch vector. The numerical calculations show
that for a chosen frequency near the (partial) band-gap the
mean free path may vary almost by an order of magnitude.
Such significant variation presents especial interest from the
perspective of the problem of the Anderson localization.

The interesting feature of the transport in the disordered
photonic crystals is that even if scattering between different
modes may be highly anisotropic it does not necessarily imply
an anisotropic diffusion. Indeed, if the point symmetry of
the crystal is sufficiently rich, e.g. in 2D this is rotational
symmetry of the third order or higher, then all tensors of the
second rank describing the intrinsic macroscopic properties
are proportional to the unit tensor. That is, the diffusion is
necessarily isotropic and is characterized by a single diffusion
constant. The mean free path appears in this constant averaged
over the respective equifrequency surface.

The derivation of the transport equations can be
generalized to describe the radiative transport in more general
situations than considered in the paper. Principally, the
equilibrium distribution given by p holds in the presence
of the boundary as well. The latter is accounted for through the
boundary conditions determining Green’s functions. However,
whether the respective density matrix can be described near the
boundary as a long scale perturbation of o> or not presents a
special interesting problem.

Finally, we would like to comment on the possibility to
extend the consideration provided in the paper to a non-steady-
state regime. By a direct analogy with the standard case, a
slow dynamics in the diffusion regime can be accounted for by
assuming wyg in (65) to be time dependent. However, a rigorous
theory which would yield this limit is yet to be developed.
From the perspectives of the presented consideration, the main
formal obstacle is the fact that p,, , is generally not non-
negatively defined if w; # w,. This problem, of course, exists
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and is recognized in the standard theory of multiple scattering
in homogeneous media as well. In order to ensure positivity of
the specific intensities, it was suggested to consider a coarse-
grained Wigner distribution [48]. A possibility to generalize
our approach to time-dependent correlation functions and their
possible relation with the density matrix formalism is an open
problem.
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Appendix A. A model of Gaussian inhomogeneities in
photonic crystals

A Gaussian random field Ae(r) can be defined in two
equivalent ways. The functional definition is based on the
requirement of an integral

Iy = /dr f(r)Ae(r) (A.1)
to be a Gaussian random variable for an arbitrary function
f(r). The statistical definition states that a multi-point
correlation function of a zero-mean Gaussian field is expressed
in terms of the two-point correlation function

(Ae(r) -+ Ae(ry)) = Y K(ra,mp) - K (ry, 75), (A2)

pairs

where the summation is taken over all possible pairings of the
points vy, ..., 1y, and K (71, r2) = (Ae(r))Ae(ry)).

The property of integral (A.1) being a Gaussian random
variable is consistent with the intuitive idea about a Gaussian
random field, while property (A.2) is convenient from the
technical point of view for developing the perturbation
theory [26]. Both these properties, however, might seem
somewhat artificial from the perspective of a disordered
photonic crystal. Here we would like to present a simple model
of the disorder in a photonic crystal that naturally results in
simulation of the inhomogeneities by a Gaussian random field.

Let the ideal structure be constituted by spheres with
the dielectric constant €; at the sites of a periodic lattice.
Furthermore, we assume that the disorder in this system is
constituted by slight variations of the size of the spheres, while
their positions are fixed. Thus, we can represent the spatial
modulation of the dielectric function in the disordered crystal
in the form

S(r) =€ + Z Ser(r + R), (A.3)
R

where R are the lattice vectors, € is the background dielectric
constant, and e (r + R) is the deviation from the background
value in the elementary cell with the coordinate R. By the
construction egr(r) = €; — € inside the sphere and is equal
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to O elsewhere. We represent the spatial distribution of the
dielectric function in the form adopted in (1), i.e. €(r) =
€(r)+ Ae(r), where €(r) describes the distribution in the ideal
structure and

Ae(r) = Z (ber(r + R) — 8¢o(r + R)) (A4)
R

with §€o(r) being the deviation from the background value in
the ideal structure.

Clearly Ae(r) is not zero in shells near the boundaries
of the spheres constituting the ideal structure. It is positive in
the spheres with the radius larger than the radius of the ideal
spheres and is negative in smaller spheres. We simulate this
function by presenting it in the form

Ae(r) = Z Acgu(r + R), (A.5)
R

where u(r) is a non-random function different from zero in
a thin shell near the boundary of the ideal sphere and the
random amplitudes Aeg have the Gaussian distribution with
zero mean value and are independent in different elementary
cells. Using (A.5) in the integral in (A.1), one has a Gaussian
random variable and, hence, Ae(r) is the Gaussian random
field.

This model, obviously, can be generalized by allowing
the random variables Aeg to be a (usual) Gaussian random
field rather than a constant inside each elementary cell. Such
a model of the disorder would account not only for the size
dispersion of the spheres but also for the roughness of their
surfaces. Assuming that Ae, in different elementary cells are
not correlated we obtain

K(ri,r) = (Aey, A€p, u(ru(r) (A.0)
if 71 and 7, are situated inside the same elementary cell and
K (ry, ) = 0 otherwise. For calculations in the main text
we have used the simplest model of spheres with uniform sizes
and with centres at the sites of an ideal lattice but with rough
surfaces. Thus we take u(r) = 1 in a thin shell around the
ideal sphere (respectively, the circle in 2D) and

(Aep, A€y, = V28(r) — 7). (A7)

Appendix B. Symmetries of the averaged Green’s
function, the self-energy and the irreducible vertex

Leaving the problem of convergence of the perturbational
series aside, the symmetry properties of the averaged Green’s
function (G(r(, 7)), the self-energy X (7, 7,), and the
irreducible vertex U (71, 72; 7}, 75) can be proven on a diagram
by diagram basis [26]. We demonstrate the typical line
of arguments by proving that if the correlation function of
inhomogeneities is invariant with respect to lattice translations
then so is the averaged Green’s function.

Any diagram in the perturbational expansion of
(G(ry, 7)) has the form of a line with 2n internal (n > 0)
and 2 terminating vertices. The internal vertices divide the line
on 2n + 1 segments, which are the graphical representations
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of the non-perturbed Green’s function of the ideal structure.
The internal vertices are connected pair-wise by the lines of
the correlation function.

Clearly, the value of a diagram with fixed values of the
coordinates corresponding to the vertices does not change if
we shift the coordinates of all points (internal and terminating)
by the vector of the lattice translation. Indeed, the Green’s
function lines and the lines corresponding to the correlation
functions do not change because of the translational invariance
of these functions. Furthermore, we note that in order to
obtain the contribution of the diagram to (G (r;, r;)) we need
to integrate with respect to coordinates of the internal vertices.
Finally, we observe that the uniform shift of the coordinates
of all vertices produces the diagram which corresponds to the
perturbational series for (G(r; + R, r; + R)).

This line of argument proves the translational invariance
of the averaged Green’s function, the self-energy and the
irreducible vertex. In order to prove the reciprocity of the
Green’s function and the self-energy

(G(r1,m2)) = (G(12, 7)), X(ry, m) = X(ra, 1),

(B.1)
we need the version of the arguments sketched above, which
includes the directionality of the lines constituting the diagram.
The reciprocity would follow then from invariance of the
diagram with respect to the reversion of the directionality of
all lines. For the irreducible vertex we additionally need to take
into account that the correlation function connecting upper and

lower lines is mapped to itself upon reverting. Thus, we have
U(rl,rz;ri,ré) = U(ri,ré; T, T2). (B.2)

We complete the consideration of the symmetry properties
by proving the invariance of the self-energy with respect to the
point symmetries of the photonic crystal. More specifically,
we show that if the correlation function transforms according
to the identity representation of the respective group, then
so does the self-energy. The proof is based on the property
of the unperturbed Green’s function Gy(7, 12) to transform
according to the identity representation

TGo(r, ) = Go(T ' r1, T ' 1) = Go(r1, 1), (B.3)

where T is an element of the point symmetry group. The proof
of the invariance of the self-energy uses the same arguments
as above with the only difference that now instead of shift or
inversion operators we act with T on all points of the diagram.

It follows from this consideration that the eigenfunctions
of the Dyson equation can be classified according to
the irreducible representations of the group of the point
symmetries of the ideal structure. We use this fact in the paper
when we discuss the effect of the disorder on the degenerate
points in the spectrum of the photonic crystal.

Appendix C. Separation of spatial scales in
close-to-equilibrium regimes

The main assumption used for the derivation of the radiative
transfer equation and the diffusion equation in the paper is
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that the spatial scales of variation of the specific intensity
or the envelope of the energy density and of the functions
describing the modes of the ideal photonic crystal can be
separated. Physically this assumption implies that the slowly
varying functions do not lead to coupling between different
Bloch modes. As aresult, one can neglect the smooth functions
while calculating the respective scalar products.

In order to give a formal expression for the separation of
length scales we consider a photonic crystal mode Wy ,, (1)
modulated by a smooth function f(r)

hk,m(r) = f(r)\pk,m(r)' (Cl)

The smoothness of the function f () can be quantified by (p) s
and (p?) f» Where

(p)y = / dppf(p) (C2)
and f(p) is the Fourier image of f (). The limit of smooth
f(r) can, thereby, be formalized as (p)  — 0 and ( pz)f — 0.
In this limit the weighted scalar product of Ay, () with the
mode ¥, ,(r) is written as

(\I’[q,ns hkm) = /d’f‘ G(T)\I-’;’n(’l”‘)hk,m(?")
= fk—@Unm(q. k), (C.3)
where
Unm(q, k) = / dr e(ryuy , (r)ugn(r). (C4)
v

The inverse Fourier transform of (C.3) with respect to k—q
gives form = n

/dp (Wk—p/2.ms Pietpy2.m) e T = f(r)+ O(f'(r)),
(C.5)
where the remainder is small together with the derivatives of

fr).
Similarly, the notion of the smooth modulation can be
applied for functions of the form

P m) =Y T [(r1 4 72)/2] Wi (r) Wy, (72),
k,m
(C.6)

where Zj ,,(r) are smooth functions. The weighted matrix
element of p (7, ;) between Wy, 42, and Wp,_g/2 , is

(\I/p+q/2,n|p|\yp—q/2ﬂ)
= Y Ty @Un @+ a/2, DUy (@, p—q/2).  (C.T)

The inverse Fourier transform with respect to q gives

/ dq eiiq.R (\pp+q/2,n| 1Y |\pp7q/2,n) = Ip,m (R) (C.8)

up to terms vanishing with the derivatives of 7y, ,,, (7).
Additionally, for derivation of the radiative transfer
equation one needs to compare the scales related to the
irreducible vertex. Analysing the diagrammatic expansion for
U(ry, r; 7, 75) one can see that there are two typical spatial
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scales determining the decay of the irreducible vertex with the
distance between the first and second pairs of the points. The
‘short’ scale is proportional to the correlation radius of the
inhomogeneities. This spatial decay is characteristic for ladder
and maximal crossed diagram approximations. Assuming that
the correlations vanish at the scale of the elementary cell one
can approximate

/dr/1 dry Usyy,w, (r1, 725 7, P))T [(r] +75) /2] -+

~ I[(ri+1)/2] / dry dry Uy, o, (r1, 725 70, 75) -+ -
(C.9)

This approximation has been used for derivation of (58).

There are additional terms in the diagrammatic expansion
of the irreducible vertex that go beyond the ladder and
maximally crossed diagram approximations and lead to the
spatial decay on the scale of the mean free path. These
terms would result in a non-local term in the radiative
transfer equation. The effect of the non-local scattering on
the radiative transfer in disordered photonic crystals will be
studied elsewhere.
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