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Chapter 1

Introduction

The scope of thisthesisisto understand time-dependent effectsin wave pro-
pagation under conditions of chaotic scattering. The chaotic scattering can
be due to impurities inside a waveguide or to irregularly shaped boundaries
of acavity. Chaotic motion is defined in terms of the underlying ray optics,
but it leaves signaturesin wave optics[1,2]. Random-matrix theory [3] pro-
vides a precise description of static transport properties of wavesin chaotic
geometries [4]. The aim of our research has been to extend this approach to
dynamic properties.

Static transport properties include the low-temperature conductance of
a disordered metal and the transmittance of a disordered dielectric shined
by a monochromatic laser. These two quantities have been extensively stud-
ied [5-7]. In seismology, the emphasis has traditionally been on dynamic
properties, simply because the typical sourceisnot monochromatic but more
like a short pulse, caused by an earthquake or by a man-made explosion [8].
More recently, dynamic experiments with microwaves and light have moved
to the center of attention [9, 10]. These developments formed theinitial mo-
tivation for our research.

A central theme of this thesis is the search for a dynamic signature of
localization. Localization causes the exponential decay of the transmitted
intensity with increasing length. In experimentsit is difficult to distinguish
the exponential decay due to localization from the exponential decay that is
caused by absorption [11-13]. Sample to sample fluctuations [14] and co-
herent backscattering [15] both provide waysto distinguish absorption from

1



2 CHAPTER 1. INTRODUCTION

localization in the static intensity. We have found an aternative dynamic
signature of localization in the delay time of areflected pulse.

In the remainder of this introductory chapter we will give a little back-
ground to some of the concepts that play a central role in the thesis.

1.1 Scattering theory

1.1.1 Wave equation

Inthisthesiswewill deal exclusively with classical waves, in particular €l ec-
tromagnetic waves. For static problemsit is natural to consider the analogy
between electrons and photons [16], but for dynamic problems the analogy
breaks down for two principal reasons:

1. The time-dependent wave equation isfirst order in time for quantum
mechanica waves and second order in time for classical waves. This
becomes important in particular near a scattering resonance [17].

2. Interactions between el ectrons have adrastic effect on the time depen-
dence of a perturbation (enforcing charge neutrality on a very short
time scale) that is obviously absent for photons.

Classical waves, such as elastic waves and optical waves, satisfy avecto-
rial wave equation. In some systems, such as two-dimensional geometries,
the different polarizations do not couple. Even if the polarizations are cou-
pled, then in disordered mediathe polarization is usually randomized by the
multiple scattering and becomes insignificant if the short paths can be ne-
glected for the quantity of interest. In this thesis we will therefore neglect
the complication due to polarization and study a scalar wave equation. The
scalar wave equation for classical wavesisthe Helmholtz equation,

V2 (r)+ w’c2(r)y(r) =0, (L2)

with c(r) the local velocity. Disorder can now be introduced by letting c(r)
vary randomly in position. A fluctuating velocity can for example be due
to a fluctuating mass density for elastic waves or to a fluctuating dielectric
function for electromagnetic waves.
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Figure 1.1: Scattering region embedded in awaveguide. The incoming and
outgoing waves at the left and right of the scattering region are represented
by four sets of complex scattering amplitudes.

1.1.2 Scattering matrix

Our main theoretical tool will be random-matrix theory [3]. The matrix of
our problem is the scattering matrix. The matrix elements depend sensi-
tively on the disorder configuration or on the detailed shape of the cavity,
allowing for a statistical approach. The scattering matrix describes elastic
scattering and is therefore defined most naturally as afunction of frequency.
Thisis convenient for static problems, because then one only needs to know
the statistics of the scattering matrix at one particular frequency. The the-
oretical complication of dynamic problems is that one needs to know how
the scattering matrices at different frequencies are correlated. We will dis-
cuss this complication in the next subsections, but first describe how the
scattering matrix is constructed from the solution of the wave equation.

The scattering region of length L, embedded in a waveguide of width
W, isdrawn schematically in Fig. 1.1. The solution of the Helmholtz equa-
tion outside the scattering region is a linear combination of incoming and
outgoing waveguide modes,

yivoulpy k;1/2¢n(y)exp(:|:iknx), (1.28)
wr?ut/in,R(r) _ k;1/2¢n(y)exp(:|:ikn(x—L)). (1.2b)

The transverse wave profile ¢n(y) [¢n(Y,2) for a three-dimensional wave-
guide] isnormalized to unity, and the prefactor k,, 1/2 ensures that each mode
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carries unit flux. The longitudinal wavenumber ki, is given by

kn = (0?5 — KT )%, (13)

with co thewave velocity outside the scattering regionand k; , (n=1,2,...)
the transversal wavenumber. (For atwo-dimensional waveguide with Diri-
chlet boundary conditionsonehask; , =nz/W.) If w/co > K, n, thenky is
real and mode n isa propagating mode. If w/co < ki n, thenky, isimaginary
and mode n is evanescent. At each frequency there is a maximum number
N of propagating modes (also called channels).

Far from the scattering region the evanescent modes are insignificant,
and the wave can be described by a linear superposition of the propagating
modes solely,

N

v = ) et et )+t YRt )] for x - —oco, (1.43)
n=1
N . .

v() = D[Ry Rr) + Ry tR(r)] for x —> oo, (1.4b)
n=1

The scattering matrix S(w) relates the set of 2N outgoing scattering ampli-
tudes to the set of 2N incoming scattering amplitudes,

out,L in,L
< gout,R ) = S(w)( gin,R ) (1.5)

The wave equation (1.1) conserves flux, so that the scattering matrix is
unitary, and conserves time-reversal symmetry, so that the scattering matrix
is symmetric. In the presence of absorption or gain, the scattering matrix
would still be symmetric but no longer unitary. To have a non-symmetric S
would require some magneto-optical effect to break time-reversal symmetry.

The 2N x 2N scattering matrix S can be decomposed into N x N reflec-
tion and transmission matrices,

r t
(1 %) wo

Thereflection matricesr ,r” and transmission matricest,t’ describe reflection
and transmission from the left or from the right of the scattering region. The
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Figure 1.2: A wave is reflected by a chaotic cavity (left) or a disordered
waveguide (right).

symmetry of Simpliesthat r and r’ are both symmetric, and that t’ equals
the transpose of t.

1.2 Statistics of scattering matrices

Dynamic scattering problems are more complicated than static problems,
because one needs to know the correlation of scattering matrices at different
frequencies. We will illustrate this for the two simple geometries shown in
Fig. 1.2, inwhichthereisonly reflection and no transmission. One geometry
is a chaotic cavity connected to the outside by an opening supporting N
propagating modes. The other geometry is adisordered N-mode waveguide
that is closed at one end. Because there is only reflection, the scattering
matrix has dimension N x N instead of 2N x 2N.

1.2.1 Statics

Both cavity and waveguide geometries have the same static reflection prop-
erties. The scattering matrix isuniformly distributed among all unitary sym-
metric N x N matrices. The distribution refers to an ensemble of cavities
having dlightly different shape (at constant area), or to an ensemble of wave-
guides having different impurity configuration (at constant mean free pathl).
The uniform distribution is called the circular ensemble in random-matrix
theory [3]. It wasintroduced by Dyson [18] as a mathematical construction,
long before the connection with chaotic scattering was understood [19].
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The circular ensemble looks trivial, but has a striking observable conse-
guence for the angular dependence of the reflected intensity [20]. Because
we work in a waveguide geometry, angles are discretized as modes. Con-
sider an incident wave in mode m and look at the dependence of the reflec-
tion probability Inm = | Siml|? on theindex n of the outgoing mode. We may
write

2

S=U"U > |nm=‘2umuim , (1.7)
i

where U is a unitary matrix without the symmetry constraint on S. The
matrix U isuniformly distributed in the entire unitary group. For large N its
elements are approximately independent Gaussian variables with zero mean
and variance 1/N. Thisresults in the Rayleigh distribution

P(lnm) = (ln—];n> exp(—Ilnm/{Inm)), (1.8)

with mean intensity

1
{Inm) = N(1+(Snm)- (1.9)

For each sample there is a different speckle pattern in the reflected in-
tensity, but the average is a smooth background with a peak of twice the
height at the angle of incidence (n = m). This so-called coherent backscat-
tering effect is a consequence of the symmetry of the scattering matrix. (It
disappearsif time-reversal symmetry is broken.) It has been observed in the
laboratory [21,22], see Fig. 1.3.

1.2.2 Dynamics

Whilethe statistics of S(w) at agiven frequency w isthe same for reflection
from a cavity or awaveguide, the correlations between S(w) and S(w + Sw)
aredifferent. Let us demonstrate the differencein the smplest case of small
frequency differences sw. Thisis called the delay time problem.

The concept of delay timesin wave scattering was introduced by Wigner
in the context of nuclear physics [23]. Wigner's one-dimensional analysis
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Figure 1.3: Curve a shows the angular dependence of the scattered light in-
tensity by an agueous suspension of polystyrene beads (solid fraction 10%).
There is clearly more scattered light in the backscattering direction than in
the other directions. Curve b shows the results for the same cell filled with
water, and curve ¢ the results in the absence of any cell. Curvesb and c are
shifted by 0.1 and 0.05 vertical units respectively. These curves show that
the increased intensity in the backscattering direction in curve a is due to
the disorder. From Ref. [22].

has later been generalized to N-channel scattering by Smith [24]. The cen-
tral object is the Wigner-Smith delay time matrix Q, defined as

Qw) = —i T%. (1.10)

A unitary Simplies a Hermitian Q, hence the eigenvalues ¢, of Q arerea
numbers. They are known as Wigner-Smith delay times or proper delay
times. Their distribution for chaotic scattering was determined only recently.

The distribution of the delay times is most easily expressed in terms of
therates uj = 1/7;. For the chaotic cavity it takes the from [25]
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P(uas oo in) o< [ Jluti — HMKN/Z exp(—m i/ A)0 (), (1.11)
i<j k
with A the mean frequency interval between cavity modes at frequency w.
(The function 6(x) = 1 for x > 0 and O for x < 0.) The ensemble (1.11) is
known in random-matrix theory as the Laguerre ensemble. For the wave-
guide the distribution takes a simple form in the limit that the length L goes
to infinity [26],

P(ua, oo an) o [ Tl — i 1 ] [exp[ = v(N + D0 (). (1.12)
i<j k
The parameter y = ats With 5 the scattering time and o a numerical coef-
ficient that depends on the dimensionality.

Both distributions (1.11) and (1.12) have the form of a Laguerre ensem-
ble, but they are qualitatively different because of the absence of the factor
ML\'/Z in Eq. (1.12). This factor suppresses long delay times in the cavity
geometry. In the waveguide geometry long delay times are possible even
though the wave typically decays exponentially on the scale of the localiza-
tion length & = (N + 1)I. Rare resonances make it possible for the wave to
penetrate arbitrarily deep into the waveguide, leading to a divergent mean
delay time.

It is easiest to appreciate the difference by looking at the density p(z) =
("5 8(r — 1)) of the delay times. This hasasimple form for N > 1:

N 2T
o(x) = 27”2‘/(” —0)(r-t), =B V8), (1.13)
in the cavity geometry and
N
o(t) = P\/2)/r —y2, (1.14)

in the waveguide geometry. In the cavity the delay time is restricted to a
finite interval (t_,7.). The mean delay timeis 27/NA. In the infinitely
long waveguide the delay time has a lower bound y /2, but localization is
ineffective at providing an upper bound. Indeed, al moments of the delay
time diverge.
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Figure 1.4: Frequency dependence of the phase (modulo 2rr) of microwave
radiation transmitted through a disordered waveguide. The waveguide con-
sistsof a1l mlong, 7.6 cm diameter copper tube containing randomly po-
sitioned polystyrene spheres (1.27 cm diameter, 0.52% volume filling frac-
tion). Wire antennas are used as the emitter and detector at the two ends of
the tube. From Ref. [27].

1.3 Dynamic observables

1.3.1 Single-mode delay times

It is difficult to measure the Wigner-Smith delay times directly, because one
typically observes only a few scattering amplitudes. The typical observable
is therefore not the Wigner-Smith delay time but another dynamic quan-
tity called the single-mode delay time t,m [27-29]. Each element of the
scattering matrix S can be written as Sym = +/Tnm €Xp(i $nm). The phase fac-
tor exp(i ¢nm) Winds around the unit circle with increasing frequency (see
Fig. 1.4). The single-mode delay time is then defined as the winding rate

, _do
Tam = Phm = d—c':)’“. (1.15)
The distribution of ¢y,,, for a waveguide that is open at both ends has
been measured and calculated in Refs. [28,29], both for reflection and trans-

mission (see Fig. 1.5). The result obtained by a dynamic diffusion theory
reads
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P@§")

Figure 1.5: Distribution of the rescaled single-mode delay time ¢ = ¢'/¢/,
measured in transmission at afrequency v = w/27 = 18.1 GHz on the sys-
tem described in Fig. 1.4. The smooth curve through the datais the analyt-
ical prediction (1.16) of adynamic diffusion theory (with Q = 0.31). From
Ref. [28].

Pat(#) = 51 Q+(0'/ 171 (L16)

The functional form is the same for reflection and transmission. The con-

stants q? and Q can be determined from diffusion theory. We notice that ¢’

can take negative values so that we should not consider the notion of delay
timetoo literally.

Diffusion theory breaks down once the length L of the waveguide be-

comes longer than the localization length &€ = (N + 1)I. The Laguerre en-
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Figure 1.6: Probability distribution of the rescaled single-mode delay time
in transmission for extended waves (circles) and localized waves (squares),
measured in an ensemble of waveguides with randomly positioned alumina
spheres. The curve is the theoretical distribution P(¢’) in the diffusive
regime[EQ. (1.16)], with Q = 0.215. From Ref. [30].

semble (1.12) can be used to compute P(¢’) for reflection in the localized
regime, aswe will show in thisthesis. We have discovered a coherent back-
scattering effect in P(¢’) in the localized regime, that is absent in the dif-
fusive regime. Thisisin striking contrast with the coherent backscattering
effect in the intensities of Sec. (1.2.1), that is insensitive to whether L is
long or short compared to &.

Experimentally the effect of localization on P(¢’) has been studied only
in transmission [30], but not in reflection. Obviously, the coherent back-
scattering effect that we have predicted in reflection has no counterpart in
transmission. Still, asshown in Fig. 1.6, localization has a striking effect on
the shape of the distribution in transmission, which becomes asymmetric.
The absence of the unitarity constraint on the transmission matrix prevented
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Figure 1.7: Computer ssmulation of an acoustic plane wave pulse reflected
by arandomly layered medium. The medium is a model for the subsurface
of the Earth, with a sound velocity that depends only on the depth. The
figure shows the reflected wave amplitude as a function of time (arbitrary
units). Theincident pulse strikes the surface at time zero. From Ref. [8].

us from simply extending our calculation of P(¢’) to include transmission
aswell asreflection. There is an approximate theory for P(¢’) in transmis-
sion [31] that captures the asymmetry observed experimentally.

1.3.2 Power spectrum

If apulseisinjected into a disordered medium, then the transmitted or re-
flected wave amplitude will contain rapid fluctuations over a broad range of
frequencieswith aslowly decaying envelope (see Fig. 1.7). The power spec-
trum a(w,t) characterizes the decay in timet of the envelope at frequency
w. It isthe Fourier component at frequency » of the autocorrelator of the
time-dependent wave amplitude v (t),

a(w,t) = f_ "t exp(—i ot )y (vt +1). (1.17)

Performing a Fourier transform with respect to timet one finds

a(w,8w) = /; dt exp(iswt)a(w,t) = ¥ (w+ sw)y*(w). (1.18)
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Figure 1.8: Layered geometry that serves as a model for the subsurface
of the Earth in seismology. There are random fluctuations in composi-
tion/thickness from layer to layer.

There is a relation between dynamic quantities of the form (1.18) and
static quantities in the presence of absorption [32]. The relation is based
on the fundamental property of causality. The complex wave amplitudes
satisfy the symmetry relation ¥ (w +iy) = v*(—w+1iy) for w and y real.
Because of causality the wave amplitude v/ (w) is an analytical function in
the upper half of the complex w-plane. The product v (w + 2)¥ (—w + 2)
is adso an analytical function of z in the upper half of the complex plane.
When we take z equal to 36w we obtain ¥ (o + 38w)¥*(w — 380). If we
take z equal to i /214 we obtain ¥ (w +1i/2ta)y *(w +1i/2t4), Which equals
| (w)|? at an absorption rate 1/7,. We therefore conclude that the correlator
at two different frequencies can be obtained by analytical continuation to
imaginary absorption rate of the intensity at a single frequency:

Y (@+ 380) (0 — 380) = V()13 _ise- (1.19)

Therelation (1.19) is useful, because absorbing problems are quite often
easier than dynamic problems, and moreover they have been studied much
more extensively in the past. Let us consider as a demonstration the cal-
culation of the mean power spectrum in a single-mode infinite waveguide
(N =1). Thisis aparticularly relevant case for seismology, because it is
equivalent to the reflection of a wave from a randomly stratified medium
(see Fig. 1.8), which isamodel for the subsurface of the Earth. The mean
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power spectrum has been computed in that context by White et al. [33].
Their result was

(a(, 80)) = 41580 /0 "~ dx exp| —dxTed0] X—il (1.20)

with tg the scattering time. The distribution of the reflection probability R
through an absorbing single-mode waveguide had been studied many years
earlier as a problem in radio-engineering [34], with the result

(R) = @es/a) | dzeepl—(z~ D2/l

Onereadily verifies that Egs. (1.20) and (1.21) are identical under the sub-
stitution of 1/75 by —idw.

The Fourier transform of EQ. (1.20) yields the average power spectrum
in the time domain [33],

i. (1.21)

(a(w, 1)) = 4rs(t + 475) ~20(1). (1.22)

It decays ast—2 for timest >> ts. Thet~2 decay is adynamic characteristic
of localization.

1.4 Thisthesis

Chapter 2: High-frequency dynamics of wave localization

We mentioned in Sec. 1.3.1 that dynamic transmission problems are much
more difficult than dynamic reflection problems. In this chapter we are able
to make some progress in the transmission problem by going to the high-
frequency limit.

We consider a multi-mode waveguide (N >> 1), with alength L that is
much larger than the width W. The correlator C(8w) = (thm(w + dw)t,(w))
of atransmission coefficient at two different frequencies is investigated us-
ing the method of analytical continuation (1.19). We find that for large sw,
C(sw) hasthe stretched exponential decay

C(8w) o exp(—/ 37pdw), (1.23)
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where tp = L2/D with D the diffusion constant. So the timescale is set
by the time needed for diffusive motion through the system of length L.
This would be an obvious result in the diffusive regime, for | <« L <« &.
What is surprising is that it holds also in the localized regime, for L > &.
Localization has the effect of multiplying the correlator by a frequency-
independent factor exp(—L /2&), but has no effect on the decay rate.

Chapter 3: Localization-induced coherent backscattering effect in wave
dynamics

In this chapter we study the low-frequency dynamics in reflection from an
infinitely long waveguide. Thisis called a "one-dimensional"geometry, or
more precisely "quasi-one-dimensional”, because we assume athick wave-
guide containing a large number of propagating modes. In Sec. 1.3.1 we
have discussed the known results for the statistics of the single-mode delay
times ¢’ in the diffusive regime (I <« L « &). Here we study the influence
of localization (L > &).

The most striking result is the appearance of a dynamic coherent back-
scattering effect in the distribution P(¢’), which is found to depend on
whether the incident and detected modes are the same or not. The differ-
enceis approximately arescaling by afactor of +/2. The probability to find
small delay times is enhanced by a factor close to +/2 for reflection angles
near the angle of incidence. (The precise factor is v/2122> .

Thisnovel effect needslocalization for its existence. For awaveguidein
the diffusive regime there is no difference between equal or distinct modes.
This should be contrasted with the coherent backscattering effect for the
intensities [Sec. 1.2.1], that also exists in the diffusive regime. The new
dynamic coherent backscattering effect for the single-mode delay times can
be understood from the combination of the static effect for the intensities
and the large fluctuations in the localized regime.

If there is absorption in the system, then the long paths will be sup-
pressed more relative to the short paths, and the new dynamic backscat-
tering effect disappears. For strong enough absorption we get the known
results obtained by a dynamic diffusion theory, even though the systemisin
the localized regime. It is clear that the effect of localization on the statis-
tics of the single-mode delay times is completely different from the effect
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of absorption. The new dynamic coherent backscattering effect can thus be
used in experiments to distinguish localization from absorption in a quasi-
one-dimensional waveguide geometry. It remains an open problem whether
or not it is auseful diagnostic for two- or three-dimensional localization (in
slab or bulk geometries).

Chapter 4: Singleemode delay time statistics for scattering by a chaotic
cavity

This chapter addresses the same problem as Ch. 3, but now for the "zero-
dimensional"geometry of a chaotic cavity. This is qualitatively different
from the waveguide geometry because there is no localization. Indeed,
we do not find the dynamic coherent backscattering effect if the number
of modes is large. Instead the functional form of the distribution P(¢’) is
the same as for awaveguide in the diffusive regime [Eq. (1.16)].

If the cavity is connected to two single-mode waveguides, the problem
is sufficiently simple that we can treat both reflection and transmission. We
find a marked distinction between detection in transmission and reflection:
Thedistribution P(¢’) vanishesfor negative ¢’ in the first case but not in the
second.

Chapter 5: Dynamic effect of phase conjugation on wave localization

This chapter adds a new ingredient to the problem of dynamic scattering.
We ask what would happen to the time dependence of a pulse reflected by
a disordered waveguide if it is closed at the other end not by an ordinary
mirror but by a phase-conjugating mirror. A phase-conjugating mirror re-
flectsan incoming wave o< cos(k - r — wt) asawave o cos(—k -r — wt). This
is equivalent to reversing the sign of the time t, hence a phase-conjugating
mirror is aso referred to as a time-reversing mirror. One consequence is
that the reflected wave will trace back the original incoming path. (Thisis
called retro-reflection.) There are several methods to create optical phase
conjugation [35, 36]. One such method, four-wave mixing, is described in
Fig. 1.9.

Optical phase-conjugation only works in a narrow range of frequencies
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Figure 1.9: Schematical picture of a phase-conjugating mirror created
by four-wave mixing. A nonlinear medium is pumped by two counter-
propagating beams at frequency wg. A probe beam is incident at frequency
wo + Aw. The nonlinear medium causes an interaction between pump and
probe beams, resulting in areflected wave at frequency wo — Aw and atrans-
mitted wave at frequency wo+ Aw. The reflected wave retraces the path of
the probe beam (retro-reflection).

around the characteristic frequency wg of the mirror. (In afour-wave mixing
cell thisisthe frequency of the pump lasers.) The reflection of a pulse by a
phase-conjugating mirror is therefore not ssmply atime-reversal operation.
Once multiple scattering by disorder isincluded the problem becomes quite
complex, but it remains tractable in the case of a single-mode waveguide.
(We expect the essential features to be the same in the multi-mode case.)

We find that the disordered waveguide acts like avirtual cavity with res-
onance frequency equal to wo, the working frequency of the phase-conjugat-
ing mirror. The decay of (a(w,t)) is delayed for frequencies around wy.
[The conditionis Aw < 75 texp(—L/1).] For frequencies outside this small
frequency range, or for a normal mirror, (a(w,t)) has decayed amost com-
pletely for timest > 7s. For the frequencies around wo, the decay is delayed
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up to timest >~ zgexp(L/1). This exponentially large difference in time
scalesistypical for localization. Optical phase conjugation might therefore
be a useful tool to demonstrate the existence of localization experimentally
and to reveal dynamic features of localization.



Chapter 2

High-frequency dynamics of wave
localization

2.1 Introduction

The frequency spectrum of waves propagating through a random medium
contains dynamical information of interest in optics [37], acoustics [38],
and seismology [39]. A fundamental issue is how the phenomenon of wave
localization [6] affects the dynamics. The basic quantity is the correlation
of the wave amplitude at two frequencies differing by dw. A recent mi-
crowave experiment by Genack et al. [28] measured this correlation for a
pulse transmitted through a waveguide with randomly positioned scatter-
ers. The waves were not localized in that experiment, because the length L
of the waveguide was less than the localization length &, so the correlator
could be computed from the perturbation theory for diffusive dynamics[40].
The characteristic time scale in that regime is the time tp = L?/D it takes
to diffuse (with diffusion coefficient D) from one end of the waveguide to
the other. According to diffusion theory, for large s the correlator decays
o exp(—+/Tpdw/2) with time constant 7p.

What happens to the high-frequency decay of the correlator if the wave-
guide becomes longer than the localization length? That is the question
addressed in this chapter. Our prediction is that, although the correlator is
suppressed by a factor exp(—L /2¢), the time scale for the decay remains
the diffusion time tp — even if diffusion is only possible on length scales

19
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<« L. The exponential suppression factor disappears if time-reversal sym-
metry is broken (by some magneto-optical effect). Our analytical results are
based on the formal equivalence between a frequency shift and an imagi-
nary absorption rate, and are supported by a numerical solution of the wave
equation.

2.2 Formulation of the problem

We consider the propagation of a pulse through a disordered waveguide
of length L. In the frequency domain the transmission coefficient thm(w)
gives the ratio of the transmitted amplitude in mode n to the incident am-
plitude in mode m. (The modes are normalized to carry the same flux.)
We seek the correlator C(8w) = (thm(w + dw)t)(w)). (The brackets (---)
denote an average over the disorder.) We assume that the (positive) fre-
guency increment dw is sufficiently small compared to w that the mean free
path | and the number of modes N in the waveguide do not vary apprecia-
bly, and may be evaluated at the mean frequency w.! We also assume that
| > c/w (with c the wave velocity). The localization length is then given
by [4] £ = (BN +2— B)I, with 8 = 1(2) in the presence (absence) of time-
reversal symmetry. For N > 1 the localization length is much greater than
the mean free path, so that the motion on length scales below & is diffusive
(with diffusion coefficient D).

2.3 Analytical continuation

Our approach is to map the dynamic problem without absorption onto a
static problem with absorption [32]. The mapping is based on the ana-
lyticity of the transmission amplitude t,m(w +iYy), a complex frequency
w+iywithy > 0, and on the symmetry relation tym(w+iy) =tF (—w+iy).
The product of transmission amplitudes tym(w + 2)thm(—w + 2) is therefore
an analytical function of z in the upper half of the complex plane. If we

Thelengthl = agly differsfromthetransport mean free path | ¢ by adimensionality-
dependent numerical coefficient ag = 2,77/2,4/3 for d = 1,2,3. The diffusion coeffi-
cientis D = cly/d.
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take z real, equa to 1/25w, we obtain the product of transmission am-
plitudes thm(w + 38w)ti(w — 38w) considered above (the difference with
thm(w + dw)tr () being statistically irrelevant for fw < w). If we take
z imaginary, equa to i /2t,, we obtain the transmission probability T =
ltam(e +1 /272)|? @t frequency » and absorption rate 1/, We conclude that
the correlator C can be obtained from the ensemble average of T by analyt-
ical continuation to imaginary absorption rate:

C(sw) = (T) for 1/7a— —idw. (2.1)

Two remarks on this mapping: 1. The effect of absorption (with rate
1/t*) on C(§w) can be included by the substitution 1/7 — —idw+ 1/7*.
Thisis of importance for comparison with experiments, but here we will for
simplicity ignore this effect. 2. Higher moments of the product € = tym(w +
Z8w)tin(w — 38w) are related to higher moments of T by (CP) = (TP) for
1/t4 — —idw. Thisisnot sufficient to determine the entire probability dis-
tribution P(€), because moments of the form (€P¢E*%) can not be obtained
by analytical continuation.?

2.4 Correlator reflection amplitudesfor N =1

To check the validity of this approach and to demonstrate how effective it
is we consider briefly the case N = 1. A disordered single-mode wave-
guide is equivalent to a geometry of parallel layers with random variations
in composition and thickness. Such arandomly stratified medium is studied
in seismology asamodel for the subsurface of the Earth [39]. The correlator
of the reflection amplitudes K (8w) = (r (w + dw)r *(w)) has been computed
in that context by White et al. [33] (inthelimit L — oo). Their result was

K (50) = (21 /0) fo ~ dx exp[—x(21 /0)5] % 2.2)

2Thisis acomplication of the transmission problem. The reflection problemis sim-
pler, because the (approximate) unitarity of the reflection matrix r provides additional
information on the distribution of the correlator of the reflection amplitudes. The map-
ping between the dynamic and absorbing problems has been used recently to calcu-
late the entire distribution of the eigenvalues of 1 (w + 38w)r T(w — 38w) in the limit
Sdw — 0[26,41].
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The distribution of the reflection probability R = |r|? through an absorbing
single-mode waveguide had been studied many years earlier asaproblemin
radio-engineering [34, 42], with the result

z—1
z+1

One readily verifies that Egs. (2.2) and (2.3) are identical under the substi-
tution of 1/t by —idw.

(R) =(l/ca) /1oo dz exp[—(z—1)(l/c7a)] (23

2.5 Correlator transmission amplitudesfor N > 1

In a similar way one can obtain the correlator of the transmission ampli-
tudes by analytical continuation to imaginary absorption rate of the mean
transmission probability through an absorbing waveguide. The absorbing
problem for N = 1 was solved by Freilikher, Pustilnik, and Yurkevich [43].
That solution will not be considered further here, since our interest is in
the multi-mode regime, relevant for the microwave experiments [28]. The
transmission probability in an absorbing waveguide with N > 1 is given
by [44]

T) = | Sp1mn 24
( )—map(_ ﬁ,lm) (2.4)

for absorption lengths &5, = /Dt intherange | « &3 < &. Thelength L
of the waveguide should be >> |, but the relative magnitude of L and & is
arbitrary. Substitution of 1/, by —idw givesthe correlator

|\/—i‘L’D5a) L
= - . expl —dg1z— |
NLsinhy/—itpdw 2Nl

where rp = L?/D isthe diffusion time. The range of validity of Eq. (2.5) is
L/& <« /Tpdw < L /1, or equivalently D/£? « Sw <« ¢/I. Inthe diffusive
regime, for L « &, the correlator (2.5) reducesto the known result [40] from
perturbation theory.

For max(D/L?,D /&%) « 8w < ¢/| the decay of the absolute value of
the correlator is a stretched exponential,

i 1. L

C(5w) (2.5)
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Figure 2.1: Frequency dependence of the logarithm of the absolute value of
the correlator C(dw). The data points follow from a numerical simulation
for N = 5, the solid curve is the analytical high-frequency result (2.6) for
N > 1 (with 8 = 1). The decay of the correlator is given by the diffusive
time constant tp = L2/D even if the length L of the waveguide is greater
than the localization length & = 61. The offset of about 0.6 between the
numerical and analytical resultsis probably afinite-N effect.

Inthelocalized regime, when & becomes smaller than L, the onset of thistail
is pushed to higher frequencies, but it retains itsfunctional form. Theweight
of the tail is reduced by a factor exp(—L/2NlI) in the presence of time-
reversal symmetry. There is no reduction factor if time-reversal symmetry
Is broken.
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2.6 Numerics

To test our analytical findings we have carried out numerical simulations.
The disordered medium is modeled by atwo-dimensional square lattice (lat-
tice constant a, length L, width W). The (relative) dielectric constant ¢ fluc-
tuates from site to site between 1+ 5¢. The multiple scattering of a scalar
wave Y (for the case g = 1) isdescribed by discretizing the Helmholtz equa-
tion [V2 + (w/c)?c]¥ = 0 and computing the transmission matrix using the
recursive Green function technique [45]. The mean free path | is deter-
mined from the average transmission probability (Trtt) = N(1+L/1)~Lin
the diffusive regime [4]. The correlator C is obtained by averaging tym(w +
Sw)tx. (w) over the mode indices n,m and over different realizations of the
disorder. We choose w? = 2(c/a)?, ¢ = 0.4, leadingto | = 22.1a. The
width W = 11a is kept fixed (corresponding to N = 5), while the length
L isvaried in the range 400-1600 a. These waveguides are well in the lo-
calized regime, L/& ranging from 3-12. A large number (some 10*-10°)
of realizations were needed to average out the statistical fluctuations, and
thisrestricted our simulationsto arelatively small value of N. For the same
reason we had to limit the range of w in the data set with the largest L.
Results for the absolute value of the correlator are plotted in Fig. 2.1
(data points) and are compared with the analytical high-frequency predic-
tion for N > 1 (solid curve). We see from Fig. 2.1 that the correlators for
different values of L /& converge for large sw to a curve that lies somewhat
above the theoretical prediction. The offset isabout 0.6, and could be easily
explained as an @ (1) uncertainty in the exponent in Eq. (2.4) due to the fact
that N isnot > 1 in the simulation. Regardless of this offset, the smula-
tion confirms both analytical predictions. The stretched exponential decay
x exp(—+/Tpdw/2) and the exponential suppression factor exp(—L/2£).
We emphasize that the time constant rp = L2/D of the high-frequency de-
cay is the diffusion time for the entire length L of the waveguide — even
though the localization length & is up to afactor of 12 smaller than L.

2.7 Conclusion

We can summarize our findings by the statement that the correlator of the
transmission amplitudes factorizes in the high-frequency regime: C —
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f1(8w) f2(€). Thefrequency dependence of f1 dependson the diffusivetime

through the waveguide, even if it is longer than the localization length. Lo-
calization has no effect on f1, but only on f,. We can contrast this factor-
ization with the high-frequency asymptotics K — f3(8w) of the correlator
of the reflection amplitudes. In the corresponding absorbing problem the
high-frequency regime corresponds to an absorption length smaller than the
localization length, so it is obviousthat K becomes independent of & in that
regime. The factorization of C islessobvious. Sincethe localized regimeis
accessible experimentally [46], we believe that an experimental test of our
prediction should be feasible.
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Chapter 3

L ocalization-induced coher ent
backscattering effect in wave
dynamics

3.1 Introduction

Thetwo most prominent interference effects arising from multiple scattering
are coherent backscattering and wave localization [5, 6,21, 22, 40,47]. Both
effects are related to the static intensity of a wave reflected or transmitted
by a medium with randomly located scatterers. Coherent backscattering is
the enhancement of the reflected intensity in anarrow cone around the angle
of incidence, and is a result of the systematic constructive interference in
the presence of time-reversal symmetry [21, 22]. Localization arises from
systematic destructive interference and suppresses the transmitted intensity
[47].

This chapter presents a detailed theory of arecently discovered [48] in-
terplay between coherent backscattering and localization in a dynamic scat-
tering property, the single-mode delay time of a wave reflected by a disor-
dered waveguide. The single-mode delay timeis the derivative ¢’ = d¢ /dw
of the phase ¢ of the wave amplitude with respect to the frequency w.
It is linearly related to the Wigner-Smith delay times of scattering theory
[23, 24, 49] and is the key observable of recent experiments on multiple
scattering of microwaves [28] and light waves [50]. Van Tiggelen, Seb-

27
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bah, Stoytchev, and Genack [29] have developed a statistical theory for the
distribution of ¢’ in a waveguide geometry (where angles of incidence are
discretized as modes). Although the theory was worked out mainly for the
case of transmission, the implications for reflection are that the distribution
P(¢") does not depend on whether the detected mode n is the same as the
incident mode m or not. Hence it appears that no coherent backscattering
effect existsfor P(¢").

What we will demonstrate here is that thisis true only if wave localiza-
tion may be disregarded. The previous studies [28, 29] dealt with the diffu-
sive regime of waveguide lengths L below the localization length £. (The
localization length in a waveguide geometry is & ~ NI, with N the number
of propagating modes and | the mean free path.) Here we consider the lo-
calizedregime L > & (assuming that also the absorption length &5 > £). The
distribution of reflected intensity is insensitive to the presence or absence
of localization, being given in both regimes by Rayleigh’s law. In contrast,
we find that the delay-time distribution changes markedly as one enters the
localized regime, decaying more slowly for large |¢’|. Moreover, a coher-
ent backscattering effect appears. For L > & the peak of P(¢') is higher for
n = m than for n # m by afactor which is close to v/2, the precise factor

being v/2 x 12> = 1.35.

We also consider what happens if time-reversal symmetry is broken,
by some magneto-optical effect. The coherent backscattering effect disap-
pears. However, even for n £ m, the delay-time distribution for preserved
time-reversal symmetry is different than for broken time-reversal symmetry.
Thisdifferenceisagain only present for L > & and vanishesin the diffusive
regime.

The plan of this chapter is as follows: In Section 3.2 we specify the
notion [28] of the single-mode delay time ¢’, relate it to the Wigner-Smith
delay times and review the results [29] for the diffusive regime, extending
them to include ballistic corrections. This section also contains the random-
matrix formulation for the localized regime, that provides the basis for our
calculations, and includes a brief discussion of the conventional coherent
backscattering effect in the static intensity | . Section 3.3 presents the calcu-
lation of thejoint distribution of ¢" and | . We compare our analytical theory
with numerical simulations and give a qualitative argument for the dynamic
coherent backscattering effect. The role of absorption is discussed, as well
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Figure 3.1: Sketch of awaveguide containing arandomly scattering medium
and illuminated by a monochromatic plane wave. We study the frequency
dependence of the phase ¢ of the reflected wave amplitude in a single
speckle, corresponding to a single waveguide mode. The derivative ¢’ =
d¢ /dw is the single-mode delay time.

as the effect of broken time-reversal symmetry. Details of the calculation
are delegated to the appendices.

3.2 Delay times

3.2.1 Singleemode delay times

We consider a disordered medium (mean free path |) in a waveguide geom-
etry (length L), asdepicted in Fig. 3.1. Thereare N > 1 propagating modes
at frequency o, given by N = 7.4 /12 for a waveguide with an opening of
area 4. The wave velocity isc, and we consider ascalar wave (disregarding
polarization) for simplicity. In the numerical simulations we will work with
atwo-dimensional waveguide of width W, where N = 2W/A.

We study the dependence of the reflected wave amplitude

Fom = /1€ (3.1)

on the frequency w. The indices n and m specify the detected and inci-
dent mode, respectively. (We assume single-mode excitation and detection.)
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Here | = |rnm|? istheintensity of thereflected wavein the detected mode for
unit incident intensity, and characterizes the static properties of the reflected
wave. Dynamic information is contained in the phase derivative
y=2 (32)
a)
which has the dimension of atime and is called the single-mode delay time

[28,29]. Theintensity | and the delay time ¢’ can be recovered from the
product of reflection matrix elements

0 = Inm(w + %Sw)rﬁm(a) — %Sw) , (3.3)

evaluated at two nearby frequencies w + %(Sa). To leading order in the fre-
guency difference w one has
p=11+idwd)=1 = I|m Rep ¢ = Ilmoism—f. (3.9
We seek the joint distribution function P(I,¢’) in an ensemble of dif-
ferent realizations of disorder. We distinguish between the diffusive regime
where L is small compared to the localization length & >~ NI, and the lo-
calized regime where L 2> &. Localization also requires that the absorption
length &4 = &. We will contrast the case of excitation and detection in two
distinct modes n = m with the equal-mode case n = m. Although we mainly
focus on the optically more relevant case of preserved time-reversal symme-
try, wewill also discuss the case of broken time-reversal symmetry for com-
parison. These two cases are indicated by theindex g = 1, 2, respectively.

3.2.2 Relation to Wigner-Smith delay times

Inthelocalized regime (¢ « L,&5) we can relate the single-mode delay time
¢’ to the Wigner-Smith [23, 24, 49] delay times 7;, withi = 1,...,N. The
7i's are defined for a unitary reflection matrix r (composed of the elements
r'nm), hence they require the absence of transmission and of absorption. One
then has

_ier—r =UTdiag(zy,...,7n)U, (3.53)
dw

Lt
—ir*— =V'diag(ry,...,n)V, (3.5b)
dw
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with U and V unitary matrices of eigenvectors. In the presence of time-
reversal symmetry r isasymmetric matrix, henceV = U inthis case.
For small §w we can expand

r(w+380) = VU £ 1i s0VTdiag(ry,...,7n)U . (3.6)

Inserting it into Eq. (3.3) and comparison with Eq. (3.4) yieldsthe relations

¢ = Re% C =P, A=) tfu (3.7)
|
We have abbreviated u; = Ui, vi = Vip. In the special case n = m the co-
efficients u; and v; are identical in the presence of time-reversal symmetry.
The distribution of the Wigner-Smith delay timesin thelocalized regime
was determined recently [26]. Interms of therates u; = 1/7; it hastheform
of the Laguerre ensemble of random-matrix theory,

P({i}) o [ [ lsi — i 1P [ [ ©(ur)e 7 BN +2-Pra, (38)
i< k

where the step function ®(x) = 1 for x > 0 and O for x < 0. The parameter
y is defined by
y =aly/c, (3.9)

with the coefficient o = 2/4 or 8/3 for two- or three-dimensional scatter-
ing, respectively. Herely is the transport mean free path, different from the
mean free path | in ascaling equation. Eq. (3.8) extendsthe N = 1 result of
Refs. [51-53] to any N.

The matricesU and V in Eq. (3.6) are uniformly distributed in the uni-
tary group. They are independent for 8 = 2, whileU =V for g = 1. Inthe
large-N limit the matrix elements become independent Gaussian random
numbers with vanishing mean and variance 1/N. Hence

(U) = ()=0, (luil®>)=(vil»=N"1 (3.10)

with u; = v forn=mand g = 1. Corrections to this Gaussian approxima
tion are of order 1/N.
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3.2.3 Diffusion theory

Thejoint probability distribution P(1,¢’) inthediffusiveregimel <« L « &
has been derived in Refs. [28, 29],

Par(1,¢) = O()(1/x13)Y2e /"

x (Q¢™*) ™2 exp (—M) ,(311)
Qg

with constants I, ¢/, and Q. It has the same form for transmission and
reflection, the only difference being the dependence of the constants on the
system parameters. Here we focus on the case of reflection, because we are
concerned with coherent backscattering.

From the joint distribution function (3.11) one obtains for the intensity
the Rayleigh distribution

1 —
Puite (1) = I‘eXp(—l /1) (3.12)
Hence I is the mean detected intensity per mode. It is given by [20]

| = %(1+8,315nm), (3.13)
assuming unit incident intensity. The factor-of-two enhancement in the case
n = misthe static coherent backscattering effect mentioned in the introduc-
tion, which exists only in the presence of time-reversal symmetry (8 = 1).
Egs. (3.12) and (3.13) remain valid in the localized regime, since they are
determined by scattering on the scale of the mean free path. Hence L > | is
sufficient for static coherent backscattering, and it does not matter whether
L issmall or large compared to .

By integrating over | in Eq. (3.11) one arrives at the distribution of
single-mode delay times [28, 29],

Par(9) = %[Q ()¢ -1, (3.14)

Hence ¢’ is the mean delay time while /Q sets the relative width of the
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distribution. These constants are determined by the correlator [28, 29]

Ci (rnm(w +8w)r ()
(Fam(@)r i ())
= 1+i¢'sw— 167 (Q+1)(Sw)>. (3.15)
Diffusion theory gives
¢ =2ys/3, Q=2s/5. (3.16)
Here y isgiven by Eq. (3.9). We have defined
s=a'L/ly, (3.17)

where the numerical coefficient o’ = 2/, 3/4 for two-, three-dimensional
scattering. (The corresponding result for Q given in Ref. [29] isincorrect.)

Diffusion theory predicts that the distribution of delay times (3.14) as
well asthe values of the constants ¢’ and Q do not depend on the choicen =
m or n # m (and also not on whether time-reversal symmetry is preserved
or not). Hence there is no dynamic effect of coherent backscattering in the
diffusive regime.

3.2.4 Ballistic corrections

The expressions for the constants l, q; , and Q given above are valid up to
corrections of order | /L. Here we give more accurate formulas that account
for these ballistic corrections. (We need these to compare with numerical
simulations.) We determine the ballistic correctionsfor Q and ¢’ by relating
the dynamic problem to a static problem with absorption. (This relationship
only works for the mean. It cannot be used to obtain the distribution [54].)
The mean total reflectivity

a=1+x—+2x-+x2coth [s\/ 2X + X2+ arcosh (1 + x)] (3.18)

for absorption o’x per mean free path has been evaluated in Ref. [55]. [Here

a’ is the same constant as in the definition of s, Eq. (3.17).] We identify

Cy2 = a(x)/a(0) by analytic continuation to an imaginary absorption rate

X = —idwy. Expanding in x to second order we find

—  5(3+2s) _ 85%+285?430s+ 15
~V31rs) < 5(2s+ 3)2

(3.19)
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Figure 3.2: Distribution of the single-mode delay time ¢’ in the diffusive
regime. The result of numerical simulation (data points) with N = 50 prop-
agating modesis compared to the prediction (3.14) of diffusion theory (solid
curve). Thereis no difference between the case n = m of equal-mode ex-
citation and detection (open circles) and the case n # m of excitation and
detection in distinct modes (full circles).

3.25 Numerical ssmulation

The validity of diffusion theory was tested in Refs. [28, 29, 50] by compar-
ison with experiments in transmission. In Fig. 3.2 we show an alternative
test in reflection, by comparison with a numerical simulation of scattering
of ascalar wave by atwo-dimensional random medium. (We assume time-
reversal symmetry.) The reflection matrices r (w + %Sa)) are computed by
applying the method of recursive Green functions [45] to the Helmholtz
equation on a square lattice (lattice constant a). The width W = 100a and
the frequency w = 1.4c/a are chosen such that thereare N = 50 propagating
modes. The transport mean free path I, = 14.0a is found from the formula
[4] trrr T = Ns(1+4s)~* for the reflection probability. The corresponding lo-
calization length & = NL /s = 1100a. The parameter y = 46.3a/c isfound
from Eq. (3.19) by equating (¢’) = ¢’. (Thisvalue of y is somewhat bigger
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than the value y = 2 /4c = 34.5a/c expected for two-dimensional scat-
tering, as a consequence of the anisotropic dispersion relation on a square
lattice.) We will use the same set of parametersin the interpretation of the
results in the localized regime, later in this chapter.

Our numerical results confirm that in the diffusive regime the distribu-
tion of delay times ¢’ does not distinguish between excitation and detection
in distinct modes (n % m, full circles) and identical modes (n = m, open
circles).

3.3 Dynamic coherent backscattering effect

3.3.1 Digtinct-mode excitation and detection

We now calculate the joint probability distribution function P(I,¢") of in-
tensity | and single-mode delay time ¢’ in the localized regime, for the
typical case n = m of excitation and detection in two distinct modes. We as-
sume preserved time-reversal symmetry (8 = 1), leaving the case of broken
time-reversal symmetry for the end of this section.

It is convenient to work momentarily with the weighted delay time W =
¢’l and to recover P(l,¢’) from P(l,W) at the end. The characteristic
function

x(p.q) = (e~'P'—1aW) (3.20)

is the Fourier transform of P(1,W). The average (---) is over the vectors
u and v and over the set of eigenvalues {z;}. The average over one of the
vectors, say Vv, iseasily carried out, because it isa Gaussian integration. The
result is a determinant,

x(p,q) = (det(1+iH/N)™1), (3.21a)
H = pu*u’ +iq(*u’ +u*u"). (3.21b)

The Hermitian matrix H is asum of dyadic products of the vectors u and u,
with uj = ujt;, and hence has only two non-vanishing eigenvalues 1, and
A_. Some straightforward linear algebra gives

Aﬂc=%(qu+ p£+/2pgBy+g2B;, + p2>, (3.22)
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where we have defined the spectral moments

Bo= ) |uil*z. (3.23)
i

The resulting determinant is

det(1+H/N)" =@+, /N)"a+21_/N)71, (3.24)
hence
pa={[1+ P19 & 5 g - (3.25)
x(P.Q) = N TN BT gnz(Be B ' '

Aninverse Fourier transform, followed by a change of variablesfrom |, W
tol, ¢, gives

P(l,¢") = O()(N3/x)"2%eN!

X <(|32— Bf)—l/zexp<—N| (ﬁ’z—__BBlf)). (3.26)
1

The average is over the spectral moments B, and B,, which depend on the
ui’sand 7;’svia Eqg. (3.23).

The calculation of the joint distribution P(B1, B2) is presented in Ap-
pendix 3.A. Theresultis

2

P(B1, B2) = ©(B1)O(B2) exp(—%)
B2y N3 2y N

X[ 57 (B2+¥N Bl)eXp(—Tl>

y3N® 2y N

(2B2 4B2B,N + B*N?)Ei < ’I; )} . (327)
1

where Ei (x) is the exponential-integral function. The distribution P(1,¢’)

followsfrom Eq. (3.26) by integrating over B; and B, with weight given by

Eq. (3.27).
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Figure 3.3: Distribution of the single-mode delay time ¢’ in the localized
regime. The results of numerical simulations with N = 50 propagating
modes (open circles for n = m, full circlesfor n £ m) are compared to the
analytical predictions. The curve for different incident and detected modes
n # mis obtained from Egs. (3.27) and (3.28). The curvefor n=miscal-
culated from Egs. (3.29) and (3.30). The same value for y isused asin the
diffusive regime, Fig. 3.2.

Irrespective of the distribution of B; and By, we recover from Eq. (3.26)
the Rayleigh law (3.12) for theintensity |. The distribution P(¢’) = f0°°dl
P(1,¢") of the single-mode delay time takes the form

P@U:/d&fd& P(By. Ba)(B2— B)) (3.28)
0 0

2(Bo+ 72— 2B1g)2

In Fig. 3.3 thisdistribution is compared with the result of a numerical simu-
lation of a random medium as in Section 3.2.5, but now in the localized
regime. The same value for y was used asin Fig. 3.2, making this compar-
ison a parameter-free test of the theory. (Note that y alone determines the
complete distribution function in the localized regime, in contrast to the dif-
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fusive case where two parameters are required.) The numerical data agree
very well with the analytical prediction.

3.3.2 Equal-mode excitation and detection

We now turn to the case n = m of equal-mode excitation and detection, still
assuming that time-reversal symmetry is preserved. Since u; = vj, we now
have

C
¢/=Rec—;, | =|Co?, Ci=) tiu?. (3.29)
i

The joint distribution function P(Cyp,C;) of these complex numbers can be
calculated in the same way as P(B1, B,). In Appendix 3.C we obtain

P(Co,C1) exp(—N|Co|2/2)/ dss?e—S
0

—5/2
|IC1/2s2  2s .
x <1+ NE N ReCeC) - (330

The corresponding distribution function P(¢’) isplotted alsoin Fig. 3.3 and
compared with the results of the numerical simulation. Good agreement is
obtained, without any free parameter.

3.3.3 Comparison of both situations

Comparing the two curvesin Fig. 3.3, we find a striking difference between
distinct-mode and equal-mode excitation and detection: The distribution for
n = m displays an enhanced probability of small delay times. In the vicinity
of the peak, both distributions become very similar when the delay timesfor
n # m are divided by ascale factor of about /2. In thelimit N — oo (see
following subsection), the maximal value P(¢pey) = v/2/7 N3y2forn=m
is larger than the maximum of P(¢’) for n £ m by afactor

Pr=m(®pea) 3 0%
Pozm($pead) 1371

—1.35. (3.31)
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Figure 3.4: Distribution of the single-mode delay time ¢’ in the localized
regime for preserved time-reversal symmetry, in the limit N — oo. Inthis
limit P(¢") becomes symmetric for positive and negative values of ¢’. Com-
pared are the result for n = m [Egs. (3.33), (3.57)] and n = m [Egs. (3.29),
(3.34), (3.35)]. Thedistribution for n = m falls on top of the distribution for
n # mwhen ¢’ is rescaled by afactor 1.35 (dashed curve, ailmost indistin-
guishable from the solid curve for n # m).

Correspondingly, the probability to find very large delay times is reduced
for n = m. Thisisreflected by the asymptotic behavior

y N3/2 (2m)~1/2 forn=m,
2 J/4 forn #m.
The enhanced probability of small delay timesfor n = misthe dynamic

coherent backscattering effect mentioned in the introduction. The effect
requires localization and is not observed in the diffusive regime.

P(¢") ~ (3.32)

334 Limit N — oo

The results presented so far assume N > 1, but retain finite-N corrections
of order N=%2, (Only termsof order 1/N and higher are neglected.) It turns
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out that the asymmetry of P(¢’) for positive and negative values of ¢’ is an
effect of order N—Y/2, The asymmetry is hence captured faithfully by our
calculation. We now consider how the asymmetry eventually disappearsin
thelimit N — oo.

For distinct modes n # m, the spectral moments scale as B; ~ y N and
B, ~ y2N3. With ¢’ ~ yN¥2, one finds that B; can be omitted to order
N~1/2 in Eq. (3.28). One obtains the symmetric distribution

P(B2) B
P(¢') = f dB; 2 5B 1 2" (3.33)

plotted in Fig. 3.4.

For identical modes n = m, observe that the quantities Co and C; be-
come mutually independent in the large-N limit: The cross-term (y N) "1 Re
CoCj in Eq. (3.30) is of relative order N~1/2 because Co ~ N~Y/2 and
C1 ~ yN. Hence to order N—%/2 the distribution factorizes, P(Co,C1) =
P(Cp)P(C1). Thedistribution of Cy isa Gaussian,

P(Co) = 5 e(~NICol’/2), (334

as a conseguence of the central-limit theorem, and

C 2.2\ —9/2
| 'S) . (3.35)

P(C1) x / dss’e” (1+ N2
The resulting distribution of ¢’ = Re(Cy/Cp) isalso plotted in Fig. 3.4.

The dynamic coherent backscattering effect persistsin thelimit N — oo,
it istherefore not dueto finite-N corrections. The peak heights differ by the
factor givenin Eq. (3.31).

3.3.5 Interpretation in termsof large fluctuations

In order to explain the coherent backscattering enhancement of the peak of
P(¢’) in more qualitative terms, we compare Eq. (3.29) for n = m with the
corresponding relation (3.7) for n £ m.

The factorization of the joint distribution function P(Cp,C;) discussed
in the previous subsection can be seen as a consequence of the high density
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of anomalously large Wigner-Smith delay times 7; in the Laguerre ensemble
(3.8). The distribution of the largest time tmax = max; t; follows from the
distribution of the smallest eigenvalue in the Laguerre ensemble, calculated
by Edelman [56]. It is given by

y N2 2
P(tmax) = 5 exp(—y N/ Tmax)- (3.36)
Tmax
As a consequence, the spectral moment C is dominated by a small number
of contributions uizri (often enough by a single one, say with index i = 1),
while Cq can be safely approximated by the sum over al remaining indices
i (say, i # 1). The same argument applies also to the spectral moments A
which determine the delay-time statistics for n = m, hence the distribution
function P (Ao, A1) factorizes as well.
The quantities Ap and Cp have a Gaussian distribution for large N, be-
cause of the central-limit theorem, with P(Cp) given by Eq. (3.34) and

P(Ao) = - exp(—N|Aol). 337)
It becomes then clear that the main contribution to the enhancement (3.31)
of the peak height, namely the factor of v/2, has the same origin as the
factor-of-two enhancement of the mean intensity 1. More precisely, the re-
lation P(Ag = X) = 2 P(Co = v/2x) leads to arescaling of P(l) for n=m
by afactor of 1/2 and to arescaling of P(¢') by afactor of +/2. Theremain-

ing factor of 72 = 0.95 comes from the difference in the distributions
P(A1) and P(Cy). It turns out that the distribution
[ele) 1 SZ
P(A) = ds
(A /o 47y N (4+Ac/y NP3

x [€75(64 4325+ 125? + %) — 35°Ei (—s)]  (3.38)

(derivedin Appendix 3.D) isvery similar to P(C;) givenin Eq. (3.35), hence
the remaining factor is close to unity.

Thelarge 7i’s are related to the penetration of the wave deep into the lo-
caized regions and are eliminated in the diffusiveregime L < &. Inthefol-
lowing subsection we compare the localized and diffusive regimes in more
detail.
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Figure 3.5: Distributions of B; = By/y N and B, = B,/y2N3. The analytic
prediction from Eq. (3.27) [for explicit formulas see Egs. (3.56) and (3.57)]
iscompared to the result of anumerical simulation of the Laguerre ensemble
with N = 50.

3.3.6 Localized versusdiffusive regime

Comparison of Egs. (3.11) and (3.26) shows that the two joint distributions
of |1 and ¢’ would be identical if statistical fluctuations in the spectral mo-
ments B;, B, could be ignored. The correspondences are

B < ¢, By—B2< Q¢ (3.39)

However, the distribution P(B1, By) is very broad (see Fig. 3.5), so that
fluctuations can not be ignored. The most probable values are

BYP ~ N, BYP® ~2N3, (3.40)

but the mean values (B;), (By) diverge—demonstrating the presence of
large fluctuations. In the diffusive regime L < & the spectral moments B;
and By can be replaced by their ensemble averages, and the diffusion the-
ory [28,29] isrecovered. (The same appliesif the absorption length &5 < £.)
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The large fluctuations in B; and By directly affect the statistical proper-
ties of the delay time ¢’. We compare the distribution (3.28) in the local-
ized regime (Fig. 3.3) with the result (3.14) of diffusion theory (Fig. 3.2).
In the localized regime the value ¢, ~ BY™™ at the center of the peak

of P(¢') is much smaller than the width of the peak A¢’ ~ (BYP®)1/2 ~
Phea(§/1)1/%. This holds also in the diffusive regime, where ¢/, = ¢’
and A¢’ = ¢l (L/1)/2 However, the mean (¢') = (By) diverges for
P, but is finite (equal to ¢’) for Pgs. For large B, one has asymptot-
ically P(By) ~ %NyS/ZﬁBZ_‘?/Z. As a consequence, in the tails P(¢')
fals off only quadratically [see Eqg. (3.32)], while in the diffusive regime
Paitr(¢') ~ 3Qg*|¢'| 3 falls off with an inverse third power.

3.3.7 Roleof absorption

Although absorption causes the same exponential decay of the transmitted
intensity aslocalization, this decay is of aquite different, namely incoherent
nature. The strong fluctuations in the localized regime disappear as soon as
the absorption length &, drops below the localization length &, because long
paths which penetrate into the localized regions are suppressed by absorp-
tion. In this situation one should expect that the results of diffusion theory
are again valid even for L = &. This expectation is confirmed by our nu-
merical simulations. (We do not know how to incorporate absorption effects
into our analytical theory.)

In Fig. 3.6 we plot the delay-time distribution for two values of the ab-
sorption length &; < & and one value &, > &, both for equal-mode and for
distinct-mode excitation and detection. The waveguide length is L = 4.5¢.
The result for strong absorption with &, = 0.11¢ isvery similar to Fig. 3.2.
Irrespective of the choice of the detection mode, the data can be fitted to
the prediction (3.14) of diffusion theory. The plot for &, = 0.47& shows that
the dynamic coherent backscattering effect slowly sets in when the absorp-
tion length becomes comparable to the localization length. The data also
deviate from the prediction of diffusion theory. The full factor (3.31) be-
tween the peak heights quickly develops as soon as &, exceeds &, as can be
seen from the datafor &, = 2.1£. Moreover, these data can already be fitted
to the predictions of random-matrix theory, with y ~ 53.2a/c. (The value
y = 46.3a/c of Sec. 3.2.5 isreached when absorption is further reduced.)
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Figure 3.6: Single-mode delay-time distribution P(¢’) in the presence of
absorption. The data points are the result of a numerical simulation of a
waveguidewith length L = 4.5¢. Open circlesarefor equal-mode excitation
and detection n = m, full circles for the case of distinct modes n = m. In
the upper panel (with &, < &), the data are compared to the prediction (3.14)
of diffusion theory. In the lower panel we compare with the predictions
(3.27-3.30) of random-matrix theory.
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3.3.8 Broken time-reversal symmetry

The case g = 2 of broken time-reversal symmetry is less important for op-
tical applications, but has been realized in microwave experiments [57-59].
There is now no difference between n = m and n 4 m. The matrices U

and V have the same statistical distribution as for the case of preserved
time-reversal symmetry. Hence, by following the steps of Section 3.3.1, we
arriveagain at Eq. (3.26), with spectral moments By as defined in Eq. (3.23).
Their joint distribution has now to be calculated from Eg. (3.8) with g = 2.
This calculationis carried out in Appendix 3.B. Theresult is

2y N3B2

P(B1, B2) = ——5—&P(—NBI/B—2yN/By).  (341)
2

The distribution of single-mode delay times P(¢’) is given by Eq. (3.28)
with this new function P(B1, B2). We plot P(¢’) in Fig. 3.7 and compare it
to the case of preserved time-reversal symmetry. The distribution isrescaled
by about afactor of two towards larger delay times when time-reversal sym-
metry is broken. This can be understood from the fact that the relevant
length scale, the localization length, istwice as big for broken time-reversal
symmetry (¢ = 2NL/s, whileé = NL/s for preserved time-reversal sym-
metry).

3.4 Conclusion

We have presented adetailed theory, supported by numerical simulations, of
arecently discovered [48] coherent backscattering effect in the single-mode
delay times of a wave reflected by a disordered waveguide. This dynamic
effect is special because it requires localization for its existence, in contrast
to the static coherent backscattering effect in the reflected intensity. The
dynamic effect can be understood from the combination of the static effect
and the large fluctuations in the localized regime.

In the diffusive regime there is no dynamic coherent backscattering ef-
fect: The distribution of delay times is unaffected by the choice of the de-
tection mode and the presence or absence of time-reversal symmetry. The
effect also disappears when the absorption length is smaller than the local-
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Figure 3.7: Comparison of the single-mode delay-time distributions for pre-
served and broken time-reversal symmetry. The number of propagating
modesis N = 50. The curves are calculated from Eq. (3.28) with P(Bg, Bp)
givenby Eq. (3.27) (8 =1) or Eq. (3.41) (B = 2).

ization length. In both situations the large fluctuations characteristic for the
localized regime are suppressed.

Existing experiments on the delay-time distribution [28, 50] have veri-
fied the diffusion theory [29]. The theory for the localized regime presented
here awaits experimental verification.

3.A Joint distribution of By and B> for g =1

We calculate the joint probability distribution function P(B1, By) of the
spectral moments B; and B,, defined in Eq. (3.23), which determine P(1,¢")
from Eq. (3.26). We assume preserved time-reversal symmetry (8 = 1).
Since By =) |u |2Mi"‘, we have to average over the wavefunction ampli-
tudes u;j, which are Gaussian complex numbers with zero mean and vari-
ance 1/N, and the rates w; which are distributed according to the Laguerre
ensemble (3.8) with 8 = 1. This Laguerre ensemble is represented as the
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eigenvalues of an N x N Hermitian matrix WTW, where W is a complex
symmetric matrix with the Gaussian distribution

P(W) o exp[—y (N + L)trwTwy. (3.42)

The calculation is performed neglecting corrections of order 1/N, so that
we are allowed to replace N + 1 by N. The measureis

dW = [ [dReW; dimW; | [dReW; dimW; . (3.43)
i<j [
3.A.1 Characteristic function
In the first step we express P(Bg, By) by its characteristic function,

1

PELE) = o f dp f dqePBHBy (o), (3.44)

<|]je><p[—i |UI|2(£+M&|2)i|>, (3.45)

and average over the u;’s,

N -1
_ i P9
x(p,q) = <1_[<1+IMIN+I;L|2N> >

1=1
B det (WTW)?
N <det[(WTW)2+ip(WTW)/N +ig/N]

x(p,q)

> . (3.46)

We have expressed the product over eigenvalues as a ratio of determinants.
We write the determinant in the denominator as an integral over a complex
vector z,

x(p,g) /dW/dzexp[—yNtrWTW]det(WTW)z
x exp{—Z'[(WTW)? +ip(WTW)/N +iq/N]z} . (3.47)

Thisintegral converges because W'W is positive definite.
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3.A.2 Parameterization of the matrix W

Now we choose a parameterization of W which facilitates a stepwise inte-
gration over its degrees of freedom. Thedistribution of W isinvariant under
transformations W — UTWU, with any unitary matrix U. Hence we can
choose abasis in which z pointsinto direction 1 and write W in block form

W:(i );Z) (3.48)

Here a is a complex number. For any N — 1 dimensional vector x we can
use another unitary transformation on the X block after which x pointsinto
direction 2. Then W is of the form

a x 0f
W=| x b y" |, (3.49)
0y

with the real number x = |x|. In this parameterization

(W'W)11 = Jal?+x2,

[(WT'W)2]11 = (jal?+Xx2)2 + X2y + x?|a+ b*|?,
detW =[a(b—y"Y~1y) — x’|detY ,

trWW = Ja)? + [b|2 + 2x% +- 2y? 4 trY

dw = d?ad’bdxdydy ,

with y = |y|. A suitable transformation on Y allows to replace the term
y' Yty by yA(Y D,

For this parameterization of W, the integrand in Eq. (3.47) depends on
the vectors x, y, and z only by their magnitudes x, y, and z = |z|. Hence we
can replace dx — x?N—3dx, dy — y?N—->dy, and dz — z2N~1dz

3.A.3 Integration
Theintegrand in Eq. (3.47) involves z, p, and g in the form

exp—Z2([(W'W)?] 11 +i p(WTW)11 /N +ig/N)] . (3.50)
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It is convenient to pass back to P(B1, B) by Eq. (3.44), because integration
over p and g gives deltafunctions

3[B1— Z*(1al” 4 x?)/N]8(B2 — Z°/N)
= Biza(Bl/Bz—|a|2—x2)5(|32—zz/N). (3.51)

Subsequent integration over z resultsin

P(By, B2) f d?ad’bdx dy x?N-3y2N-5

x B)725(B1/By — |al? — x?)
x [colab — x?|* + 4cz|al?y?|ab — x?|? + c4lal*y®]
x exp[—N By (BZ/B3 + x?y? + x?|a* + b|%) — 2y Ny?]. (3.52)

Here we omitted aterm y N(|a]2 + |b|? + 2x?) in the exponent, becauseit is
of order 1/N aswe shall seelater. Furthermore, we denoted
(|detY 11 (Y 1)1 ™)

These coefficients will be calculated later, with the result cg = 1, ¢, =
2y, ¢4 = 4y?. Integration over y yields for the terms proportional to ¢,
the factors (Byx? + 2y)~™"N+2_ which can be combined with the factor
(B2x?)N=2, giving to order 1/N [we anticipate y /Box? = 9(1/N)]

(Bzx2)N—2
(BZX2 + zy)N—Z—i-m

— (Box?)™m exp(—%). (3.54)

We introduce anew integration variableby b’ = b+ a*. Sofar P(By, Bp)
is reduced to the form

P(B1,By) « /dzadzb/dxx(S(Bl/Bz—|a|2—x2)
2 4
C4la|
+
< ngs)

2y N B2 .
exp ——— — N=L — NB,x?|b'|?]) . 3.55
X p( 8, B, 2X|1'] (3.55)

By |*
ab'— —
B>

4c;/al?
244
B5X

B1

ab'— —
B>
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Let us now convince ourselves with this expression that we were justified
to omit the term y N(|a|? + |b|? 4+ 2x?) in Eq. (3.52) and to use Eq. (3.54).
Indeed, the various quantities scale as By ~ y N, B, ~ ¥2N3, and |a|? ~
Ib|?2 >~ x2 ~ 1/ N?, because any y and N dependence disappears if one
passes to appropriately rescaled quantities B1/y N, etc. The terms omitted
aretherefore of order 1/N.

The remaining integrationsin Eq. (3.55) are readily performed, with the
final result (3.27). Thedistribution of By to order 1/N is

N 2y N
P(B1) = L (B, + 2y N)exp<_v_) | (3:56)
B3 Br

The spectral moment B; appeared before in a different physical context in
Ref. [55], but only a heuristic approximation was given in that paper. Eq.
(3.56) solves this random-matrix problem precisely.

For completeness we also give the distribution of the other spectral mo-
ment By (rescaled as B, = By 2N ~3) in terms of Meijer G functions,

~ 1 = 03/5 3
2
+20GY5(Bal — 1,3,1) +22G33(Bol3, 3,1)
+8Gy5(Bal3,1,3) +4G5(Bal3.3,2)
1 3 13
__1Oa_i2 1,3 ) 0,_ _i2
1032 ) secis(m] 0512 )

1133
2222 )] . (3.57)

-86% (&,

+36%4(&;

3.A.4 Coefficients

Now we calculate the coefficients c; and c4 defined in Eq. (3.53). It is
convenient to resize the matrix Y to dimension N (instead of N — 2) and to
set momentarily y N = 1. We use again a block decomposition,

Y:( a w ) , (359)

w Z
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and employ the identities

detY = (@a—w'Z w)detz, (3.59a)
Y Hy = (@a-w'z7lw)1. (3.59b)
Hence
4
Cs= (laetZ[) _ 4 (3.60)

(|detY|4)  (N+1)(N+3)’
where we used Selberg’'sintegral [3] for

IT(N+4I'(N+2
(1detY|) = ¢ ( +2)2N( 2 (3.61)

In order to evaluate

c (|detZ|*(lal®+ w" Z~w|?))
2 =

(IdetY|4) ’ 62

it isagain profitable to use unitary invariance and turn w into direction 1,
W' Z7 w2 = wl(Z . (3.63)
From (w* = 1N(N +1) and (|a|?) = 1 we obtain then the recursion relation

4 N

N =Nromn+gy TN (364)
which is solved by
2
C2(N) = N+l (3.65)

In order to reintroduce y we have to multiply cm by (y N)™?, and obtain to
order 1/N

=2y, Cia=4y?, (3.66)

as advertised above.
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3.B Joint distribution of By and B, for g =2

For broken time-reversal symmetry, the distribution of B; and By hasto be
calculated from the Laguerre ensemble (3.8) with 8 = 2. Similarly as for
preserved time-reversal symmetry, this ensemble can be obtained from the
eigenval ues of amatrix WTW. The matrix W is once more complex, but no
longer symmetric (it is also not Hermitian). It has the Gaussian distribution

P(W) o exp(—2y Ntr WTw), (3.67)

with measure
dW = [ [dReW;; dimW; . (3.68)
]
Itisinstructiveto calculatefirst P(B1), becauseit will beinstrumental in
the calculation of P(Bg, By). After averaging over the u;’s, the characteristic
function takes the form

(3.69)

d t
1(P) = (eplipB) = ()

We express the determinant in the denominator as an integral over acomplex
vector z. Due to the invariance W — UWYV of P(W) for arbitrary unitary
matricesU and V, we can turn z into direction 1 and write

a x 0
W = )(() v . (3.70)

Then

P(B1) « /‘dpdzzz'\“ldzadxxz'\“gdx’x/ZN_3

x (|a]® 4+ d2x*x"?) exp[ — (2 + 2y N)(1a]* + x°)]
x exp[i p(B1 — Z2/N) — 2y Nx?] . (3.71)

Selberg'sintegral [3] gives

(detY[2[(Y"Hu®)  2yN

C= "5  ~N_T

(3.72)
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The integration over p gives §(z2 — NB;) and alows to eliminate z. The
integration over x’ amounts to replacing x2 = (N — 1)/2yN =d, 1 The
final integrations are most easily carried out by concatenating a to x, giving
an N-dimensional vector y. Then

P(B) f dyy?N BN exp[ — N(By + 21)y2]
o« BNYBi+2y) N, (3.73)

whichto order 1/N becomes

2y N
P(By) = % exp(—2y N/By). (3.74)
1
The first steps in the calculation of the joint distribution function of B,
and B, are identical to what was done in Appendix 3.A, and result in the
characteristic function x (p,q) intheform of Eq. (3.47), but with y replaced
by 2y. Dueto the unitary invariance of the W ensemble we can write

ax 0 0
x by o
0y

00 Y

W = (3.75)

Oneintegratesnow over p and q and obtains deltafunctionsasin Eq. (3.51).
This is followed by integration over z. The calculation is then much sim-
plified by recognizing that one can rescale the remaining integration vari-
ables in such away (namely by introducing a® = 4%B;/B», x? = %?B1/B>,
y/Z — y/ZX—Z Bz_l) that

P(B1, B2) = B, *exp(—~NBf/B;) f (By). (3.76)

It is not necessary to give here f(B;) as alengthy multi-dimensional inte-
gral, sinceits functional form is easily recovered from the relation

P(By) =fd52 P(By, Bz) = N72B;*f(By). (3.77)

We compare this with Eq. (3.74) and arrive at Eq. (3.41). The distribution
of B, has the closed-form expression

P(B2) = y 2N3G35(y °N3By| - 3,—1,-2). (3.78)
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3.C Joint distribution of Cy and Cq

We seek the joint distributions of the spectral moments Cy and C4, which
determine ¢’ and | for § = 1 and n = m via Eq. (3.29). We start with the
characteristic function

X (Po, P1) = (exp[i Re(poCo + P1C1)]) , (3.79)

where pp and p; are complex numbers, as are the quantities Co and C;
themselves. Since Cx = _; u?zX we have to average over the 7’s and the
u;’'s. Averaging over the u;’sfirst, we obtain

' ~1/2
T <1+ %%06 > . (3.80)

x(Po, p1) = <

i
We regard again the rates u; = ‘L’i_l as the eigenvalues of a matrix product
YYT, whereY will be specified below. Then the product of square roots can
be written as aratio of determinants,

-1/2
|p1ti + Pol? T
H(HT —detYY
|
N2+|pol? _Repop; | pe|?
2 1 T

N2 +2 AT

-1/2
x det [(YYT) } .(3.81)

We will express the determinant in the denominator as a Gaussian inte-
gral over areal N-dimensional vector z. Henceit is convenient to choose Y
real aswell, so that one can use orthogonal invariance in order to turn z into
direction 1. Moreover, there is arepresentation of Y which allows to incor-
porate the determinant in the numerator into the probability measure: We
takeY asarectangular N x (N 4 3) matrix with random Gaussian variables,
distributed according to

P(Y) xcexp(—y NtryYT). (3.82)

The corresponding distribution of the eigenvalues i of YYT is given in
Ref. [56] and differs from the Laguerre ensemble (3.8) by the additional
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factor [T, ui = detYYT. In this representation,

X o f dzzN—l<exp{—z2(1+|po|2/N2)[(YYT)2]n}

2Re pop;

[YY ]+ |p1|2]> (3.83)
N2 1 , :

Xexp[ NZ

where the average is now over Y. Inverse Fourier transformation with re-
spect to pp and p; resultsin

N—5 eXp[_ZZ[(YYT)Z]ll]

P(Co.Co) </ 022 Y Yo — (VY T 1)

IC1)2N?2 N2 |Co—[YYT]1Cy/?
Xexp[_ P ‘E[(YYT)Z]M—([YYT]H)ZD' (389

The orthogonal invariance of YYT allows us to parameterize Y as
OT

2| (3.85)

o0& o
O T <

with real numbersv > 0, w >0,y > 0,a,and b, andan (N — 1) x (N +1)
dimensiona matrix Z. It is good to see that Z drops out of the calculation,
because it does not appear in

[YYTlu = a®+422, (3.864)

(YY) = (@%+v)%+(aw+vb)2+v2y?.  (3.86h)
Wereplaceb = b’ —aw/v and introduce Z = zyv. The integral over Z' can
be written in the saddle-point form [ dz/ z’Ne—Z/Zf(z/) x f(/N/2)for large

N. The resulting expression varies with respect to the remaining variables
on the scales

N3a? ~ N2b'? ~ N2 ~ Ny?2 ~ w2 = 0(y 1) (3.87)

We use the given orders of magnitude to eliminate terms of order N—1, but
keep the residual correlations ReCoC/y N = @O(N~Y2). The joint distri-
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bution function of Cy and C; isthen
P(Co,C1) /dadb/ dv v3dw wN"2dy yexp[—y Ny?]

x exp| —y Nw? 1—|—a—2 —l(vz—{—yz—i—b’z)
v v2)  2y2

Nv2y?|C1]2  N|Co|?
x exp[szReCOCf— 0 y2' " _ '20' ] . (389)
Now we can integrate over a, b’, w, and v, and arrive at
exp[—y Ny? — N|Co|?/2

P(Co.Coox [ dy .
(y=2+y2|C1[24 2ReCoC})>?

The final result (3.30) is obtained by substituting s = y Ny?2.

3.D Distribution of A;for g =1

Inthelarge-N limit thejoint distribution function P(Ag, A1) = P(Ag)P(A1)
factorizes as explained in Section 3.3.5. The distribution of Ag is givenin
Eqg. (3.37). It remains to calculate the distribution of Ay =) tiujvi. The
ui’s and v;’s are independent Gaussian random numbers. Averaging over
them, we obtain the characteristic function

x(p) = (exp[i Re(pAs)])

(050 )

det (WTW)2
<det[(WTW)2+ I pI2/4N]> '

(3.90)

where p isacomplex number. The Laguerre ensembleis again represented
as the eigenvalues of the matrix product WTW, where W is the complex
symmetric matrix with distribution (3.42). Following the route of Appendix
3.A we represent the determinant in the denominator by a Gaussian inte-
gral over a complex vector z and choose a basis in which W is of the form
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(3.49). The characteristic function is then obtained as the following multi-
dimensional integral,

x(p) = /dxdydzdzadzde

4 2yl 2 2/4 _E
x |detY|*lalb— y“(Y")11]° — x| " exp AN2

Xexp[_zz((|a|2+X2)2+X2|a+b*|2+X2y2)]
x exp[—y N(lal? + b2 +2x2 +2y> +trYTY)].  (3.91)

Let us briefly describe in which order the integrations are performed
most conveniently. Fourier transformation with respect to p converts the
characteristic function back into the distribution function P(A;). This step
gives rise to a factor z-2exp(—|A1|2N?z-2). We can also integrate over v,
which results in a factor exp[—2y N/(xz)?]. We introduce new variables by
the substitutionsb = b — a*, x = v/z, a = a'/z. After these transformations
one succeeds to integrate over b, z, and @’. The remaining integral over
v = |v| isof theform

P(A1)) « |A1|_5fdvv_5€_2/”

X |:rr[8|A1|2(2+4v + %) 4+ 30v%(16 + 16v + 3v?)]

2| Aqlv
(1A +02)
+ | Ag|®0?(192 4 1760 — 17v?) + 8| A1 |3(6 4 4v — v?)
+3v8(16 + 16v + 3v?) + | Aq|?v®(192+ 208v + 41v?)]
— [16] A1 |22+ 4v 4 v2) + 6v3(16+ 16V + 3v?)]

x arctan(v/|A1|)] (3.92)

[| Ac|*v*(288 4 304v — 25v?)

The more compact form (3.38) is the result of the replacement v = 2/s,
followed by a number of partial integrations.
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Chapter 4

Single-mode delay time statistics for
scattering by a chaotic cavity

4.1 Introduction

Microwave cavities have proven to be a good experimental testing ground
for theories of chaotic scattering [60]. Much work has been done on static
scattering properties, but recently dynamic features have been measured as
well [61]. A key dynamical observable, introduced by Genack and cowork-
ers [27-29], is the frequency derivative ¢’ = d¢/dw of the phase of the
wave amplitude measured in a single speckle of the transmitted or reflected
wave. Because one speckle corresponds to one element of the scattering
matrix, and because ¢’ has the dimension of time, this quantity is called the
single-channel or single-mode delay time. It isalinear superposition of the
Wigner-Smith delay times introduced in nuclear physics [23, 24].

The probability distribution of the Wigner-Smith delay timesfor scatter-
ing by a chaotic cavity is known [25,62]. The purpose of this chapter isto
derive from that the distribution P(¢’) of the single-mode delay time. The
calculation follows closely our previous calculation of P(¢’) for reflection
from a disordered waveguide in the localized regime [48]. The absence of
localization in a chaotic cavity is a significant ssimplification. For a small
number of modes N connecting the cavity to the outside we can calculate
P(¢’) exactly, whilefor N > 1 we can use perturbation theory in1/N. The
large-N distribution has the same form as that following from diffusion the-

59
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ory in a disordered waveguide [28, 29], but for small N the distribution is
qualitatively different. In particular, there is a marked distinction between
the distribution in transmission and in reflection.

4.2 Formulation of the problem

The geometry studied is shown schematically in Figure 4.1. It consists of
an N-mode waveguide connected at one end to a chaotic cavity. Reflec-
tions at the connection between waveguide and cavity are neglected (ideal
impedance matching). The N modes may be divided among different wave-
guides, for example, N = 2 could refer to two single-mode waveguides. The
cavity may contain a ferri-magnetic element as in Refs. [59, 63], in which
case time-reversal symmetry is broken. The symmetry index 8 = 1 (2) indi-
catesthe presence (absence) of time-reversal symmetry. We assume asingle
polarization for simplicity, as in the microwave experimentsin a planar cav-
ity [61].

The dynamical observable is the correlator p of an element of the scat-
tering matrix S(w) at two nearby frequencies,

p = Sl + 380) Sim(w — 380). (4.1)
The indices n and m indicate the detected outgoing mode and the incident
mode, respectively. The single-mode delay time ¢’ is defined by [27-29]

. Imp
"= lim —, 4.2
¢ so—0dwl ( )
with | = |Sym(w)|? the intensity of the scattered wave in mode n for unit

incident intensity in mode m. If we write the scattering amplitude Sym =
V1€? in terms of amplitude and phase, then ¢’ = d¢/dw. We will in-
vestigate the distribution of ¢’ in an ensemble of chaotic cavities having
dightly different shape, at a given mean frequency interval A between the
cavity modes. For notational convenience, we choose units of time such that
2r/A =1

The single-mode delay times are linearly related to the Wigner-Smith
[23,24] delay times 13, 12, ..., Tn, Which are the eigenval ues of the matrix

Q=i STS—S = UTdiag(zy, ..., 7n)U. (4.3)
0]



4.2. FORMULATION OF THE PROBLEM 61

v

Figure 4.1: Sketch of achaotic cavity coupled to N propagating modes via
one or more waveguides. The shape of the cavity is the quartered Sinai
billiard used in recent microwave experiments [61].

To see this, we first expand the scattering matrix linearly in dw,
S(w+ 38w) = VTU £ 38wV "diag(ty, ..., Tn)U. (4.4)

Since Sis symmetric for § = 1, onethenhasV =U. For 8 =2, V and
U are statistically independent. Combination of Egs. (4.1), (4.2), and (4.4)
leads to [48]

vy
Ui =Uim, v = Vin. (4.6)

=1 uuil? ¢ =Re 2imlivi (4.5)

The distribution of the Wigner-Smith delay times for a chaotic cavity
was calculated in Refs. [25,62]. It isaLaguerre ensemblein the rates i =
1/,

P(ua o in) o [ 1w — g VP T | k™2 exp(= 380 (). (47)
i<j k

The step function 8(x) = 1 for x > 0and #(x) = Ofor x < 0. It followsfrom
Eq. (4.7) that (}_; i) = 1, aresult that was known previously [64].
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To calculate the joint distribution P(I,¢") from Eq. (4.5), we also need
the distribution of the coefficients u; and v;. This follows from the Wigner
conjecture [65, 66], proven in Ref. [62], according to which the matrices U
and V are uniformly distributed in the unitary group. The calculation for
small N is now a straightforward integration, see Sec. 4.3. For large N we
can use perturbation theory, see Sec. 4.4.

Because of the uniform distribution of U and V, independent of the 7;’s,
we can evaluate the average of ¢’ directly for any N,

(@) = Re<Z T <leji5ji ; >> = <Z T %> = % (4.8)

We define the rescaled variable ¢’ = ¢//(¢') = N¢/', that we will use in the
next sections.

4.3 Small number of modes

For N = 1 thereis no difference between the Wigner-Smith delay time and
the single-mode delay time. Inthat case | = 1 and ¢’ = ¢’ is distributed
according to [67, 68]

~ ~_2_B/2 ~ ~

P@)=csd " exp(—=18/6)0(&). (4.9)

The normalization coefficient ¢z equals (27) Y2 for 8 = 1and 1 for 8 = 2.

Now we turn to the case N = 2. By writing out the summation in

Eq. (4.5) for | and ¢/, one obtains ¢’ = ;. + ar_ With 7o = 3(11 £ 72)
and

| = Jug|?|v1|® + uz|?|vzl® + UsU3v1v5 + UjUzvivz,  (4.10)
a = (Jug)?va]? — [ual?|v2l?) /1. (4.11)

To find the joint distribution P(l,«) we parameterize U in terms of 4 inde-
pendent angles,

. cosy exp(—iai) siny exp(—iay —iay) (4.12)
—\ —sinyexp(—iaz+ia) cosy exp(—ias) ’ '
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with o € (0,27) and y € (0,7/2). Theinvariant measure du o |Det g|dy
[ [ doi in the unitary group follows from the metric tensor g, defined by

Tr dUdu™=> "gjdxidx;, {x}={y,a1,020as}. (4.13)
i
Theresultis

du ocsin2y dy [ [ dai. (4.14)
i

Thejoint distribution function P(z,,7_) follows from Eq. (4.7). For 8 =1
one has

P(ts,72) = flt-|(zf = 22)exp(—r4(z2 = 22) 1) 0(zs — 7)), (4.19)

whilefor g =2

P(ty, 1) = %‘L’E(‘L’f_ —12)%exp (—2‘1,'_;_(‘1,’_’2_ — rf)_l) O(t: —|7—]). (4.16)

First we consider the case g = 1, n # m. Because of the unitarity of U,
one has |v1|? = |uz|? and |v2|? = |uy|?. Thereforea =0and ¢’ = 7., SO ¢’
isindependent of |. Integration of Eq. (4.15) over t_ resultsin

~ ~A_5 A2 ~ ~ ~
P(¢") = 2¢" (¢ +2¢' +2) exp(—2/¢")6(&"). (4.17)

In this case (as well as in the case N = 1), ¢’ can take on only positive
values, but this is atypical, as we will see shortly. From Egs. (4.10) and
(4.12) wefind the relation between | and the parameterization of U,

| =sin?2y sin®(as — a1 — ). (4.18)
Thedistribution of | resulting from the measure (4.14) is

P(l)=31"Y29(1)a(1-1), (4.19)
in agreement with Refs. [69, 70].
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Forthecase N =2, B =1, n=m we use that u; = vy, U, = v and
obtain the parameterization

| =1—sin?2y sin®(a3 — a1 —ay), (4.20)
a = (cos2y)/!. (4.21)

Thedistribution P(I,«) resulting from the measure (4.14) is
1
P(l,a) = |1/2(1 D=2 —1a?)"Y20(1)0(1— 1)0(1— | «?). (4.22)

Thejoint distribution of | and ¢’ = 2¢’ takes the form

_¢/2- )i. (4.23)
T T

P(l, ¢/)_f d"f dey Plre,r)P(1.0

The distribution of | following from integration of P(l,«) over « is given
by Eg. (4.19) with | — 1—1, asit should. Theintegrationsover ., 7_, and
|, needed to obtain P(¢’) can be evaluated numerically, see Fig. 4.2. Notice
that P(¢’) has atail towards negative values of ¢'.

For N = 2,8 = 2 it doesn’t matter whether n and m are equa or not.
Parameterization of both U and V leads to

I = (1—x2)(1—X2) 4+ X1 X2 + 2/ (1 — X1 ) (1 — X2) X1 X2 cOSn,  (4.24)
a=(1-x31—x2)/I, (4.25)

with a measure du oc dxpdxodn and x1,x2 € (0,1), n € (0,7). The joint
distribution P(I,«) isnow given by

P(l,a) = 21720(1)0(1— 1)0(1 - 12). (4.26)
Integration over « leads to [69, 70]

P(1) =6(1)a(L—1). (4.27)

The distribution P(I ,¢3/) follows upon insertion of Egs. (4.16) gnd (4.26)
into Eq. (4.23). Numerical integration yields the distribution P(¢’) plotted
in Fig. 4.3. Asinthe previous case, thereis atail towards negative ¢'.
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Figure 4.2: Distribution of the single-mode delay time in the case of pre-
served time-reversal symmetry (8 = 1). Thecurvesfor N = 1,2 follow from
Egs. (4.9), (4.17), and (4.23). Thecurvefor N > 1 followsfrom Eq. (4.36),
and is the same for n = m and n # m. The delay time ¢’ = ¢'/(¢) is
rescaled such that the mean is 1 for al curves. Data points are the result of
aMonte Carlo calculation in the Laguerre ensemble (with N = 400, n 2 m
representing the large-N limit).

4.4 Largenumber of modes

We now calculate the joint distribution P(l,¢’) for N > 1. First the case
n # m will be considered, when there is no distinction between g = 1 and
B = 2. In the large N-limit the vectors u and v become uncorrelated and
their elements become independent Gaussian numbers with zero mean and
variance 1/N. We first average over v, following Ref. [48]. We introduce
the weighted delay time W = 1¢’. The Fourier transform of P(l,W) is
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Figure4.3: Sameasin Fig. 4.2, for broken time-reversal symmetry (8 = 2).
The curvesfor N = 1,2 and for N > 1 follow from Egs. (4.9), (4.23), and
(4.36). Thereis no difference between n = m and n £ m for any N. The
large N-result for 8 = 2 isthesame asfor g = 1.

given by x(p,q) = (exp(ipl +iqW)). The average over v is a Gaussian
integration, that gives

x(p,0) = (det(1—iH/N)™), (4.28)
H = pu*u’ + q@*u’ +u*u’), (4.29)

where u; = u;7j. The matrix H has only two nonzero eigenvalues,
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M=%(q|31+ p++/2paBi+2B;y + pz), (4.30)

Bi=>_ luil*g. (4.31)
i

Performing the inverse Fourier transforms and returning to the variables ¢’
and | leadsto

P(l,¢") = (N3I/m)Y2exp(—N1)o(l)

% <(|32 —B) V2exp (— NI @;2__—58132» (4.32)
1

The averages over u; and 7; still have to be performed.

Up to now the derivation is the same as for the disordered waveguide
in the localized regime [48], the only difference being the different distri-
bution of the Wigner-Smith delay times z;. The absence of localization in
achaotic cavity greatly simplifies the subsequent calculation in our present
case. While in the localized waveguide anomalously large ;’s lead to large
fluctuations in By and By, in the chaotic cavity the term ME NZin Eq. (4.7)
suppresses large delay times. Fluctuationsin By are smaller than the mean
by afactor 1/+/N. For N > 1 we may therefore replace By in Eq. (4.32) by
(Bx).

To calculate the average of B; and B, we need the density p(t) =
(D 8(r — 1)) of thedelay times. It is given by [62]

S/ s 3iN“§, (433

for T inside the interval (t_,7,). The density is zero outside this interval.
Theresulting averages are (B;) = N1 and (B) = 2N—2, which leads to

p(T) =

P(1,¢") = (NI /m)Y2exp(=N1 [1+ (6" — 1)2]) 6(1). (4.34)

(Recall that ¢’ = ¢//(¢') = N¢'.) Integration over ¢’ or | gives
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P(I) = Nexp(—NI1)o(l), (4.35)
~ ~ -3/2
P@) = I[1+@ -1?7"% (4.36)
Thisdistribution of | and ¢’ has the same form as that of a disordered wave-
guide in the diffusive regime [28, 29].

We next turn to thecasen=mand g = 1. (For B = 2 there is no
difference between n = mand n £ m.) Since u; = v; in Eq. (4.5) we have

C
| =|Col%, ¢ =Re c_(l) Cu=) U2 (4.37)
i

Thejoint distribution P(Cy, C1) has the Fourier transform

x (Po, P1,00, 1) = (exp(i poReCo +igolMCo +ip1ReCy +i 1 ImCy)).
(4.38)
Averaging over u we find

x (Po, P1,do, 1) = (exp(—L)), (4.39)
L=3"In[1+N"2(po+ p1ri)2+ N"4(do+u7i)?]. (4.40)

Fluctuations in L are smaller than the average by a factor 1/N. We may
therefore approximate (exp(—L)) ~ exp(—L). Because N~2(po+ p17i)? +
N~2(go+au7i)? isof order 1/N, wemay expand the logarithmin Eq. (4.40).
The average follows upon integration with the density (4.33),

2 2
Po+ %

L) =

(L) >N TN

Inverse Fourier transformation gives

p%+qf+ Po P1 + God1
NZ

(4.41)

4

N
P(Co,Cy) = Wexp(—MColz— IN3IC112+ N?Re CoC)).  (4.42)

The resulting distribution of ¢’ and | is
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P(1,¢") = (NI /27) Y2 exp(—2N1 [1+ (¢’ — 1)?]) 6(1). (4.43)

It is the same as the distribution (4.34) for n # m, apart from the rescaling
of | by afactor of 2 asaresult of coherent backscattering.

The distribution (4.36) of ¢’ for N > 1 isincluded in Figs. 4.2 and 4.3
for comparison with the small N-resullts.

45 Numerical check

We can check our analytical calculations by performing aMonte Carlo aver-
age over the Laguerre ensemblefor the 7;’sand the unitary group for the u;’s
and v;’s. For the average over the unitary group we generate a large num-
ber of complex Hermitian N x N matrices H. The real and imaginary part
of the off-diagonal elements are independently Gaussian distributed with
zero mean and unit variance. The real diagonal elements are independently
Gaussian distributed with zero mean and variance 2. We diagonalize H,
order the eigenvalues from large to small, and multiply the n-th normalized
eigenvector by a random phase factor €n, with ay, chosen uniformly from
(0,27). The resulting matrix of eigenvectorsis uniformly distributed in the
unitary group.

The Laguerre ensemble (4.7) for therates uj = 1/t can be generated by
arandom matrix of the Wishart type[56,71]. Consider aN x (2N —1+2/8)
matrix X, where X isrea for § = 1 and complex for 8 = 2. (The matrix
X is neither symmetric nor Hermitian.) The matrix elements are Gaussian
distributed with zero mean and variance (|xnm|%) = 1. Thejoint probability
distribution of the eigenvalues of the matrix X X is then given by Eq. (4.7).
The results of our numerical check are included in Figs. 4.2 and 4.3. The
large-N limitisrepresented by N =400, n # m. The analytical curvesagree
well with the numerical data.

4.6 Conclusion

We have investigated the statistics of the single-mode delay time ¢’ for cha
otic scattering. For alarge number N of scattering channels the distribution
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has the same form asfor diffusive scattering [28,29], but for small N the dis-
tribution is different. The case N = 2 is of particular interest, representing
a cavity connected to two single-mode waveguides. For preserved time-
reversal symmetry and detection in transmission (8 = 1,n # m), we find
that ¢’ can take on only positive values, similarly to the Wigner-Smith delay
times. In contrast, for detection in reflection (or for broken time-reversal
symmetry) the distribution acquires a tail towards negative ¢’. These theo-
retical predictions are amenable to experimental test in the microwave cavi-
tiesof current interest [61].



Chapter 5

Dynamic effect of phase conjugation
on wave localization

5.1 Introduction

The reflection of a wave pulse by a random medium provides insight into
the dynamics of localization [6, 8,9, 72]. The reflected amplitude contains
rapid fluctuations over abroad range of frequencies, with aslowly decaying
envelope. The power spectrum a(w,t) characterizes the decay in time t
of the envelope at frequency w. In an infinitely long waveguide (with N
propagating modes), the signature of localization [33, 73],

<a(a),t)>o<t_2 for t > N2z, (5.1)

is a quadratic decay of the disorder-averaged power spectrum (a), that sets
in after N2 scattering times zs.

The decay (5.1) till holds over a broad range of times if the length
L of the waveguide is finite, but much greater than the localization length
& = (N+ 1) (with | = cts the mean free path). What changes is that
for exponentially large timest > tsexp(L /1) the quadratic decay becomes
more rapid o exp(—constant x In’t). This is the celebrated log-normal
tail [74—78]. We may assume that the finite length of the waveguideis rea -
ized by terminating one end by a perfectly reflecting mirror, so that the total
reflected power is unchanged.

71
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In this chapter we ask the question what happens if instead of such a
normal mirror one would use a phase-conjugating mirror [35,36]. Thein-
terplay of multiple scattering by disorder and optical phase conjugationisa
rich problem even in the static case [79-81]. Here we show that the dynam-
ical aspects are particularly striking. Basically, the disordered waveguide is
turned into avirtual cavity with a resonance frequency wo set by the phase-
conjugating mirror.

We present adetailed analytical and numerical calculation for the single-
mode case (N = 1). For timest > 15 wefind that a(w,t) has decayed almost
completely except in anarrow frequency range oc 75t exp(—L /1) around wo.
In this frequency range the decay is delayed up to timest ~ rsexp(L /1), af-
ter which alog-normal decay setsin. The exponentialy large differencein
time scales for the decay near wg and away from wq requires localization.
We will discuss for comparison the case that the disorder is replaced by a
weakly transmitting barrier. In that case we find that for most frequencies,
the decay of a(w,t) isdominated by direct reflection from the barrier, result-
inginatermoc (1—1)5(t). [Here " « 1isthetunnel probability.] Only for
anarrow frequency range o I'/(L /¢) around wg, the decay is delayed up to
timest ~ (L/c)/T.

5.2 Formulation of the problem

5.2.1 Scatteringtheory

A scattering matrix formulation of the problem of combined elastic scatter-
ing by disorder and inelastic scattering by a phase-conjugating mirror was
developed by Paasschens et al. [80]. We summarize the basic equations
for the case of a single propagating mode, in the two geometries shown in
Fig. 5.1. A single-mode waveguide is closed at one end (x = 0) by either
anormal mirror or by a phase-conjugating mirror. Elastic scattering in the
waveguideis dueto either aweakly transmitting barrier at x = L (Fig. 5.1a)
or dueto random disorder intheregion 0 < x < L (Fig. 5.1b). For simplicity
we consider asingle polarization, so that we can use ascalar wave equation.

The phase-conjugating mirror is pumped at frequency wg. This means
that awaveincident at frequency wo+ w will be retro-reflected at frequency
wo — w, for o < wp. For x > L the wave amplitude at frequencies w =



5.2. FORMULATION OF THE PROBLEM 73

(a)

(b) © o

Figure 5.1: The geometry under investigation consists of a single-mode
waveguide with a mirror a x = 0. It can be a normal mirror or a phase-
conjugating mirror. In case a there is no disorder in the waveguide, but a
weakly transmitting barrier at x = L. In case b there is no barrier but there
are randomly positioned obstacles between x =0and x = L.

wp % w 1S an incoming or outgoing plane wave,

uP,t) = Re ¢fexpl—ike(x—L)—iwt]lys(y,2), (5.29)
U'(F,t) = Re ¢p2"explike(x—L)—iwst]ys(y,2).  (5.2b)

Hereky = ko+ w/c isthe wavenumber at frequency w.., with kg the wave-
number at wp and ¢ = dw/dk the group velocity. The transverse wave profile
Y+(Y, z) isnormalized such that the wave carries unit flux.

The reflection matrix relates the incoming and outgoing wave ampli-
tudes, according to

b+ om_(r++ M ><¢+ )in
( ﬁ) () (o) (53)

The reflection coefficients are complex numbers that depend on w. They
satisfy the symmetry relations

(@) =rii(-o), ri(w)=ry(-o) (54)
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If there is only reflection at the mirror, and no barrier or disorder, then one

has simply
r r_ —edkiL 0
(Frr)=("% s ) e
for anormal mirror, and
r r_ 0 —jelitw/c
(F ) =(ele %) 6o

for a phase-conjugating mirror operating in the regime of ideal retro-reflec-
tion. (We will assume this regimein what follows.)

We wish to determine how the reflection coefficients are modified by
the elastic scattering at the barrier or by the disorder. For this we need the

elastic scattering matrix
r t
(1) 6

The reflection coefficients r,r” and transmission coefficients t,t” describe
reflection and transmission from the left or from the right of a segment of
a waveguide of length L containing a barrier or disorder. The matrix S
is unitary and symmetric (hencet =1t’). The basis for S is chosen such
thatr =1’ =0, t(+w) = €L in the absence of barrier and disorder. The
relationship between the coefficientsin Egs. (5.3) and (5.7) is[80]

(@) = ') +t)[1-r*—o) (@] r*(-ot), (5.8
(@) = —it(@)[l-r*(—w) ()]t (o), (5.80)

for a phase-conjugating mirror. For a normal mirror there is no mixing of
frequencies and one has simply

(@) = r'(e)—t)[1+r ()] 't(o), (5.99)
rr_(w) = 0. (5.9b)

In each case the matrix of reflection coefficientsis unitary, so

s (@) + - (w))? = 1. (5.10)
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5.2.2 Power spectrum

We assume that a pulse o §(t) isincident at x = L [corresponding to ¢'' = 1
for al w in Eq. (5.2)]. Thereflected wave at x = L has amplitude

) = Re e [722 ([ +r@]e

+[rf_(w)+rf+(w)}e‘wt). (5.11)

(We have suppressed the transverse coordinates y, z for ssmplicity of nota-
tion.) Using the symmetry relations (5.4), we can rewrite this as

dw

Uou(t) = Re &0t /_ 2 @ +ri@]ee (5.12)

The time correlator of the reflected wave becomes

o d © dw .
Uout (t)Uout(t +1') = % Re ¢ o f %/ % g -oltgat
—00 —00
x [res @) +ri-@)|[ri @) + @), (5.13)

plus terms that oscillate on a timescale 1/wg. We make the rotating wave
approximation and neglect these rapidly oscillating terms. The power spec-
trum a of the reflected wave is obtained by a Fourier transform,

a@t) = [ dt cos[(wo+ o)t uoalDuiae(t+1)
= Re / il e % 'a(w,sw), (5.14)
oo 2T

where we have introduced the correlator in the frequency domain

a(w,50) = %[r++(a)+8w) +r+_(w+5w)] [r (@) +1 _";_(a))]. (5.15)

Integration of the power spectrum over timeyields, using also Eq. (5.10),
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/ ” dt a(w,t)=Re a(w,dw=0=F+3Rer (o)’ (0). (5.16)

For anormal mirrorr,_(w) = 0and a(w,8w = 0) = %1, expressing flux con-
servation. For the phase-conjugating mirror there is inelastic scattering,
which mixes the frequency components w and —w. The constraint of flux
conservation then takes the form

a(w,80 = 0)+a(—w,8w =0) = 3. (5.17)

This follows from the symmetry relations (5.4) and the unitarity of the re-
flection matrix. Eq. (5.17) impliesthat a(w = 0,6 = 0) = 3.

5.3 Tunned barrier

In this section we consider the system in Fig. 5.1a. The tunnel barrier has
transmission probability I « 1, assumed to be frequency independent on
the scale w <« wg. The scattering matrix (5.7) at frequencies w+ = wp + w
takes the form

r ot B _ /1_Fe2ikiL —i\/FeikiL
t ) —ivreet  —JI-T )
We first study the power spectrum of the reflected wave for the case of a

phase-conjugating mirror, and then discuss the normal mirror for compari-
son.

(5.18)

5.3.1 Phase-conjugating mirror

Substituting Eg. (5.18) in Eg. (5.8) we obtain

(o) = —«/1—r(1—e2iwf)[1—(1—r)eZ‘wf]_l, (5.198)

(o) = —iFei‘”’[l—(l—F)eZi‘”’]_l, (5.19h)
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where t = 2L /c isthe time the wave needs to travel from the tunnel barrier
to the mirror and back. For the power spectrum in the frequency domain
(5.15) wefind

a(,80) = 3| VIZT(&Ar+hen) ) —jrelr+ion]
x [VI=T(e72er 1) +ire™"|
x[1- (-1 “”“‘”’]_1[1— (1- F)e‘z‘“”}_l. (5.20)

Following Ref. [80] we now distinguish two regimes. In the degenerate
regimewt < I, the frequency shift w caused by the phase-conjugating mir-
ror is much smaller than the inverse of thetime ¢/ I" that the wave stays be-
tween the mirror and the barrier. To simplify the expressionsin this regime
wewill put w = 0. Then Eg. (5.20) becomes

a(o,aa)) — %I:Fe—i(?wr_'_iM(l_e—ZiBwr)]

x [e—mm . F)] - (5.21)

There are poles at §wt = —%i '+ amwithm=0,£1,£2,.... The poles
with m # O correspond to oscillatory terms in the time domain which we
will neglect. The only term we keep is the pole with m = 0. The expansion
of Eq. (5.21) indwt/ T isfor I' « 1 equivalent to the expansion in §wt/ T’
of

1T —25wrt
4T —2idwt’
Performing a Fourier transform of Eq. (5.22) we obtain the power spectrum
in the time domain,

a(0,8w) = (5.22)

a(0,t) = % exp(—T't/27)6(t). (5.23)

(The function ®(t) =1 fort > 0 and O for t < 0.) One can check that
[dt a(0,t) = %, asit should.
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In the non-degenerate regime wt > I, the decay is different. The cal-
culation is easiest for wt >> 1. To eliminate rapid oscillations we average
wt over aperiod 2, with the result

2
a(w,dw) = / da)_r a(w,w)
0 2

= la-m+irfer—@a-r)] . (524

The first term corresponds to direct reflection from the tunnel barrier and
gives aterm %1(1 —TI")§(t) in the time domain. For the second term we use
the same method as in the degenerate regime and obtain

12
1 al

5.25
isot’ (5.25)
which in the time domain corresponds to
FZ
a(w,t) = 7(1-T)8(t) + o exp(—T't/7)O(t). (5.26)
T

One notices from Egs. (5.23) and (5.26) that the term %1(1 —T)4(t) ispresent
in the non-degenerate regime, but absent for w = 0. There is also afactor of
two difference in time scales for the decay at larger times. One can check
that [ dt a(w,t) = %, in accordance with Eq. (5.17) (since +» and —w give
the same result). A phase-conjugating mirror in the non-degenerate regime
acts the same as anormal mirror. Thiswill be illustrated in the next subsec-
tion.

5.3.2 Normal mirror
Substituting Eqg. (5.18) into Eq. (5.9) one obtains
_JI-T 4o
Mt ()= oz
1-JI-_Tewr

where w, = wp + w. The power spectrum in the frequency domain is given
by

(5.27)
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a(,50) = §[VI-T — e+ |[VI=T —glertesn]
x [1 . Me—iw+f}_l[1 ~J1-T¢€ (Swf+w+f>]_l. (5.29)

For w, 7 > 1it is meaningful to average over w. t, resulting in Eq. (5.24).
So, as expected, the phase-conjugating mirror in the non-degenerate regime
acts the same as a normal mirror.

5.4 Random scatterers

We now turn to the geometry shown in Fig. 5.1b. We assume weak disor-
der, meaning that the mean free path | is much larger than the wavelength
271 / Ko. The multiple scattering by disorder localizes the wave with localiza-
tion length equal to 2. Again, we consider separately the case of a phase-
conjugating mirror and of a normal mirror.

5.4.1 Phase-conjugating mirror

We first concentrate on the degenerate regime of small frequency shift w,
and will simplify the expressions by putting « = 0 from the start. We note
thatr,,(0) =0,r,._(0) = —i, asfollows from Eq. (5.8) and unitarity of the
scattering matrix (5.7). Using Egs. (5.8) and (5.15), we arrive at the power
spectrum in the frequency domain

i -1
a(0,60) = zl(r/(aw)Jr[1—r*(—3w)r(5w)}
x [tZ(aw)r *(—8w) —i t((Sa))t*(—Sa))]). (5.29)

The scattering amplitudes have the polar decomposition r = v/Rexp(i6),
r' = +vRexp(i¢’), t =iv/1— Rexp[3i (0 +6")], with R,0,6’ real functions
of frequency. The phase’ may be assumed to be statistically independent of
R(*éw),0(£8w), and uniformly distributed in (0, 27). (Thisisthe Wigner
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conjecture, proven for chaotic scattering in Ref. [62].) In thisway only the
last term in Eq. (5.29) survivesthe disorder average (- - - ),

t(Sw)t*(—dw) >
fat0.00) = (T ) I
where we have defined Z, = (t(Sw)t*(—8w)[r*(—dw)r (Sw)]™).

The moments Z,, satisfy the Berezinskii recursion relation [43, 82]

dz
=" = m*(Zmt1+Zm-1—2Zm) + @M+ 1)(Zm1 — Zm)

dL

with g = | /¢ the scattering time. [The mean free path | accounts only for
backscattering, so that the scattering time in a kinetic equation would equal
%rs.] The initia condition is Zy,(L = 0) = §mp. In App. A we derive an
analytical result for (a(0,8w)) in the small frequency range In(1/tséw) 2
L/l > 1. Itreads

(a(O,(Sa))> = %/ dk ik (—2i tsdw) K Y22-3k=12p2(L 1 jI)r (L —ik)
-0

x T7H L+ k) exp[—(3 +KA)L/1]. (532

Theinitial decay is determined by the contributions of the polesat k = — i,

2
3 5
272

<a(0,8a))> =14 Lirsmexp(2L /1) — 2 r2802exp(6L /1) + O(3w?). (5.33)
The result (5.32) is plotted in Fig. 5.2 for L/l = 12.3. We compare
with the data from a numerical solution of the wave equation on a two-
dimensional lattice, using the method of recursive Green functions [45].
(The method of simulation is the same as in Ref. [80], and we refer to that
paper for a more detailed description.) The agreement with the analytical
curvesis quite good, without any adjustable parameter. The §w-dependence
of (a(0,éw)) for large L/l occurs on an exponentially small scale, within
the range of validity of Eq. (5.32).
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Figure 5.2: Average power spectrum for reflection by a disordered wave-
guide (L /I = 12.3) connected to a phase-conjugating mirror [solid curves,
from Eq. (5.32)] or anormal mirror [dashed curves, from Eq. (5.39)]. The
data points follow from a numerical simulation. There is no adjustable pa-
rameter in the comparison. Notice the much faster frequency dependence
for the phase-conjugating mirror (top panels), compared to the normal mir-
ror (bottom panels).

the time domain for In(t/zs) > L /1 > 1, with the result

A Fourier transform of Eq. (5.32) yields the average power spectrum in
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(a0.0) = AL/ Pexp(—L )T YA 2 In(t o)
X exp [ —(1/4L)In?(4t /zs)]. (5.34)

The leading logarithmic asymptote of the decay islog-normal oc exp[—(l/
4L)1n?t], characteristic of anomalously localized states[74-78].

These results are calculated for @ = 0, and remain valid as long as
o < tstexp(—L/1). Thisis the degenerate regime. For larger frequency
mismatch w one enters the non-degenerate regime. The power spectrum in
that regimeisthe same asfor anormal mirror, calculated in the next subsec-
tion.

5.4.2 Normal mirror

For comparison we discuss the known results for a disordered waveguide
connected to a normal mirror instead of a phase-conjugating mirror. Since
r._ =0, one hasfrom Eq. (5.15)

4<a(a),8a))> - <r++(w+ Sw)r j;+(w)> =Ry (5.35)

The quantities Ry = ([r++(w + dw)r* , (w)]™) satisfy the Berezinskii recur-
sion relation [43, 82]
dRn :
IT =m (Rm+1+ Rm_]_—ZRm)+2| 'L'S(S(l)mRm. (536)

Theinitial conditionis Ry (L =0) = 1 for all m. Thesolution for In(1/zsdw)
2 L /1 isknown [83], and gives the average power spectrum

<a(a),8a))> = %\/—Zitséa)(Kl[Z —2it58a):|
+% / dk ksinh(nk)(%l—kkz)‘lKZik[z —2it58a):|

xexp[—(zllJrkZ)L/ID, (5.37)
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with K a Bessel function. [The result (5.37) does not require L /I > 1, in
contrast to EqQ. (5.32).] The initial decay is dominated by the contributions

of thepolesat k = —3i, —3i, —3i,

(a(w,aa))> =14 ditgdwl /1 — 2250?exp(2L /1) + O(w®).  (5.38)

Comparison of Egs. (5.37) and (5.38) with Egs. (5.32) and (5.33) shows
that the decay is much slower for anormal mirror than for a phase-conjugat-
ing mirror. The characteristic frequency scaleislarger by afactor exp(2L/1).
So Eq. (5.37) is not sufficient to describe the entire decay of (a(w,éw)),
which occurs in therange tséw < 1. The decay in thisrange is obtained by
putting the left-hand-side of Eqg. (5.36) equal to zero, leading to [33, 84]

<a(a),8a))> =1 Yirdwexp(—2 tdw)Ei2itdw),  (5.39)

where Ei is the exponential integral function. The range of validity of
Eq. (5.39) isIn(1/tsdw) < L/l and L /I > 1. Theresult (5.39) isplotted in
Fig. 5.2, and is seen to agree well with data from the numerical simulation.

For In(t/zs) < L/I (and L/1 > 1) one can perform the Fourier trans-
form of EQ. (5.39) to get the average power spectrum in the time domain
[33],

<a(a),t)> = Lry(t+215)20(1). (5.40)

It decays quadratically o< t=2 for t/7s > 1. For exponentialy long times,
t > 5 exp(L/1), one should instead perform the Fourier transform of Eq.

(5.37). Onefindsthat the quadratic decay crosses over to alog-normal decay
o exp[—(1 /4L) In?t] [74], the same as for the phase-conjugating mirror.

55 Conclusion

We have shown that the interplay of phase-conjugation and multiple scat-
tering by disorder leads to a drastic slowing down of the decay intimet of
the average power spectrum (a(w,t)) of frequency components w of are-
flected pulse. The slowing down exists in a narrow frequency range around
the characteristic frequency wg of the phase-conjugating mirror (degenerate
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regime). If w is outside this frequency range (non-degenerate regime), the
power spectrum decays as rapidly as for anormal mirror.

The slowing down can be interpreted in terms of along-lived resonance
at wo, that isinduced in the random medium by the phase-conjugating mir-
ror. This resonance is known from investigations of the static scattering
properties [80]. The resonance is exponentially narrow oc 75 texp(—L/1)
in the presence of localization (with 7 the scattering time, L the length of
the disordered region, and | the mean free path). The resonance leads to
the exponentially large differences in time scales for the decay of the power
spectrum in the degenerate regime and the non-degenerate regime.

We have also considered the case that the disorder isreplaced by asingle
weakly transmitting barrier. In that case, aresonance in the small frequency
range w < I'/(L/c) shows up as the absence of the direct reflection term
;11(1 —T')4(t) that is present outside this frequency range.

We have restricted the calculation in this chapter to the case of asingle
propagating mode, when a complete analytical theory could be provided.
We expect that the N-mode case is qualitatively similar: An exponentially
large difference in time scales oc exp(L /&) for the decay in the degenerate
and non-degenerate regimes provided the mediumislocalized [L large com-
pared to the localization length & = (N + 1)I]. In the diffusive regime we
expect (a(w,t)) to decay on the time scale of the diffusion time zs(L /1)2.
The difference with the non-degenerate regime (or a normal mirror) is then
afactor (L/1)? instead of exponentially large.

In final analysis we see that phase conjugation greatly magnifies the dif-
ference in the dynamics with and without localization. Indeed, if thereisno
phase-conjugating mirror the main difference is a decay o<t =%/2 in the dif-
fusive regime versus t =2 in the localized regime [73], but the characteristic
time scale remains the same (set by the scattering time ts). We therefore
suggest that phase conjugation might be a promising tool in the ongoing
experimental search for dynamical features of localization [30, 85].

5.A  Power spectrum in the frequency domain

We show how to arrive at theresult (5.32) starting from the recursion relation
(5.31). WeassumeIn(1/zsdw) 2 L /1 > 1. It is convenient to work with the
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Laplace transform

> d
Zo(1) = fo T ep(-1L/1)Zn(L) (5.41)

of the moments Z,,. Therecursion relation (5.31) transformsinto
AZn(3) = 8mo = M| Zims1(4) + Zin-1(4) — 2Zm(3)
+em+ 1)[zm+1(x) . zm(x)] —BEM+D)Zn(h),  (5.42)

with 8 = —2i tsdw.
For small | 8| and large m this equation can be written as a differential
equation,

2822(m 1)
am 2
where m is now considered to be a continuous variable. The solution of
Eq. (5.43) is

aZ(m,1)

+2m — (A +2Bm)Z(m, 1) = 0, (5.43)

Z(m, ) = C(, B)(BM) Y%K sz (2,/2/3m) . (5.44)
The factor C(1, B) is determined by matching to the solution of Eq. (5.42)
for Sm — 0, m — oo, that has been calculated in Ref. [86]. Theresult is
COnpB) = 4npY2r (l + %«/1+4)»)F‘1(1+ %«/1+4x)
x r—l(l 1+4n )exp[%«/l+4kln(,3/8)]. (5.45)

To obtain the power spectrum (5.30) we replace the sum over m by an
integration, with the result

r (14 WVITR) T (VIT )
x exp[%m In(,3/8)}. (5.46)
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Therearepolesat A =n(n+1), n=0,1,2,... and a branch cut starting at
A = —1/4. When doing theinverse L aplace transform we put the integration
path in between the poles and the branch cut. The final result is given by
Eqg. (5.32). Thereason that we need the condition L /| > 1isthat Egs. (5.44)
and (5.45) are only correct for m > 1. Thefirst termsinthesum ) > o Zm
areimportant for L /1 < 1, but can be neglected for L /1 > 1.
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Over Chaotische Golfdynamica

Dit proefschrift bestudeert gedrag van golven in een wanordelijk medium.
Voorbeelden zijn schokgolven in de inhomogene aardkorst en radiogolven
in een turbulente atmosfeer. Ook zijn er alerlel laboratoriumexperimenten
met bijvoorbeeld lichtgolven, acoustische golven en microgolven. Het feit
dat het medium niet homogeen is maar onzuiverheden bevat, leidt tot een
chaotische meervoudige verstrooiing van de golven, zoals bij de verstrooiing
van licht in matglas.

In het verleden is doorgaans aangenomen dat de golfbron een scherp be-
paalde frequentie heeft. Dan is het nodig dat de bron continu aanstaat. In
sommige gevallen echter, is de bron die de golven cregert van korte duur,
zoals bij een aardbeving of een explosie op het aardopperviak. Een tijdsaf-
hankelijke, dynamische, beschrijving is dan noodzakelijk.

Als een golf een wanordelijk medium ingestuurd wordt, zal een deel
gereflecteerd worden en een deel zal door het medium heengaan. Het gere-
flecteerde of het doorgelaten golfpatroon heeft een chaotisch karakter waar-
mee we bedoelen dat het zeer gevoelig afhangt van de exacte positie van de
verstrooiers. Het ligt dan voor de hand om een statistische beschrijving te
geven. In plaats van te kijken naar een enkel systeem wordt er gekeken naar
een ensemble van systemen. Elk element van zo’n ensemble is microsco-
pisch verschillend (verschillende posities van verstrooiers), maar macrosco-
pisch equivalent (zelfde dichtheid van verstrooiers). Detaak is nu de statis-
tiek van zo’ n ensembl e te bepalen. Die statistiek vertoont universeel gedrag.
Het is onafhankelijk van de soort golven, van de soort onzuiverheden, van
de precieze vorm van de systemen, etc. . De statistiek iswel afhankelijk van
de dimensionaliteit van de geometrie. De geometrieén die we beschouwen
zijn golfpijpen die veel langer dan breed zijn (1-dimensional e geometrie) en
trilholtes met onregel matige begrenzingen (O-dimensionale geometrie).
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We beschouwen systemen waarin (in optica) de lichtstralen chaotisch
gedrag vertonen. We kijken echter niet enkel naar het gedrag van de stra-
len, maar bestuderen het volledige golfkarakter met bijhorendeinterferentie-
effecten. Interferentie-effecten spelen een groterol in het gedrag van golven
in wanordelijke media. Een belangrijk interferentie-effect is het effect van
coherente terugverstrooiing. Hierbij is de gemiddelde gereflecteerde inten-
siteit in de tegenovergestelde richting van de ingaande golf twee keer zo
hoog isalsin de andere richtingen. Een ander prominent interferentie-effect
is localisatie van golven. De golven raken door de wanorde als het ware
verstrikt in een gedeelte van het medium.

Het analytische gereedschap dat gebruikt wordt, is de toeval smatrixthe-
orie. Detoevallig gekozen matrix is detransmissie- of reflectiematrix, diede
relatie tussen amplitudes van in- en uitgaande golven beschrijft. Deze ma-
trix verschilt van systeem tot systeem. De statistiek van een ensemble wordt
beschreven door de statistiek van de matrix. Voor tijdsafhankelijke effecten
dienen we te weten hoe matrixelementen bij twee verschillende frequenties
van de golf gerelateerd zijn. De bestudering van deze correlaties staat cen-
traal. Hoofdstuk 1 is een korte inleiding in de toeval smatrixtheorie voor de
beschrijving van dynamische effecten in chaotisch transport.

In hoofdstuk 2 beschouwen we een wanordelijke golfpijp die een groot
aantal trillingsmodes bevat (N > 1). We kijken naar correlaties van trans-
missiematrixelementen bij twee frequenties, waarbij de verschilfrequentie
voldoende groot is. Deze correlatie beschrijft transmissie voor voldoende
kleine tijden nadat er een korte pulsin het medium geinjecteerd is. We vin-
den dat de tijdschaal die deze correlatie bepaalt, gegeven wordt door de tijd
die nodig is voor diffuse voortplanting door de golfpijp van lengte L, ook al
is L veel groter dan delocalisatielengte &.

In hoofdstuk 3 kijken we naar de statistiek van zogenaamde vertragings-
tijden in reflectie voor een lange wanordelijke golfpijp (met N > 1). Deze
volgen uit correlaties van de fases van reflectiematrixelementen waarbij de
verschilfrequentie infinitesimaal klein is. We vinden hier een effect van co-
herente terugverstrooiing in de statistiek van de vertragingstijden. Localisa-
tievan golven is vereist voor dit effect: het effect treedt dleenop asL > &.
Het effect kan dus gebruikt worden om experimenteel vast te stellen of er
gelocaliseerde golven in de golfpijp aanwezig zijn. Deze methode heeft het
voordeel dat verwarring van localisatie met absorptie is uitgesloten.
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In hoofdstuk 4 kijken we naar dezelfde grootheden als in hoofdstuk 3,
maar nu voor een chaotische trilholtei.p.v. een wanordelijke golfpijp. Voor
trilholtes is er geen localisatie-effect. Het dynamische effect van coherente
terugverstrooiing voor de fase-afgeleldestreedt niet op. Wel iser een opmer-
kelijk verschil tussen reflectie en transmissie als de holte met twee smalle
golfpijpen (N = 1) verbonden is.

In hoofdstuk 5 plaatsen we aan het eind van een wanordelijke golfpijp
ofwel een gewone spiegel ofwel een fase-conjugerende spiegel. Een fase-
conjugerende spiegel is een speciale spiegel die een golf zodanig terugkaatst
dat die het pad van de inkomende golf volgt, alsof de tijd teruggedraaid
wordt. Dit gebeurt alleen bij een karakteristieke frequentie wg. De dynamica
van een golfpuls wordt enorm beinvioed door deze spiegel, omdat er een
resonantie optreedt met resonantiefrequentie wg. In deze resonantie kan men
ook het effect van localisatie herkennen.
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