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Semiclassical theory of speckle correlations
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Coherent wave propagation in random media results in a characteristic speckle pattern, with spatial intensity
correlations with short-range and long-range behavior. Here, we show how the speckle correlation function can be
obtained from a ray picture for two representative geometries, namely a chaotic cavity and a random waveguide.
Our calculation allows us to study the crossover between a “ray limit” and a “wave limit,” in which the Ehrenfest
time tg is larger or smaller than the typical transmission time tp, respectively. Remarkably, long-range speckle

correlations persist in the ray limit 7z > 1p.
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I. INTRODUCTION

Interference between multiply scattered waves causes large
reproducible fluctuations of the intensity of radiation trans-
mitted through a random medium or reflected off an irregular
surface. These fluctuations, which are known as the “speckle
pattern,” can be seen as a fingerprint of the microscopic
realization of the random medium. Speckle patterns have been
observed for a wide variety of wave types, ranging from radio
waves to optical light.

Speckle patterns of waves transmitted through random
media have received particular interest in the past two decades
because they can be subjected to a statistical analysis and
compared to theoretical predictions that involve only a few
system-specific parameters [ 1-3], such as the mean free path or
the total transmission [4]. Quantitatively, speckle correlations
are described with the help of the correlation function

(T)(xD) = ()T (xN)
{(1(x)) (1(x")

where [ is the intensity of the transmitted wave, x — x’ refers
to a difference of a control parameter, such as the position
of the source, the position of the detector, or the frequency,
and the brackets (---) indicate an average over a range of
frequencies. In the theoretical and experimental literature, the
correlation function C is commonly written as the sum of three
contributions [2,3],

Cix—x)=

) (1.1)

C=C;+C+Cs, 1.2)

which are consecutively smaller, but also decay slower upon
increasing the difference between x and x’. Whereas the orig-
inal experiments could determine the short-range correlation
function C; only [5-7], later experiments were able to also
identify the intermediate-range C, contribution [8,9], and even
the long-range C3 contribution [10].

In a random medium, radiation generically changes its
propagation direction multiple times between injection and
detection. This can be either a smooth change, as in the
case of a spatial gradient of the index of refraction, or an
abrupt change, as for specular reflection off a mirror. In either
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case, in the limit that the wavelength 27 /k is much smaller
than the characteristic length scale of the “scattering event”
(such as the length scale over which the index of refraction
varies or the radius of curvature of a perfect mirror), the
radiation can be considered to follow well-defined rays. The
goal of this article is to present a theoretical investigation
of the correlation function C for the case in which such a
“ray description” applies to each individual scattering event
in the random medium. This situation is of fundamental
interest, since it elucidates the fate of the three contributions
to the speckle correlations—unambiguously a phenomenon
belonging to the realm of wave optics—in the domain of
(classical) ray optics. Although the conditions for a strict
ray description are not met in most experiments listed above,
either because the sizes of scatterers are small in comparison
to the wavelength [8,9], or because the scattering occurs from
only partially reflecting objects [10], they can be met, e.g.,
in experiments on microwave cavities, where reflection takes
place off metal disks with a size that can be larger than the
wavelength [11-14].

To explore how the (generically) chaotic classical dynamics
in a random medium affects the speckle correlations, it is
instructive to consider the evolution of a wave packet passing
through the random medium. In contrast to a classical point
particle, which always follows a well-defined trajectory, wave
packets naturally spread out, and the propagation of a wave
packet can be mapped onto a single ray only as long as its
size remains small enough. As soon as different parts of a
wave packet start to evolve in an uncorrelated manner, the
single-ray picture fails and a full wave description is required.
The characteristic time at which this crossover takes place is
known as the “Ehrenfest time,”

1
5 = — In(kl), (1.3)
A
where A is the Lyapunov exponent of the ray trajectories in
the random medium (which we assume to be chaotic) [15],
and [ is a characteristic length scale of the ray dynamics,
such that rays separated by a distance larger than / must be
considered uncorrelated. The Ehrenfest time is the time it takes
for two rays, initially a wavelength apart, to diverge under
the influence of the chaotic classical dynamics and reach a
distance comparable to the characteristic scale /. We will use
the term “ray limit” to refer to the case in which the Ehrenfest
time tg exceeds the typical propagation time 7 for radiation
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transmitted through the random medium, whereas we reserve
the term “wave limit” for the opposite case, g < p.

The Ehrenfest time tg was originally introduced by Larkin
and Ovchinnikov in the context of a quasiclassical description
of superconductivity [16]. It plays an important role in
the field of quantum chaos [17] and in the phase-coherent
transport of electrons through ballistic mesoscopic conductors
[18], the latter application being of particular relevance to
the present problem because of the formal analogy of the
time-independent Schrodinger and Helmholtz equations. In
the context of electronic transport, the “ray limit” is a
“classical limit,” in which the quantum-mechanical propaga-
tion is replaced by propagation along classical trajectories.
At zero temperature, the crossover to the classical limit
takes place if 7g is comparable to the dwell time tp, the
time electrons spend inside a mesoscopic conductor. In the
regime tg 3> Tp in which transport is essentially classical,
it is found that some of the signatures of quantum trans-
port, such as weak localization and shot noise, disappear
[18-22], whereas others, such as the universal conductance
fluctuations, remain finite [23-25]. Making use of the same
theoretical framework as used in the context of electronic
transport, we will show that the short-range C; correlations
are independent of tg, whereas the longer-range C, and C3
correlations behave similar to shot noise and conductance
fluctuations, respectively. In particular, the C, correlations
disappear in the ray limit, whereas the C3 correlations
remain finite.

The existing calculations of the full speckle correlation
function C(x) make use of diagrammatic perturbation theory
[1-3]. Since diagrammatic perturbation theory is built on the
limit of weak, diffractive scatterers, it naturally describes the
wave limit. For the crossover to the ray limit, we must follow a
different theoretical approach. The method we follow here
is the trajectory-based semiclassical approach, which was
originally developed in the context of electronic transport
through ballistic mesoscopic conductors [25-30].

Our calculations are performed for the specific setup of
transmission of scalar waves through a random medium,
where we use the positions r of the source and R of the
detector, both taken in a plane perpendicular to the axis of
the waveguide, as well as the frequency w of the light as
control parameters. The same geometry and the same choice
of control parameters were considered by Sebbah et al. [10],
who calculated the correlation functions C(Ar,AR,Aw) for
the special case of a disordered waveguide from diagrammatic
perturbation theory and found that the three contributions to
the correlation function have a remarkably simple dependence
on the spatial control parameters Ar and AR,

Ci = Ail(Aw)F4(|Ar) Fy(|ARY]),

C, (1.4)

1
§A2(Aw)[Fd(|Ar|) + Fu(JAR])],

1
G = g—2A3(Aw),

where g is the dimensionless conductance of the waveguide,
the A; are functions of the frequency shift Aw only, and Fy
is a short-range function of its argument that depends on the
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dimensionality of the waveguide,

sin kr

F(r) = Jotkr), F3(r) = o

(1.5)

The main finding of this article is that the distinctive spatial
dependence of Eqs. (1.4) remains valid in the crossover to
the ray limit, whereby only the functions A, and A; are
modified. In particular, A, vanishes in the limiting case
g >> Tp, Whereas A3 remains finite. Our results will be derived
for scalar waves in a two-dimensional system, for the case of
a quasi-one-dimensional geometry, as in Ref. [10], as well as
for the case of a chaotic cavity. Both geometries have been
realized in microwave experiments; see, e.g., Refs. [7,11,12].

The remainder of the article is organized as follows: In
Sec. II we express the speckle correlation function C for
scalar waves in terms of a multiple sum over classical rays
propagating from source to detector, following the methods
of trajectory-based semiclassics. Calculations of the three
contributions Cj, C,, and C3 to the speckle correlation
function for the special cases of a random waveguide and
a chaotic cavity are then given in Secs. III-V. We conclude in
Sec. VL.

II. SEMICLASSICAL FORMALISM

The precise geometry we consider is shown in Fig. 1. It
consists of a random medium connected to ideal waveguides
on the left and the right. Waves at frequency w originate from a
source at position r in the left waveguide, and their intensity is
detected at a detector at position R in the right waveguide. The
positions of source and detector can be varied in the direction
¥ perpendicular to the axis of the waveguide, and the intensity
fluctuations are measured as a function of @ and the component
y (Y) of the source (detector) position.

Inside the random medium, scattering takes place from
perfect specularly reflecting mirrors with a radius of curvature
that is large in comparison to the wavelength 27 /k. This
condition ensures that the waves propagate along well-defined
rays, which is the motivation of the “ray limit” taken in the
calculation below. For simplicity, we will consider scalar
waves in a two-dimensional geometry. This simplification
is appropriate for quasi-two-dimensional microwave cavities,
where microwaves have a unique polarization direction [11].

The starting point of our calculation is an expression for
the intensity 7, (R,r) at the detector position R in terms of the
exact Green function GE (R, r) for propagation in the combined
system consisting of the random medium and the waveguides

(31,

I,(R,;r) = G}(R,r)G,(R,r),

@2.1)

FIG. 1. Schematic picture of a trajectory o connecting the source
at r and the detector at R.
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where the Green functions are solutions of the time-
independent Helmholtz equation

K+ V2 +inGEr',r) =80’ — ), (2.2)

with @ = ck, ¢ being the wave velocity, with n a positive
infinitesimal, and with the appropriate boundary conditions at
the sample boundaries and mirrors.

The ray limit we are interested in corresponds to the
limit of small wavelength 27/ k. To formally take this limit,
and motivated by the trajectory-based semiclassical theory
of electronic transport, we introduce a fictitious “Planck’s
constant” 1 by writing k = p/h, where p has the dimension of
momentum. The product pl, with [ a characteristic length scale
for the random medium, then has the dimension of action, and
the ray limit corresponds to the limit72 — O while keeping the
typical action pl fixed.

In this limit, the Green function GZf(R,r) can be written
as a sum over contributions from rays or “trajectories” o
connecting the positions r and R [26,31,32],

ihD,

e 26;75a(w)—i%ﬂu’ (2.3)
Tp

G/Rr) =G, Rr)= Y

a:r—R

where S, (w) is the “classical action” of the ray o,

Se(w) = / dl-p,
ar—R

the Maslov-Morse index p, gives the number of reflections
at mirrors or sample boundaries [32], and D, is the so-called
stability amplitude of the trajectory «, the probability flux at
R along « for an isotropic source at r. Defining coordinates as
in Fig. 1, one has

(2.4)

1 P,
" cosfcos®

oy

1 opy
aY

= , (2.5
cos 6 cos ® 2.5)

where one has cosf =(1—p;/p»)'? and cos® =
(1 — P}/p*)"/2. For the system we consider, the momentum
p is a constant, so that the classical action S, is directly
proportional to the duration 7,, of the ray «,

Sq(w) = p 14¢, (2.6)

with ¢ the wave velocity.

Using the semiclassical expression for the Green function,
the intensity /,(R,r) is written as a double sum over pairs
of classical rays o and § that connect the source at r to the
detector at R,

h i i
I,(R,r) = S Z /Dy Dt 1S« =Ss@1=i5 ttamtip) (3 7y
«p

Upon performing the frequency average (- - -), the phase factor
e/MSa=Sp) in Eq. (2.7) has fast fluctuations, which will cancel
the contributions of all terms in the summation (2.7), except for
those for which there is a systematic correlation between the
actions of the trajectories « and S. The leading configuration
of such systematically correlated trajectories is the case « = f8
(see Fig. 2), which gives

h
(RD) = £ ZD

(2.8)
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FIG. 2. Schematic picture of a diagonal trajectory contribution,
o = B, to the mean intensity (/,(Y,y)).

It remains to perform the summation over trajectories.
Hereto, we take a fixed cross section in the waveguides
connecting to the system at the source and detector sides,
and we use the coordinate pair (y,p,) with —p < p, < p
to parametrize rays entering the system from the source
side at position y and with momentum p, perpendicular
to the waveguide axis, and the coordinate pair (Y, P;) with
—p < P, < p to parametrize rays exiting the system at the
detector side. For a trajectory that is transmitted from the
source side to the detector side and that enters the system at
coordinates (y, py), we define you(y,py) and p, ou(y,py) as
the coordinates upon exit. One then has

zo-

p
dp,dP,
P

% S(yout(y,p_v) - Y)8(Py,nut(yapy) - Py)

2.9
cosf cos © (2.9)

Upon taking into account small fluctuations around y or Y,
one may replace the product of § functions by the probability
density p(Y,P,;y, p,) that a ray entering on the source side at
(y, py) exits at the detector side at (¥, P,), which gives

P Y,P,;v,py
/ ydPyp( y.Py)
cos 6 cos ®

({o(Y,y)) = . (210

8w p?
where we wrote [,(Y,y) instead of /,(R,r) in order to make
manifest that we only consider variations of the position of
source and detectors in a plane perpendicular to the waveguide
axes. We have

T
p(Y,Py;y,p,) = Wo (2.11)

Wp’
where T is the transmission probability, which is different for
the case of a chaotic cavity (CC) and a quasi-one-dimensional
random waveguide (WG). One has T = 1/2 for a chaotic
cavity and T = [/L for a random waveguide of length L and
transport mean free path /. The transmission probability is
related to the “dimensionless conductance” g,

g=—T. (2.12)
b4
Restoring p = hk, we find that the average intensity is given
by

(Io(Y.y)) =

2
g {1/2 (CO), (2.13)

16k2W2 ~ 16kW ~ |I/L  (WG).

In a similar way, the product of two intensities that enters
into the correlation function C becomes a double sum over
pairs of classical rays « and 8 that connect the source at y to
the detector at Y and pairs of rays o’ and B’ that connect the
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source at y’ to the detector at Y,

> > > /DDy DsDy et
wp o
Xe_i%(ﬂu_ﬂﬁ+ua/_uﬁ’)’

Iw(Ya}’) Ia)’(Y/ﬂy/) = (87[[)

with the action difference
AS = Sy(w) — Sp(w) + Sy (@) — Sp (). (2.14)

Again, upon performing the average (- --), the phase AS/h
in the exponent in Eq. (2.14) has fast fluctuations, and
only trajectory configurations for which there is a systematic
correlation between the four trajectories «, 8, ’, and 8, such
that the action difference AS is small, will contribute to the
sum in Eq. (2.14). The leading configuration of such system-
atically correlated trajectories is the case « = 8, ' = 8’. This
diagonal contribution to the correlation function factorizes and
cancels precisely against the product of separately averaged
intensities (/,(Y,y)){I,(Y’,y")), for which each factor is
given by Eq. (2.13) above. To leading order in the system’s
dimensionless conductance g, one finds three other trajectory
configurations that contribute to C, which give rise to the three
contributions C, C,, and Cjs to the correlation function. These
three contributions will be discussed separately in the next
three sections.

III. ¢; CONTRIBUTION

The first contribution C; is the largest contribution to
the correlation function and thus describes the most visible
part of the speckle pattern—the large intensity fluctuations.
The trajectories that contribute to the C; contribution are
shown schematically in Fig. 3 [33]: The trajectory « is
paired with ', and o’ is paired with B. This pairing is
possible only if the distances Ay and AY between the source
positions and the detector positions are small, which leads
to the double short-range behavior of C; correlations. The
trajectory configuration of Fig. 3 bears a close resemblance
to the diagrams corresponding to the C; contribution in
diagrammatic perturbation theory [1,34].

We note that the choice of the trajectories « and &’ uniquely
fixes the remaining two trajectories S and B’. The differences
Ay and AY must be of order of the wavelength 27/ k to ensure
that the action difference AS is of order 7. The trajectories «
and B’ have the same angles 6 and © with the waveguide axis at
the source and the detector, respectively, up to an unimportant
difference of order 1/(pl) < 1, which we neglect. The same
holds for the trajectories «’ and B, for which the angles with
the waveguide at the source and the detector are denoted 6’
and @', respectively. This allows a straightforward calculation

FIG. 3. (Color online) Trajectory constellation contributing to the
C, contribution of the speckle correlation function.
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of the action difference AS, which can be written as a sum
of contributions related to the trajectory configuration at the
source, at the detector, and related to the frequency difference
Aw,

AS = ASsource + ASdetector + ASw’ (31)

with
ASsource = Ay(Pi - py)v
AS, = CAp(ta — Ta')s

ASdetector - AY(P; - Py),
(3.2)

with Ap =hAw/c. For the stability amplitudes, we may set
Dg = Dy and Dg = Dy, up to corrections of relative size
h/(pl), so that

C D D lAS/h
1 <8ﬂp )Z ¢

with AS given by Eq. (3.1). Replacing the summation over
trajectories by an integral over probabilities as in the derivation
of Eq. (2.13), we find

oo\ [P >
Ci=5— dpydp\,dP,dP] | drdr’
= (seg) [ mranar; | e

P(Yapy;y’py;f)P(YaP/v;)’ap;;f/)eiAS/h
cos 6 cos B’ cos ® cos O

(3.3)

, (34

where now p(Y,Py;y,p,; ) is the probability density that a
trajectory entering at the source side at coordinates (y, p,) exits
on the detector side at coordinates (Y, P,) after a propagation
time t inside the system. For the two geometries we consider,
we have

p(Y,Py;y,py;T) = 3.5)

d (7).

T
2Wp oo P
where p.(7) is the “dwell time distribution” for transmitted
trajectories, which is

pe(r) = —e ¥/™ (3.6)
for a chaotic cavity [35] and
°© @nt+1)2c
P = 5Ty @t v, ()

D =0

for a quasi-one-dimensional random waveguide [36] with
diffusion coefficient D = Ic/m. In both cases, 7p is a char-
acteristic classical dwell time, which is tp = 71 A/2Wc for a
chaotic cavity of area A, and tp = L?/Dn? for the random
waveguide.

Substituting Eq. (3.5) for the probabilities p(Y, Py; y,py; T)
and p(Y, P)’,; y, p/y; '), the integral factorizes and one finds

Ci(Ay,AY,Aw) = Jo(kAy)? Jo(kAY)? f(Aw),  (3.8)
with Jy the Bessel function of the first kind, and
Aw)= ——— 3.9
F80) = s (3.9)
for the case of a chaotic cavity and
72y Aw
Aw) = 3.10
H ) = G VimAG)P 310
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for the random waveguide. One verifies that C; — 1 in the
simultaneous limit Ay, AY, and Aw — 0, consistent with
the Poisson statistics of the intensity at a single position and
frequency.

IV. C, CONTRIBUTION

The trajectory constellations which give the leading contri-
bution to the correlation function when either the sources or the
detectors (but not both) are far apart are shown schematically
in Fig. 4. As in the case of the C; contribution of the previous
section, these trajectories bear a close resemblance to the
corresponding diagrams in the diagrammatic calculation. As
shown in the figure, there are two such constellations, one in
which the detectors are apart but the sources are not (upper
panel in Fig. 4), and one in which the sources are apart but the
detectors are not (lower panel). Below we focus on the former
contribution, which we denote C5 ;.

The trajectory constellation of the upper panel of Fig. 4
shows a small-angle encounter of the four trajectories involved,
such that the trajectories « and B’ as well as &’ and 8 are paired
on the source side of the encounter, whereas « is paired with
B and o’ with B’ on the detector side of the encounter. Similar
trajectory configurations occur in the semiclassical calculation
of the shot noise power in electronic transport. Of particular
relevance to the present calculation is Ref. [37], where the
shot noise power was calculated semiclassically for the two
geometries we are interested in (see also Refs. [22,38,39] for
related calculations involving a chaotic cavity only). Below we
will adapt the calculation of Ref. [37] to the C; contribution
to the speckle correlation function.

As in the case of the C; contribution, we note that the two
trajectories & and &’ uniquely fix the remaining two trajectories
B and B’. For the trajectory configuration of the upper panel
of Fig. 4, there are three contributions to the action difference,

AS = ASsource + ASe, + ASenc,

4.1

FIG. 4. (Color online) Trajectory constellation contributing to
C,. The top panel shows the trajectory configurations for which
correlations remain short-ranged as a function of the source position
difference Ay; the bottom panel refers to short-ranged correlation as
a function of the detector position difference AY. In both panels, the
trajectories undergo a small-angle encounter, indicated by the gray
area. Phase-space points at the beginning and end of the encounter
are denoted Q25 and Qc, respectively.
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where the contribution ASsouce related to the distance Ay
between the sources is given in Eq. (3.2) of the previous sec-
tion, the contribution AS,, related to the frequency difference
Awis

AS, = c(t — T)Ap, 4.2)

where 7 and t’ are the propagation times along « and o’ from
the source to the beginning of the encounter, respectively (see
Fig. 4), and the contribution A S, is related to the small-angle
encounter between the trajectories « and «'. Finally, since the
trajectories are pairwise equal throughout, one has

Dy Dy DgDg = Dy Dy, 4.3)

so that

I 2 .
C — DD( DD/ lAS/h’ 44
= (grp) D000

with AS given by Eq. (4.1).

To parametrize the trajectories @ and o', we not only
need the coordinates specifying the entrance and exit from
the system, but also the phase-space coordinates 25 and
Q¢ specifying the beginning and end of the encounter (see
Fig. 4). Locally, around a reference trajectory, the phase-space
coordinates 2 consist of the transverse momentum p,, the
transverse distance r;, and the propagation time ¢ along
the trajectory. The beginning and end of the encounter are
defined as those points along the trajectories, where the
phase-space distance between « and «’ is large enough that
the propagation of the two trajectories can be considered
uncorrelated. Typically, the encounter ends when |Ap, | ~ p
or |Ar, | ~ [, whichever occurs first.

The encounter-related contribution AS.,. has been calcu-
lated in Refs. [40,41]. As shown in Ref. [40], only encounters
of a duration tg contribute to the trajectory sum, tg being
the Ehrenfest time defined in Eq. (1.3). The inclusion of the
action difference A S, and the corresponding summation over
trajectories proceeds completely analogous to the calculation
of the shot noise power. Referring to Ref. [37] for details of
this part of the calculation, the summation over trajectories o
and o’ can then be written in terms of a double integration over
the phase-space points Q25 and Q¢ for the beginning and end
of the encounter,

AN o0
C2,1 = 2]‘[7! (m) /;p dpydpydp‘dp)‘/(‘) d'L'dT

5 /dQBdQCps(QB;y,py;r)ps(QB;y,p;;r’)
cos 6 cos 6’
8 Pa(Qc; Y, Py)pa(Qc; Y, P))
cos ® cos ®’
0 )
% ?P(QC»QE -[E)el(ASaourcc+ASw)/h. 4.5)
E

In this expression, the phase-space volume element d2 =
dp,dr,dt and Q denotes the time reversal of the phase-space
point 2. Further, ps(Qp; ¥,py; T) is the probability density
that a ray starting at phase-space point Qp exits the system
at the source side at coordinate (y, p,) and after a propagation
time t. Similarly, p4(Qc;Y,Py) is the probability density
that a ray starting at phase-space point Q¢ exits the system
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at the detector side at coordinates (Y, Py) (irrespective of
propagation length). Finally, p(2¢,25p,7) is the phase-space
probability density that a ray starting at phase-space point Qp
is found at phase-space point Q¢ after a propagation time t.
To perform the integrations over the momenta at the source
and the detector, we make use of the relations

_ 1 _
(2855, Py T) = —— ps(825; 4.6
Ps(82p;Y,py; T) szp‘( B:T) (4.6)

and

pd(Qc; Y, Py) = pa(R2¢), 4.7

2pW

where ps(2p; T) is the probability density that a ray starting at
Qp exits the system at the source side after propagation time
7, and p4(S2¢) is the probability density that a ray starting at
Q¢ exits the system at the drain side. For a chaotic cavity, one
has [35]

1
pa(§) = 3.

whereas for a one-dimensional random waveguide one has [36]

-7/

1
ps(82;7) = —e ) (4.8)
2‘L’D

o0

2n nmwx X

P =3 T sin LT pi(@) = 22,
TTp L L

(4.9)

n=1

with xq the x coordinate corresponding to the phase-space
point 2. The Fourier transforms of ps for the two geometries
of interest are

o0
ﬁS(Q,Aa))zf dt py(;T)eTAY
0

1
] 20+imae) (CO), 4.10)
) sinh[7(1—xq/L)/itp Aw] :
sinh[nQ irDAa);) (WG)
Substituting Eq. (2.13) for (), we then find
Thlo(kAy)? ~ ) 2 )
G = W/dQBdePs(QB,AwN Pa(€2c)
a
X — p(S2c,$2p; TE). @4.11)

d TE
To perform the integrations over the phase-space points Qg
and ¢, we note that

1
P(Qc,Qpi7) = V—e—’/’D (4.12)

Q
for a chaotic cavity [35], with Vg =27 Ap/c =4pWrp
the volume of the classical phase space. For a quasi-one-
dimensional random waveguide, one has [36]

nTXc .
sin

nmwxp —n’t/tm
2 € ’

(4.13)

2 o0
pP(Qc,Qp;T) = — ) sin

with phase-space volume Vo =27wLWp/c. In both cases,
one finds that the contribution C; ; to the speckle correlation
function has the form

1
Cay = —Jo(kAy)Y Ax(Aw), (4.14)
8
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Ax(0)

TE/TD

FIG. 5. The function A,(0) vs g/ for the case of a quasi-one-
dimensional random waveguide.

where
e~ /™
AA)=———"—— 4.15
) = = A (4.15)
for the case of a chaotic cavity, and
o0
A2(Aa)) — 2 Z(_l)ne—nsz/TD
n=1
x ar(n,0)ax(n,/27%tp Aw) (4.16)

for the case of the quasi-one-dimensional random waveguide,
with

n?m?
az(l’l,Z) = m
272 — (="
x|1— Zleosz = (=1)] @4.17)
(n2m? — z2)(coshz — cos )

Similarly, one finds

1
Cry = —Jo(kAY ) Ay(Aw)e ™™, (4.18)
g

The results of diagrammatic perturbation theory are repro-
duced in the limit 7z — 0, which gives

1

A Aw) = ——— 4.19
) = = (wAw)] (+19)
for a chaotic cavity and
Ar(Aw) = 2a,(\/ 212 1p Aw), (4.20)
with
sinhz — sinz
a(z) = 4.21)

z(coshz — cos z)

for the quasi-one-dimensional random waveguide. The com-
plete Ehrenfest-time dependence of the function A,(Aw) for
a random waveguide and Aw = 0 is shown in Fig. 5.

V. C3 CONTRIBUTION

The C5 contribution, which describes the correlation of
intensities to leading order in 1/g if the sources and the
detectors are a distance much longer than the wavelength apart,
has contributions from three different families of trajectory
constellations, which are depicted in Fig. 6. These families
have in common that the trajectories have two small-angle
encounters, such that « is paired with 8 and o' is paired with
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FIG. 6. (Color online) Three different trajectory constellations contribution to Cs. All three constellations contain two small-angle
encounters. The bright gray areas indicate single encounters, the dark gray areas indicate overlapping encounters. The constellations (b1), (b2),
(c1), and (c2) involve a periodic reference trajectory y, shown as a thin line. The figure shows only the “minimal” version of the constellations
(b1), (b2), (c1), and (c2), in which the trajectory o winds once around y, and o’ does not wind around y at all. Other contributions, in which
« and o’ wind n and n — 1 times around y, respectively, with n > 1, are not shown in the figure, as well as constellations in which & and &’

wind n — 1 and n times around y, respectively, withn > 1.

B’ before the first encounter and after the second encounter,
whereas « is paired with 8 and o« with B between the
encounters. In constellations (al) and (a2), the two encounters
are traversed sequentially. In the constellations (b1) and (b2),
the two encounters lie on the same periodic trajectory y and
may or may not overlap. (The figure shows the nonoverlapping
case only.) In constellations (c1) and (c2), the two encounters
overlap, too. However, unlike in configurations (b1) and (b2),
only part of each encounter lies on a periodic trajectory. The
constellations labeled (1) and (2) differ in the direction in
which the two encounters are traversed: For the constellations
(al), (bl), and (cl), all the trajectories pass through all
encounters in the same direction, whereas for (a2), (b2), and
(c2), the trajectories o and S8 pass through the encounters in
the opposite direction as the trajectories o’ and f’.

h2n? 2

Crat = (55—
al (16p2W2<1>

N _
x p(QE,2p; T1)P(QE, Rp; 1)’ A [gp(szl),szc;rﬁ)} Ps(Qc)?,
E

K2n? :

Similar trajectory constellations were considered in the
calculation of the conduction fluctuations [25,37]. The action
difference AS consists of two contributions only,

AS = AS, + ASenc.- 5.

Since the action difference AS for the trajectories of
Fig. 6 contains no contributions from the source or the
detector, the calculation of the C3 correlation function
proceeds largely parallel to the calculation of the conduc-
tance fluctuations in Ref. [37]. We write the Csz correla-
tion function as a sum of six terms, C3 = C3 41 + C3.02 +
C3p1 + C3.0 + C3.01 + C3 2, and discuss each of those terms
separately.

Following Ref. [37], one finds that the contributions C3 4
and C3 4 read

o0 0
) / ARy / duidT () [a—p(QF,szE;@}
0

TE

(5.2)

— * - ]9
Crar = A2 Qs | dridnpdQr)pd@r) | —— p(Qr, R
3.a2 (16p2W2(1)) / c2pQ2e pfo T1d 7 pa(§2F) ps( F)[BIEP( F.QE rE)}

i(t1— 1) Aw 0 =
x p(QE,Qp; 1) p(QE,Qp; 12)e' A [ﬁp(QD,Qc;TE)} Pa(c)ps(L2¢).
E

(5.3)

The definition of the phase-space points Q¢, Qp, Qg, and QF, as well as the propagation times t; and 1, is shown in Fig. 6, (al)
and (a2). Further, py(£2) is the probability that a trajector originating in the phase-space point Q2 exits the medium at the source

side. Similarly, for C3 ; and C3 , we find

hr? 2

C = ——
W (16p2W2<1>
0 0

X (eirVAw +e—iryAw)
dtpr OIck

—py(Qc,2p, R, QF; Ty,TJCE,IDF):| ,
IcE=IpF=TE

) /dQCQDQEQF/ dfy/ ydde(QF)Pd(QE)PS(QD)Ps(Qc)
0 0

54
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2

th,Z [o%] T, B _
CGp=\———F5— dQcQpQeQ2 d d Q Q Q Q
3,62 (16p2W2(1)) / c2pQ2 F/O Ty/(; Tps(Rp)pa(QE) pa(2p) ps(L2¢)

a 0

X (eitVAw"i_e_ityAw) I:__p]/(QC7QD19E79F;T)/v"”J‘CEJ‘DF)} 5 (55)

dtpr Otck tep=tpr=1z

where the definition of the phase-space points and time intervals is given in panels (bl) and (b2) of Fig. 6. The function
Py (Rc,R2p,QE,Qp; T,,T,tcE,tpr) is the probability density for the phase-space points Q¢, Qp, g, and QF to lie on the same
periodic trajectory y of period 7, with the specified time intervals for propagation between them. To describe the case in which the
trajectories o and/or o’ wind multiple times around y, the propagation times ¢ and tp r are allowed to be larger than 7, . Defining

TCE = tCEmodry, TpF = lDFIIlOd‘L'y, (5.6)
we can then write p, (R2¢,Rp,QE,QF; Ty, T, tcE.tpr) as [37]

Py (Qc,R2p,QE,RF;T,,T,IcE,IDF)
= p(QEg,Qc; tce)P(R2p,REe; T — Tce)P(RF,Qp; Tpr)p(Rc,RF; Ty — T — Tpr)
+ p(Q2p,Qc; DP(QE,Rp; Tee — VPR, QE;Tpr + T — TcE)P(8R0,92F; T, — T — TpF)
+ p(Q2Fr.Qc;T+ TpFr — 7)) P(QE,Qr;Tce — ToF — T+ 1) p(Rp,QLE; T — TcE)P(2c,82p5T) — T)
+ p(Q2p,Qc; PR, R2p; Tpr)p(RE,QF; Tce — Tor — D P(Qc,RE; Ty — TcE)
+ p(RE,Qc;tce)p(RF, QE; Tpr + T — Tce — T,)P(Rp,RF; T, — TpF)P(Rc,2p; Ty — T)
+ p(QF,Qc; T+ tpF — T,)P(R2p,RF; T, — TpF)P(RE,Lp,TceE — T)P(Rc, Qe Ty — TCE), 5.7

where we use the convention that the probability density p(2,2’;t) = 0 for T < 0. Finally, the constellations (c1) and (c2) are
corrections to (bl) and (b2), which take into account the influence of correlated propagation between « and o’ before and after
the encounter with periodic trajectory y. For these constellations, one finds

16 k2W?2
X Py (24,9253 Ty, 1) [0, P(Rp, g, TE — 1ap)](€ 72 + e A py(Qc)?, (5.8)

7[2 2 ®
C3c1 = (—U)> /dQCQAQBQD/dTy/ dtag pa(2p) [0, P(Ra, R, TE — tap)]
0

7.[2 2 TE _
CGo=|——7-+ dQeQ02p2 d dt Q Qp)[0 p(24,2¢c,T5 — 1
3,02 (16k2W2(1)> / c$2282p D/ Ty/O 48 Pa(2p) ps(§2p)[0z; p(24.82¢, T — 1aB)]

X Py (24,283 Ty, ta8) 05 P(RD, Q5. Te — 1ap)](€ 72 + 7729 p(Qe) pa(Qc), (5.9)
[

where p, (£24,825p;7,,t4p) is the probability density that the -
1 — e ®/™

phase-space points 24 and Q5 lie on one periodic trajectory Ciot = Caop = (5.14)
y with period 7, and the propagation time 745 between them “ T 16821 + (pAw)?]’ ’
as indicated in Fig. 6, (c1) and (c2). One has
so that one arrives at the remarkably simple result
Dy (24,9285 Ty ,ta8) = p(R24,2p; Tap)P(28,24; T, — Tan),
(5.10) 1
with G = ?As(Aw), (5.15)
TAB = tABmodry. (5.11)
with
We now proceed with the calculation of C; for the cases of a
chaotic cavity and a quasi-one-dimensional random waveguide 1
A(Aw) = —————, (5.16)
separately. 8[1 + (tpAw)?]
A. Chaotic cavity independent of the ratio t5/7p. This observation is consistent
For the chaotic Cavity’ we insert the known expressions for with the observation that the conductance autocorrelation
the classical propagators and probabilities, py(Q) = py(Q) =  function is independent of ¢ /7p [30].
1/2 and p(Q,Q;7) = Q le /™, see Eqs. (4.8) and (4.12),
and find
o/ B. Random waveguide
C341 =Csp = 5 ¢ =7 (5.12) The phase-space probability densities pq(€2) and
16g°[1 + (pAw)’] p(Q2,9'; 7) are given in Egs. (4.9) and (4.13), whereas py(2) =
Cip1 = C3p0 =0, (5.13) 1 — xq/L. Instead of the correlation function C3(Aw), we
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calculate the “form factor,”
5.17
o (5.17)

The calculation of the three contributions K3 42, K352, and
K3 is identical to that of Ref. [37]. (In Ref. [37], these three

K — i itAw
3(t) = dAwC3(Aw)e .

PHYSICAL REVIEW E 88, 062905 (2013)

contributions are called K@, K®, and K©, respectively.) The
calculation of K3 ,1, K31, and K3 differs with respect to
details. The final results for the sums K3, = K3 41 + K3.42,
K3p = K3 p1 + K332, and K3 . = K3 o1 + K3 o read

1 eioﬁltl/m (P +0Y)1s/7
K5 ,(t) = dyucd —e E/TD 5.18
3,(1( ) gzr M;g vuo Apuo vp H«Z + o2 ( )
2 20,2 97— |2f— |t||
Ksp) = ——— Y CusCorCurCpo [(Hz )02 — pPye N2l 2 (_
8T W,v,p0,0 D
S AU B N1 R AR . |t] — 127 — |t]| 2 oy (L1
+2(07 = )07 — ue ® foran oo ( 7 o ije o~ 7i7) 619
1 o r |7
K3qC(t) = 82 Z dVl/«UdlegUP |:e a f)/Iva2+p2+u2,02 <‘L'_> + fu2+p2+u2,02 <T_>
D D
LV, 0,0
eI/ _ p= D)/
T e ’ (5.20)
where we abbreviated
f = tgmod|¢|, (5.21)
8uv .
= | T gt v odd, (522)
0 otherwise,
16 +1 .
d _ inm if ,LL+U+pOdd, 523
Hvp . ( . )
0 otherwise,
2 T L T2y and v odd
v = . _ (5.24)
—(=1)" e otherwise,
xe P if a=§
X)=1 4w 5.25
Jap(x) £ ¢ ﬂa:; otherwise. ( )

The correlation functions can be obtained by Fourier transformation, C3; = [ dtK3, ;e8¢ The full expressions are too lengthy
to report here, which is why we restrict ourselves to the contributions at Aw = 0,

1

2
Cialao=0= =) S5 7
T g MZJ oX(u? +0?)

4 1 2, 2 T
Z 2 20,2 2 - 2 E
Ciplaw=0 = —— Cuo CpvCpvCpo {(M —vlem =) |:v2026 el 4 hiﬁ)-s-pz,az.uz-s-pz,v?

W.v,p,0

1 5 i
207 — )0 = p?) [ﬁfu%pzqu*"z (%) s s <_>} } "

— u2+ 2)te /T,
E dvp.adpuagvpe W +p7)tE/ D
v,0

(5.26)

[2))

g7 (5.27)

D

1 2 S (E) = o () 1 (TE)
Ciclpo=0 = — V) d O'd o . ik o + — fo2,02 - s 5.28
3, |A 0 g2 Zzgp vuo You Z](] +1) sz 2 p24p2 o ( )

1o v.p j

with

n +

) 5
- fu w (_E)
dain Y 3710 \

s s 1
h((xll(iz)ﬁlﬂz (E) = Z Z I’l(21’l F 1) x fz%%z(%)if A

o?/(j+ 1) —u/j

if  Bi2=oa1p,
(x) (5.29)

otherwise.

LA
TES R

Bra—ai2
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FIG. 7. The rescaled correlation function A3 = C3g? at equal
frequencies, Aw = 0, for the random waveguide, as a function of
the Ehrenfest time g, together with its three contributions A3 ,, A3 p,
and Aj; ..

Dividing out the common prefactor 1/g?, one finds
the Ehrenfest-time dependence of the correlation function
Asz(Aw = 0) of Eq. (1.4). The Ehrenfest-time dependence of
the three contributions to A3 = A3z(Aw = 0)is showninFig.7.
Remarkably, A3 depends on the Ehrenfest time, but does not
disappear in the limit 7g/7p — 00. The same behavior was
found for the conductance fluctuations in a random waveguide
[37].

The results of the diagrammatic perturbation theory are
reproduced in the limit 7g — 0. At Aw = 0, we find

Ay =A3,+ A3+ Az, =% (5.30)

15°
in agreement with Ref. [10].

VI. CONCLUSION

The semiclassical calculations of this article have shown
that there is a consistent ray-optics-based picture for the
three contributions Cy, C, and C3 to the speckle correlation
function. The ray-optics-based calculation links the distinctive
spatial dependence of each of the three contributions—doubly
short range, mixed short range/long range, and doubly long
range—to a distinctive dependence on the Ehrenfest time
75, the threshold time at the crossover between the ray- and
wavelike propagation of a minimal wave packet: The short-
range contribution C; is independent of tg, the mixed-range
contribution C, vanishes in the limit of large g, whereas
the long-range contribution C3 remains finite in the limit of
large tg.

Perhaps the latter observation is the most striking one: the
long-range correlations described by C3 are an unambiguous

PHYSICAL REVIEW E 88, 062905 (2013)

interference phenomenon, which continues to exist in the ray
limit (i.e., in the limit where a generic minimal wave packet
follows a single ray). The origin of this remarkable effect is
the same as the persistence of mesoscopic fluctuations of the
electronic conductance in the classical limit [25]. In both cases,
the effect arises from ray trajectories which are trapped near
periodic rays internal to the random medium, thus extending
their dwell time long enough that their dynamics becomes
effectively wavelike.

In the limit of zero Ehrenfest time, our ray-based results
agree with those obtained within diagrammatic perturbation
theory, an intrinsically wave-based approach. Ehrenfest-time-
related phenomena were originally predicted by Larkin and
Ovchinnikov in the context of mesoscopic superconductivity
[16]. In the past two decades, manifestations in mesoscopic
electronic transport have been investigated vigorously in the
theory community [18-25,37,42—44]. At the same time, there
has been remarkably little experimental activity [45,46]. The
main problems are the difficulty in obtaining the required high-
mobility samples and the impossibility to significantly vary the
relevant time scales tg and tp without affecting the underlying
classical dynamics [46]. To circumvent this problem, Ref. [45]
considers the competition of 7g and the temperature-dependent
dephasing time, thereby having to deal with a large theoretical
and experimental uncertainty of the latter [47].

Against this background, the purpose of the present calcu-
lation is to proceed toward the possibility that Ehrenfest-time-
related phenomena can be observed using optical or microwave
techniques. Especially in the context of microwave experi-
ments, the almost complete control over sample geometry
facilitates a quantitative comparison with theory (see, e.g.,
Refs. [48-52] for a number of recent reports). The possibility
to measure and analyze the speckle correlation function and its
three contributions C;, C;, and C3 has been proven [10-14].
We hope that the availability of theoretical predictions for
the Ehrenfest-time dependence of these three components will
stimulate further experiments in this direction.
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