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Speckle statistics of entangled photons
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We consider the propagation of several entangled photons through an elastically scattering medium and
study statistical properties of their speckle patterns. We find the spatial correlations of multiphoton speckles
and their sensitivity to changes of system parameters. Our analysis covers both the directed-wave regime,
where rays propagate almost ballistically while experiencing small-angle diffusion, and the real-space diffusive
regime. We demonstrate that long-range correlations of the speckle patterns dominate experimental signatures
for large-aperture photon detectors. We also show that speckle sensitivity depends strongly on the number of
photons N in the incoming beam, increasing as +/N in the directed-wave regime and as N in the diffusive regime.
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I. INTRODUCTION

The statistics of the speckle pattern of classical coherent
light propagating through a disordered medium has been the
focus of considerable research [1-3]. This system can be de-
scribed by a scalar field 1/ (x) satisfying the Helmholtz equation

Rn*(x)¢(x) + V2 (x) = 0. (1)

Here, k is the wave number, and n = ng + én(x) is the index
of refraction, where ny and dn denote, respectively, the
average index of refraction and its spatial fluctuation. (In
this paper we ignore the vector nature of the photons. Also,
without loss of generality we set ny = 1.) Customarily one
assumes that §n(x) is a Gaussian random field with zero mean
and a correlation function:

(dn(x)dn(x)) = g(x — x). 2

Here angular brackets denote ensemble averaging over the
random realizations of the disorder. Within the Born approxi-
mation the scattering probability per unit length is determined
by the Fourier transform of the disorder correlation function:
k* _
Gs) = — f d*rg(x) exp(iks - x) 3)
b4
where s is a unit vector associated with the change in the ray
direction. Thus, the elastic mean free path £ and the transport
mean free path ¢ are given by

tl= [ d*s'G(s — §), )

= f d*s'G(s —s)(1 —s-5) )

where the integration over different directions is normalized
such that [ d*s = 1.

In many systems it is possible to identify two distinct
regimes: when the transport mean free path is much longer
than the mean free path, and the system size L satisfies the
condition ¢ < L < ¢, then photons experience a series of
small-angle scattering events. In this “directed-wave” regime,
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as it is called, waves propagate almost ballistically through the
sample but experience small diffusive changes in direction.
The second regime is when the sample size is much bigger
than the transport mean free path, L >> ¢y, so that the photons
diffuse through the sample.

Recent advances [4-7] have allowed experimentalists to
entangle several photons (see, for example, Ref. [8]), creating
an excellent setup for studying multiphoton speckle statistics.
The experimental system for measuring speckle patterns of
entangled photons consists of a multiphoton source, emitting
a beam that passes through a disordered and elastically
scattering medium. The photons are then collected by a set
of photodetectors in a coincidence circuit. Figure 1 shows
a sketch of such a system, where for clarity we show a
two-detector setup. If the detectors have an angular aperture
which is much smaller than the typical size of a classical
speckle, they measure in essence the biphoton current /I5(s,s’)
going in directions s and §'.

In a disordered system I, is a random quantity. Its statistics
were studied by Beenakker, Venderbos, and van Exter [9],
using a random matrix theory (RMT) approach. In particular
they showed that the fluctuations in the biphoton current (i.e.,
the number of coincident detections per unit time by two
photon detectors) 81,(s,s’) = I>(s,s") — (I>(s,s')) satisfy the
relation

<5122(575/)> 2 (1y2
Here p is the two photon density matrix, while p(" is the re-
duced density matrix obtained by tracing over the states of one
of the photons. Equation (6) shows that intensity fluctuations
of the biphoton speckle patterns encode the information about
the purity of the system as well as its degree of entanglement.
However, RMT cannot account for spatial correlations
which exist in the speckle patterns. In this paper, we study
these correlations and show they are long ranged and that they
become important when detectors collect photons from a large
enough solid angle. These long-range correlations depend only
on some reduced density matrix, and therefore they do not
contain information about the purity of the system. We also
study the speckle pattern’s sensitivity to a change in parameters
such as the photon wave packet’s incidence angle or frequency,
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FIG. 1. Illustration of an experimental system for measuring a biphoton speckle pattern. The entangled photons are generated by spontaneous
down-conversion in a nonlinear crystal. The two photons pass through a scattering medium and are collected by two detectors in a coincidence

circuit.

and to changes in the scattering potential. The description of
this sensitivity is also beyond RMT.

In this work we consider a slab geometry for the scattering
medium. The slab cross-sectional area is A ~ W? and its
thickness is L. Our main concern is to describe the statistical
properties of the current associated with the scattered beam of
entangled photons, given by the following expression:

In(s1,82,...,Sn)

N
=BN Y Puaninin | | Yo, )% (5. (7)

Uy - Un j=1

iy -y

Here By = c¥(At)VN~!, where ¢ is the speed of light and
At is the resolving time of the coincidence circuit, while
Puy-uysiiy iy 18 the density matrix of the incoming beam of
N entangled photons. Finally, ¥,(s) is the component of the
scattered classical wave function in direction s associated
with an incoming plane wave with direction u. In order to
simplify our final expressions, we assume that the incoming
wave packet is monochromatic with wave number k and can
be decomposed into well-separated plane waves, [u; — u;| >
1/(kLOy) in the directed-wave regime and |u; — u;| > 1/(kL)
in the diffusive regime. Here 6 is the typical angular spread
of the outgoing beam after crossing the sample [we will give
an explicit definition for it later; see Eq. (11)].

II. MULTIPHOTON SPECKLE PATTERNS IN THE
DIRECTED-WAVE REGIME

We begin our discussion with the directed-wave regime
{ L L K {y. To simplify the discussion, in what follows we
shall consider the case of a biphoton current, N = 2. The
results will be generalized to N photons in Sec. IID.

In the directed-wave regime it will be convenient to
decompose the three-dimensional vectors into components
that are parallel and transverse to the ray propagation direction
which we choose be the z direction, thus

k,1)
V1 + k2
where r and k are two-dimensional vectors, and k% < 1. Figure

2 depicts a sketch of the relevant geometries and scales in the
directed-wave regime.

x=(rz), s= ~ (k,1), ®)

In the directed-wave limit, the paraxial approximation
applies and z plays a role similar to time in the propagation of
the wave function ¥ (r,z). Therefore in this regime ,(s) from
Eq. (7) takes the form

Yq(k) = Ao/dzrdzr/G(r,L;r/,O)e"’E(q'r/—k'f) 9)
where G(r,z;1’,z’) is the Green’s function of (the classical)

Eq. (1). Here Ay is the incoming wave amplitude, into which
we also absorb a phase which plays no role in the final results.

FIG. 2. Angular scales and length scales in the directed-wave
regime. When the system size is larger than the elastic mean free
path but smaller than the transport mean free path, £ < L < £y, a
beam propagates through a disordered slab by a process of angular
diffusion. The typical scattering angle 6y = +/€/Z, (purple) is larger
then the angular resolution of the scatterers, 1/k€ < 6y, but the total
angular width is small, ; = \/L/{; < 1 (blue). The beam spreads
superdiffusively ~ L3 as shown by the shaded (red) region bordered
by the dotted (red) line. The far-field speckle pattern, denoted by
a solid (red) line over an (blue) arc, has an angular resolution
determined by the slab width, Oy =1 kW (magenta). The inset
shows a typical diffusive path with the two mean free paths denoted
on it.
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q,

FIG. 3. The leading-order diagrams (in 1/k¢) describing the
average biphoton current, (/>(k;,k;)). Solid lines represent the
average Green’s functions while dashed lines represent the disorder.

A. The disorder averaged biphoton current

The average biphoton current can be written as

(hkik) = BolAol* Y Pograin

q1.92,4142
x /exp{iE[kl Xy —F)+qr—q -6

ko - (1) —F) +q -1 — @ - B)]}
x(G(ry,0;r),L)G*(¥,L; F,0)0G(r2,0;15,L)
x G*(¥,L;,0))d*R, (10)

where integration is taken over all space variables:

d’R = || &*rid*rjd*:d°F,.
i=1,2

Since the Green’s function G(r,z;1r’,z’) is a classical object,
we can apply the same techniques developed in the context
of propagation of classical waves in disordered systems to the
task of finding the average and correlation function of Iy. To
leading order in 1/k£ itis given by the diagram shown in Fig. 3,
representing diffusion in angular space.

A description of the diagrammatic technique for classical
waves in the directed-wave regime can be found in Ref. [10].
Here we bring only final results, but a short review of the
technique and some details of our calculations can be found in
Appendix A. In the directed-wave regime we find that Eq. (10)
reduces to

1
(I(K1.Kp)) =~ Ba] Ag|*A? Z Paaraa 753
q1.92 (2”93)
k, — 2 k, — 2
X exp (ki —q) +2( 2 — q2) an
262

where A is the cross-sectional area of the slab, 02 =2DyL
is the angular spread of the outgoing beam due to scattering
within the slab, and Dy = 1/2¢,; is the diffusion coefficient in
angular space. We have also, in the interest of brevity, rewritten
p in terms of the two-dimensional g;. From now on we shall
consider the limit |q; — k| <« 6, for all i and j, namely, that
all detectors are positioned within the angular spread of the
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FIG. 4. Green’s functions associated with the correlation function
of the biphoton current before disorder averaging. In order to obtain
the connected part of the correlation function, one must pair at least
one of the red (black) Green’s functions above the dashed line with
the green (gray) Green’s function below the dashed line.

outgoing beam. In this limit Eq. (11) reduces to

|A0|2A>2
27r91%

(ki ko)) = () ~ ﬂz( 12)

To obtain this formula, we have used the normalization
condition: Trp = qu,qz Parangy = 1.

B. The two-photon current correlation function (small aperture
detectors)

Let us now calculate the biphoton current correlation
function:

Kk ko; ki K)) = (§ (k1. k)3 (K| K))). 13)

Before disorder averaging, the diagrammatic representation of
Lk, k) (K}, K)) is as shown in Fig. 4. After disorder aver-
aging, the biphoton current correlator Eq. (13) is represented
by the diagrams in Figs. 5-7. We now discuss three different
limits for the correlation function which correspond to three
experimental setups with two small aperture detectors: The
first is when both detectors are held fixed at two angles; the
second is when one detector is held fixed and the position of
the other is changed; the third is when the positions of both
detectors are changed. In all cases we shall assume that the
detectors are separated by an angle much larger than

_ 1
kW
where W is the slab width (see Fig. 1). It will be shown below
that 6y is the typical angular size of a speckle.

Ow (14)

1. The correlation function at two different directions:
K(k1, ko ki,kz) = (817(Ky,kz)) (the RMT limit)

The case when both detectors are held fixed is the one
described in Ref. [9] by RMT. It is given by choosing k; =
k| .k, = k). The leading contribution in this case is described
by the diagrams shown in Fig. 5, which yield

Kk kik) = () ) opestnPidiana:
q1,92.41,42
+2pqlqz§41qu41(h;qlqz]‘ (15)

The first contribution is associated with the diagram shown in
Fig. 5(a), while the second comes from Figs. 5(b) and 5(c).
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FIG. 5. The leading-order diagrams associated with the correlation function C(ki,k;;k;,ky) = (8 122(k1 ,k»)), corresponding to an
experimental setup where both detectors are held fixed at given angles k;,k,. These diagrams yield the RMT result in Eq. (6).

Performing the summation yields the RMT result, Eq. (6), after

noting that the reduced density matrix p;:)q1 =y o Paaxaia-

2. The correlation function at three different directions:
K(ky,kz; k1,k'2)

The case when one detector is held fixed while the
other changes position is described by choosing k; = ki,
|k, — K| > Ow). In this case the leading-order diagram in
1/(k¢), which is shown in Fig. 6, yields

Kl ko3 ki, Kb) = (1)2Tr(p™M)’. (16)

3. The correlation at four different directions: IC(ky,kz; ki,K})

Consider now the third case when the positions of both
detectors are changed. The leading-order diagrams in this case
are shown in Fig. 7. The result is

Kk ko ki Ky) = (1) Tr(p")* Y CkiK))  (17)
ij=1,2

where C(k,K') is a correlation function which is calculated in
Appendix A. In the regime of interest, 6 > ki,k»,q1,92, this

4, ;
SRR ky
g=9, —=—"
q,=4, -
T
‘},l EERNEE
g, ;
i
4,=9, —=—"
q, ‘
EEEEEY k;

FIG. 6. Theleading-order diagram associated with the correlation
function at three different angles K(k;,k,; k;,k}), corresponding to
one fixed detector and one detector that changes position.

correlation function reduces to a function of the difference of
the directions C(ky,k,) — Co(|k; — k»|) where

1 (270G
PAl =

OwOH'? < k < 6

Cotk) =~ — By < k < 6y

(18a)

Here 9(% = € /¢ is the typical scattering angle at distances on
the order of the elastic mean free path, G was defined in Eq. (3),
and we assume the disorder to be isotropic. [Note that the Born
approximation is valid when 6y > 1/(k¢).]

For small scattering angles, k < (Ow63)!/3, the correlation
function can be calculated from diagram (c) in Fig. 7. The
result is

2
211(k/9W)) . (18b)

k/Ow

Here J;(x) is a Bessel function of the first kind and we have
assumed a slab geometry with a circular cross section of radius
w.

A schematic plot of Cy(k) is depicted in Fig. 8. It is
characterized by four distinct regions: At angles smaller than
Ow the correlation decays rapidly from its maximal value, 1,
and it changes sign at an angle of order Oy . In the second
region, Oy < k < 6 the correlation function is negative and
of order —1/(k*.A63). Its absolute value decreases to a value
of order —1/(k>A#?) at k = 6. The correlation function
remains essentially fixed at this value within the third region
0y < k <« 0. Finally, for k > 6, the correlation function
decays as exp[—k?/ (20%)], due to the Gaussian decay of the
beam envelope in the directed-wave regime [see Eq. (11)].
This decay is not described by the limiting formula (18a).

Cok) = (

C. Fluctuations of two-photon currents measured with large
aperture detectors

When the detector aperture collects a beam from an angle
01 > 0w, the long-range correlations described in the previous
section will dominate the measurement. For such a setup, the
total flux incident on the detector will be

Pk.K) = f ki d’ka bk + K1, K + ko) (19)
|kil,1kz | <6y

013828-4



SPECKLE STATISTICS OF ENTANGLED PHOTONS

(b)
R R R
—— ——— ——
= + Lo
> > N
—— ——— e

PHYSICAL REVIEW A 94, 013828 (2016)

FIG. 7. (a) The leading-order diagrams contributing to the correlation function at four different angles IC(k; k,; Kk|.K}). (b) Diagram
describing a Hikami box. (c) Diagram describing the short-range limit of the correlation function.

and the mean square variation of P is then

(8P(k.K)%) :/(SIz(k + kiK' + k)3 L(k + K| K +K)))
(20)

where integration is over the space, ki,k»,k},k, < 6;. There
are several contributions to this integral. The first comes
from the short-range correlation associated with RMT. The
typical angular scale of these short-range correlations is 6y
[see Eq. (18b) and Fig. 8]. Therefore the corresponding
contribution is of order K(k,k’;k,k)0;6;,. There are two
additional long-range contributions. One comes from the
integral (20) along the lines k; = k| or k = k), and is of
order K(k,k'; k,k")0862, [see Eq. (16)]. The other is associated

Co(k)

FIG. 8. A schematic illustration of the behavior of the correlation
function Cy(k) the asymptotic behavior of which is given by Egs. (18).

with the long-range correlation shown in Eq. (17) and is
of order K(k,k'; k,k')0802% /62. However, this term is much
smaller since 6y > Oy . Thus assuming Trp? and Tr(p™)’ to
be of the same order, then for large enough apertures such
that 8, > 6y the long-range correlations will dominate the
signal. In addition it is clear that once the aperture is large
enough, 6; ~ 6, current conservation implies that fluctuations
in P(k,K’) vanish.

D. Generalization to N entangled photons (small aperture
detectors)

Our previous results can be readily generalized to the case of
N entangled photons. We continue to assume that the absolute
value of all photon wave numbers is k. The correlation function
for the case where v detectors are held fixed and N —v
detectors change positions is

(6In(Kky, ... Ky Ky, ..o Ky)
X SIn(Ky, ...k KL, K))

- S ()|t

j=0

N
(1 — 8, ) Tr(p" 1) 3 C(khki’)] (21a)

i,i'=v+1

where N > v > 1. Here p¥ =/ is the reduced density matrix
40P A 5o
276}

the average N-photon intensity . In the case where all detectors
change position the result is

(8In(ki - - kn)3In(K] - - - Ky))

obtained by tracing out j photons, and (Iy) = Bn(

N
= (1n)*Tr(p")" Y ki K. 1b)

ij=1
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FIG. 9. The diagrams contributing to /C(k;,k,; k},k3) in the dif-
fusive regime. The diagrams denote two types of possible interference
paths and each of the the diagrams at the top of Fig. 7(a) is replaced by
such a pair. In these diagrams R, R’ are conjugates to the two outgoing
wave vectors, e.g., to K,k in the top left diagram of Fig. 7(a).

Thus by measuring the fluctuations in the intensity when
v detectors are fixed at their positions and N — v detectors
change their positions one is able to measure all the trace of

J
.ok K

@Inky, ... Ky Koy, .o Ky)8 v (K, .

J

410 -

PHYSICAL REVIEW A 94, 013828 (2016)

squares of the reduced density matrix, oY=/, obtained when
J photons are traced out.

III. DIFFUSIVE WAVE PROPAGATION

Consider now the case where rays diffuse in real space,
i.e., the size of the system is much larger than the transport
mean free path but we can neglect reflections from the slab
boundaries, £, < L <« W. The diagrams describing this case
are very similar to those shown for the directed-wave regime.
The only change is that diagrams containing Hikami boxes
should be replaced by the two diagrams shown in Fig. 9.The
result for the N-photon correlation function is

N ')

v—1 N
=<1N>ZZ<”.>{Tr(p<”—-’>)2+<1—8U,N)[Tr(p<“-f+”)2<zv—v—1>25<0)+ > é(|k,<—k;|>” (22a)

Jj=0

N
where now (Iy) = Bn(

face, and [11]

40P A ey
2ra L

i,i’=v+1

is the average N-photon intensity, « is a factor of order 1 depending on the shape of the slab

(2tiony” ¢ <,
Clk) =~ E%_NML Ow < k L ¢ (22b)
;2—’; ok k> or
where ¢; = 1/kL. Finally, in the case where all detectors change position the result is
N
(Ol - kn)SIn(k) ki) = (Iv)? | Tr(0V)’N2CO) + > Clk; — K, (22¢)

A sketch of adaptation of the well-known classical treat-
ment [11] yielding Eq. (22b) to the multiphoton scenario
appears in Appendix B.

Considerations similar to those discussed above imply that
for two large aperture detectors fluctuations in the detected
flux are dominated by the long-range part of the correlation
function when 6; > Oy, just as for the directed-wave regime.

IV. SENSITIVITY OF N-PHOTON SPECKLES TO CHANGE
OF EXTERNAL PARAMETERS

The speckle pattern of an N-photon beam changes as a
function of external parameters such as the incidence angle ¢
or frequency w of the incoming beam, as well as realization
of the scattering potential. To analyze this dependence one
defines a correlation function:

K(y; N) = (81) %513 (K)) (23)

where y represents some external parameter. It is customary to
characterize the sensitivity of the speckle pattern to a change
y by atypical value y*, beyond which the correlation function
(23) will have decayed significantly.

ij=1

The sensitivity to changing an external parameter is
described by the diagrams shown in Fig. 10, where red and
green lines correspond to different values of y . For the specific
cases of changes in ¢ and w one finds the following typical
values:

1 . .
———— directed-wave regime
gy = | VRLe, CTUCREWEREIEEING T g
— diffusive regime

NkL

¢ directed-wave regime
wy = {WGZL S 2

cly . . .
NIz diffusive regime

At N ~ 1 this sensitivity is on the order of the sensitivity
of classical speckles, but it increases dramatically for N > 1.
The qualitative explanation for this criterion is as follows: A
classical wave propagates through the sample via a series of
channels, undergoing (L/¢)* scattering events per channel.
Changing an external parameter y will change the phase
accumulated at each scattering event by some quantity ¢o(y),
and the total phase change will also accumulate diffusively
so that the total change of phase per channel is ~ ¢o(y)L /L.
The speckle pattern will change significantly when this phase
difference is of order 1. In the case of directed waves, the phase
difference equals (kL6; )¢ for a change in incidence angle ¢,

013828-6
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FIG. 10. The leading-order diagram contributing to the sensitivity correlation function KC(y; N). For simplicity we depict the diagram in
for the case where the incident beam is rotated by an angle ¢, i.e., y = ¢ = |Aq].

and (DgL?/c)Aw ~ (67 L/c)Aw for a frequency change. The
sensitivity of an N-photon speckle is to leading order given
by a product of the sensitivities of each detector measurement,
and so we expect a further strong dependence of the sensitivity
on N.

As an illustrative example let us focus on a change of
incidence angle in the directed-wave regime. We assume that
it is sufficiently small that its effect on the phase of a trajectory
going from one end of the sample to the other is small, namely,

¢ < 1/(OLkL). (26)
Evaluating the diagrams in Fig. 10 we find
Nl ,
K(#; N) = (Iy)* - ) Tr(p™ 7
(¢35 N) = (Iy) ;}(})r(p )

N—j
3

X exp [— (eLEL¢)2]. 27)

For pure nonentangled states Tr(o"~/ ))2 = 1 for all j and we
obtain

K(p:N) (1 + e*%(eL/;qu)g)N .

_ A
K(; N) 2N —1 N>l '

e

(28)

In the directed-wave regime, the classical correlation function
decays as a Gaussian, as shown in Eq. (27). As a result the
typical angle ¢}, is proportional to 1/ VN.

In the diffusive regime, the decay of the classical correlation
function associated with short range correlations is exponen-
tial, IC(¢; 1) ~ exp(—¢/¢*) where ¢* = 1/kL [see Eq. (22b)].
Similar considerations to those used in the directed-wave
regime imply that ¢}, is inversely proportional to N, yielding
Eq. (25).

To discuss the sensitivity to the change in the scattering
potential, we have to introduce parameters describing these
changes. In the diffusive case, it is customary to characterize
the change by the number of impurities shifted from their
initial positions. It is assumed that the amplitude of the
scattering length, and the spatial shifts, are both on the order

of the wavelength. A repetition of the qualitative arguments
mentioned above yields a typical number of impurities:

niy = AK*¢/LN. (29)

In the directed-wave regime, one cannot treat the disorder as
a series of strong (S-wave) scatterers. Thus, the sensitivity
should depend on the precise form of the change in the
scattering potential. Qualitatively we expect the behavior to
be the same as for the other parameter changes we analyzed,
i.e., the sensitivity will depend in some exponential way on
both the strength of the change and the number of photons.
However, we shall not pursue the subject further in this work.

V. SUMMARY

In this paper we studied the statistics of speckle patterns
of N-entangled photons propagating in disordered systems.
Most previous studies in this field concentrated on the random
matrix theory regime. Our study moves beyond this, focusing
on corrections beyond RMT, associated with long-range
correlations caused by diffraction.

We showed the existence of long-range correlations in these
speckle patterns. To a leading-order approximation in 1/k¢

these depend only on the reduced density matrix Tr(o")’,
namely, they are a single-photon property. The reason behind
this can be traced to a simple phase-space argument. Multi-
photon interference effects depend on coincident crossings of
classical trajectories in the bulk. The phase space for each such
crossing is inversely proportional to the cross-sectional area,
and therefore such multiple crossings are strongly suppressed.

Nevertheless, it turns out that the long-range correlations
of N-photon speckle patterns determine the results measured
by large aperture detectors.

We also showed that the sensitivity of the N-photon
speckle pattern to change of parameters is greatly enhanced.
This enhancement is by a factor of N for the case of
real-space diffusion, and by a factor of \/N for directed
waves.

In our work we assumed that the incident light was
monochromatic with wave number k. This is the case with,
for example, creation of photon pairs via monochromatic
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spontaneous down-conversion, used in several previous ex-
periments (e.g., Refs. [4,12]). However, the generalization to
frequency-entangled photons can be performed in a straight-
forward manner by adding the standard frequency dependence
to the classical Green’s function. It becomes necessary when
the frequency spread is of the order of the classical sensitivity,
dw ~ ], where ] was defined in Eq. (25). Work in this
direction can be found in Ref. [7].

We wish to point out that our analysis is relevant to
much broader problems than the specific system of entangled
photons in quenched disorder described above. For example,
many of our results apply to problems of diffusion in

J

PHYSICAL REVIEW A 94, 013828 (2016)

systems of coupled quantum bits. Random benchmarking of
quantum computation systems [13—15] is rapidly emerging as
a powerful diagnostic tool and our work provides a further
framework for measurement and analysis in this field.
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APPENDIX A: DERIVATION OF THE CORRELATION FUNCTION C(k;,k})

/

In this appendix we show that the leading-order diagrams for C(k;,k, k] k) are those shown in Fig. 7, and we calculate the

correlation function (13).

Consider the general expression for the correlation function:

Kk ko ki k) = g3 >

91:92:41-92 q1.95.41-43

E Pq1q2:61d2 Pq 56,4,

X (8(Wrq, (ki) Vg, (k2)¥rg, (K1) Vg, (K2))S (Vg (K g (K g (K g, (K3))). (AD)

Most of the terms in the above sum can be neglected. The terms yielding the largest contribution are those appearing in Figs. 7(a)
and 7(c). For example, the first diagram on the left of Fig. 7(a) is obtained by constraining the sum to terms with

@1 =419 =0 =3, ¢ =10
In what follows we evaluate the diagrams of Fig. 7, and show that they constitute the leading contribution. We do so using the

Langevin scheme for the directed-wave regime [10], which we briefly review here.
First, let us introduce a ray distribution function, given as a Wigner transform of the product of the retarded Green’s function

and advanced Green’s function:

) Sr/ 1) or’ 7 rsrs

FR—R k—K;z7)= /d%d%ﬂG(R + Er,o; R — %,z)G*(R — %,0; R + Tr,z)e’k(k"s‘”rk ) (A2)

We decompose the distribution function f(R,k,z) into an average and fluctuating part:
FRK;2) = (f(RK;2)) + 5F(R,K; 2). (A3)

The function ( f (R,k,z)) satisfies the Boltzmann equation
0 R.k; d R k; / / ’
VRIED) |y R Rk = [ d2KGK = K)[(FRK:2) — (FR K 2)] (A4)
9z JR

while the fluctuating part obeys the the Langevin equation

98f (R.k; 2) k. If (R k;z)

I [(f Rk 2)] + LR k; 2), (AS5)

0z R
where the Langevin sources have zero mean and correlation function,
2
(L(RKk; 2)L(R'K';2)) ZﬁgaﬁS(R —RN8(z — 2)x

x [5(k —K)fL(RKk,2) f d*kG(k — k) f_(R.k,2) — f+(Rk,2)G(k — K') f_(R,k’,z’)], (A6)

and f4 obey Eq. (A4) as well, with boundary conditions
fr(R,u;0) = |Ao|*8(u — q),

for incoming plane waves in directions q,q’.

f-(R,u;0) = |Ap*8(u — q), (A7)

On length scales much larger than the elastic mean free path ¢ and angles much larger than 6, the Boltzmann equation (A4)

reduces to the diffusion-like equation:

{f(R,k;2)) 1k

A(fRk2) D

3% (f(Rk;2))

0z oR

o =0, (A8)
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where Dy = 1/24,, is the diffusion constant in the angle space. The solution of this equation for boundary conditions ( f (R,k; 0)) =
S(R)S(K) is

(f(RK;2) > [ R KR ] (A9)
K2)=——exp|l——+—5 — —|.
D= 4w P "D T Dy Diz
Furthermore in this diffusive regime Eqgs. (A5) and (A6) simplify to
LR k;z) = Vi - j(RKk; 2), (A10)
L Lo .. 27 Dy /1 ’ ’ ’
(Ja Rk 2)jg (R K 2)) = Ter(R,k; 2)f-(R,K;52)8,8(R — R)S(k —k')d(z — 2) (A1)
where f1(R,u; z) satisfy the equation
af+(Ru; af+(R,u; 3 fr(Ru;
S ( uZ)—i—u- S ( UZ)_DO Sx( llz):O (A12)
0z oR ou?
with boundary conditions (A7).
The correlation function we seek to calculate is
1
CkkK) = = / d’Rd*R'(5f (R .k; L)§f (R K'; L)) (A13)
1
where
A 2
L = /dzR(f(R,k;L)) = Ll ;4 (A14)
2m0;

(assuming q1,q} .k < 6).

1. Long-range correlations: 6, < |k; — k|

We begin by finding the long-range correlations, when |k; — k| >> 6y, i.e., when the rays undergo many scattering events
after crossing. Solving Eq. (A12) and substituting the result in Eq. (A11) we obtain

L Loxel ot |Agl* (u—q’+ W —q)
R, u; R} u; = = —
(Jo Ry,u;2) jg (Ry, w3 20)) 8Dy k22 CXP[ ADyz

]SaﬂS(Rl —R')S(u—u)d(z — ). (A15)
Thus

(8fRk; L)§f(R',K; L)) = /dledzdzR/ldz’dzudzu’(f(R —Rik—w;L —2))(fR —R;K —u; L —7'))

X

0 A [_ (u—q’+@ -q)

Y = 2 8.80(R; — R)S(u —u)d(z — 7). (Al6
dug duy 8Dymk?z2 4Dyz :|/3(1 o —w)d(z —z). (Al6)

Integration by parts gives

0 (fR' =Rk —w L —2))

SfRk; LYSfR'K'; L)) = /dledzudzgik(f(R —Ri;k—uw; L —2))- P

|Aol* u—q’+@u—q)
X ——exp | — .
8Dy k272 4Dgz
Plugging this into Eq. (A13) yields
1 2 A 9 9 (k—uw?’+ & —u’] |A u-q’+@u-q)
dzd“u - — .

CkK) = — A 98 I
(k) I @) DXL —2)? 0k oK 4Dy(L —2)  |8Dpmiiz2 " 4D,z

Finally, changing variables to ¢ = z/L and performing the d?u integral, we arrive at

ode 8 [ (k—k’)2_(k+k’—q—q’)2_(q—q’)2}

kK)= — =% expl -
CRl=pa), T=oco w ™| a0 467 407¢

(A17)

Performing the integral and specializing to 6, > |k — k’| 3> 6y we end up with the second line of Eq. (18a).
Next we show that the contribution we just calculated is the dominant one. To do so it is enough to evaluate the diagram in
Fig. 11. The boundary conditions in this case are

f=(R,q;0) = |Ao|* exp(£ikAq - R)3(q — @) (A1B)
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where Aq = q; — q} and @ = (q; + q})/2. Furthermore we assume kL6, Aq >> 1. Repeating the steps above and comparing to
expression (18a), we find the result to be smaller by an order of %

2. Intermediate-range correlations: 6y < |k; — k;| < 6

The integral (A17) diverges logarithmically when |k; —k;| < 6p. This is because of the breakdown of the diffusive
approximation, as for small angles the main contribution comes from the last scattering event before the ray leaves the sample.
Thus when Oy < |k; — k| < 6y we can neglect the diffusion term in Eq. (AS5), and simply solve for the correlation function to
first order in the scattering probability G. In this limit Eq. (AS) can be easily solved and we find

7Rk = [ deL®+ ¢ - k). (A19)
We then evaluate Eq. (A13) directly (to leading order in G) and find
2
Cki ko) = ﬁ[ﬁ(h — ko) — €G(Jki —ka)]. (A20)

The first term can be understood as a small correction to Eq. (18b) arising from short-range interference that occurs when
two rays meet. The second term comes from impurity scattering and represents the fact that in the directed-wave regime all ray
meetings occur when rays have both the same position and the same direction of propagation. This is different from the diffusive
case, where many rays moving in different directions may cross at the same point. Thus, in the directed-wave regime the free
propagation of the rays from a given point implies that they cannot scatter to an angle ~ 6y, giving rise to the negative correlation.
Neglecting the first term in Eq. (A20) we find the first line in Eq. (18a).

3. Short-range correlations: |k; — k;| « 0w

When |k; — k| ~ Oy, one can neglect the correlations from ray diffraction (Hikami box). In this limit we may treat ¥4(k) as
independent Gaussian variables satisfying the relation

k+ K PR,
ak k) = (YqK)yg k) = / d2R<f(R,+T,L)>elk“‘-“R. (A21)
and the correlation function we seek to calculate is C(k, k') = |a(k,k')/a(k,k)|*. Assuming |k|,|k’| < 6; and that (f(R,k,L))

is independent of R throughout the slab (which is the case when W > 6, L) we obtain Eq. (18b). By equating Eqgs. (18a) and
(18b) we find the range of validity of these expressions.

APPENDIX B: DERIVATION OF THE MULTIPHOTON x G(r,s)G*(F,5)G(r ,s)G*(F.§), (B2)
CORRELATION FUNCTION IN THE DIFFUSIVE REGIME

In this appendix we sketch out the steps leading to
Eqgs. (22). Just as in the directed-wave regime, the leading-
order corrections are given by the diagrams of Fig. 7. However,
in this regime we have real-space diffusion, and the distribution

where we have suppressed the explicit L dependence of the
Green’s functions. It is clear that upon disorder averaging
there are two ways to match Green’s functions into diffusons,

1
function f(R,q;z) is replaced by the local intensity, obtained namety,
by integrating out the angular part of f:
I(R;2) = (I(R;2)) + 31(R; 2), (B1) r=Fr=fs=55=§=>q=q4.4=4 (B3)

where 81 is the fluctuating part of the intensity. Referring to L, y o,
Eq. (A1) we see that we must evaluate a product of four Green’s r=fr =r.s =8s=8§=q=qq =q. (B4)
functions, as in the directed-wave case, e.g.,

(YqR) Y5 K Yq (K) Y5 (K)) These two matchings are depicted in Fig. 9. The constraints

on the incoming ¢’s can be obtained straightforwardly by
evaluating the two diagrams using well-known results [11].

e lQ) i(EE_k® il KN i(f k&
Z/et(qr ks)e i(q-F ks)ez(qr ks)e i(q-¥—-k'§)
The result is

Coing ik K) =8,3:8,5C(0) + 8,36,:C(Ik —K'|), (BS)

where C(k) was described in Eq. (22b). Generalizing to N
photons and performing the necessary summation we get our
FIG. 11. A subleading diagram contributing to C(k;,k,). final result, Eq. (22a).
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