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2 Chapter I. Introduction

The understanding of the propagation of light inside different types of media is of crucial importance.
Indeed it allows both to image object inside such media and/or to deliver energy or information
through them. The way light propagates through homogeneous media is perfectly understood [1].
Thus it is possible to shape precisely the source of light so that the emitted signal interferes con-
structively in one given direction, position, and/or at a given time. Consequently, one can deliver
efficiently energy or information though homogeneous media towards a specific detector or object.

When the medium of propagation gets more complex (with an optical index or equivalently a per-
mittivity varying in space) we loose the a priori knowledge on the way waves propagate through
it. Complex media (or equivalently scattering media) are medium with a large number of strong
inhomogeneities of the optical index of refraction. Many complex media for light exist in nature,
the most famous examples are clouds, fog, milk, paint or paper. All of them appear opaque when
illuminated with light as we can see in Fig. in which we show a bridge in the fog.

Figure 1.1 — Photograph of a bridge in the fog.

To discuss this complex scattering phenomenon let us introduce the scalar Helmholtz equation for
the electric field F in a complex medium without sources:

[A + ge(r,w)] E(r,w) =0, (L.1)

with w the pulsation (w = 27 /X with A the wavelength in vacuum), ¢ the speed of light in vacuum,
€ the permittivity of the medium. Note that the only difference between Eq. and the wave
equation in vacuum is the presence of €(r,w). This small change in the equation contrasts with its
impressive effect on the propagation of light as we can see Fig.

To give an intuitive feeling about the role of the inhomogeneities of permittivity in the scattering
phenomenon, we can introduce the Lippman-Schwinger equation for the field. This exact equation



is completely equivalent to the Helmholtz equation. It reads
E(r,w) = Eo(r,w) + / Golr — t')E2e(r', w) — 1] E(r, w)dr’ (1.2)

with F(r,w) the total field, Ey(r,w) the incident field, €(r,w) the permittivity of the medium and
Gy the free space Green function of the Helmholtz equation. The Green function Gy(r — r’) is the
field response at r due to the presence of a source at r’. The complex character of the scattering
phenomenon is revealed by the presence of the total field on both the left hand side and inside
the integral in Eq. . To give an intuitive picture of the scattering phenomenon, we can iterate
Eq. in order to express the total field as the sum of the incident field, the single scattered field,
and all the possible orders of interaction with the complex medium. This is done in Eq. and
represented schematically in Fig. [[.2}

E(r,w) = Ey(r,w) + /Go(r — 1)k [e(r',w) — 1] Eo(r', w)dr’ (1.3)

- /Go(r — 1" k3[e(r”, w) — 1)Go(r” — )k [e(r),w) — 1] Ep(r', w)dr'dr” + ...

2

Figure 1.2 — Scheme of the scattering of a wave by a complex medium. The total field can be viewed as the sum
of the incident field (black arrow), the single scattered field (blue arrow), the field scattered twice
by the medium (red arrow) etc.

The presence of inhomogeneities of permittivity in the propagation medium acts as secondary sources
producing fields which will interfere with the incident field, and excite the other homogeneities, and
so on an so forth. If we do not know the position and the strength of the inhomogeneities, we cannot
a priori know the value of the field at one given position. If one measures the intensity scattered by
a complex medium either in reflection or in transmission, one obtains a highly contrasted intensity
pattern called speckle. In Fig. we show a typical speckle pattern obtained from light scattering
from a complex medium. In this pattern, the intensity changes from zero to one on a typical distance
on the order of the wavelength [due to the complex interference phenomenon represented in Eq. ]
This prevents the efficient delivery of energy or information.

There already exist techniques allowing to focus light, for example, in transmission though a scat-
tering medium. In the following we discuss two of these techniques: time reversal and wavefront
shaping. Both are based on properties of the Helmholtz equation Eq. ([.1)).

e Time reversal techniques [3, 4] are based on the fact that (for a lossless medium) if the field F
is a solution of Eq. , then its complex conjugate E* is solution of the same equation. Let
us describe now a typical time reversal experiment. First a source at a given position excites
the sample and the scattered field is measured on a surface surrounding the medium. Second,
the source is removed and the conjugated field is sent backﬂfrom the measurement surface and

!Conjugating the field in the frequency domain is equivalent to time reversing it in the time domain.
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Figure 1.3 — Speckle pattern produced by the multiple scattering of light from a disordered dielectric medium.
The wavelength of the Laser is A = 633 nm. The imaged plane is at a distance of 60 um from the
exit surface of the sample. This image has been obtained by E. Perros in a work published in ref. [2].

eventually focuses at the position of the source. Those time reversal techniques have proven to
focus monochromatic and polychromatic light efficiently even in scattering media [5] and for
every type of waves [0, [7, [§]. Nonetheless they are two step techniques and need a source at
the position where we want to focus the light.

e Taking advantage of the linearity of the Helmholtz equation given in Eq. , the so called
wavefront shaping techniques have been proposed [9, 10 [I1]. These techniques require a CCD
camera placed in transmission of the scattering medium measuring the scattered field and a
spatial light modulator (SLM) to shape spatially the phase of the incident field (on each pixel of
the SLM). Using the transmission measurement, one can find the correctly shaped incident field
to achieve focusing in transmission. These techniques have produced impressive results allowing
to focus monochromatic (or polychromatic [12, 13} [14]) light at a given position, to transfer
all (or none of) the energy in transmission of a thick scattering medium [15, [16, 17, 18] [19].
Nonetheless, they need a measure in transmission of the sample, which is often out of reach of
the operator.

The two techniques discussed require an operation on the transmission side of the sample (whether
a measurement with a CCD or a source) to overcome the effect of scattering on wave propagation.
This part of the sample is out of reach in many applications. Working with reflected intensity as a
feedback seems a promising option. Variants of optical coherence tomography techniques allow to
detect objects inside a scattering sample retrieving the specular intensity in the reflected light using
clever post processing [20, 21), 22]. Note that these methods cannot be applied when the sample is
to thick (or only on its surface) since they rely on the measurement of single scattered light. Our
objective is to study the feasibility of some techniques based on the measurement of the scattered
light in reflection of thick samples.

To study the multiply scattered light formally, the usual approach is to study its statistical properties.
Indeed, somewhat surprisingly, one observes similarities between the intensity patterns emerging from
different scattering medium: average value of the intensity, etc. This means that some properties
of the light can be described with a small number of parameters (e.g. temperature for a perfect
gas). A key parameter for complex media is the scattering mean free path ¢. This very important
quantity can be seen as the average distance between two scattering events of the light inside the
medium, and its knowledge provides information on the light propagation regime inside the medium.
We can compare the size of the medium L with the scattering mean free path ¢ in order to define
the following regimes of transport:



e \ < L < (is the quasi-ballistic regime. In this regime the medium is transparent (there is
almost no scattering event).

e \ < L ~ [ is the single scattering regime. In this regime there is approximatively as much
scattered and non scattered light. One can still see through the sample.

o \ < ! < L is the diffusive regimeﬂ In this regime all the light transmitted through the sample
has been scattered many times. The sample is opaque.

Our purpose in this thesis is to study the existence of statistical links between the reflected and the
transmitted scattered light in the diffusive regime as a function of A\, ¢, L and the transverse spacing
between the points AR (as represented in Fig. . Such a statistical link between reflection and

30090
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Figure 1.4 — Scheme of the typical geometry studied in this thesis. A plane wave at normal incidence illuminates
a scattering medium of size L. The intensity is measured in transmission and in reflection and we
interest ourselves to the statistical links between the intensity in rg and the intensity in rp.

transmission could be used to image objects hidden behind a diffusive medium, or to control the
light using only reflected informations.

The purpose of the first part of this thesis is to study analytically, numerically and experimentally
(in collaboration with an experimental group from the University of Exeter) the existence and the
properties of the intensity-intensity correlation between the reflected and the transmitted light in all
the propagation regimes (in other words we study (/(rg)I(r7)) with (...) meaning average over the
disorder). Once this building block is studied, we propose a new imaging modality (named Blind
Ghost Imaging) using this correlation to image an object hidden behind a thick scattering medium,
requiring only one mono-pixel detector in transmission of the scattering medium.

In the second part of the thesis we study deeper statistical links between reflection and transmission
building the joint probability density function between reflected and transmitted light P [I(rg), I (r7)].
Based on this function we study a quantity called mutual information between a large number of
reflected and transmitted intensities versus the parameters of the physical system. The mutual in-
formation is a key quantity in information theory, that quantifies the statistical dependency between
two sets of random variables. Eventually, we use our knowledge about the joint statistics between
reflection and transmission to study the conditional average value of the transmitted intensity at one
given position. This quantity could be a good observable to describe wavefront shaping experiments
with reflected feedback only.

2In this work we do not differentiate the scattering mean free path ¢ and the transport mean free path ¢£* because
we consider point-like scatterers.
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10 Chapter II. The gaussian model for the field

In order to introduce the purpose of this work we intend in this chapter to present the basics about
the statistics of the field scattered by a disordered medium. First we present the canonical geometry
studied in this thesis: the slab geometry. Second we study the one point statistics of the scattered
intensity and discuss the implication of the gaussian approximation on its probability density. Third
we show that in the gaussian approximation, only short-range correlation exists between intensities
at different points. Eventually we show that beyond the gaussian approximation, a long-range
correlation survives between two intensities at different points in transmission, and we discuss its
existence between intensities observed in transmission and in reflection.

II.1 Geometry of interest

In this section we comment about the geometry studied in this work. In Fig. [I.1] we show a 2D
disordered sample composed of point like scatterers [23] shined from the left with a plane wave
at normal incidence. The points where we measure intensities are rgz and rp, respectively, at the
entrance and exit plane of the scattering medium. The depth, denoted by z, is equal to 0 at the
entrance plane and L at the exit plane. The transverse width of the slab W is kept many times larger
than L in all numerical calculations. The slab geometry (W > L) provides translationnal invariance
properties useful for analytical calculations. The transverse distance between rr and rr is denoted

AR.

o

2 4 9 o I'T
)

o ° AR

rr

Figure 11.1 — Scheme of the geometry studied in this work. A 2D disordered sample of depth L and transverse
size W > L is shined from the left at normal incidence by a plane wave.

It is important to emphasize that the results we obtain in this work are specific to this geometry.
For instance if we do not shine with a plane wave but with a point source or if we do not measure
intensities on the sample surface but in the far field different results can be obtained.

Another important point is that most (but not all) of the results we present are obtained for 2D
random samples. The scatterers, randomly distributed over the sample, are cylinders with one direc-
tion of invariance. Dealing with TE-polarized waves, i.e. electric field oriented along the invariance



I1.2. One point statistics in the gaussian approximation 11

axis of the system, the problem reduces to the 2D scalar case. The total electric field at one point is
given by the sum of the incident field Ej and the scattered field F

E(r) = Ey(r) + E4(r). (IL.1)
We call reflected field the scattered field measured in reflection
Er = Eq(rg) (I1.2)
and transmitted field the total field measured in transmission

Er = E(rr). (IL.3)

II.2 One point statistics in the gaussian approximation

In this section we give simple arguments that lead to the full statistics of the intensity measured at
one position whether in reflection or in transmission of a scattering medium. We deal with dilute
samples (kol > 1).

I1.2.1 A gaussian field

In the introduction we explained that the unknown character of the disorder upon which the wave
scatters when it propagates through a complex medium makes the analysis impossible without as-
sumptions on the nature of the disorder. The usual approach is to study statistics of the field when
scattered by a disordered medium with known statistical properties.

Decomposition of the field over all possible scattering paths

The easiest and most direct way to access many properties of the field is to express it as a sum over
all possible scattering paths in the medium

E(r)= 23: Es(r) = 23: s Ag(r) (IL.4)

where ¢s is the phase acquired during propagation along the path S and Ag is the amplitude of the

field after propagation along S. To define all possible paths existing into the complex medium we
can label each scatterer inside the medium. If we define for instance S; as the path that encounters
a given ordered list of scatterers, then S; will change with the positions of the scatterers in different
configurations of disorder and thus the field traveling along S; becomes a random variable. Under the
assumption of dilute systems (kof > 1), the fields traveling along two different scattering sequences
vary independently when the positions of the scatterers are changed. Thus applying the central limit
theorem to the sum of all those fields, the total scattered field must be a gaussian complex random
variable, see for instance ref. [24].

In order to test this we use the couple dipole method [25] to solve Maxwell equation in a 2D slab
geometry composed of point like scatterers (more details about the numerical method are given in
App. . In Fig. we plot the numerically calculated imaginary part of the transmitted field
versus its real part for a large number of realizations of disorder in a thick (b = L/¢ = 10) and dilute
(kol = 10) system. At first sight the transmitted field indeed looks like a gaussian random variable.
The same behavior is observed for the reflected field in Fig. 1.4l
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Figure 11.2 — Scheme of the decomposition of the transmitted field over three different scattering paths. The
total field is the sum over all possible scattering sequences.

1.5

1t

— 0.5}

Im(ET

®5 A 0 1 2
RG(ET)

Figure 11.3 — Calculations of the transmitted field for numerous realizations (N = 6400) of a disorder charac-
terized by kof = 10 and b = L/¢ = 10. The average value of the field is close to zero, and its
statistics seems gaussian at first sight.

The average value of the field

Under the assumption of dilute systems (ko > 1) the phase acquired during the propagation along
one scattering path changes dramatically when the positions of the scatterers change (it varies be-
tween 0 and 27). Thus the average value of the complex random variable associated with the field
following this exact scattering sequence should be vanishingly small. As a result the average value
of the total scattered field is also expected to be small.

Comparing numerical calculations of the reflected and transmitted fields for two different optical
thickness in Fig. [[I.4] we can conclude that:

e The average value of the transmitted field is large for small samples and decreases with the
optical thickness b = L/ (we will see in Sec. |l1I|that it decreases exponentially with b/2) while
the average value of the reflected field seems small and constant E|

e From panel (c) of Fig. [I1.4/in which we plot the absolute value of the average field in transmission
and in reflection versus the optical thickness (L varies and / is kept constant) we see that when
b > 1 both the reflected and the transmitted fields have approximatively a zero average value.

'Let us remind that the reflected field is defined as the scattered field measured in reflection, see Eq. 1]
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Im(E)

Figure 11.4 — Calculations of the transmitted field (red crosses) and the reflected field (blue circles) for numerous
realizations (N = 6400 ) of a disorder characterized by ko/ = 10 and b = 0.5 [panel (a)] and
kol = 10 and b = 15 [panel (b)]. In panel (c) we represent the average value of the numerically
calculated transmitted field (red solid line) and of the reflected field (blue dotted line) versus the
optical thickness of the sample (L varies and ko/ is kept constant equal to 10).

Let us define the fluctuating field 6 E' as the difference between the field and its mean value:
E(r) = (E(r)) + 0E(r) (IL.5)

with (§E(r)) = 0 by definition] From Fig. we see that the fluctuating part of the field is
not negligible. In other words the field fluctuates a lot from one realization of the disorder to the
other. The knowledge of the average value of the field is thus not sufficient, we have to study higher
moments of the field.

I11.2.2 Intensity scattered by a complex medium

In the previous section we observed that the average value of the transmitted field decreases exponen-
tially with the optical thickness of the scattering medium. Does this mean that the average intensity
(average value of the squared modulus of the field) measured in transmission will be exponentially
small as well?

Decomposition of the intensity over pairs of scattering paths

Taking the modulus squared of Eq. we can express the intensity as a sum over pairs of scattering
paths:

I(r) =) Es(r)Es(r)= > 1) =0s ] Ao (1) Agi(r) (IL.6)

8,5 8,5

where ¢g is the phase acquired along the scattering sequence S and Ag is the amplitude of the field
scattered along S. Equation. gives a clear understanding of the visual aspect speckle pattern
(see Fig. [I1.10). Each point of the intensity pattern corresponds to a complicated interference term
that can be either contructive or destructive, resulting in a pattern made of bright and dark spots.

Let us try to give a handy picture of what happens to the different pairs of fields on average over
all disorder realizations. Using the same argument as that used for the average field we know that
a pair of paths & # S’ gives on average an exponentially small contribution to the intensity. Indeed
the phase difference between the field and its complex conjugate oscillates between 0 and 27 when
the positions of the scatterers are changed. Nonetheless we see that when & = S’ the phases exactly

2Let us stress that 6F = §F, since the incident field does not depend on disorder.



14 Chapter II. The gaussian model for the field

Figure 11.5 — Scheme of the decomposition of the transmitted intensity over three different pairs of scattering
paths. Scatterers are represented by small spheres and each line connecting them corresponds to
the propagation of the field (or its complex conjugate when dotted) into the vacuum

compensate, thus those contributions resist to the averaging process. Taking the average of the
square modulus of Eq. (IL.5) we can highlight the separation between those two different terms

(I(r)) = (E@)F+ (DE@)]). (IL.7)

Iy (r) 14(r)

The first part is called “ballistic” intensity ([,) and comes from the scattering of the field and its
complex conjugate by pairs of different scattering sequences while the second part is called the
“diffuse” intensity (I;) and comes from the scattering of the field and its complex conjugate along
the same scattering sequences [26]. Equation shows that the intensity can be split into the
sum of two fundamental quantities: the squared modulus of the average field and the variance of the
field.

Ballistic and diffuse intensities, two different terms with two different scalings

In our numerical calculation we have access to the field, we can thus easily separate the two terms

in Eq. (IL7).

0 02 04 0.6 08 1

z/L

Figure 11.6 — Numerical calculation of the average intensity (blue solid line) and of the ballistic intensity (red
dotted line) inside a scattering medium of parameters ko¢ = 10 and b = 10.

In Fig. we plot the average intensity and the ballistic intensity inside the medium versus the
normalized depth z/L. We see that the dominant process in the transport of intensity over long
distances inside the scattering medium corresponds to (|§E(r)[?). The ballistic intensity has non
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zero value only close to the boundary of the medium (z ~ ¢). In Sec. [l1I| we calculate explicitly those
two terms. Here we focus on the fact that the diffuse intensity (variance of the field) survives at
large depth while the ballistic intensity does not.

(a) (0)

Figure 11.7 — Diagrammatic representation of Eq. (I1.7). The straight line represents the propagation of the
mean field. Panel (a) thus corresponds to the ballistic intensity. The twisting lines corresponds to
fluctuating fields. Panel (b) thus corresponds to the diffuse intensity.

Let us here mention a few words about the diagrammatic approach used in this thesis. In this
section we had the first glimpse of a quantity (the mean intensity) which can be split into two terms
(ballistic intensity and diffuse intensity) with different scaling with the parameters of the system (¢
and L). In the following we will go from mathematical expressions to diagrammatic representations
(see ref. [27]). The main purpose of a diagram is that it helps us to handle decompositions of the
type of Eq. easily, and to predict the scaling of the quantity under study with the parameters
of the system. For instance in Fig. we give the diagrammatic equivalent of Eq. (IL.7)). Panel (a)
composed of two straight lines, one solid and one dashed represents the propagation of the modulus
squared of the average field (ballistic intensity). Each time we find a diagram with mean fields it will
decay very quickly through propagation. Panel (b) composed of two twisting lines, one solid and one
dashed, represents the propagation of the variance of the field (diffuse intensity). We should keep
in mind that when fields are paired during their propagation, they can travel over long distances
through the sample.

Intensity of the fluctuating field: I

So far we have seen in Fig. [[I.4] that the statistics of both the transmitted and the reflected field
seem a priori gaussian. In this section we discuss the expression of the probability density H of the
intensity scattered by a random medium. It is known that the squared modulus of a zero mean
complex random variable follows a Rayleigh law (see ref. [28] or ref. [29] for the impact of a non
zero average field on the statistics of I). In panel (c) of Fig. we have seen that the reflected
field always has a small average value, while the average value of the transmitted field seems to
decrease exponentially with the optical thickness. Thus for a thick medium both the reflected and
the transmitted intensity should follow Rayleigh laws. We will discuss in this thesis how the presence
of a non zero first moment of the field may affect statistics. But in most cases we will discuss statistics
of the centered variable d E(r). This quantity is a priori gaussian and has by definition a zero mean
value. It should follow a Rayleigh law regardless of the optical thickness of the medium. For the

3Let us remind that for gaussian random variables, the full statistics can be built from the first and second moments.
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sake of clarity we have chosen to use the notation I for the squared modulus of the fluctuating part
of the ﬁelaﬁ (whose mean value is the diffuse intensity):

I(r) = |0E(r)? (IL.8)

being aware that in general this quantity does not equal the “real” intensity I. Let us stress here
that deviations from Rayleigh law due to the non vanishing of the mean field will be of little interest
in the present work. From a statistical point of view we center the fields in order to enhance the
sensitivity to deviations from the Rayleigh law due to the imperfect gaussian character of the field.

(a) (b)

Figure 11.8 — Two different contributions to the third moment of the transmitted intensity of the fluctuating
field. The various pairing give the N! factor in the expression of the moments of the Rayleigh law.
Derivation of the Rayleigh law: counting the fields

Let us briefly comment on the way we obtain the distribution of intensity. Let us remind first that
if all moments of a distribution are known, we can obtain the complete distribution using

Plz) = ;ﬂ / 3 (i]]ff)! (VY exp(—ikz)dk. (11.9)

In Eq. ([L.9), P(z) represents the probability density of the random variable z. To obtain P(I)
we need to obtain an expression of (IV) for all positive N. Studying I simplifies this procedure
because the only way to transport higher order moments of the centered variable through the complex
medium is to pair fluctuating fields during propagation. For instance in order to express the second
moment of the intensity of the fluctuating field: (I%) = (§E,0 E*0E,0E3) we use the following pairing
(0E 0ET)(0E20ES) and (dE10ES)(0EL0ET). Observing that each possibility gives the square of the
intensity we thus obtain (I2) = 2(I)2. Now if we repeat the procedure for a higher moment of order
N we have to count all the possible ways to create different pairs of field and complex conjugate given
the two ensembles {0F, ....,0 Ex } and {0E7, ....,0 E%} (see refs. [28, 30, B1], 32] for more details). To
create the first pair we have N possibilities, the second pair N — 1, etc. Eventually we can show
that there exist ! possible ways to create pairs of fields given these two ensembles leading to the

important results (IV) = NW(I)N (valid for gaussian fields). These different possibilities of pairing

4The presence of a .. in Eq. (IL.8) is here to stress the absence of the mean field in the quantity studied. In Eq. (I1.7))

(I(r)) corresponds the second order moment of the non-centered field while (I(r)) is the second order moment of the
centered field.
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fields are represented in Fig. where two contributions of the third moment of the intensity out
of six are shown.

We can now insert the expression of (IV) into Eq. (IL9) in order to obtain the Rayleigh law :

~ 1 ~ ~ 1 1
P(T) = 5= [ 32 (k( D)) exp(~ikT)ak = — ex <—~>. 1110
(D)= gz [ SR espl-ikTyak = e (1 (1L.10)
To obtain the right hand side in Eq. , we first calculate the sum over N, and compute the inte-
gral using the residue theorem. The expression of P(f ) in Eq. depends on a single parameter
(_7 ). In order to compare statistics of the intensity of the centered field for many different samples,
the best way is to normalize I by its mean value. Indeed if the statistics of I follows a Rayleigh
law, then it implies the normalized quantity 7 = I/(I) follows a simple negative exponential law

P(Z) = exp(—Z) that has a universal character. In Fig. [[1.9 we plot the numerically calculated

1.2 ; : . . 1

A LY
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Figure 11.9 — Numerical calculation of the statistics of the normalized intensity Z = f/<f> of the fluctuating
fields (blue dashed line) and analytical expression of the negative exponential law (red solid line) in
transmission [panel (a)] and in reflection [panel (b)] . The parameters in the simulation are b =8,
kol = 10.

distribution of the normalized intensity of the fluctuating fields in transmission (a) and in reflection
(b) for a thick (b = 8) and dilute (ko/ = 10) sample, that we compare to the negative exponential
law. Appart for some small deviations we see that the approximation of a gaussian field is relevant.

Let us conclude this subsection summarizing the assumptions that ensure a Rayleigh statistics for
the intensity:

1. The field is a gaussian random variable thus all higher order moments can be built from the
first and second moments.

2. The average value of the field is zero. Only its variance (average intensity) plays a role in the
construction of all the moments.

Each time one of these two assumptions breaks, the Rayleigh law is no more valid for the statistics
of the intensity.

Is I a physical quantity?

As the reader can notice we emphasize the role of the random variable I. Indeed, as long as the field
is gaussian the statistics of I follows a Rayleigh law (while I follows a Rayleigh law only if (£) = 0).
The analysis seems simpler with centered variables, but do they have a physical meaning? In Fig. [[1.4]
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we have seen that the mean value of the reflected field is non zero but small. Actually for diluted
samples, it scales as 1/(4kol) which is small compared to one. The reflected field is thus almost by
itself a centered random variable, and I r =~ Ir. The behavior is different in transmission. Indeed in
this case the average field is large for thin samples b ~ 1E| and is exponentially small when b > 1.
Thus Ir tends to Ir when the optical thickness of the sample increases.

Let us conclude by stressing that even experimentally one can measure I , for example using off-axis
illumination/detection geometry (an example will be described in Chap. [[V]).

II.3 Joint-statistics in the gaussian approximation

In the previous section we discussed the probability density of I under the gaussian assumption for
the field. We now intend to study the spatial variation of I. When we analyze a speckle pattern
(as for instance in Fig. obtained in transmission of a thick (b > 1) random medium we can
see two features. First its granularity, or in other words the fact that I changes drastically from one
point to the other. Second we see that there is a distance (typically on the order of wavelength) over
which T seems to remain constant.

Figure 11.10 — Speckle pattern produced by the multiple scattering of light from a disordered dielectric medium.
The wavelength of the Laser is A = 633 nm. The imaged plane is at a distance of 60 um from
the exit surface of the sample. This image has been obtained by E. Perros in a work published in
ref. [2]

I1.3.1 Short-range correlation between two speckle spots

To understand the granularity of a speckle pattern we have to study the joint-statistics between two
adjacent speckle spots. Keeping in mind that the fundamental quantity in this study (the field) is
a gaussian random variable, we can restrict the analysis to the spatial correlation function of the
scattered fields at two different points in order to capture the I-I correlation function.

5 As we make clear in the last section of this chapter, the physical process we are interested in this thesis is
the breaking down of the gaussian character of the field (importance of high order moments of the fields) and its
implication for the joint-statistics between reflected and transmitted speckle patterns. We want to study this break
down for various optical thicknesses (even b ~ 1). Considering I allows us to do so getting rid of the appearance of
the mean field when b ~ 1.



I11.3. Joint-statistics in the gaussian approximation 19

°
s 5 ° o It
°
o o
° AR

|
rr2

o
o
o o
o
o

Figure 11.11 — Typical realization of the numerical experiments performed to obtain panels (a) and (c) in
Fig. [T.12] We shine a 2D random sample with a plane wave and measure the transmitted
fields at two different positions rp1 and rpy separated by a transverse distance AR.

Field-field correlation

In Fig. (a), we represent the numerically calculated phase of the transmitted field at a given
position versus the phase of the transmitted field at a fixed distance from the reference point as
depicted in Fig. [[I.11| (parameters of the simulation are b = 8 and ko¢ = 10). If the fields were not
correlated we would see a random distribution of points in [—7, +7]|2. This is actually observed for
points separated by a distance Ar = 12\. For smaller distances the points tend to agregate on the
diagonal of this figure, which testifies of the strong correlation between the two random variables.
A different representation of the same phenomenon is given in panel (¢) where we show the real
part of the field at a given position versus the real part of the field at a fixed distance from this
position. In panels (b) and (d) we test the field-field correlation function between points in reflection
and transmission using the same two observables (a more complete study of this quantity will be

presented in Chap. .

Let us summarize the main conclusions obtained from these figures:

e For distances smaller than )\, two transmitted fields are strongly correlated, while for distances
larger than A the correlation is lost. In this case the fields can be considered as resulting from
two different realizations of the same random process.

e There is a priori no field-field correlation between reflection and transmission (at least in the
diffusive regime with b > 1 and kol > 1).

Let us give the diagrammatic picture describing the field-field correlations. The idea is really close to
that previously used to discuss the diffuse intensity. Indeed a field-field correlation is also a second
order moment of the field. To find a way to propagate two fields eventually measured at two different
points rp; and rpo, we have to pair them during propagation. Nonetheless to be measured at two
different points, they must separate before the exit surface as shown in Fig. [[I.13] This process
creates short-range correlation only.

I-T correlation in the gaussian approximation: the C; correlation function

Let us now describe the I-I correlation function defined as

c - (01,61,)  (6E\OE;6E20E;) . (11
T AT AT AT/ AR )

with 61 = I — (I). Keeping in mind that the fields are in first approximation gaussian random
variables, we can try to express the correlation between intensities in terms of the first and second
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Figure 11.12 — Numerical simulation of two different observables witnessing the existence of the field-field corre-
lations. Panel (a) represents the argument of the field measured at a distance Ar of a reference
point, versus the argument of the field measured at this reference point in transmission and for
three different distances between the points. Panel (b) represents the argument of a reflected
field versus the argument of a transmitted field. Panel (c) represents the real part of the field at
a given distance of the reference point versus the real part of the field at the reference position
in transmission of the sample and for three different distances. Panel (d) represents the same
observable for the reflected and the transmitted field. The parameters of the simulations are b = 8
and kog = 10.

moments of the fields. The minus one in the expression removes the non-connected part which
corresponds to the propagation of (|§E1|?) and (|0 F»|?) separately. The only remaining component
is the squared modulus of the field-field correlation

(0B 0E3)|*
W = C’l(rl,rg). (1112)

Let us stress here that Eq. is strictly valid for two gaussian fields, which is an approximation
as we will show in the next subsection. Nonetheless at this order of approximation we showed that
the I-I correlation is directly linked to the field-field correlation. This contribution usually dominates
the intensity-intensity correlation in transmission of a thick medium, and is usually referred to as
the C correlation (see refs. [28, 33, 34]).

Equation. together with panels (a) and (c) in Fig. shows that for distances smaller than
)\, two transmitted intensities of the fluctuating fields are strongly correlated®] while for distances
larger than A\ the correlation disappears. Now let us remind that in the gaussian approximation
(61%) = (I)2. Thus from one speckle spot to the other, on average the intensity fluctuates on a range

C(I‘l, I'Q) =

6 We usually say that two points are in the same speckle spot (identical random variables) when their relative
distances is smaller than .
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rrm

® I'r2

Figure 11.13 — Diagrammatic representation of the field-field correlation. The two fields propagate together and
separate to end up at two different measurement points.

of the order of the average intensity. This strong fluctuation on a typical distance of \ is responsible
for the granularity of a speckle pattern (see ref. [2§]) .

The diagrammatic equivalent of Eq. (IL.12) is represented on Fig. [[I.14, We show in panel (a) the
non connected part of the I-I correlation and in panel (b) its component coming from the modulus
squared of the field-field correlation (C).

() (0)

rm

rro

Figure 11.14 — Diagrammatic representations of the two components of the second moment of the intensity at
different positions <fT1fT2> in the gaussian approximation. In panel (a) we show the non connected
part of this correlation: two diffuse intensities propagate separately towards two different points
rpr1 and rpo. In panel (b) we show the connected contribution to the I-T correlation: the two
diffuse intensities exchange their partners at their very last scattering event. We recognize in
this diagram the squared modulus of the field-field correlation responsible for the C'; correlation
function.

I1.3.2 Joint statistics between intensities of centered and correlated
fields

In this section we study the impact of the existence of the field-field correlation on the joint statistics
of the intensities of the fluctuating fields. The joint statistics of the normalized intensities of the
fluctuating fields of two correlated gaussian random fields is given in ref. [24] and reads

1 T +7 20\ I, 1,
2eXp< L+ 2) 7 (?_;;) (I1.13)

—p 1— p2

P(jl,iz) — 1
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where

V6| EL2) (6] Baf?)

In this expression Jy is the Bessel function of first kind and zeroth order and fl and fg are normalized
intensities of the fluctuating fields.

A basic analysis of Eq. reveals that when p tends to 1, the joint distribution tends to agregate
on the diagonal of the 2D space (:Z-l,i'g). This tells us that when considering two points strongly
correlated by the field-field correlation, the two random variables fl and ig become indentical. In the
opposite regime, when p tends to zero, we see that the two random variables become independent.

Indeed P(Zy,75) reduces to P(Z,)P(Z).

As shown in Fig. the field-field correlation function is a priori extremely weak between reflection
and transmission (at least in the diffusive regime). Thus the /-1 correlation coming from the field-field
correlation should be extremely small and the two random variables should be independent.

Nonetheless if we take a look at Fig. in which we plot the I-I correlation in transmission (red
dashed line) and the modulus squared of the field-field correlation (blue solid line) for two different
regimes (panel (a) b = 3, kol = 10 and panel (b) b = 8, kol = 10) we see that the I-T correlation is
not exactly equal to its gaussian part C;. This intriguing result will be discussed in the next section.

(a) 1.2 : ‘ : (b) 15
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Figure 11.15 — Numerical calculation of the C} correlation (blue solid line) and I-I correlation (red dotted line)
in transmission for two different medium. The parameters are (a) panel b = 3, ko/ = 10 and (b)
panel b = 8, kol = 10.

11.3.3 Crossing of trajectories: beyond the gaussian approximation

We have seen that the field-field correlation function induces strong statistical dependency [strong
difference between P(Zy,7,) and P(Z,)P(Z;))] between the intensities of the fluctuating fields ob-
served at two different points. We have also seen that a priori, no such field-field correlation exist
between points in reflection and in transmission. Does that mean that there is no I-I correlation
nor statistical dependency in reflection/transmission geometry? The answer is yes in the range of
validity of Fq. which is the gaussian model.

Nevertheless we have seen in this chapter that the gaussian model has some flaws. First the proba-
bility densities of the transmitted and the reflected intensities of the fluctuating fields do not exactly
follow Rayleigh laws as can be seen in Fig.[[I.9] Moreover in Fig. [I.15]it seems that there is an extra
contribution to the I-I correlation on top of the gaussian contribution. This contribution seems to
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survive through longer distances between the observation points. This observation of “long-range
non-gaussian” correlation is a central issue in this thesis.

Deviations from the gaussian model have been widely studied (see refs. [35], 36l 37, [38, 39]). Tt is
now understood that they emerge as a consequence of crossing of different trajectories inside the
scattering medium (see ref. [34]). Let us remind that at the heart of the derivation of the gaussian
behavior of the field is the independence of two fields following two different scattering sequences.
But as can be seen in Fig. [I.16, there are ways to connect two trajectories, or four fields, during
their propagation. In this figure we represent two different trajectories that at some point get “close”
to each other. Due to the small distances that separate the two trajectories, there is a non negligible
probability that the fields exchange at this point, connecting the intensities measured at points rr;
and rro.

rrq

rro

Figure 11.16 — Diagrammatic representation of one contribution of the non gaussian I-T correlation between two
points in transmission rp; and rpo.

These contributions appear in the development of the I-I correlation

(6L01,) _ |(6E\SE3)[*  (SENSE{SE20E;),
(1)(L) (L)(L) (L)(I)

where the additional term is the non gaussian-contribution of the intensity-intensity correlation, or
connected (subscript (...).) part of the four-field correlation| The difficulty in the study of these
terms is that there is a priori a huge number of them because there are many ways to connect
two trajectories or four fields. How to select them, and how to calculate them will be discussed in

Chaps. [[TT, [V] [V] and in App.

One can wonder why these terms are of interest, since they are corrections to a model that works
very well in many practical situations. The answer is that when these terms are the only contribution
to an observable, they deserve a complete study (see ref. [40]). In particular we demonstrate in this
thesis that they are the dominant term of the I-I correlation between reflection and transmissio

(I1.15)

"This contribution is the first correction to the intensity-intensity correlation due to the non-gaussian character of
the field for centered variables. Indeed the connected three fields correlation has to be paired with (6 E') and thus gives
a zero contribution.

$Equation. is a milestone because it expresses the I-I correlation as the sum of the Oy correlation and the
connected four fields correlation. Its simplicity whatever the physical parameters of the system is the justification of
our choice to study statistics of centered variables.
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The purpose of this chapter is to discuss the different building blocks we need to analytically derive
the expression of the intensity-intensity correlation function between reflection and transmission for
a thick (b > 1) and dilute (ko¢ > 1) medium. In this regime the average fields are negligible, thus
the intensity-intensity correlation function follows directly from Eq. (IL.15]). We start this section by
discussing the reflected and transmitted fields and their average value in a system composed of point
dipoles. Then we study the average intensity and find that the diffuse intensity follows a diffusion
equation whose source term is the ballistic intensity. Then we calculate the C correlation function
between reflection and transmission and find that it is exponentially decreasing with the optical
thickness. Eventually we discuss the main contribution to the non-gaussian correlation between
reflection and transmission, derive its analytical expression for large optical thickness, and show
that it is the main contribution of the intensity-intensity correlation function between reflection and
transmission.

III.1 A discussion on mesoscopic correlations

The purpose of this introductory section is to give a brief review of different works about non-gaussian
correlations for classical waves. We also want to discuss the limitations of analytical techniques used
to derive these correlations.

It started with electrons

At the beginning of the 80’s, researchers in condensed matter physics discovered that micrometer
size metallic wires cooled to low temperature exhibited some unexpected coherent effects like weak
localization corrections to conductivity [41] or universal conductance fluctuations [42 [43], 44]. The
conductance is the natural observable for electronic experiments for which it is not possible to excite or
detect one channel specifically. Few years later, it was realized that classical waves (optics, acoustics,
microwaves) offer many more observables to study the richness of wave transport in disordered
systems. Indeed with those waves, one can excite a specific channel and observe the response in each
outgoing channel.

Classical waves: new observables

Studies of mesoscopic phenomena in optics,started in the mid 80’s motivated by the unparallelled
access to channel-resolved quantities. In the optical regime it became possible to measure the strong
spatial variations of the intensity scattered by a medium [28], or the fact that those complicated
intensity patterns shift with the angle of incidence of the laser light, provided that the change is small.
This is the so called memory effect [45] 46, [47]. Tt is important to stress that these phenomena were
impossible to observe with electrons for which only conductance can be measured [38]. Let us notice
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that many of these mesoscopic effects are independent of the type of waves. Thus weak localization
effects [48],[49, [50] or universal conductance fluctuations [51] have been recovered with classical waves.

Intensity-intensity correlations

With classical waves, we can excite a disordered medium with a controlled incident wave and observe
the scattering of this wave in a given direction or position in space [52]. In optics we measure intensity
more easily than fields. One observable we can study is thus the correlation between intensities at
two different positions or in two given directiond!} It is also possible to mimic electronic experiments
integrating either the transmitted intensity, the incoming channels, or both. Those three different
types of experiments are represented schematically in Fig. [TL.1]

Figure I11.1 — Schematics of three different experiments used to study intensity-intensity correlation. Panel (a)
corresponds to the correlation of the intensity scattered in directions q; and q; when the medium
is shined with q, and q,/. Panel (b) corresponds to the correlation of the intensity scattered
in directions q; and qp for an integrated source. Panel (c) corresponds to fluctuation of the
integrated intensity (equivalent of the universal conductance fluctuations for classical waves).

The dominant term of these three experiments has been given a name Cj, Cy and Cj [53]. The
(' correlation is the leading term of the correlation between non integrated intensities measured at
two nearby points or nearby directions [panel (a) in Fig. . The C% correlation is the leading
term of the correlation between two intensities scattered in two different directions for an integrated
illumination [panel (b) in Fig. [[IL.1]. Microscopically, this term comes from the crossing of trajectories
inside the medium, thus to the non gaussian behavior of light. This C5 correlation is also called long-
range intensity correlations. Its existence has been predicted in the end of the 80’s in transmission of
a thick disordered medium [54} 55, 53, H6]. First measurements of long range correlations appeared
few years later in optics [57, 58] and for microwaves [59]. The Cj correlation is the leading term
of the fluctuation of the integrated intensity when the medium is excited with all possible channels
[panel (c) in Fig[[II.1]. It corresponds to measurements in electronic experiments where all modes are
excited when electrons enter a conductor. The C3 term is thus the one responsible for the universal
conductance fluctuation. Microscopically, this term comes from the crossing of trajectories twice
inside the medium, thus it also contributes to the non gaussian behavior of light as represented
in Fig [I1.2] For a review about speckle correlations see ref. [37]. Another contribution to the
intensity-intensity correlation function has been introduced in 1999 as the dominant term of the
intensity-intensity in two distant speckle spots produced by a point source. This contribution has
been called the Cj correlation [60, 6], 62, 63]. Diagrammatically it corresponds to the exchange of

"'We can also observe the intensity in one direction or in one given position and vary the exciting fields.
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four ballistic fields using one extra scatterer at the entrance of the scattering media before leaving
diffusively (this contribution will be discussed in details in Chap. .

(a) (b) (c)

© Ya

Qa’

Figure 111.2 — Panel (a): leading term of the experiments represented in [panel (a) in Fig. in the diffusive
regime (C1). Panel (b): one of the two leading term of the experiments represented in [panel (b)
in Fig. in the diffusive regime (C3). Panel (c): one of the leading term of the experiments
represented in [panel (c) in Fig. in the diffusive regime (C3).

ST

Comparing this splitting with that given in Chap. [[]

(61,615) _ |(0ELOES) | n (0E10E0EyEy).
(I)(I2) (I)(I2) (I)(I2)

we understand that the diagrams giving rise to Cy, Cy or Cj are all contained in (§E10Ef0Ey0E})..
In a nutshell, (§E10Ef0Ey0E}), is a complex quantity which takes into account all possible ways to
connect four fields inside the disorder medium. When a particular experiment makes one of those
terms dominate the other, we can study them independently. Doing so we understand the different
part of this complicated quantity (§E10Ef0E,0E3S). one by one. Let us illustrate this using the
example of microwave experiments [64] [65, [66]. In these measurements one has direct access to the
field amplitude and phase (which is not the case in optics and in electronics). One can thus play with
Eq. ([L.15)), measuring the C; correlation independently and have a direct access to (§E10 E{0E20E3)..
(substracting C7) without any integration. Doing so one managed to study carefully the exit vertex
of the long-range diagrams without integration. This provided important informations about this
part of the scattering sequence.

(I1L.1)

Analytical descriptions of mesoscopic effects

Let us discuss the limitations of the analytical methods used in studies of non-gaussian correlations.
First let us point out that there are two analytical approaches to calculate mesoscopic correlations:
the microscopic approach (or diagrammatic) and the random matrix theory (RMT) (see refs. [67,68]).

e Diagrams have an appealing property in providing a clear physical picture in term of scattering
sequences. The shortcoming of the diagrammatic approach is that there are easy to compute
only in the diffusive regime (kof > 1 and b > 1). Let us also stress that because diagrammatics
is a perturbative approach, extra care must be taken when one wants to add a diagram to the
model.

e The other approach, the RMT, is based on simple arguments of unitarity and time reversal
symmetry, and works in all regimes. Nonetheless it is harder to give a physical interpretation
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to the results and the exact form of the correlation functions cannot be obtained with this
method [69, [70].

In this thesis we work with diagrammatic technique. We will thus not discuss the RMT approach in
detail.

Limitations of diagrammatic techniques

The diagrammatic method is based on the decomposition of the scattering sequences into building
blocks. The knowledge of the building blocks allows us to calculate every scattering sequence. It
is important to note that the diagrammatic representation in Fig. is adequate only for a thick
(b > 1) and dilute (kof > 1) medium in transmission. Beyond this regime, we face two difficulties:
the building blocks are harder to compute analytically, and additional diagrams need to be derived.
Let us discuss the example of the reflection geometry. In that case it has been claimed that the usual
model does not work [71]. In transmission through a thick and dilute sample, intensity-intensity
correlation requires the use of a complicated object called Hikami vertex [72]. This vertex represents
the exchange of partners as depicted in panel (b) in Fig. [[I1.2} The study of the reflection geometry
led to two questions:

e Is the Hikami vertex complete? As detailed in App. this vertex considers that fields can
only be scattered by impurities by pairs, and neglects for instance the possibility that four
fields scatter at the same impurity.

e Is the usual decomposition of the correlation function represented in Fig. still true in the
reflection configuration?

The first attempt to go to a higher order in the expression of the vertex has been presented in ref. [73].
This discussion has been followed in refs. [39] [74] in which it is shown that the higher order terms in
the Hikami vertex add additional terms to the intensity-intensity correlation function. Those terms
are called by the authors of ref. [39] incoherent contribution to the non-gaussian correlation. To our
knowledge they have not been observed so far. These authors also tried to consider all the possible
diagrams in order to represent the intensity-intensity correlation in reflection of a scattering medium
[T, [75, [76], [77]. To proceed they use the radiative transfer equation to represent the propagation
close to the boundaries (which is important in a reflection configuration) and consider more diagrams
than in the usual approach. Indeed in the usual picture of long-range correlation given in Fig. [[1.16]
two diffuse intensities meet inside the medium, pairs of fields exchange, and two diffuse intensities
leave towards the measurements points. This contribution does not take into account, for instance,
the scattering sequences where one ballistic intensity meets a diffuse intensity, exchange fields and
then leave diffusively. Adding those terms is important in reflection according to ref [71].

From this discussion we see that diagrammatic techniques are not necessarily complete. New ob-
servable need to be studied to strengthen these techniques. The reflection configuration is a good
example of this limitation, for which it can be safer to use RMT [78, [70), [79]. In this thesis we focus
on a new configuration, namely the reflection /transmission (R/T) geometryﬂ. We expect this config-
uration will provide new observables that will help us to improve our understanding of diagrammatic
techniques.

2Let us stress that to our knowledge, R/T correlations have been discussed only twice before our work [S0] [71].
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III.2 Average field

The first building block we need to derive the expression of the intensity-intensity correlation function
in R/T is the average field.

II1.2.1 Cluster expansions for point dipoles

The total field for a given configuration of disorder can be written in operatorﬂ representation:

N N

E= E0+ZGOT Ey+ Y > GoTiGoT; Eq + .. (I11.2)
J=1 J=1k=1
k#j

with N the number of scatterers in the complex medium, G the Green function of the wave equation
in vacuum, £ the incident field and 7T} the T-matrix of particle j. The T-matrix takes into account
all the scattering from a given particle. In the case of point dipoles it takes the form

Ti(r', 1) = a(w)kjs(r' —r;)0(r" —r;) (II1.3)
with « the polarizability of the particles. For resonant scatterers in 2D it takes the form

2"

k2 (w — wy +41/2) (I11.4)

alw) = —

where wy is the resonance frequency and I' the line width. This specific form of the polarizability
fulfills the optical theorem (energy conservation).

Equation (III.2) is called the cluster expansion and has been derived in ref [27]. It decomposes
the field over scattering paths of different number of scattering events. Indeed the first term of
Eq. corresponds to the incident field, while the second term corresponds to the single scattering
contribution (involving all paths containing only one scattering event), etc.

I11.2.2 Dyson Equation

Equation (I11.2) allows us to perform the averaging process. In the case of N identical particles
contained in a volume V', this averaging process consists in changing randomly the position of the
scatterers. Taking the average of Eq. ([I.2)) we can write

Jj=1

(E) = Eo+ i Go(T; ivj ivj Go(ThGoT}) Eo + . (I1L.5)

We can associate to the first term the operator ga given by

Yisa = g:<TJ> (I11.6)

=1

3For instance the second term of Eq. ([I1.2) means [ Z;V:1 Go(r —x")T;(x",r")Eo(r")dr"dr’.
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The subscript ISA (for independent scattering approximation) mathematically means that the T
matrix of two different scatterers are not correlated. In the ISA the third term in Eq. sim-
ply reads XsaGoXsa. Nonetheless if some correlations exist between two different scatterers an
additional contribution can exist. We can define Y, as the unfactorizable part of this term as

N N
YisaGoXisa + Leorr = Z Z (TxGoTj). (I11.7)
i=1 k=

=

The same reasoning can be applied to each term of the sum in Eq. (II1.5). Taking all the unfactor-
izable terms into account, and including them into a single quantity called self energy 3

3= Yisa + Zeorr + - (IIL.8)
one can show that the average Green functionﬁ obeys the equation

known as the Dyson equation. Equation ([11.9) is exact, the complexity of the problem being hidden
in the self energy ». Knowing the self energy, we can obtain the expression of the average Green
function transforming Eq. (I11.9)) into

1
Go(k)

The free space Green function can be easily calculated using Helmholtz equation in the (k,w) domain
and reads Go(k) = 1/ (k* — k2). Thus we can write the expression of the average Green function the
following way

«Xk»::< —EXkQ_l. (II1.10)

(I1L.11)

with k2;; = k§ + X(k). Let us stress that Eq. has the exact same form as the equation Gy
with the simple change ky — k.rs. The presence of the disordered medium can thus be represented
for the average field by an effective medium with an index of refraction n.sr = n + in” [when 3(k)
is approximated by YX(kg)]. The attenuation from scattering is the cause of the presence of the
imaginary part of the index. We can link n” to the scattering mean free path n” = 1/(2kof). For
dilute systems composed of point scatterers the self energy has a simple expression ¥ ~ Yg5 = pkia
in terms of the polarizability and of the density of the scatterers. From Eq. we can show
that the average Green function of a disordered medium reads in real space

(G(r)) = q exp (ikessr) (I1.12)

Ay

(¢/4) Ho(keppr) for 2D scalar waves
for 3D scalar waves.

In the 2D expression Hj is the Hankel function of first kind and order zero.

I11.2.3 Average field inside a slab illuminated with a plane wave

The determination of the average Green function allows us to calculate the average field for a slab
illuminated by a monochromatic plane wave. To do so we can use the propagator of the average

41t is the Green function of the equation followed by the average field.
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field?] which acts on the incident wave of transverse vector qq:

(B(r))q, = —2ik, /S (G(r — 1)) Eyexp (—iga.r1.1 ) dry . (IIL.13)
dk

— —2ik, o /<G(k)> exp [ik.(r — rq)]exp (—Z'Qa.I‘LL) dI'LLW
dk,

(27)

exp (ik,z)
k2 +q2 — k2
= EO exXp (lka'z) €xXp (—Z.an‘L)

= —QikaEO/ exp (—iqq.ry)

with k, = ,/k:gff — @2 defined with a positive imaginary part (the scattered medium is defined for

0 < z < L) and r;; the transverse component of the vector r;. Note that when q, = 0 (normal
incidence)

(E(r)) = Eyexp (z\/@z) ~ Fyexp (ikoz) exp[—z/(20)] (I11.14)

Average field in transmission
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Figure 111.3 — Imaginary part of the mean field versus its real part for various optical thicknesses (L varies and
kol = 10). The blue curve corresponds to Eq. ([11.14)) calculated for z ~ L while the red crosses
correspond to numerical calculation of the average transmitted field.

In Fig. , we test the validity of Eq. . To do so we represent the imaginary part of the
analytically calculated average transmitted field (blue solid line) versus its real part, varying the
optical thickness of the medium (we set kof = 10 and we vary L from 0.5¢ to 7¢). Additionally we
represent the numerically calculated average transmitted fields at specific optical thicknesses (red
crosses) and observe a very good agreement between analytical and numerical calculations. For a
fixed mean free path, varying the optical thickness has two effects on the average transmitted field:
a dephasing effect simply due to the fact that the field travels through a longer distance L = bf when
b increases, and a decrease of its absolute value due to scattering. This result is in good agreement
with Fig. [I.4] in which we plot the numerically calculated absolute value of the transmitted average
field versus the optical thickness, and observe an exponential behavior.

5As for free-space propagation, we will state that the propagator for the field between two parallel plane is linked
to the derivative along the normal direction of the average Green function [81].
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Average field in reflection

In reflection the discussion becomes different. We defined the reflected field as the scattered field
measured in reflection, a quantity which does not follow the same equation as the total field. An easy
way to discuss the scaling of the average reflected field is to consider that it is created by reflections
on the boundaries of the effective mediumﬂ. For dilute samples we can show that e.;r = 1 + pa
thus nepp = fecry = 1+ i/(2kol). From the value of n.sy we can calculate the transmission and
reflection factors at the different interfaces (for instance the reflection factor at the first interface is
r=(1—=nesr)/(ness + 1) > (—i)/[4kol]). Taking into account all the multiple reflection we obtain

tth eXp[QZkeffL] -~ —ZEO
1472 exp[?ikeffL] T 4kl

The last equality is more and more accurate as the optical thickness increases (since it shows that
the Fabry-Perot effect becomes negligible). In Fig. [[I1.4| we plot the absolute value of the numerically
calculated average reflected field (for optical thicknesses varying from 2 to 5) versus kof, and the
analytically calculated absolute value of the average reflected field in the limit b — oo (thus using
the right-hand side of Eq. . We find a good agreement between numerics and analytics.
Let us stress that the oscillating terms coming from the Fabry-Perot effect at the boundaries of
the effective medium can be well described by the analytical formula and becomes negligible when b
increases due to extinction of the average field. The important point is that for all optical thicknesses
|[(ER)| o< Ey/ (ko) and is thus a small quantity.
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Figure 111.4 — Modulus of the average reflected field versus the parameter kof. The blue solid line corresponds
to the analytical calculation taking only into account the reflection at the first boundary z = 0
[right hand side of Eq. ([I.15)], thus corresponding to the limiting case b — co. The dashed lines
corresponds to numerical calculation of the absolute value of the average reflected field for optical
thicknesses from 2 to 5.

II1.3 Average intensity

In the previous section, we were interested in the average field in reflection and transmission. We
have seen that the average transmitted field is exponentially decreasing with the optical thickness of
the medium, and that the average field in reflection scales with the small parameter 1/ (kof). Let us
now study the second moment of the fields in reflection and in transmission.

SFor the average transmitted field we did not take those terms into account because they are sub-leading. In the
remaining part of this work we neglect the boundaries of the effective medium.
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I1I1.3.1 Bethe-Salpeter equation

Let us multiply Eq. (I11.2)) by its complex conjugate (taken at two different positions) and take the
average value of the resulting equation. Doing so, we can cast the averaged equation in the following
closed form, known as the Bethe-Salpeter equation

(E(r)E*(x")) = (E(r))(E"(x))
+ /(G(r, r3))(G* (v ry)) U(ry, v, 19, 11) (E(ry) E* (r1))dridrydrsdry.  (111.16)

The first term comes from the non correlated propagation of the field and its complex conjugate, and
the second term takes into account all the possible way to correlate two fields. Equation. (II11.16)
is the exact equivalent of Dyson equation for the moment of order two of the field. It is an exact
equation, all the complexity of the problem is contained in the vertex operator U(ry, r3, ro,r1) (Which
can be written in terms of the T-matrix). The idea is the same as for the self energy. We can express
U as the sum of different terms:

U = Uladder + Ucorr +-.. (11117)
For diluted systems, the dominant term to first order in (kof)~! is given by U.qger:
N
Uladder = Z(TJT]*> = v0(r; — r9)d(rs — re)d(ry —r3) (I11.18)
j=1

v = pki|al? being the average weight of an interaction with the disorder, and is equal to

4
];0 for 2D scalar waves

v=9 4 (I11.19)
—  for 3D scalar waves.

14

Inserting Eq. (I11.18)) into Eq. (II1.16]) we obtain the expression of the field-field correlation function
in the ladder approximation:

(B) B () = (BE) (B () + [0 m)) (G0 r) (B(ra) B (1)) . (I11.20)

Equation (I11.20]) is hard to use in this form since it is a recursive equation (the second order moment
is expressed as an integral of itself). Let us define the ladder operator by

L(I’l, I'Q) = ’7(5([’1 — I'Q) + ’7/ |<G(I’2, I'3)>|2 L(I‘g, I'1>d1'3. (11121)
This allows us to rewrite the second moment of the field in terms of the first moment in the form
(E(r)E*(x")) = (E(r))(E"(r")) + /(G(r>rz)><G*(r'7rz)> L(ry, r2) (E(r1))(E*(r1))dridry.  (111.22)

Let us discuss Eq. ([11.22)) and Eq. ([11.21]). Together they give a nice picture of the propagation of
the second order moment of the field. Indeed, looking at Eq. ([11.22)), we see that the second moment

is composed of two terms. The first term consists in the product of the first moment (average fields
that propagate separately). We know that this part is decreasing exponentially with the optical
thickness in transmission. The second term describes the propagation of two mean fields up to a
point where they start to travel together (scattered by the same impurities), which we represent
mathematically with the operator ladder L(r;,ry). One can see by iterating Eq. that the
ladder operating from r; to ry takes into account all scattering processes where the field and its
complex conjugate are scattered once, twice, or any number of times as long as they do it together
from r; to ry. The final part of the propagation is done from ry to the observation points r and r’
through the average Green functions.
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I11.3.2 A diffusion equation for the “diffuse” intensity

We have seen in the introduction that for a thick medium, the diffuse intensity (which coincides with
the second term in Eq. (II1.22]) taken at r = r’) decreases slowly compared to the ballistic intensity.
This implies that the ladder operator should decrease more slowly than the absolute value of the

mean Green function. Taking this into account in Eq. (I11.21)), we can show that the ladder operator
follows a diffusion equation

Arl L(I‘l, I‘Q) = —6235(1'1 — I'Q) (11123)

with d the dimension of the problem. Taking the Laplacian of the expression of the diffuse intensity
given by the second term in the right hand side of Eq. ([11.22)), we can show that:

~ CAQE®P) = (E@) (11L.24)

in which we remind that (|0 E(r)[?) = I4(r). Taking into account that, for a plane-wave incident on
the slab at normal incidence we have [(E(r))|? = Iyexp (—z/f) we can show that

d]g(l—i‘Zo/g) ( Z)
1 = — (L —2z)—(d—1)1, —= I11.2
(1)) = SO (12— 2) = (4= Dy (- (11125
with (I(2)) = [(E(r))]> + (|0 E(r)|*) and 2, the so called extrapolation length [82, 83] given by
Ib(r) Id(l‘)
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Figure 111.5 — Numerical and analytical calculations of the average intensity (I) versus the depth inside the
medium normalized by L for various optical thicknesses (L varies and kol = 10).

1
™ for 2D scalar waves

=3 o (I11.26)
— for 3D scalar waves.

In Fig. we plot the numerical and analytical calculations of the average intensity (I) versus the
depth inside the medium normalized by L for various optical thicknesses. There are two regimes of
depths for all curves. For z < ¢, the ballistic light couples into the scattering medium while for z > ¢
there is no more ballistic intensity into the medium. This part of the curves (z > /) has a linear
decay characteristic of the diffusive regime. Let us define

{Ir) = (I(rr)) (I11.27)

and
(Ir) = [(ER)[* + Lu(rg). (I11.28)
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We stress that (Ig) # (I(rr)) = [(E(rgr))|*> + I4(rr) because of the difference of average fields in
the two expressions. From the two previous subsections we have (Ir) ~ I;(ry) when b > 1 and
(Ir) ~ I4(rg) when kol > 1. In the diffusive regime (b > 1 and kol > 1) the average intensities in
reflection and in transmission are thus equal to their diffuse components.

II1.3.3 The ladder operator for a slab

We have seen in the previous subsection that the ladder operator is at the heart of the derivation
of the diffusion equation for the diffuse intensity. This operator propagates pairs of fields diffusively,
and can thus be directly used to calculate the diffuse intensity at a given position. It is one of the
building blocks we need to calculate more advanced observables in the diagrammatic approach. Let
us remind that the slab is invariant along its transverse direction. The ladder operator has thus the

property

. d
L(ry,re) = L(21, 20,111 — T3 1) = /L(zl, 22,q) expliq. (r11 — r27L)]( d (I11.29)

27T)d—1 '

as represented in Fig. We obtain

L(I‘l, 1‘2)

r; %4

=21 z92
Figure 111.6 — Schema of the ladder operator propagating a pair of fields from point r; to point ra. In the slab
geometry the ladder operator only depends on (z1,22,r2 | — 171 |)

dry shlg (< + 20)] shiq (L + zo — 25)]

L(z1, 22,q) = IT1.30
oo =5y Shlg (L + 22) (30
where z. = min(zy, z9) and z- = max(z, 22).
An example of use of the ladder operator: the diffuse intensity
Knowing the ladder expression we can access the diffuse intensity by writing:
(|6E7|*) = / [(E(r1))|? L(ry, ro) (G (ry — 1)) |*dridr, (I11.31)

~ / (E(z))2L(21, Lrrs — t10)|(G(rr — 10))?drydrs.

To go from the first to the second line, we use the fact that the ladder operator follows a diffusion
equation whose characteristic size is L, while the absolute value of the average Green function
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decreases on a typical scale of order £. We thus make the approximation rs ~ ry in the expression
of the ladder which allows us to disconnect the integrations over r; and ry. Using the fact that
J{G(rr — 12))]2dry = 1/ we can write

(6 Er|?) =~ i/OL (E(z0))2 L(z1, L, q = 0)dzy (I11.32)

Moreover we have [exp(—z/¢)f(z)dz ~ £f({) since f does not vary on the scale of ¢ so that we can
write (|0 FE7|?) in the following way:

(|6B7|*) ~ = L(¢,L,q = 0) (IT1.33)

¢

Y

dlo(l + ZTO)ZO
L + 220 '

~

We recover Eq. (II1.25) in the limit b > 1 in which we can neglect the exponential contribution to
the diffuse intensity.

Let us now detail the diagrammatic representation we gave for the diffuse intensity in Fig. [1.7]
comparing it with Eq. . In panel (b) in Fig. [I1.7, we represent the diffuse intensity, and see
that at the beginning of the propagation we use straight lines. This corresponds to the coupling to
the ladder operator using [(E(r1))|? in Eq. (IIL.31). The twisting lines corresponds to L(ry,r2) and
the straight lines at the final part corresponds to [{G(rr — r2))[%

The derivation of the ladder operator and the average fields allows us to calculate all diagrams
representing scattering sequences in the Gaussian approximation (since both tools represent properly
the diffusive behavior of the light in the complex medium).

II1.4 () correlation

The ladder operator introduced in the previous section is a powerful tool to study wave propagation
in a complex medium. Indeed, as discussed in Chap. [[T, most of the statistics of the fields is governed
by its diffusive behavior, which is described by the ladder operator. With this operator we can
calculate connected quantities of order two (non factorizable moments of two fields). For instance
in the previous section we have derived the expressions of (|0 Ep|?) and (|0 Eg|?). In this section, we
derive (§ER10EGy), (0ET10E7,) and (0EROET). These field-field correlation functions give access to
the C correlation in transmission, reflection or reflection/transmission.

I11.4.1 () correlation in reflection/transmission

The purpose of this section is to derive the expression of the C function correlation between reflection
and transmission (R/T). We also derive in App. the expressions of the (' correlation functions
in reflection/reflection (R/R) and transmission/transmission (T/T) in order to compare the three
configurations. Let us remind first the definition of the ' correlation function between two points
r; and ry

Ci(ry, 1) = OB (r1 )0 (r2))" (111.34)
’ (I(r1)){I(r2))
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Figure 111.7 — Diagrammatic representation of the C; correlation in T/T [panel (a)], R/R [panel (b)] and R/T
configurations [panel (c)]. We see that the pairs of fields start their propagation as average fields
to enter the ladders (red with blue and vice versa). At the exit of the ladders they travel alone as
average Green's functions to reach the two measurements points.

In Fig. [II1.7| we give the diagrammatic representation of Cy in T/T [panel (a)], R/R [panel (b)]
and R/T configurations [panel (c)]. To calculate C; in R/T we thus have to express the field-field
correlation function between reflection and transmission. It reads

<6ET5EE> = / |<E<I‘1>>|2 L(I‘l, I'2)<G(I'T — I'Q)><G(I'R — r2)>*dr1dr2 (11135)
z .
=l [[exp (=2 L, 22, @m0 (Glk)) Gl
A A dk; dk d
’Lkl.(I‘T—I‘g) —Zk2.(I‘R—I'2)d d 1 2 q
e ‘ 1 en 2n) )
6ik1Z(L—z2) eik2z32

21
— 7 / <—>L  22,q =0
o f o\~ ) Uen 2 4= 0 e e e
dky, dks.  dky
(27m) (27) (2m)d-1

x kT AR 4z,

To proceed further we disconnect the entry point of the ladder from the ballistic intensity considering
that they vary on two different length scales, and we integrate over ki, and ks,. This leads to

Z'eik~1 (L—22) ,l'eil:gzg

2%, 2k,

dkp

ikr.AR
e T2 d 2y 2y T

(I11.36)

(6ErdEL) ~ (1, / L(0, 25,q = 0)

In Eq. (II1.39) k1 and ks are

— 2
ky = (/K3 — k2 + 70 = K +iK' (111.37)

ko = [k — k2 — 2]20 = K +iK' (I11.38)
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with K’ > 0. We can perform the integration over zy, which gives

i(K+iK')(L—z22) Ji(—K+iK")z2 dk
e e T
ErdEL) ~ (1 /L - ik AR I11.
d~1 W(K+iK')(L—z2) pi(—K+iK )z2 dk
~ CT0% /(L + 20— 22)6 ¢ ek AR, A
(L + 2z) 4(K?+ K"?) (27)d-1
~———— [ Frr(K, K')e™" .
((L + 22) rr (K K e (27)d-1
The expression involves the Fourier transform of the quantity Frr that reads
e GKHROL (1 4 20K 20 + XKLL — 2K (L + z)])
Frr(K,K') = : (I11.40)

A(K? + K?)AK?

In App. we present the same calculation for C in transmission and in reflection. In these cases
we end up with the same form of the field-field correlation as in Eq. (I11.39)), but with two different
functions FTT and FRRZ

1 —+ QK/ZO
Frr(K,K') ~
TT( ) ) 4K (4[K2 + K’2]) (HI 41)
2K'L :
Frer(K,K') ~ .
re(B K = s (4[K? + K72])
We can notice that: il Ik
z
(0B ?) = 00 [Py K i
(8BA[?) = 000 [ Pk, K1) S50 |
R P Y A Y ST
We can now express the C; correlation in R/T normalizing Eq. ([I11.39) with Eq. ([11.42)):
2
e e
Ci(tp,rr) = T T T (IIL.43)
!/ !/
/ Fra(K, K >(27T)d*1 / Frr(K, K )(27T)d*1
while in R/R and T/T it reads
2
e
Ci(TRr1,TR2) = dk( ™) 2
Frr(K, K')———
(2m)* (IT1.44)
2 .
’ d—1
Ci(rr1,rr2) = dk(ZW) 2
Frp(K, K)o
(/ TT( ) )(271_)[1_1)

In Fig. [[11.8 we represent in panel (a) the numerically calculated C; correlation in R/T, versus the
transverse distance between the points normalized by A, and in panel (b) the analytical calculation
Eq. (II1.43) both for a dilute (kof = 10) and not too thick (b = 2) medium. It is hard to measure the
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C correlation in R/T for large b because it decreases strongly with b as can be understood in panel
(c) in Fig. . Indeed in this diagrammatic representation of C(rg,rr), we see that the average
Green functions connecting the ladder and the measurement points have to cross the entire medium.
This part is really sensitive to the optical thickness of the sample and makes the C correlation
between reflection and transmission very weak when b is large. Let us stress that the difference of
amplitude between analytics and numerics in Fig. could be due to the diffusive ladder operator
which should not be used for optical thicknesses close to unity, or to the use of bulk Green’s functions
instead of Green’s functions of the slab. Nevertheless we see that we obtain a quite good estimate
of Cy even for an optical thickness b = 2.
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2l ] 0.8}

]

I
5 06
~

-

= 04r
o)
QO

05l 0.2+

C1 (rR7 rT)num

0 YY) ] , , e 0 I 1
=30 -20 -10 0 10 20 30 -30 -20 -10

0
AR/\ AR/

10 20 30

Figure 111.8 — Analytical and numerical calculation of C}(rg,rr) versus the transverse distance between the
points normalized by A for a complex medium of optical thickness b = 2 and ko¢ = 10.
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Figure 111.9 — Comparison between C; in R/R and in T/T (analytically and numerically) of a thick (b = 10) and
dilute (ko¢ = 10) complex medium.

In Fig. we plot the numerically and analytically calculated C; correlation in R/R and T /T for
a thick (b = 10) and dilute (ko¢ = 10) complex medium versus the transverse distance normalized by
A. We observe a good agreement between numerics and analytics for both R/R and T/T geometry.
The C) correlation is in both cases an oscillating function whose value is unity at zero distance
between the points, with a typical oscillating distance on the order of \/ ﬂ Appart from the small

"Let us notice that the need for a value of 1 at AR = 0 for C; in R/R and T/T is what led us to choose the

normalizations in Eq. ([11.42))
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deviations between numerics and analytics we see that there is a small difference between reflection
and transmission due to the difference in exit point of the ladder operator (difference between Frg
and Fpr). It is interesting to see that the analytical model captures this difference. Let us stress
that if we make the crude approximation to completely disconnect the ladder from the exit vertex
we obtain the same analytical function for Cy in R/R and in T/T.

In summary, we have derived an expression for the gaussian correlation between intensities in R/R,
T/T and R/T. We have seen that C; in R/R and T/T is one at AR = 0 while it is not the case in
the R/T geometry. This is in good agreement with the discussion we had in the introductory section
in Fig. [[L.12] In the next subsection we discuss the scaling of the value of Ci(rg,r7) at AR =0 in
the diffusive regime.

Scaling at large optical thickness

In this section we derive a scaling expression for the value of C} at AR =0 in R/T in 2D and in 3D
in the diffusive regime. To do so we start with the following expression of C:

2

1 d’)/I()ZO dkT
CL(AR=0)= —— /F K KL 11145
1( ) <]T><IR> g(L _'_ 220) RT( Y ) (27T)d_1 ( )
Keeping in mind that (I7) o< £/L and (Ip) o< 1 we can write
L| dvylyz dky |
AR = 0) o — | 2170%0 / Frr(K, K’ 111.4
Cl( R O) & / ’E(L + 220) RT( ) )(27_[_)5171 ( 6)

To find an equivalent of C7(AR = 0) at large optical thickness we have to work on the expression of
Frr, K and K’ for large b. The derivation is done in App. [.3| and we obtain

1 1 L L
AR — - = _= I11.4
CL(AR = 0) o kOLk(%E?EeXp( E) (IL.47)
in the 2D case and ) 1L I

in the 3D case. For large optical thickness, the important term in Eq. and Eq. is
the negative exponential. This term prevents the field in reflection to be correlated with the field in
transmission, and thus suppresses the C] correlation between reflection and transmission for large
b. We can conclude this subsection by going back to Fig. |I[.12| and notice that we now have all the
analytical expressions to discuss this figure. As we guessed in Chap. [[I} the field-field correlation
function is strong in reflection and in transmission for points separated by distances smaller than A,
while it is small in R/T for thick samples.

III.5 Non-gaussian correlation between reflected and trans-
mitted intensities

The derivation of Eq. ([IL.47) and Eq. ([IL.48) in the previous section tells us that when the optical
thickness becomes large, the C'; contribution to the I-I correlation between reflection and transmis-
sion decreases exponentially. Nonetheless in Fig. [[I.15] we have seen that the gaussian contribution is
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not the only contribution to the I-I correlation in transmission. In this section we derive the leading
term of the non-gaussian correlation between reflected and transmitted intensities for a thick and
dilute sample, and show that it dominates the [-1 correlatio between reflection and transmission.

I11.5.1 A diagrammatic guess

If there is such a non-gaussian correlation between reflected and transmitted intensities in the diffusive
regime, what could be the leading term that describes it? In the introduction we discussed some of
the important works on the subject of non-gaussian correlations in complex media. We have seen
that depending on the observable we are interested in, different terms can dominate. Let us first
remind that we illuminate the sample with a plane wave and measure intensities in a speckle spot on
the sample surface. In transmission the result of this experiment is dominated by C;. Nonetheless
we have seen that in R/T configuration, C is exponentially decreasing with the optical thickness of
the sample, thus should be negligible in this case. We know that the first correction to the gaussian
character of the field in T/T in the diffusive regime comes from one crossing of two trajectories inside
the mediumfl

rgp rr

Figure 111.10 — Two typical diagrams contributing to the connected four-field correlations. In R/T the diagram
depicted in panel (a) is negligible and we only have to consider the one represented in panel (b).

In Fig. we represent these two possibilities in the R/T geometry. Panel (a) corresponds to the
case where the two pairs of fields propagates first together (red with red and blue with blue), then
exchange inside the medium and at the end have to exchange again to eventually be measured in
two different points. The last exchange looks like the exit vertex of the C correlation in R/T. Panel
(b) corresponds to the case where the fields exchange at the entrance (red with blue and blue with
red), propagate and exchange inside the medium. After this exchange they can travel diffusively
through long distances to eventually be measured at the observation points. Analyzing these two
diagrams we already know how to calculate the diffusive propagations of the fields, but we have not
yet described how to account for their crossing inside the medium. This crossing is described formally
by an operator called a Hikami Box. At this point we would like to state it represents the exchange
of the four fields in a volume small enough so that the phase acquired during their exchange does not
suppress these terms on average. Let us now remind the conclusion from the last subsection where

8In the last subsection we show that in the diffusive regime the I-T correlation between reflection and transmission
is equal to the I-I correlation between reflection and transmission which justifies the a priori reduction of the problem
to the I-I correlation.

9Tt is important to stress that when b approaches unity this reasoning is not true anymore.
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we calculated the C correlation in R/T. We have seen that in this geometry the C; correlation is
strongly suppressed because of the final part of this diagram (where the fields propagate through
the whole medium as average Green’s functions). Looking at panel (a) in Fig. we can see
that the same exit vertex appears in this diagram. We believe that this will prevent this diagram
from making a substantial contribution [compared to that in panel (b)]. Our first guess is that when
b > 1, the scattering sequence dominating the I-I correlation between reflection and transmission is
the one depicted in panel (b) in Fig. [[11.10}

I11.5.2 Analytical calculation of (5 between reflected and transmitted
intensities in the diffusive regime

In this subsection we calculate the diagram represented in panel (b) in Fig. [[I1.10] in the diffusive
regime. Let us call C5 the non gaussian contribution to the I-I correlation coming from this diagram.
Mathematically, this Cy contribution comes from a connected four fields correlation which reads

(OERdEROE;8Er)cy = [ |B(ro)PIE ()P Lirs, po) Lirvi, p1) Hipy, py 3, p1)
L(rs, p3) L(ry, p,)|(G(rg — 13))|*[{G(rr — ry))|?dr;...drydp,...dp,.  (I11.49)

In this expression we recognize (G(r)) the average Green function of the wave equation and the
ladder operator L(r,r’). The new operator H(p,, ps, p5, p,) is the Hikami box that stands for the
diffusion partner exchange.

The Hikami vertex

The Hikami vertex (or Hikami box) represents the exchange of four fields in a small volume. It is a
function of four positions. p; and ps are the points where the two ladders enter the exchange, ps
and p4 are the points where they leave the exchange. In the first Born approximation for this vertex,
energy conservation imposes that there are three ways to exchange partners and we will call H,, H,
and H, the contribution to the vertex coming from each part.

The first contribution H, simply corresponds to the exchange with average Green’s function:

Ha(py1, pa, P3, ps) = (G(ps — p1) (G (ps — 1)) (G (ps — p2) ) (G(ps — P2))- (1I1.50)

H, and H,. each contain one additional scattering event during the exchange:

Hb(Ph P2, P3, P4) = 'Y/<G*(P4 - P1)><G*(P3 - P2)>
x (G(p — p))(G(p— p2))(G(ps — p))(G(py — p))dp, (IIL51)

He(p1, p2, P3, P4) = 'Y/<G(P3 — p1)){G(ps — p2))
x(G"(p = p))G" (P — p2))(G"(ps — P))(G"(py — p))dp. (1I152)

After a cumbersome derivation, the sum of those three terms H = H, + H, + H, reads

1 2 3

h
Z(Apl + Ap, + Bp, + B, +2Vp . Vpy + 2V p3s.Vpy)d(py, pos ps, ps), (111.53)

H(py, Py, 3, ps) =
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where 6(py, py, P3, P4) = /(5(p1 — p)i(py — p)i(ps — p)d(py — p)dp and h is the weight of the vertex
defined in ref. [37] and given by

€5
62 for 2D scalar waves,
h = 650 (I11.54)
——  for 3D scalar waves.
247k}

The physical interpretation of the Dirac term in Eq. is that the phases difference due to
the exchange forces the exchange to happen in a small volume that can be considered point like.
We have labelled three terms in Eq. ([I1.53]). In the literature dedicated to mesoscopic physics it is
often argued that term 1 is negligible (since it forces the crossing to occur at the sample surface, see
ref. [26]), while the two others give rise to equal contributions, see ref. [84]. This was the approach
we first adopted in ref. [85], where the Hikami vertex was replaced by twice the value of term 3.
We call C9% the analytical form of the correlation calculated this way. Similarly, we call C%" the
form obtained by keeping twice term 2. In fact, in the R/T configuration, there is no good reason to
neglect term 1, nor to assume that terms 2 and 3 are of equal amplitude. We write the full correlator

as .
C¥(rg,rr) + C§“(rp, 1)

2 )
where the three contributions come from the three terms labelled in the vertex in Eq. ([I1.53)).

CQ(er I'T) - CQA(rR7 rT) + (11155)

Derivation of C§“*

In this subsection we derive the component coming from twice the value of term 3 in Eq. (I11.53]).
The derivation of C%" is almost identical and we will not detail it. Let us first deal with the entrance
and exit part of Eq. ([I1.49)), using the fact that

JIB@)P L, p)dr, = 3{1(p) (111.56)
and that .
J G e ey =~ (11L57)

Using those two equalities (and the fact that the exit ladders vary slowly at the scale of ¢), we can

rewrite Eq. ([11.49) as
(0ERS ES Epd Er)gu = h / (I(p))*V L(p,rr).V L(p, 7r)dp. (IIL58)

The complicated part of the calculation is the dot product between the gradient of the ladders. To
deal with it we can use Eq. ([11.30). To do so let us rewrite Eq. ([I1.58)) in the form

(SERSBRO B30 Er)cpe = b [(I()*VIL(=,0,a1) exp (i, [er,1 — pu])]-VIL(z, L ag) exp (it o7, — pu])]

dgq dg,
(QW)d—l (QW)d—l
= h/dpLdz<2i(>I;_1 (2:1:)13_1 (I(2))? exp (idy.[rr1 — p.]) exp (iqe.[rrL — py])

X [32 L(Za L, q2)ez — iy L('Z? L, QQ)Haz L(Za 0, Q1)ez —iq L(’Z? 0, (h)]‘

X dpJ_dZ
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We can integrate over the transverse component of p

[ exp il + al-p.) dpy = (27)"'o(a, + ) (I1L.59)

and obtain
(0ERS B8 Erd Ep)gu = h / 02 gy S 1(2))? exp (iq. AR) (IIL.60)
x [0, L(z L,q)9.L(2,0,q) +¢*L(z,L,q) L(z,0,q)]
_ h/dz =t 1(2))? exp (iq.AR) (‘Z)Z
)

sh (gzo) 2
X (Sh L+ 220])) ch (¢[L — 2z]).

To go from the first to the second line in Eq. (I11.60]) we use Eq. (I11.30)) and hyperbolic trigonometric
equalities. Now the integration over z is straightforward using the approximate form of the diffuse
intensity at large scale [compared to ¢ ,i.e. (I(z)) >~ d(1+ 20/0)(L + 2o — 2)/ (L + 220)]:

—qLch(qL) + (1 + ¢*L*(1 + 220/ L + 223 /L?)) sh(qL)
2¢3

/OL(L 42— 2)2ch (gL — 22]) dz = . (LIL61)

This allows us to rewrite Eq. (II1.60) as

(S ErdEpd Epd Er) g :h<dV>2 <d(1+z0/€)>2 /(Qd({i_l exp(iq'AR)< b (gz0) )2

Iz L+ 2% ) b (qlL + 220))
" —qLch(qL) + (1 + ¢*L*(1 + 220/ L + 222 /L?)) s (qL)
2q¢3

At this point we must take care of the dimension of the problem. Indeed in 3D we can use
/ exp (igAR cos[f]) d0 = 2w Jo(AR) (I11.62)

while in 2D we have to use

| exp(igaAR) f(9)dq = [ 2c0s (4AR) flg)dg (IIL.63)

valid if f(q) is an even function of the variable ¢q. Changing the variables ¢’ = ¢L and normalizing

by

d*(1+ 20/0)z5 /¢
L + 220

(0ER[*) (|0 Er|?) ~ (I11.64)

we obtain the final expression of C§** in 2D:

—32L(1+;§)/ cos(427) sh(g2)?
Thol?* 72 q®shlq (14—2%0)]

X <—q ch(q) + [1 + ¢ <1 + 2;0 + 2;5)] Sh(q)) dg. (II1.65)

C5"'(rg,rr) =
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In 3D the expression is

—45 1 Jo(927) sh(g)?
C«out(r T ) — / L L
P RRe ) g (14222
9 2z 222
X [ —qch(g)+ [1+¢* (1+ 7t sh(q) | dg. (I11.66)

Other terms in the expression of (),

In App. we give the final expressions of all the terms entering Eq. ([I1.53). Let us here give the
starting point of their derivation. For C¥* the calculation is really close to that done in the previous
subsection. We simply have to change Eq. (I11.58)) into

(OERdEROB70Er) ey = h [ 1V (1(9) Lip,mr) Lip, 7r)dp (I11.67)

transform to the momentum space for the ladder and integrate over z. In ref. [84] it is stated that
we can either calculate C¥" or C9* to have the full expression of C5 in the special case of T/T
correlation. In the case of the R/T geometry we cannot do the same, because C* gives a positive
contribution and C§“* gives a negative one.

To calculate the Laplacian terms we can use the diffusion equation for the ladder. For instance if we
consider the Laplacian term acting on the exit ladder going back in reflection, we obtain

h

(SEROERSE;0Er) o, = 1 [{1(p)*AL(p, ) Lip, Tr)dp
—dh

= TJU (rr))* L(rg, 77)- (I11.68)

II1.5.3 Numerical validation

Taking all these terms into account one can calculate the Cy correlation function as the sum of all
terms. To validate the analytical model we numerically calculate the I-T correlation function in R/T
for three samples of same size (koL = 120) and of varying mean free path. The results are shown
in Fig. [[IT.T1] versus the transverse distance normalized by L. The blue dashed line corresponds to
kol = 20 and b = 6, the red dashed line corresponds to kol = 15 and b = 8 and the green dashed
line corresponds to kgl = 10 and b = 12. We also represent the analytical calculation of C5 for
parameters kof = 15 and b = 8.

Let us draw several conclusions from this figure:
e We see that C'(rg,rr) is a negative function of AR/L and has non zero values for AR/L < 1.

e The maximum of the absolute value of this function is obtained for AR/L = 0 (when points
are in front of the other).

e When the optical thickness is large enough the amplitude of C(rg,rs) appears not to depend
anymore on the mean free path of the system and depends on a single parameter kqL.

e The agreement with the analytical calculation is really good, we can thus conclude that in
the deep diffusive regime, C(rg,rr) is dominated by the Cy correlation function [panel (b) in

Fig. [[TL.10].
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Figure 111.11 — Numerical calculation of the I-T correlation between reflection and transmission for three different
samples of same size (koL = 120). The blue dashed line corresponds to kol = 20 and b = 6,
the red dashed line corresponds to kol = 15 and b = 8 and the green dashed line corresponds to
kof = 10 and b = 12. We also represent the analytical calculation of C5 for parameters kol = 15
and b=8.

Large optical thickness scaling

In this section we discuss the expression of Cs in the limit of large optical depth b > 1, and find that
Co(rp,vr) = —f(Ar/L)/(koL)4t, where f(x) is a positive decaying function of range unity given in
2D by

_roqeos(qr) ((14+7/2)* +7(1+7/2) 14 7/4[—2qch(q) +sh(q)(2 + ¢*)]
S o  sh(q) ( Ar(1+7/4) + T q?sh(q) ) dg  (IT1.69)
and in 3D by
_ [ ¢*Jolgr) (21 | 5[—=2qch(q) +sh(q)(2 + ¢*)]
fla) = /0 i (20 . e ) dg. (IIL.70)

In Fig. , we represent the numerically calculated I-I correlation between reflection and trans-
mission normalized by 1/(kyL) and the analytical calculation of Cy normalized by 1/(koL) for various
parameters. The z axis is the transverse distance between the points normalized by the size of the
sample. We observe a convergence of these curves towards —f(AR). We also observe that the an-
alytical expressions becomes applicable only for very large optical thicknesses (b > 60). This could
be due to the fact that the (5 diagram is composed of many operators that all needs to be in the
diffusive regime so that C) is exactly equal to its large optical thickness limit.

This also suggests that the R/T correlation function becomes independent on the disorder strength
kol in the deep diffusive regime, and depends only on one parameter kqL.

Comparison between I-I and I-I correlation functions in the diffusive regime

Let us conclude this section by showing that in the diffusive regime, the I-I correlation function
between reflected and transmitted speckle patterns is equal to the I-I correlation function. The
main reason is the exponential decrease of the ballistic field in transmission, and the fact that the
reflected field is small in reflection. Let us call C7 the correlation between intensities.
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Figure 111.12 — Numerical calculation of the I-I correlation normalized by 1/(koL), and analytical calculation
of (koL)C4 for optical thicknesses from 6 to 600 and analytical expression of the limit of those
analytical expressions at large optical thickness. .
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Figure 111.13 — Numerical calculation of the I-I correlation (blue dashed line) and the I-I correlation between
(red solid line) reflection and transmission in the diffusive regime (b = 7 and ko¢ = 10).

In Fig. [[I1.13 we represent the numerically calculated I-I correlation (blue dashed line) and the I-1
correlation between (red solid line) reflection and transmission in the diffusive regime (b = 7 and
kol = 10). We observe no difference between the two curves. In the diffusive regime we thus conclude
that

C(rgr,r7) = Cz(rg,r7) (TI1.71)

and that all our conclusions drawn for C' are also valid for C7.
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The heart of this chapter is the measurement of the intensity-intensity correlation function be-
tween reflection and transmission performed at the University of Exeter (UK) by I. Starshinov, A.M
Paniagua-Diaz and J. Bertolotti in the framework of a collaboration with our group [86]. We first
detail in a few words the experimental setup and the results obtainedﬂ. We then discuss the ex-
perimental observable, and show that it corresponds to the measurement of C(rg,ry) for all optical
thicknesses. Using Eq. we estimate the relative weight of C'; and of the non-gaussian correla-
tion in the measurements. We conclude that even for optical thicknesses close to one, C is always
negligible compared to the non-gaussian contribution in the R/T geometry. Eventually we propose
a scattering sequence that could explain some of the interesting features of the correlation function
for optical thicknesses close to unity.

IV.1 Description of the experiment

IV.1.1 The experimental set up

The group in Exeter has performed the first measurement of the intensity-intensity correlation be-
tween transmitted and reflected speckle patterns, for scattering materials with thickness L and
scattering mean free path ¢ covering the entire range from quasi-ballistic to diffusive transport.

{=58 um f=18 um f=7 um

Figure IV.1 — (a) Experimental setup: a scattering slab, formed by TiOy particles in glycerol between two
microscope glass slides, is illuminated by a laser beam incident at an angle 6, = 45°, with an
incident wavelength A = 632.8 nm. (b) Examples of samples with thickness L = 20 um but
different TiO2 concentrations: from left to right 5 g/l, 10 g/l and 40 g/I. The corresponding
scattering mean free path / is indicated in the figure [86].

The experimental setup is shown in panel (a) in Fig. A monochromatic wave is incident with an
angle of incidence 6, on a suspension of TiO, particles in glycerol, squeezed between two microscope

!The interested reader should read the thesis of I. Starshinov and A.M Paniagua-Diaz for more experimental details.
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slides, forming a scattering slab with controlled thickness and mean free path. In ref [86] authors
vary L using stainless steel feeler gauges as spacers, and ¢ by modifying the TiOy concentration,
allowing the sample to change from almost transparent to completely opaque (typical samples with
different values of ¢ are shown in panel (b) in Fig. [IV.1l For each thickness and concentration, the
intensity pattern is measured on the surface of the sample, in both transmission and reflection with
two identical imaging systems consisting of a microscope objective, a lens, and a CCD camera. The
positions of the scatterers are continuously changing due to Brownian motion in glycerol, leading
to a time-varying speckle pattern. The exposure time of the CCD cameras, and the time interval
between two successive measurements are chosen such that the sample is effectively static during each
measurement, but successive measurements refer to completely different realizations of disorder.

IV.1.2 The experimental results

The correlation function (CTT(Ar)) (analyzed in detail in the next section) for different values of
the mean free path ¢ and the sample thickness L is shown in Fig.[[V.2] Both the shape and the sign
of (CFT(Ar)) substantially depend on L and ¢. We observe that the evolution of the lineshape is
subtle.
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Figure IV.2 — Average cross-correlation (C®7(Ar)) between the transmitted and the reflected speckle patterns
for different values of L and ¢, and thus different values for the optical density b = L/{. In each
panel the upper graph shows the 2D plot of (C(Ar)) and the lower graph shows a cut through
the dotted line.

e Let us first discuss the regime of large optical thickness L > ¢ [panels (e-i) in Fig. [[V.2]. As
predicted in the previous chapter we observe in this regime that (CFT(Ar)) is negative and
long-range.

e In the regime of moderate optical depth ¢ ~ L > A, the samples still show a cross-correlation
with a range extending far beyond a speckle spot, but with a positive peak appearing in the
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vicinity of the negative contribution discussed above [see panels (b-d) in Fig. [IV.2]. The long-
range character of this new contribution to the correlation function suggests that it originated
from correlated scattering paths that become diffusive for L = /.

e Panel (a) in Fig. [IV.2| could be the limit between the regime of moderate optical thickness and
the single quasi-ballistic regime (¢ > L > \) we study in the next chapter. In this panel we
see only a positive contribution with a range larger than a speckle spot.

IV.2 Numerical study of (C*)

éf

o_©
8
N

Figure 1V.3 — Scheme of the geometry used for the simulations. We illuminate a 3D disordered sample with a
laser beam with an angle of incidence 6,. The x direction is parallel to the transverse component
of wave vector the laser beam and the y direction is orthogonal to it.

The purpose of this section is to understand in detail the quantity measured in Fig. The exper-
iment done by our colleges from Exeter has several intriguing features. First, whatever the optical
thickness of the sample, all features of the correlation function seem to be long-range (compared to
the wavelength). Second, in the single scattering regime (¢ ~ L), the structure is asymmetric, with a
positive and a negative contributions. To understand these unexpected features we first discuss the
experimental observable.

IV.2.1 Comparison between (C'T) and C for an off-axis experiment

The purpose of this section is to show that the expression of the correlation function measured
experimentally, (CT(Ar)), can be simplified into C(rg, rr). The first point to understand is that the
experiment is off- ax1sﬂ Thus the ballistic (specular) component of the reflected and the transmitted
fields is not measured and the CCD is directly sensitive to Ir and Ir. The experimental observable
reads (before averaging over disorder configurations)

SIR(r)0Ir(r + Ar)
51/2 51/2”

[51}(1‘ + Ar) — 617 (r + Ar)

CHT(Ar) = (IV.1)

{ﬁR(r)  5Tn(r)

where r and r + Ar are transverse coordinates in the transmission plane and the reflection plane,
respectively, and the overline represents the spatial average over the coordinate r. Calculated from
two speckle images obtained in a given configuration of disorder, the correlation function C** appears
random, with fluctuations on the scale of a speckle spot. By performing an ensemble average over a
large number of configurations, the shape of the correlation function (C*T) becomes apparent. Let

2When the scattering sample is removed, no intensity is measured neither in transmission nor in reflection.
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us stress that the choice of this form of the correlation is driven by experimental constraints. It helps
to be less sensitive to fluctuations of the laser during the averaging process. Assuming that averaging
over the coordinates of the speckle image is equivalent to averaging over disorder, we first transform

the ensemble average in Eq. (IV.1)) into

(CRT (Ar)) ~ (5fR(r)(5I~T(r + Ar))
<[5TR(1~) - <5fR(r)>f>l/ <[5IT(1~ + Ar) — (5Tn(r + Ar))r>l/
(61r(r)dIp(r + Ar))

 (OTa(r)2) 2 (0T (r + Ar)2)1/2 (IV.2)

Second, we simplify the denominator in Eq. using the decomposition (X (r)?) — (X(r))? =
(X(r))2 4+ (X(r)?), where X stands for I or Iy. The contribution (X(r)?), would be zero if the
reflected and transmitted fluctuating fields (0Fr and 0Er) were Gaussian random variables. The
correlation (IV.2) now takes the form

<6TR(r)6fT(r + Ar)) |
VIR + (Tr(r)2)e/(Ir(r + Ar))? + (In(r + Ar)2),

(CET(Ar)) = (IV.3)

Finally, we use the fact that our experiment is carried out in the weak scattering regime kol > 1, so
that the non-Gaussian corrections, dubbed C; correlations, are negligible (i.e. C3* = (X (r)?)./(X(r))? <
1). Finally the correlation function takes the simple form

~ OTa@O (e £ A0) (IV.4)
(Ip(r)){Ir(r + Ar))
We illustrate the good agreement between Eq. and Eq. in Fig. where both cor-
relation functions have been calculated numerically (using the coupled dipole method presented
in App. for a 3D scattering medium with optical thickness L/¢ = 1.5 and scattering strength
kol = 10. This result confirms that the experimentally measured correlation function is well de-
scribed by Eq. , which is the quantity studied in the previous chapter in the diffusive regime.

(CT(Ar))
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Figure 1V.4 — Comparison between two different definitions of the correlation function between reflection and
transmission. The transverse distance Ar = Az is varied along the direction of the illumination
plane. Parameters of the 3D numerical simulation: L/¢ = 1.5, kol = 10, 6, ~ 45°.

To briefly summarize our reasoning, the design of the experiment geometry is such that the average
field is not measured in this off axis experiment. Then using ergodicity and the mathematical ex-
pression for the moments of I+ and Ir, we have shown that the experimental observable is equivalent
to C(rg,rr).
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IV.2.2 Numerical calculations of C(rg,ry) in 3D

In Fig. we present 3D numerical calculations of C(rg,rr) obtained with the coupled dipole
method. We have performed the calculation for a plane wave with shifted incidence 6, = 45°
illuminating three different 3D (see Fig. [[V.3| for the definition of x and y) samples of size koL = 20
and various scattering mean free paths. Figure V.5 should be compared with the first column in
Fig. [[V.2l Panel (a) corresponds to b = 0.75 and ko¢ = 20, panel (b) corresponds to b = 1 and
kol = 15, and panel (c) corresponds to b = 1.5 and kol = 10.

(b) | (¢)

6 6
4 4
< 2 s
\ 0
>0 =N
<2 <1 =2
4 4
6 6
6 420 2 4 6 6 -4 202 4 6 6 420 2 46
Az/\ Az /A Az /)

Figure IV.5 — Numerical calculation of C (rg, rr) for 3D scalar waves and three different samples of same length.
Panel (a) corresponds to b = 0.75 and ko¢ = 20, panel (b) corresponds to b = 1 and kol = 15
and panel (c) corresponds to b = 1.5 and kof = 10. The typical number of disorder realizations
is Neonf = 107 and the number of dipoles for each configuration is Naip ~ 1000.

We see a clear change in the shape of the numerically calculated correlation function when b varies.

e At small optical thickness (b = 0.75) we observe a positive contribution whose typical size is
larger than the wavelength.

e At moderate optical thickness (b = 1), we observe an asymmetric correlation function with
one positive and one negative contributions. If we draw a line between the center of both
contributions, it is parallel to the transverse wave vector of the incident wave.

e Eventually for b = 1.5, only a negative contribution remains, the typical size of which is larger
than the wavelength.

Let us now compare these three simulations with the experimental results in the first column in
Fig. The main difference between the numerical samples and the experimental ones is the value
of kgL. For numerical samples kgL = 20 while in the first column in Fig. koL ~ 200. For this
reason we cannot expect a quantitative agreement between numerics and experiment. Nonetheless
we see a qualitative agreement in the behavior of the correlation versus the optical thickness. Indeed
in panel (a) in Fig. we see a positive contribution the width of which is larger than a speckle
spot, in panel (d) we see the asymmetric shape with both the positive and negative contributions
and in panel (g) we observe only the negative contribution.

The diffusive regime

In the previous section we have seen that the experimental measurements give a direct access to
C(rg,rr) which follows Eq. (II.15)). From the previous chapter, we know that this quantity should
be dominated by its non-gaussian contribution C5 in the diffusive regime, that is negative, and
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has a typical width on the order of L. These two characteristics are recovered in the experimental
results. Analytically, the amplitude is supposed to decrease as 1/(koL)? in the diffusive regime.
This behavior cannot be checked experimentally due to the difficulty to reach the diffusive regime
in practice combined with the fact that the correlation is weak. Numerically, 3D simulations are
really heavy, and we cannot reach optical thicknesses larger than b = 1.5. We cannot thus check the
1/(koL)? law. Nonetheless we believe this law is applicable because it has been checked numerically
in 2D for which a 1/(koL) law has been confirmed.

IV.3 Study of the positive contribution in the regime of
moderate optical thickness.

When the optical thickness decreases we are faced with two problemsﬂ

e The experimental observable gives a direct access to C(rg, rr) whatever the optical thickness.
From Eq. , C(rg,rr) is the sum of C; and of the non-gaussian contribution. The non-
gaussian correlation is a priori not dominated by C5 in this regime. Indeed when b approaches
unity, other scattering sequences connecting four fields can appear. In the previous chapter
we showed analytically that '} is small in the diffusive regime compared to the non-gaussian
correlation. We do not know a priori if this still holds when b approaches unity.

e Quantities calculated analytically using the diffusion equation (for instance the ladder operator)
are only approximate in this regime. We should rather use the radiative transfer equation to
describe properly scattering by thin samples. Nonetheless it would complicate substantially
the expressions.

In this section we discuss the regime b ~ 1 (the regime b < 1 is studied in detail in the next chapter).

IV.3.1 (] is negligible for optical thicknesses close to unity

In this section we discuss the relative weight of the C correlation function and of the non-gaussian
contribution for optical thicknesses close to unity. Indeed we have seen both numerically and experi-
mentally that a positive contribution appears when b approaches unity. In this section we show that
this contribution is not equal to C7. To proceed we use numerics that provide direct access to the
field. Tt is thus easy to calculate the C; correlation function and the full I-I correlation function and
compare them.

In Fig. we represent in panel (a) the full I-I correlation, in panel (b) its connected part:
(0EROETOEROES) ] ((0EROET,) (ETIEY)), and in panel (c) the C) correlation function. The Pa-
rameters are kol = 15, L/{ =1, 0, ~ 45°. We observe that even for thin samples, the C correlation
function is weak compared to the non gaussian correlation contribution. In addition, its shape is
totally different from what is seen both numerically and experimentally.

This conclusion is really important. We claim here that the I-I correlation function between reflection
and transmission gives a direct access to the non-gaussian contribution to the intensity-intensity

3The mean transmitted field cannot be neglected anymore in this regime thus C(rg,r7) differs from Cz(rg,rr).
The reduction of the problem of the study of C(rg,rr) is thus questionable. In App. |.3| we discuss the aspect of
Cz(rg,rr) and the difference between Cz(rg,rr) and C(rg, rr) when the optical thickness is close to unity. We show
that regarding Cz(rg, rr) this regime seems more complicated to describe than the diffusive regime. Nonetheless since
the experiment directly measure C(rg,rr) for all optical thicknesses, this point is not a problem.
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Figure IV.6 — Correlation function C obtained from numerical simulation of the wave equation in a 3D slab.
(a) Full correlation; (b) Connected part of the correlation; (c) C contribution tp the correlation.
Parameters: kol = 15, L/{ =1, 0, ~ 45°

correlation function whatever the optical thickness of the system, We want to stress that the non
gaussian correlation function is obtained experimentally without any field measurements (simply an
off axis experiment). This is of fundamental interest for research in mesoscopic physics. For instance
this quantity gives insight about some properties of the scattering medium (see refs. [87, 88, [89] 00]).

IV.3.2 Variation with the angle of incidence

In the previous section we have made clear that the experiment is a direct measurement of the
non-gaussian correlation for all optical thicknesses. Thus both the negative contribution (deep) and
the positive contribution (peak) are non-gaussian correlations. To propose a connected four-field
scattering sequence responsible for the positive contribution of C' we have investigated its behavior
with the angle of incidence. In Fig. [[V.7 we present the result of 3D numerical simulations of wave
scattering in a disordered slab with optical thickness b = 1, disorder strength kol = 15, illuminated
at a shifted incidence 6, ~ 75°. We see that the correlation is positive for |[Ar| < L and presents
negative side lobes that are more pronounced along the illumination direction. We have analyzed
the angular dependence of this shape along the direction Ay = 0. The results are presented in
Fig. V.8 For 6, = 57°, the correlation C'(Az) is asymmetric. When the angle of incidence 6,
increases, both the positive central peak and the negative side lobes grow. In addition, the correlation
function becomes more and more symmetric (with respect to the mirror symmetry along the direction
Az = 0). We interpret the shape of this correlation function as the result of the superposition of
two contributions, C5 and C’Uﬂ The contribution C} is a negative deep with a minimum located at
Az > 0. As discussed in the previous sections, this contribution is almost independent on 6, (apart
from the shift that cannot be explained with diffusion theory). On the other hand, the contribution
Cp contains both a positive peak located at Az ~ 0 and symmetric negative side lobes. It is also
strongly dependent on the illumination angle (see next section for details). Hence, the latter is
responsible for the anisotropic shape observed in Fig. [V.7] and the evolution presented in Fig.
In particular, the correlation C'(Ax) shown in Fig. becomes more and more symmetric when
0, increases because the amplitude of the negative side lobes of Cj gets larger than the C5 deep. A
microscopic interpretation of this phenomenon is proposed in the next section.

4At least for kof > 1 and in the range of b going from 1 to co for now. In the next chapter we discuss the regime
1>
5We discuss in detail the denomination Cj in the next subsection.
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Figure IV.7 — C(Ar) calculated from 3D numerical simulations of the wave propagation in a disordered slab
of moderate optical depth. The direction Ay = 0 is defined as the intersection of the incidence
plane with the sample surface. Parameters: b =1, kol = 15, 0, ~ 75°.
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Figure IV.8 — Dependence of C(Ar) on the illumination angle 6,, along the illumination direction Ay = 0
(horizontal axis in Fig. . Parameters of the 3D simulation: b =1, kol = 15.

IV.3.3 A scattering sequence dependent on the angle of incidence

The angular dependence of the correlation function for optical thicknesses close to unity is an in-
triguing result that helped us in determining a diagram responsible for it.

(5 does not depend on the angle of incidence
The first point to have in mind is that the 5y diagram is not sensitive to a change in the angle of

incidence. Let us write what happens to a shifted incident beam after propagation with the ladder
operator:

exp (—z/l,) exp (iqq.r¢) exp (—iq,.r¢) L(2, 22, r9y — ry)dedr,  (IV.5)

JIUE@)E, Lix,r2)d
(—z/la) L(2, 29, q) exp (iq.[ra; — 1;]) dzdr,dq/(27m)% "

=1y /exp (—z/0,) L(z, 22,9 = 0)dz
~ [y, 1(0, 2,9 = 0)

||
\\

where we have used the expression of the mean field derived in Eq. ([11.13)).
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The only memory of the angle of incidence appears in the coupling with the ladder operator. It can be
represented by a corrected attenuation length that accounts for the angle of incidence and that reads
as U, = lu, with pu, = /1 —q2/k3 = cos(6,). This factor appears each time one connects a ladder
with a shifted beam, squared in the numerator of the Cy diagram and squared in the denominator
(diffuse intensities). It is thus simplified by the normalization. This coupling effect cannot be the
cause of the change of shape of the correlation function when the angle of incidence changes[f]

A diagrammatic guess

We thus look for a scattering sequence that contains the memory of the angle of incidence. This
scattering sequence must also become negligible compared to Cs when the optical thickness of the
sample increases. To discuss the various scattering sequences appearing in the small optical thickness
regime we follow refs. [39, [71]. In these theoretical works additional contributions are added to the
intensity-intensity correlation in order to represent the R/R correlation correctly. The main idea is
the following: for a thick medium in R/T, we showed that the dominant process to connect four
fields is described by Cs. Two pairs of fields propagate diffusively, meet inside the scattering medium,
exchange their partners, and leave diffusively towards the measurement points. Each time we used
the word diffusively, mathematically we use the ladder operator to propagate the pairs of fields. This
operator contains at least one scattering event. We can say that Cs contains at least 5 scattering
events (one in each ladder and one in the Hikami box). Going towards optical thicknesses of unity
we should look at scattering sequences which contain fewer scattering events. In Fig.[[V.9 we present
two of such scattering sequences. We need to transform the C; diagram in order to avoid a diffusive
propagation before the exchange of partners. Omne possibility is to use an extra scattering event
(black dot in Fig. that can connect the fields at the entrance of the scattering medium [panel
(a)]. This contribution is long range because fields leave the exchange diffusively, and can a priori be
sensitive to the angle of incidence thanks to the extra scattering event. We choose to call this diagram
Cy and we need to be clear about this notation. We are not looking at the same observable as the
one leading to the infinite range correlation Cj because we illuminate the system with a plane-wave
and not with a point source. Nonetheless the diagrams represented in Fig. [V.9 have the exact same
structure as the one used to calculate Cy (but with a plane-wave and not a point source excitation).
This is the reason why we choose to keep the denomination Cj for this scattering sequence .

Let us notice that exactly as in the case of (', there is an analogous diagram for which the exchange
appears after the diffusive propagation [panel (b) in Fig. . Our guess is that this diagram should
be sub-leading due to the propagation through the sample as average Green’s functions (see App.
for a more detailed discussion of the diagrammatic construction of the Cy scattering sequence).

In the next section we derive the analytical expression of the diagram represented in panel (a) in

Fig. [V.9

Analytical calculation

The Cy correlation has first been introduced in refs. [60, 91] in the case of a point source excitation.
Here we consider the same class of scattering processes, but generated by a plane wave. As we
show in this section, both the formal calculation and the qualitative consequences are different from

6This strong claim should be weakened by stressing that we are not in the diffusive regime when we observe the
strong influence of the angle of incidence. Thus the expression in Eq. (IV.5) may be not exact in the regime of optical
thickness reached experimentally.
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Figure 1V.9 — Panel (a): diagrammatic representation of the Cjy contribution in R/T: two ballistic intensities get
mixed into two diffuse intensities using an extra scattering event. Panel (b): symmetric diagram
where two diffuse intensities mix into four average Green's functions with the help of an extra
scattering event.

the case of a point source excitation. The complete microscopic representation of the Cj diagrams
are represented in Fig. Each diagram involves scattering paths that visit a common scatterer
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Figure 1V.10 — Leading diagrams contributing to Cy. Shaded tubes represent diffusive paths (ladders), single
solid lines stand for averaged fields and single dashed lines for their complex conjugates. The
extra scatterer located near the surface boundary can connect the ladders in four different ways.

located near the front side of the sample. The symmetric diagrams [panel (b) in Fig.[IV.9] that involve
a common scatterer at the outputs can be neglected for the same reason as the C; correlation. Using
the same notations as in section V, the four-field correlator Co(Ar) = (JERSER6 Erd Ey)c | takes, in

3D, the form
4m
Co(Ar) = 7/‘/(]?2, r3) L(re, 14) L(rs, 15)|(G(rr — 14)) ?[(G(rR — 15))|*drodrsdrydrs,  (IV.6)

where V (ry, r3) is the sum of the four possibilities for connecting the input plane wave to the lad-
der diagrams starting in r, and rsz, as represented in Fig. For example the contribution in

7Cy is the non normalized version of Cp.
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Fig. [IV.10] (a) to the vertex V is
VI (rz, 1) = /<E(1‘2)>*<E(r3)>*\<E(r1)>!2(G(r2 —11))(G(rs —ry))dry, (IV.7)

where the average field (E(r)) depends on the incidence angle. By integrating over the transverse
coordinates, we obtain

4 7 X / i(Qa— r  / v i(q— r
C()(AI‘) = 1673 / ([Vé:,)q(’z?v 23) + V(i?q<22a 23)]61((1“ V-4 + [Vcﬁf?q(z% ZB) + Vq(j,)q(z% 23)]6 (a-aa).A )
X Lg—q, (22,0) Lg_q, (23, L)dqdzadzs, (IV.8)

where z labels are longitudinal coordinates, q, is the transverse component of the incident wave
vector kg, and Lq(z, 2') is the Fourier transform of L(r, r’) with respect to the transverse part of the
coordinate r — r’/. In addition, the components V' are given by

Vq(;l’)q<227 23) = <2ika)4 Ig / an (0, 21)252(1&7(1(21, Z3)éq(21, Zg)éqa (O, 22)*éqa (O, 23)*d21, (IV9)

Va2 25) = (2ika)* I [ 1Giau (0, 20)PGia(1, )" Gia(21, 22)Gig, (0, 22)" G, (0, 20), 41, (IV.10)
with V) = V@* and V(© = V@ In these expressions, Gq(z,2") = i/ (2k,) e*=(z'=) =1 =21/2u
with k, = /k? — ¢*> = kpu, is the transverse Fourier transform of the average Green function of
the Helmholtz equation. We now make the approximations L(z2,0,¢ — ¢,) ~ L(0,0,¢ — ¢,) and
L(z3, L,q — q4) ~ L(0,L,q — q,), and integrate Eq. over the longitudinal coordinates 2y, 23
and z3. The correlator becomes

kA2
Colr) = -8 / ¢08 [(qa — @).A7] Ly_a, (0, 0) Lo_a, (0, L) F(1, ta, kof)da, (IV.11)
with
(1 ata = 1) (e 110)] 1 2(pta — 1) (9987 4 18P pg + Vlpupad 4 2403 + 4p® ps (1 — pra) k0]
F(Ma Ha, kog) - ?

9% + p& + Optpta + Ap?pg (1 — p1a)?k2C] (1 + pa)? + 42 pG (1 — pa)?k2 0] ( |
V.12

where p, = /1 —¢2/k* and p = /1 —¢?/k?. Normalizing the correlator by the intensity prod-
uct (|6ER|*)(|0E|?) = €(2k,)* I3/ (6k*p2L) and the integration momentum variable by the sample
thickness L, we finally obtain

o 27MZkOL / / ro /
Coldr) = L0 [ coslial, — o). Ar/L] Pl ') F(ji, pas o)l (1V.13)

where ¢, = q,L = koLsinf,. The ladder contribution P(q),q’) is defined as

P q) = sh{lal, — q'[z0/L) sh [|al, — q'|(1 + z/L)]
v la, — o’[2sh [|a;, — q/| (1 + 22/L)]

(IV.14)

In order to obtain Eq. we used various approximations that are justified in the diffusive
regime L > ¢ only. Therefore, we must be cautious not to use this result in the quasi-ballistic regime
L < ¢. We note also that in the deep diffusive regime L > ¢ and for small angle of incidence (p, ~ 1),
the Cy correlation function with plane wave illumination takes the compact form

5

q/2’q/ _ q/‘
Co(A :7/ o) ar/p) LTl g V.15
0( I‘) 167kA LA cos [(qa q) ’I”/ ]Sthé_q/H q ( )



IV.3. Study of the positive contribution in the regime of moderate optical thickness. 63

which scales as Cy o< 1/(koL)*. In this regime, it is therefore much smaller than Cy o< 1/(koL)?. This
explains why it is not observed in the diffusive regime.

Before analyzing Eq. (IV.13) in more details, let us comment on the differences between this C
correlation function and that calculated with plane wave outputs, or point-source inputs. For plane-
wave outputs, we find

Co(kp, ky) = djrco(m) —0, (IV.16)

for all observation directions ky, ky. This striking result comes from the fact that F(uq, pta, ko) = 0.
This means that, for plane wave outputs, the diagram in panel (a) in Fig. [resp. panel (b)
in Fig. [[V.10] is compensated by that in panel (c) in Fig. [V.10] [resp. in panel (d) in Fig. [[V.10].
This result turns out to be completely different from that obtained in the configuration involving
point-like sources and detectors, where the diagrams in Figs. (a,b) do not contribute to the
correlation function.

Let us now discuss the strong dependence of Eq. on the illumination angle 6,. At the origin
of this dependence is the total momentum conservation during the interaction with the common
scatterer in Fig. [V.I0] The information carried by the illumination plane wave is transmitted to the
ladder diagrams that conserve momentum over long distances, so that the input information finally
reaches the sample boundaries. The same property holds in the well-known memory effect introduced
in ref. [92]. We illustrate the dependence of the correlation given by Eq. on 6, in Fig. [V.11]
For 0, = 0, the rotational symmetry is preserved so that Cy(Ar) depends on Ar only. It presents a
positive peak centered in Ar = 0, that extends over a distance Ar ~ L. Beyond this distance the
correlation presents small negative side lobes, that are such that the sum rule given in Eq.
is satisfied. When the rotational symmetry is broken (6, # 0), the correlation becomes anisotropic.
It now presents two mirror symmetries with respect to the intersection of the incidence plane with
the sample surface. The direction of this intersection defines the horizontal axis in Fig. [V.11] We
observe that the negative side lobes become more pronounced along this direction. In addition, the
amplitude of both the central peak and the side lobes get larger for increasing 6,, in agreement with
the sum rule given in Eq. as well as the experimental observations discussed in the previous
section.

IV.3.4 What could be improved?

The previous analysis shows that Cj reproduces the features observed experimentally in the R/T
correlation in the regime L ~ (. As observed numerically, C is long-range, keeps a memory on the
incidence angle, becomes anisotropic for 6, # 0, presents a central peak and negative side lobes, and
both the peak and the side lobes becoming more pronounced when 6, increases. That being said, it
should be stressed that Eq. does not reproduce quantitatively the amplitude of the positive
correlation function observed in the regime L ~ £. This is not much a surprise since, as we explained
above, Eq. was obtained in the diffusive regime L > ¢. In addition, it is worth mentioning
that the scattering processes described by Cy and C5 are not the only ones that could contribute in
the quasi-ballistic regime L < ¢. Let us discuss three ways of improving this study

e For the range of approximation we consider (the Born approximation [39] for the four-field
vertexﬁ discussed in App. , we do not miss many diagrams to have the complete set. Adding
the Cy contribution, we considered contributions resulting from the mixing of two ballistic
intensities (using an extra scatterer) into two diffuse intensities. We miss for instance the

8The fact that only two fields can scatter at the same impurity.
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Figure IV.11 — Analytical prediction for the Cyy correlation (normalized to unity) for two different illumination

angles: (a) 6, = 0 and (b) 6, = 45° and their cut (in caption) along the direction Ay = 0
which is defined as the intersection of the incidence plane with the sample surface. The caption
corresponds to the cut along Ay = 0 . Parameters: A = 632 nm, L = 50 um, { = 15 um. The
diffusive approximation was used for the ladder diagrams.

family of diagrams depicted in Fig. [[V.12] These diagrams correspond to one ballistic intensity
and one diffuse intensity mixing to produce two diffuse intensities or all possibilities with one
ballistic and three diffuse intensities. It would be useful to derive them and to investigate their
behavior with the angle of incidence or the polarisation of the incident light[93], [94].

To propose a scattering sequence which represents the I-T correlation for optical thickness close
to unity we thought in terms of number of scattering events. Let us remind that the quantity
under study is (§ERdEp0 EROET).. The fact that we correlate fluctuating fields means that all
sequences contain at least one interaction with the disorder. Thus we must look at all connected
four-fields scattering sequences with at least one scattering event for each field. Decreasing the
number of scattering events for all fields we eventually find the scattering sequence where
the four fields interact with only one common scatterer. This scattering sequence should a
priori play an important role in the quasi-ballistic regime (L < ¢). It is important to note
that at the level of the Born approximation for the four-field vertex, only pairs of fields can
interact with a common scatterer. Thus this scattering sequence does not exist at this order
of approximation. It would be useful to study this class of diagram (usually forgotten in
diagrammatic calculations). In order to look for those scattering sequences (beyond the usual
model for the four-field vertex) we study in the next chapter the I-T correlation in the regime
kol > koL > 1 (quasi-ballistic regime) where they give the dominant contribution to the
non-gaussian correlation function.

It would be useful to follow ref. [39] and use the radiative transfer equation to perform the
calculation. We could thus have a quantitative agreement between analytics, numerics and
experimental results for small optical thickness which is out of reach with diffusion theory.



Figure 1V.12 — Representation of two diagrams belonging to a family we do not take into account. Panel
(a): one ballistic intensity and one diffuse intensity mix into two diffuse intensities with the use
of an extra scattering event. Panel (b) corresponds to the symmetric diagram for which two
diffuse intensities mix into one diffuse intensity and two average Green's functions using an extra
scattering event.
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In the previous chapter we discussed the measurements of the intensity-intensity correlation in R/T
done at the University of Exeter (UK) by I. Starshinov, A. M. Paniagua-Diaz and J. Bertolotti
in the framework of a collaboration with our group. The measurements embrace a large range of
optical thicknesses. When the optical thickness approaches unity, we observe the appearance of a
positive contribution. In the single scattering regime (b ~ 1), this positive contribution is sensitive
to the angle of incidence and we proposed a scattering sequence that could be responsible for this
contribution. In this chapter we refine the previous discussion studying the regime kol > koL > 1
(quasi-ballistic regime). Let us stress that this regime should a priori be easier to study than the
regime b ~ 1. Indeed in the quasi-ballistic regime the three length scales of the problem are well
separated which is not the case in the intermediate regime.

In this chapter we propose a diagrammatic representation of the quasi-ballistic regime kol > koL >
1. We compare our model to numerical calculations of the usual observables: average fields, average
intensity etc. Our objective is to support the following claims:

e The non gaussian correlation in R/T dominates the gaussian correlation as soon as koL > 1.

e The non gaussian correlation is dominated by the common scattering of four fields on a single
scatterer in the regime kol > koL > 1 (quasi-ballistic regime).

The quasi-ballistic regime can a priori be considered as not relevant for a diagrammatic expansion
since ballistic terms are dominant in this regime (the system is almost transparent). Nonetheless,
studying the fluctuating fields only, we can observe interesting phenomena that give insight about
the multiple scattering process.

V.1 Statistics of the fluctuating fields

Let us start by studying the scattered fields in the regime kol > koL > 1. We can even wonder
whether there is a measurable non-zero scattered field to measure when the optical thickness is small.

V.1.1 Average fields

The reasoning for the average fields we had in Chap. [[I]] remains valid in the regime kol > koL > 1.
The average transmitted field should be close to Ejy because the attenuation is weak, and the average
reflected field is on the order of Ey/(4kol). The only difference is that the Fabry-Perot effects need
to be taken into account for the average reflected field since there is almost no attenuation between
two reflections by the boundaries.

In Fig. we represent the numerically and analytically calculated modulus of the average fields
in transmission and reflection for a very thin (b = 0.01) and very dilute (kof = 2000) sample. We
observe that the analytical expressions derived in Chap. [[II] are in very good agreement with the
numerical results. The modulus of the average field in transmission is close to Fjy, and its decay is
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Figure V.1 — Modulus of the average fields in transmission and reflection (numerically and analytically calculated)
versus the optical thickness of a dilute kogf = 2000 sample in log scale.

almost linear in this regime (first order expansion of the exponential decay). The modulus of the
average field in reflection is on the order of Ey/(4kol) and oscillates due to the Fabry-Perot effect.
We conclude from Fig. that the vision we have of the average fields remains relevant even for very
small optical thicknesses. Indeed the assumption we used in Chap. [[T]] to study the average fields is
essentially the dilution of the system (kof > 1) which still holds in the regime kol > koL > 1.

V.1.2 Fluctuating fields

Let us now briefly comment on the statistics of the fluctuating part of the transmitted and reflected
fields. In panel (a) in Fig. we represent the fluctuating fields in transmission and reflection for a
very thin (b = 0.01) and very dilute (ko¢ = 2000) sample. In panel (b) in Fig. we represent the
numerically calculated probability density function of the real part of the fluctuating transmitted
field of a thin (b = 0.01) and very dilute (ko/ = 2000) sample and compare it with a gaussian fit.
Strikingly, the fluctuating field seems to be gaussian even for a sample composed of a small number
Neyr = 10 of resonant scatterersﬂ
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Figure V.2 — Statistics of the fluctuating reflected an transmitted fields for a very thin (b = 0.01) and very
dilute (kof = 2000) sample [Panel (a)]. In panel (b) we compare a cut along Im (§E) = 0 of the
statistics of the fluctuating field in transmission with a gaussian fit of zero mean and o ~ 0.08.

'In this regime the use of the central limit theorem is questionable.
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V.2 Intensity of the fluctuating field

The fact that the fluctuating fields look like gaussian random variables leads us to the conclusion
that the intensity of the fluctuating fields should follow a Rayleigh law. In Chap 1 we showed that
for a gaussian field, the only parameter entering the statistics of Iis (I ). Let us thus study the
average intensity of the fluctuating fields. This quantity is described in the diffusive regime by a
ladder diagram as represented in panel (b) in Fig. . In the quasi-ballistic regime, the ladder
diagram is still the good operator to study (I) [95], but its calculation cannot be performed using
diffusion theory.

V.2.1 Diagrammatic representation of (/) and (I) in the quasi-ballistic
regime

We propose the scattering sequences depicted in Fig. to represent (I7) and (Ig). The idea is to
consider only the first term of the ladder diagram and to calculate it explicitly.

Figure V.3 — Diagrammatic representation of (TT> and <fR) in the quasi-ballistic regime. The fields travel
by pair and are scattered once by the same scatterer before propagating together towards their
measurements points.

The diagrams read:
(|0E 7/ (B(r))*{G(rr — r))|*dr,
(0ET|*) ( )| V1)
(0ERP) =7 [ 1(E@)PIG(eq - r))[dr.

The average field in the regime kol > koL > 1 has a constant modulus inside the slab, and we can
replace its expression by Ej in the integralsﬂ We obtain

(0B ) =Ty [ 1(Glrr — x))dr (V-2)
dk dk’
@) 2m)"

=y [ (G (G (K))e e Tar

20Once this assumption done, we can show mathematically that surprisingly <TT> = <f R)-
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We can integrate over the transverse components of r, leading to

ik (L—2) p—ika(L—2) dky

SEp|?) = ~1 / i - V.3
<| T| > Y4o le 2]€2 (27T)d_1 ( )
i(1— et hll) g,
(k1 — ko)4]kq|? (2m)d-1
with
_ L .
ky = k%—k%ntz'?():KJriK’:kg. (V.4)
We finally obtain
_ _ (1=eK) iy dky
(Ir) = {In) = Do [ 5 R e = b / F(K, K') o (V.5)
with
F(K, K' (=) V.6
(K, )_SK’(KQ—I—K’?)’ (V-6)
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Figure V.4 — Panel (a): numerical calculation of the average intensity of the fluctuating fields in transmission (red
dashed line), reflection (blue solid line) and Eq. (black dotted line) for a dilute (ko¢ = 2000)
sample of as a function of the optical thickness. Panel (b): statistics of Z = I/(I) in reflection (blue
solid line) and transmission (red dashed line) numerically calculated and the negative exponential
law (black dotted line).

In panel (a) in Fig. we represent the numerically calculated average intensity of the fluctuating
fields in reflection (blue solid line), transmission (red dashed line), and the result given by Eq. (V.5)
(black dotted line) for a very dilute system (kof = 2000) as a function of the optical thickness. The
condition kol > koL > 1 is always satisfied. We observe a perfect agreement between numerics and
analytics.

V.2.2 Reflection and transmission statistics are identical

The previous analysis revealed that the average intensity of the fluctuating fields in reflection and
in transmission are identical. Here we want to stress that this remains valid for all moments of dEr
and 0 Ep. As we can see in Figs. (a) and (b), the whole statistics of the fluctuating fields and
of their intensity are similar in reflection and transmission. In Fig. we give the diagrammatic
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(@) (b)

rr

rp

Figure V.5 — Diagrammatic representation of the approximation of <fT> and <TR> in the quasi-ballistic regime
considering that the modulus of the average field inside the slab is constant and equal to FEjy.
Changing the variables in the mathematical expressions of those two diagrams, we can show that
they are equal.

explanation of this striking behavior. As discussed in the derivation of Eq. , in the regime
kol > koL > 1 the average field in the slab has a constant modulus Ey. We can thus transform
Fig. into Fig. by removing the incident average field. This can be done for all moments of
0FERr and 0 Ep. After disconnection of these scattering sequences from the “outside world”; there is
no difference between reflection and transmission.

V.2.3 An analogy between the diffusive and the quasi-ballistic regime

In panel (b) in Fig. we represent the statistics of Z = I/(I) in reflection (blue solid line) and
transmission (red dashed line) for a thin (b = 0.01) and dilute (ko/ = 2000) sample, and compare
it with the negative exponential law. The agreement is good even in this very peculiar regimeﬂ In
Chap. [[]] we discuss the Rayleigh law for the intensity in the diffusive regime. We observed that it
was the consequence of two concomitant assumptions: the vanishing of the average field (always true
when fluctuating fields are considered) and the gaussian character of the field. Diagrammatically,
the gaussian character of the field can be reformulated by stating that the a moment of order N of I

can be built using the building block (I) only. In the diffusive regime (I') was governed by the ladder
diagram, while in the present situation it is governed by the diagram represented in Fig.[V.3] To push

Figure V.6 — Two different contributions of the moment of order 3 of the transmitted intensity of the fluctuating
field in the quasi-ballistic regime. The various pairing give the N! factor in the expression of the
moments of the Rayleigh law.

3There are only Ne¢yi = 10 scatterers in each sample.
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the comparison between the diffusive regime and the quasi-ballistic regime we represent in Fig.
two over six contributions to the moment of order 3 of Ir. This figure needs to be compared with
Fig. [T.§ in order to observe the strong analogy between the diffuse regime and the quasi-ballistic
regime from a diagrammatic point of viewf]

V.3 (] correlation

Let us discuss now the C) correlation in the quasi-ballistic regime. Let us remind that

= <5~[~15{~2> _ |<5€15€§>|2 +<5E15€T5€26E;>c (V.7)
(11)(12) (1) (12) (11)(12)

C

with I; and I being either reflected or transmitted intensities of the fluctuating fields. In this section
we deal with the first term of the right hand side in Eq. (V.7)) in the regime kol > koL > 1.

V.3.1 Diagrammatic representation of the field-field correlation in the
quasi-ballistic regime

In the quasi-ballistic regime, the field-field correlation function in R/T should be dominated by the
scattering sequence represented in panel (a) in Fig. Since there is almost no attenuation due to
scattering in the quasi-ballistic regime, panel (a) can be approximated by panel (b).

(a) (b)

rr rr

rp rp

Figure V.7 — Diagrammatic representation of C(rg, rr) in the quasi-ballistic regime [panel (a)] and its approxi-
mation considering that the average field has a constant modulus equal to Ej inside the slab [panel
(b)]. The fields travel by pair and are scattered once by a common scatterer before traveling alone
towards their different measurements points.

We have
(9E79ER) = [ [WE@)P(G"(er — 1)) (Glra - 1)dr (V.8)
=yl [ (G*(rr = 1)(Glrn — r))dr

] ) dk dk/
— '7[0 /<G*(k/)><G<k)>ezk.(r3—r)e—zk .(rR_r)dr

(2m) (2m)®”

4This analogy is simply due to the fact that both regimes are diluted (kof > 1).
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and finally obtain:
dkr

2m)1 (V.9)

(0E70ER) =1, [ 4R Frr (K, K)

with ,
6QzKL -1

SK(K2+ K?)
We can now express the C) correlation in R/T normalizing Eq. (V.9) with Eq. (V.5), which gives

2

Frr(K, K') = e KR (V.10)

‘/ Frr(K, K')e AR (le;?l
T
Ci(rg,rr) = m 3 (V.11)
K K)—L
[0 )
For the sake of comparison, in R/R and T/T it reads
2
‘/f(K K/)eikT.AR dkT
! 2r)d—1
Ci(rri,Tr2) = Ci(rr1, T2) = dk( ) 5 (V.12)
K KN—L
</ F(K, )(27r)d1>
®) o ‘
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Figure V.8 — Envelope of the Cy correlation function in R/T for a thin (b = 0.01) and dilute (ko¢ = 2000)
sample calculated numerically and analytically [panel (a)]. In panel (b) we use a higher density of
points in the vicinity of AR = 0 in order to observe numerically and analytically the oscillating
behavior of the C correlation in R/T.

In panel (a) in Fig. and Fig. we represent the envelope of the gaussian correlation functions
in R/T and T/T calculated numerically and analytically versus the transverse distance normalized
by A. In the quasi-ballistic regime the gaussian correlation has a long range envelope. In panel (b) in
Fig. and Fig. [V.9, we represent numerically and analytically the gaussian correlation functions
in R/T and T/T calculated numerically and analytically versus the transverse distance with a higher
density of points in the vicinity of AR = 0 in order to see the oscillating behavior at A\/2. The
agreement between analytics and numerics is strikingly good.

V.4 Non gaussian correlation in the quasi-ballistic regime

In this section we deal with the second term of the right hand side in Eq. (V.7) in the regime
kol > koL > 1.
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Figure V.9 — Envelope of the C correlation function in T/T for a thin (b = 0.01) and dilute (ko¢ = 2000)
sample calculated numerically and analytically [panel (a)]. In panel (b) we use a higher density of
points in the vicinity of AR = 0 in order to observe numerically and analytically the oscillating
behavior of the C; correlation in T/T.

V.4.1 Numerical evidence of the difference between C' and C}

Let us compare C' and C both in R T and in T/T (or R/R since reflection and transmission are
equivalent in this regime). In Fig. we represent the numerically calculated I-I correlation in
R/T [panel (a)] and T/T [panel (b)] for a thin (b = 0.01) and dilute (k0€ = 2000) sample. These two
curves need to be compared with the curves represented in panel (a) in Fig. - V.8 and Fig. - V.9 where
only the gaussian contribution to the I-T correlation is calculated for the exact same parameters.
We observe on these two curves a strong non gaussian additional contribution. Note the substantial
non gaussian contribution to the I-I correlation in T/TP| Let us enter into the calculation of the non
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Figure V.10 — Numerical calculation of the I-T correlation versus the transverse distance normalized by A in
R/T [panel (a)] and T/T [panel (b)] for a thin (b = 0.01) and dilute (ko¢ = 2000) sample.

gaussian contribution in T/T, R/R and R/T in the quasi-ballistic regime.

5Let us stress that we use resonant scatterers. Thus the quasi-ballistic regime is equivalent for us to a regime
of low number of scatterers. It would be useful to detune the excitation frequency from the resonance frequency of
the scatterers (keeping b constant) in order to increase the number of scatterers and observe the change in the I-I
correlation.
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V.4.2 Diagrammatic representation of the non gaussian correlation in
the quasi-ballistic regime

Let us remind our guess that in the quasi-ballistic regime, scattering sequences beyond the usual
approximation for the four-field vertex should be dominant. The idea is the following. In the Cj
diagram (dominant term of the non gaussian R/T correlation in the diffusive regime) the exchange of
partners appears between two diffusive processes. In the quasi-ballistic regime, scattering events are
scarce. We thus expect that the dominant term in this regime will be that for which the number of
scattering event is the fewest. We represent this scattering sequence in panel (a) in Fig. in the
R/T configuration. This diagram can be approximated by the one in panel (b) due to the absence
of extinction in this regime.

Figure V.11 — Diagrammatic representation of the dominant term of the non gaussian correlation in the quasi-
ballistic regime [panel (a)] and its approximation considering the fact that the average field has
a constant modulus equal to Ey in the quasi-ballistic regime [panel (b)]. The four fields are
scattered once by a common scatterer.

The average weight for a common collision of two fields is v. The average weight for the common
collision between four fields is I' = pkS|a|* which in 2D is

['=+%/p =167y = 64ko/(. (V.13)

Let us denote the contribution to the non gaussian correlation of the common scattering of four fields
by (0E;OEROETIER) ng. 1t reads

(OET0EROErd ER)ng = T/ {E@) UG (rr — ) (G(rg —x))[*dr (V.14)

=TI [ [G" (rr = ) PHG(rn — )| dr.

Normalizing Eq. (V.14) by Eq. (V.3) we obtain
D [ G (= ) PGz = 1)) Pdr
dky \’
(0 70K

where r; and ry are the measurements points (either in transmission or in reflection).

(V.15)

Ong(rla r2) -
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Figure V.12 — Numerical calculation [Panel (a)] and analytical calculation using Eq. (V.15)) [panel (b)] of the
non gaussian correlation in T/T (blue solid line) and R/T (red dashed line) for a thin (b = 0.01)
and dilute (ko¢ = 2000) sample.

V.4.3 Numerical calculation of the non gaussian correlation function

In Fig. we represent in panel (a) the numerically calculated non gaussian correlation function
in R/T (red dashed line) and in T/T (blue solid line) for a thin (b = 0.01) and dilute (ko¢ = 2000)
sample. In panel (b) we represent the analytical calculation based on Eq. in T/T (blue solid
line) and in R/T (red dashed line) for the same parameters. We observe a very good qualitative
agreement between numerics and analytics. If we compare in detail the analytical and numerical
calculations of (), 4, we observe a difference in the tail of the functions. This difference also appears
when we calculate the C; correlation. There are at least two explanations for this discrepancy. One
possibility could be that the average Green functions that are used are not valid. Indeed we use
bulk Green’s functions while we should use the average Green functions of a thin slab. The other
possibility could be that in this regime the correlation functions are really sensitive to the transverse
size of the medium.
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Figure V.13 — Numerical calculation of the non gaussian correlation in R/T versus the transverse distance nor-
malized by A of a thin (b = 0.1) and dilute (ko = 500) sample of varying transverse dimension
w.

In Fig. we represent the non gaussian correlation function in R/T for different transverse size
of a slab with parameters b = 0.1 and kof = 500. We observe that the tail of the correlation function
is very sensitive to the transverse size of the scattering medium. We can also note that the value at
zero transverse distance is less sensitive to it.
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V.4.4 Dependence on the angle of incidence

In the quasi-ballistic regime we used several times the fact that the modulus of the average field is
constant and equal to Ey. This result remains valid whatever the angle of incidence 6,. Analytically,
we thus predict that none of the quantities studied in this chapter depends on the angle of incidence.
In Fig. [V.14] we numerically prove this prediction comparing the non gaussian correlation at zero
incidence (blue solid line) and at a large angle of incidence (red dashed line) in R/T [panel (a)] and
in T/T [panel (b)] for a thin (b = 0.01) and dilute (ko/ = 2000) sample. We observe no difference
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Numerical calculation of the non gaussian correlation in R/T [panel (a)] and in T/T [panel (b)]
at normal incidence (blue solid line) and at shifted incidence (red dashed line) of a thin (b = 0.01)
and dilute (kof = 2000) sample.

between non gaussian correlations for a normal incidence and for a shifted incidence. From this
subsection we conclude that there is no angular dependence in the quasi-ballistic regime.

V.4.5 Amplitude of the non gaussian correlation function
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Numerical and analytical calculations of the amplitude of the non gaussian correlation versus the
optical thickness in R/T [panel (a)] and in T/T [panel (b)] for a dilute sample (ko¢ = 2000). In
panels (c) (R/T configuration) and (d) (T/T configuration), we vary the normalized scattering

mean free path £/ numerically and analytically keeping the optical thickness constant to a value
b=0.1.
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In subsectionwe derived analytical expressions of C,,, in T/T and R/T in good agreement with
numerical results. In this section we propose a slightly more quantitative approach by analyzing the
value at AR = 0 of the non gaussian correlation versus the parameters of the system both analytically
and numerically. We call CJT this quantity in R/T and C} " in T/T. In panels (a) and (c) in Fig.
we represent the numerically calculated (red crosses) and analytically calculated (blue dashed line
value of C@T versus the optical thickness and versus the mean free path of the medium. In panels (b)
and (d) of the same figure we present the same results for ngT . The very good agreement between
numerics and analytics in Fig. [V.I5] is a proof of the validity of the diagrammatic model of the
quasi-ballistic regime that we presented in this chapter.

V.5 Relative weight of (), and C; in R/T in the quasi-
ballistic regime

In this section we support our guess that for all optical thicknesses, as long as koL > 1, Cy is
negligible compared to the non gaussian correlation C,, in R/T. In Fig. C} was small but not
completely negligible. Nonetheless in this sample koL = 20 which is not so large. In Fig. we
present numerical calculation of C in R/T for a constant optical thickness of b = 0.05 but various
sample sizes L and mean free paths . In Fig. we show the non gaussian correlation for the
same parameters. We observe on these figures that C) decreases faster than C,, in R/T when /¢
and L increase (keeping b constant). This brute-force approach supports our guess that even in the
quasi-ballistic regime, as long as koL > 1, Cy is negligible compared to the non gaussian correlation
in R/T. This makes the R/T configuration a perfect configuration to study non gaussian correlations.
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Figure V.16 — Numerical calculations of C; in R/T versus the transverse distance normalized by A for three
different samples of constant optical thickness b = 0.05. Parameters are kof = 1000 for panel
(a), kol = 2000 for panel (b) and ko¢ = 4000 for panel (c).



80

Chapter V. R/T correlation in the quasi-ballistic regime

(a) 0.12 (b) 0.08 (C) 0.03
0.1 005 0.025
g g
§ 0.08 g 004 S 002
3 ~
,i 0.06 & 0.03 R 0.015
~ 0.04 < ~ 0.01
© E 002 =
&= 002 > = 0.005
> O o0t S o
&) O
-0.02 0 -0.005

50 100 150 -150  -100 -50 0 50 100 150 -300 -200 -100 0 100 200 300

0
AR/A AR/ AR/A

-150 -100  -50

Figure V.17 — Numerical calculations of C,, in R/T versus the transverse distance normalized by X for three

different samples of constant optical thickness b = 0.05. Parameters are kof = 1000 for panel
(a), ko¢ = 2000 for panel (b) and ko¢ = 4000 for panel (c).

V.6 Conclusion

Let us summarize conclusions reached in this chapter.

e We believe that this study is convincing enough to claim that the diagrammatic model we pro-

pose is relevant in the quasi-ballistic regime. The most interesting observation is the dominant
term of the non gaussian correlation. As discussed in the previous chapter, it was claimed
in ref. [39] that additional contributions to the long range correlation exist beyond the usual
vertex. The contribution we consider in Fig. belongs to this class but was never observed.
This study is to our knowledge the first numerical observation of such un-usual contributions
to non gaussian correlations.

Our result suggest that the contribution described in this chapter has a non negligible weight
in the experimental result shown in panel (a) in Fig. It would be useful to follow ref. [39]
in order to obtain a general expression of the correlation function valid for any parameters of
the system to study the regime ¢ ~ L > X\ that is complicated from a diagrammatic point of
view.

We believe that the R/T geometry is perfectly suited to study mesoscopic effects since non
gaussian correlation are dominant in the I-T correlation whatever the optical thz’cknessﬁ of the
system (as soon as L > X). This allows one to track and study the evolution of the connected
four-field correlation in all scattering regimes.

SThis is a guess supported by Fig. and Fig.
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In this chapter we propose a new imaging modality based on the existence of an intensity correlation
between reflection and transmission, that we call Blind Ghost Imaging (BGI). This chapter is a
numerical proof of concept of the feasibility of Blind Ghost Imaging performed in the framework of a
collaboration with our colleagues from the University of Exeter (UK): I. Starshinov, A.M Paniagua
Diaz and J. Bertolotti.

VI.1 Introduction

In this section we introduce the imaging modality know as Ghost Imaging. The BGI idea that we
propose is an extension of this technique.

VI.1.1 Standard Ghost Imaging

Ghost imaging (GI) is a modality based on the intensity cross correlation between two beams. In
its original form (represented in Fig. a classical (or quantum) fluctuating source generates two
identical paraxial optical fields [96], 97]. These two fields propagate through the system to eventually
be measured in two different detection planes. At one detection plane the field illuminates a thin
object (modeled as a thin transmission mask denoted by O) and the intensity transmitted through the
object is directly integrated by a mono pixel detector (usually called a bucket detector) that does not
provide a direct image of the thin mask. At the second detection plane, the intensity which did not
interact with the object is measured by a CCD camera placed at the same distance from the source
than the object. The two measurements are correlated and the process is repeated a large number of
times in order to perform an average (over the fluctuations of the source). The correlation reveals the
squared modulus of the transmission mask convolved with the intensity-intensity correlation function
of the beam. More formally, the signal reads:

o 100 )P, ), )dr ) = (|00 )P, )drs 1) (T (xs,0)
S(rQA_) — detector detector (Vll)
(10 ) P1r)dr, ) ()
) /d 1O )OI (e, )01 (r0,))dr s

) /detector ’O(rlvl)‘2U(rl,l))drl,ﬂf(rzl)) .

In Eq. , ri, is the transverse position on the mono pixel detector, ry ; is the transverse
position on the CCD camera and O is the field transmittance of the thin mask. In Eq. ,
(0I(ry,1)0I(rs1)) < C(rey —ry), with C(re; —ry ) the intensity correlation function of the
incoming beam which allows us to recognize into Eq. a convolution product between the
squared modulus of the transmittance of the object and the intensity-intensity correlation function
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Figure VI.1 — Scheme of the conventional Gl set-up. A fluctuating source generates a field separated in two
beams by a beam splitter. In one arm a CCD camera measures the intensity with a high resolution.
In the other arm, the intensity illuminates a thin object. A mono pixel detector integrates all the
light coming through the object providing no spatial resolution. The distance from the beam
splitter to the camera equals the distance from the beam splitter to the object. The signal from
the mono pixel detector is correlated with the signal measured in each pixel of the CCD camera
and the process is repeated many times.

between the intensity at the CCD plane. The narrower the intensity correlation function is, the
better resolved will be the GI image.

VI.1.2 Variants of Ghost Imaging

Computationnal Ghost Imaging

Soon it has been realized that for free space propagation the second arm of the set-up could be
removed provided the incident field is known. This scheme is called computational Ghost Imaging
[98, [99]. Practically, a plane wave is used and encounters a spatial light modulator (SLM) shaping
the field. Since the distance from the SLM to the object is known, one can numerically propagate
the field from the SLM position to the position where the CCD should be. Additionally the intensity
correlation can be controlled using the SLM. This is represented in Fig. [VI.2]

ry 1

Lo Object
7 ’
Fluctuating source

Mono-pixel detector

Figure V1.2 — Scheme of the computational Gl set-up. A fluctuating source producing a known field illuminates
an object whose distance from the source is known. A mono pixel detector integrates all the light
coming through the object. This signal is correlated with the intensity numerically propagated at
the position of the object. The process is repeated many times.
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Reflection Ghost Imaging

It is also possible to use reflected photons for GI in free space [I00] as represented in Fig. . This
allows in principle to place the CCD camera far away from the object. Note also that introducing
scattering in the reflected GI set-up has been done considering atmospheric turbulence between the
object and the CCD [I01], or considering an object immersed inside a scattering medium (at a depth
small compared to the mean free path of the sample) [102].

Object
L2 ] “
Fluctuating source
_ S T
Mono-pixel detector g

Figure V1.3 — Scheme of the computational Gl in reflection. A fluctuating source producing a known field
illuminates an object whose distance from the source is known. A mono pixel detector integrates
all the light reflected from the object. This signal is correlated with the intensity numerically
propagated at the position of the object. The process is repeated many times.

Ghost Imaging in transmission though a scattering medium

It is also possible to use a scattering medium to produce a sharp intensity correlation in transmission
[103]. This scheme of GI is represented in Fig. VL4 In comparison with the usual GI set-up,
the fluctuating source is replaced by the combination of a non fluctuating source and a scattering
medium. We call GI(r) the signal given by Eq. obtained with this set-up. The GI signal is thus

Correlator

ry, |CCP
(LTI
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1,1
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.
s see?
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Non fluctuating source |
Scattering medium

Object Mono-pixel detector

Figure V1.4 — Scheme of the Gl in transmission though a scattering medium. A plane wave illuminates a
scattering medium. The transmitted intensity is split in two by a beam splitter. In one arm a
CCD camera measures the intensity, while in the other arm the transmitted intensity illuminates a
thin object. A mono pixel detector integrates all the light coming through the object providing no
spatial resolution. The signal from the mono pixel detector is correlated with the signal in each
pixel of the CCD camera. The process is repeated for many realizations of disorder.

proportional to the convolution product of the T/T intensity correlation with the squared modulus
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of the transmittance of the object. The interesting property of GI in transmission though a thick
scattering medium is that the intensity correlation has a typical size A (as represented in panel (a) in
Fig. permitting a good resolution of the object. Also, the amplitude of the correlation is close
to one, and thus provides a good SNR to this imaging modality. Eventually the correlation function
does not change too much with the parameters of the system in the diffusive regime (b > 1 and
kol > 1). In this regime, the image does not depend on the parameters of the scattering medium.

VI.1.3 Blind Ghost Imaging

In this chapter we propose a new approach to GI that we call Blind Ghost Imaging (BGI) (see
Fig. after a suggestion by J. Bertolotti from the University of Exeter (UK). In the BGI set-up,
a non fluctuating monochromatic source illuminates a scattering mediumﬂ. The reflected intensity is
measured using a CCD camera. On the transmission side of the sample an object with transmittance
O is illuminated by the transmitted intensity. Behind the object, a mono pixel detector integrates
all the light coming though the object with no spatial resolution. The two signals are correlated and
the process is repeated many times. We call BGI(r) the signal given by Eq. obtained in the

Correlator

Scattering medium r L

Beam splitter

— - %

Non fluctuating source

Object Mono p1xcl detector

Figure V1.5 — Scheme of the BGI set-up. A plane wave illuminates a scattering medium. The reflected intensity
is measured by a CCD camera while the transmitted intensity illuminates a thin object. A mono
pixel detector integrates all the light coming through the object providing no spatial resolution.
The signal from the mono pixel detector is correlated with the one in each pixel of the CCD
camera. The process is repeated for many disorder realizations.

BGI configuration. The BGI signal is proportional to the convolution product of the R/T intensity
correlation with the squared modulus of the transmittance of the object. In panel (b) in Fig. we
represent the intensity-intensity correlation in R/T Convolvingﬂ the transmittance of the object to
build the BGI signal. We observe that the amplitude of the R/T correlation is much lower than the
T/T intensity correlation [and decreases with 1/(koL)]. The typical width of the correlation function
is L in R/T. Thus the SNR and the resolution of the BGI image decrease when L increases.

'The optical thickness can be a priori arbitrary large provided the number of statistical configurations is large
enough.

2Note that in Eq. we obtain the convolution of the squared modulus of the transmittance of the object with
the intensity-intensity correlation times a factor depending on the area of the object and on the surface of the mono
pixel detector. We leave the exact study of the amplitude of the signal obtained for future work. Here we focus on
the proof of concept of BGI and its scaling with the thickness of the medium L.
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Figure V1.6 — Numerical calculation of intensity-intensity correlation functions in T/T [panel (a)] and in R/T
[panel (b)] for two different optical thicknesses (b = 4 and b = 6). We have set kol = 10 in the
simulations.

V1.2 Numerical results

In order to demonstrate the feasibility of the BGI we present some numerical simulations of BGI
and compare them with numerical simulations of GI in transmission of a scattering medium. We
consider a scattering sample with varying optical thickness. The transmitted and reflected intensities
are measured on the surface of the sample. To keep the numerical experiment as simple as possible,
we mimic the object using a perfect numerical mask of transmittance O (instead of a real object
with a given permittivity). The transmittance reads

0 if [0 | < Loy /2,

O(I‘ T’L) - { 1 if |IJT’J_| > Lobj/2‘ (VIQ)

In Eq. Ly; is the size of the numerical object. This allows us to define the field after the object
as the field before the object multiplied by O(r',,). In Fig. we show numerical simulations
of GI and BGI for two different optical thicknesses (b = 4 and b = 6), and for four different sizes
L, of the object hidden behind the thick scattering medium. The number of disorder realizations
used for the averaging process is N = 10°. As predicted GI produces a well resolved image of the
object with a rather good SNR, while BGI gives a less resolved image of the object with a lower
SNR. The variation of the GI and the BGI images with the parameter L is in perfect agreement with
the evolution of the intensity-intensity correlation functions in T/T and R/T. Indeed the GI image
seems independent of L while both the SNR and the resolution of the BGI image diminish when L
increases.

The BGI scheme could represent a real advance both conceptually and practically. Indeed, the
intensity exciting the object is unknown, in contrast to usual GI modalities. Here we correlate a
completely different intensity with the signal measured by the mono pixel detector, and we do not
assume knowledge about the intensity illuminating the object (we only use a statistical information
about it). BGI relies solely on the intensity-intensity correlation between two totally different beams.
Practically, with this modality we may image an object in transmission though a thick scattering
medium having only one information in the transmission side of the sample: the total integrated
intensity. The price to pay is the decrease of the SNR and of the resolution with the thickness L of
the medium.



VI1.3. What could be improved? 87

x10°®

(a) GI(w>,b‘:4‘ o (b)

0.035

0.03

0.025

0.02

0.015

0.01

0.005

-40 -30 -20 -10 10 20 30 40

0
/A
(c) . BGI(z),b =4 (d) . BGI(z),b = 6
1% , , ; ; 0 , . . , , , ;
05k Lop; = 2X ] 05k Lobj = 2\
ol — Lopj = 6
— Loy = 10

— Lopj = 16X

x/A

Figure V1.7 — Gl images of four different objects of increasing size hidden behind two diluted (ko¢ = 10) scat-
tering media of optical thicknesses b = 4 [panel (a)] and b = 6 [panel (b)]. BGI images of four
different objects of increasing size hidden behind two two diluted (kof¢ = 10) scattering media of
optical thicknesses b = 4 [panel (c)] and b = 6 [panel (d)]. The number of disorder realizations
used is N = 10°.

V1.3 What could be improved?

Finally let us discuss a few points which could motivate further studies.

e The use of a numerical object allowed us to simplify the proof of concept of BGI, but it hides
numerous complex questions on conceptual and numerical aspects. A full study of BGI versus
the parameters of a real object (its distance from the slab, its thickness, its permittivity) is
needed.

e It would probably be interesting to adapt the clever algorithm given in [104] to the special
case of BGI in order to increase the SNR. We should keep in mind that in 3D, the intensity
correlation in R/T is lower than in 2D, thus the SNR will be lower.

e 3D numerical simulations are required in order to have an order of magnitude of the number of

disorder realizations needed to experimentally observe an object with sufficient contrast using
the BGI modality.

e Note that in this section we did not remove the average fields in the intensity for practical
purpose. Removing them would allow us to reduce the optical thicknesses without producing
some oscillating terms in the correlation function in R/T.

With this short chapter, we end the first part of this thesis devoted to the study of the intensity
correlation function in R/T. The use of this novel correlation in this very practical application of
imaging an object behind a scattering medium is encouraging and justifies by itself the need for a
better understanding of this phenomenon.
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In the first part of this thesis we have studied in detail the existence and the shape of the correlation
function between reflection and transmission when the parameters of the physical system change.
In the diffusive regime, we have shown that a negative and long range correlation survives. Its
amplitude scales as 1/(koL) in 2D and 1/(koL)? in 3D. Based on the existence of this correlation
imaging methods could be developed, such as ghost imaging with the CCD camera collecting a signal
in reflection from the scattering medium.

VII.1 Need for a more detailed analysis of the joint-statistics
in R/T

The amplitude of the correlation function is weak in the diffusive regime, and we may conclude from
this statement that this correlation cannot be used in practice. Nonetheless it may be possible, due
to complexity of scattering medium, to increase “information” between R/T simply by considering
more than one speckle spot on each side of the sample. Indeed we know that the information
between two sets of random variables is linked to statistical dependence between them. Let X and
Y be two random variables. The definition of statistical dependence between X and Y is that
P(X,Y)# P(X)P(Y). In Fig. we represent two joint distributions P;(X,Y) and P»(X,Y).
In the case of P, X and Y are independent random variables and P;(X,Y) = P;(X)P;(Y). This
can easily be observed in panel (c) in Fig. where we compare the distribution of X knowing
that Y equals 0.1, 1 and 2 and observe no difference between the three curves. This is in contrast
with P, for which X and Y are two dependent random variables. This is easily observed in panel
(d) in Fig. in which we compare the distribution of X knowing that Y equals 0.1, 1 and 2 and

observe a substantial difference between the three curves.

This statistical dependence can result from the correlation between the two random variables (second
order moment), but it can also result from higher joint moments of X and Y. In our case, the
existence of a non zero correlation between reflection and transmission proves the existence of a
statistical dependence between reflection and transmission, but it is not a direct measure of this
dependence. The quantity we need to calculate in order to be able to fully describe the statistical
dependency is the joint distribution between the random variables. In our case it would be useful to
derive P(R,T) with R = (Zg,,...,Zg,,) and T = (Zr,...,Zr,). This is the purpose of chap. in
which we obtain the joint distribution P(R,7) using diagrammatic techniques.

VII.2 Mutual information

In order to quantitatively study the statistical dependence between R = (qu, ...,me) and T =
(Zr, ..., Ir,,) we introduce a quantity referred as mutual information (MI) [I05]. The MI is built from
another function of the probability density function called entropy. The entropy of a continuous
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Figure VII.1 — Representation of the joint probability P; (respectively P») between two independent (respectively
dependent) random variables X and Y in panel (a) [respectively in panel (b)]. In panels (c,d)
we plot the conditional statistics of X knowing that Y equals 0.1, 1 and 2.

random variable X, denoted H(X), is defined by

-1
HX) = 10 / P (X)log[P (X)] dX. (VIL1)
It is always positive and is commonly accepted as a measure of the diversity of the possible results
of a random variable. For instance, if a random variable is defined on a finite range [a, b], then the
probability density function maximizing the entropy is P(X) = 1/(b — a). Indeed, in this case the
probability is uniformly distributed and the diversity of the results is maximum. As soon as we
confine the probability of X in certain region of [a,b] we decrease the entropy because we increase
the a priori knowledge of the result of X.

The MI between R and T is defined the following way:

MI(R,T) = @ / P(R,T)log l%] dRAT. (VIL2)

Let us here give two complementary interpretations of the MI:

e MI(R,T) =H(R)+H(T) —H(R, T) = H(T) — H(T|R) measures the reduction in the
uncertainty of 7 (respectively R) due to the knowledge of R (respectively T) [105].

e MI(R,T) is the Kullback Leibler distance between P (R,7T) and P (R) P (T). It can be under-
stood as a distance between the joint distribution and the product of the marginal probability
density functions, thus as a distance from independence [105].

We can also discuss some mathematical properties of MI that will be useful in the following:
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e MI(R,T) > 0 and is zero if and only if R and 7 are independent. This is a consequence of
the intuitive inequality H (7)) > H (T|R) stating that the knowledge of a random variable can
only reduce the uncertainty about another random variable.

e MI(R,7) = MI(f[R],g[T)] with f and g two homeomorphisms. We will use this property
to transform the numerical data in order to simplify the numerical estimation of MI.

In Chap. [[X|we study numerically and analytically MI (R, T) versus the number of points considered
in reflection and transmission, their transverse distances, and the parameters of the system.

VII.3 Conditional statistics

Another property, related to the statistical dependence between X and Y, is the difference between
the conditional statistics P (X|Y € V) (V is a sub-ensemble of the ensemble of definition of Y) and
the marginal statistics P (X)) [106]. This is illustrated in panel (d) in Fig. where we can observe
changes in the conditional statistics when the knowledge of the second random variable changes. In
Chap. [X], we pay special interest to the first moment of the conditional statistics of the transmitted
intensity (conditional average value of fT) that could be a good observable to describe wavefront
shaping experiments as that in ref. [I07]. In this work, the authors focused the light in a well defined
area in transmission of the sample, and observed a simultaneous decrease of the light in front of this
area in reflection. In chap. [X] we study in detail the conditional average value of the transmitted
intensity and show that whatever the parameters of the system, one can modify quantitatively the
transmitted intensity at one given position only using reflected information.
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In previous chapter we have discussed information theory and its building block: probability density
functions. We observed that to use all the tools defined in information theory, we need to obtain first
the analytical expressions of the probability density functions. We thus intent to derive the joint
statistics between an arbitrary number of intensities measured in reflection and transmission. From
the previous chapter we know that a correlation in R/T appears due to crossing of trajectories between
reflected and transmitted diffuse light. Here we study the effects of the non gaussian correlation on
the joint-statistics of an arbitrary number of speckle spots for diluted samples (kof > 1). We build
the joint statistics taking into account one possibility of crossing between intensities. This crossing
can occur between transmitted intensities, reflected intensities, or between one reflected intensity
and one transmitted intensity creating correlations between pairs of intensities.

The main steps are the following:

e First we derive analytical expression of the probability density function of one intensity taking
into account connected four-field correlations.

e Then we derive the joint-statistics between one reflected intensity and one transmitted intensity
in the diffusive regime taking into account connected four-field correlations.

e Eventually we derive the joint-statistics between an arbitrary number of intensities in reflection
and in transmission taking into account connected four-field correlations. The derivation is
performed assuming that the C correlation is negligible between all pairs of intensitiesﬂ This
corresponds to d]},, > X and dfff, > X in Fig. .

Even if the results presented here may be more general, we focus on the diffusive regime with b > 1
and kol > 1. Assuming the optical thickness to be larger than one allows us to restrict the non
gaussian correlation to its Cy component.

To derive the various statistics we follow the ideas developed in previous studies published in the
90’s. It was shown at the time that the statistics of the intensity scattered by the medium is
strongly dependent on the gaussian character of the field [28] and carries information about long
range correlations in the sample [108, [109]. These works were inspired by ref. [I10] in which the
approach relied on path integral techniques. In this chapter we follow the reasoning in ref. [I11] in
which a clear diagrammatic expansion of the statistics in terms of various connected moments of
the intensity is given. Since it is a perturbative approach, the higher the order of the connected
moment, the more complex the analytical expression of the statistics. Using RMT we can obtain a
more complete expression of the statistics [I12) [1T3], nonetheless it looses its physical interpretation
in terms of number of crossings of trajectories inside the medium. The interested reader can find
details about the first measurements of the statistics of the intensity, and its dependance on the non
gaussian character of the field in refs. [35, [114] [115]. Note that all these works deal with statistics
of the intensity at one given position, or with the statistics of the integrated transmitted intensity,
while we are interested in joint statistics between intensities.

'In other words we study the joint statistics between different speckle spots.
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Figure VIII.1 — Scheme of the system studied. A plane wave at normal incidence illuminates a 2D disordered
sample of depth L. The field is measured in transmission and reflection at various positions
rp; and rg;. The planes of measurement are at a distance d from the sample surfaces. The
transverse distance between rr; and rr; is denoted by dTT between rg, and rg, it is denoted

Z7J !
by dij, and between rr; and rg, it is denoted by dij'

VIII.1 Statistics of the intensity

The aim of this section is to derive the statistics of the transmitted or reflected intensity of the
fluctuating fields (0F = E — (£)). To do so we need to derive the expression of all the moments of
I. Indeed, we can access the full statistics of I using

(ik)"
!

N (INY exp(—ikI)dk. (VIIL1)

Ph= o [

N=0

We can thus observe the impact of non gaussian correlations in the model on the statistics of the
intensity at one given position.

VIII.1.1 Rayleigh law

Let us start by deriving the Rayleigh law (statistics of the intensity of the fluctuating field in the
gaussian approximation). The reasoning leading to the expression of the moments of the Rayleigh
law is the following:

e The average value of the field is zero, thus the only non zero moments of the fields are moments
of the intensity.

e The moment of order N of the intensity is equal to (IV) = NI(I)V. The full statistics is thus

built with (I) as a single parameter.

The N! term is a combinatory factor coming from the fact that each field in the ensemble {0 Ey, ....,0 Ex }
can be paired with a complex conjugate in the ensemble {0E7, ....,dEy} (see ref. [28]). The first field
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has N possibilities for his pairing, the second N — 1, etc. Two different pairing possibilities are
represented in Fig. [[I.§

Inserting (IV) = NI(I)Y into Eq. (VIIL1) we obtain the Rayleigh law

1 [ exp(—ikl)
P, / (ik(1 kD dk = / EXPITIRL) 4 VIIL2
o 3 k()Y exp(-ikDdk = o [ TP (Vi

- <§>exp<—1/<f>>.

Normalizing the intensity by its average value we obtain the normalized version of the Rayleigh law:

Pray(Z) = exp(—1). (VIIL3)

VIII.1.2 Statistics of the intensity beyond the Rayleigh law

In this subsection we intend to derive the statistics of the intensity (either in reflection or in reflection)
taking into account the connected fourth-order moment of the field.

Second-order moment of [

We know that the first correction to the gaussian character of the field arise in the I-I correlation
(fourth-order moment of the field):

(I*) = 2<f>2 + <6E5E*6E5E*>C. (VIIL4)

We represent the decomposition in Eq. (| in Fig. Panels (a) and (b) together give the
2(I)? contribution to the second order moment of I. Note that panel (b) is in reality the square of the
field-field correlation evaluated at one given position. It is thus non distinguishable from the square
of the average intensity. In the diffusive regime in T/T we know that the non gaussian correlation
has two dominant contributions represented in panels (c¢) and (d) in Fig. [VIIL.2l Evaluated at one
given position, these two contributions are non distinguishable. We thus merge them into one single
quantity called (I?)¢, = (VESE*SESE*)¢,. We define this new notation because we need a more
compact form in this chapter to discuss the non gaussian intensity correlation.

(a) (b) (¢) (d)

=N rr

Figure VIII1.2 — Diagrammatic representation of Eq. (VIII.4)). Panels (a) and (b) give a contribution of 2@}2 to
the second order moment of the intensity while panels (c) and (d) give the contribution (1?)¢,.

Equation (VIII.4) can be rewritten in the diffusive regime the following way:
(I?) = 21N + (I%)¢, (VIIL5)
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keeping in mind that (I%)¢, contains two different diagrams.

Arbitrary moment of I. The example of the transmission geometry

We intend here to build the moment of order N of I taking into account the first correction due to
the non gaussian character of the field, exactly as we did for the second order moment of I. The idea
is to correct the moment of order N with one (and only one) crossing of two trajectories. We derive
here the various moments of Ir keeping in mind that the discussion is also valid for I .

We already know the dominant term in the moment of order N. It results from the disconnected
propagation of N ladder diagrams with a combinatory factor of N!. This term reads

—~N

<[T >Ray = N'<E>N (VHI6)

The first correction is the disconnected propagation of N — 2 ladder diagrams together with the

connected propagation of two intensities. The disconnected part of the correction is multiplied by a
2

N
(N — 2)! factor and its connected part is weighted by a 2) . This results from the choice of two

fields in the ensemble {0E7,,....,0 E7, } to be paired with two complex conjugate in the ensemble
{(5Er_*;1, e 5E:’;N}. This term reads

N(N —1) ,~2

(Ir")rr = (N = 2)! (g) (Tr Yoy (Ir)V =2 = N (It Yoy (Ir)V 2, (VIILY)

The subscript (...)rr specifies that the moment contains one crossing between two transmitted in-
tensities.

Figure VII1.3 — Two typical diagrams for the two components of the 4th order moment of the transmitted
intensity. Panel (a) corresponds to the disconnected propagation of 4 ladder diagrams. Panel
(b) corresponds to the disconnected propagation of two ladder diagrams and the connected
propagation of two intensities.

Diagrammatically, we represent these two terms in Fig. [VIIL.3] Panel (a) corresponds to one of
the N! disconnected scattering sequences while panel (b) corresponds to one of the NIN(N — 1)/4
connected scattering sequences. The expression of the Nth order moment of the intensity can be
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written as the sum of the two contributions:
~N ~N ~N
(Ir ) = (It )Ray + (I7 )77 (VIIL8)
—~ N(N —1
= NW(Ip)N (1 NG I >02TT>

with CI7 = (Ir ),/ (Ir)2.

Derivation of P(Z). The case of transmission geometry

Knowing the different moments of I, we can access the statistics of P(IN ) inserting Eq. (VIIL8)) into
Eq. (VIIIL.1). Let us derive the expression of P(I7):

P(Iy) = ;ﬁ / ST (ik(Ir))N (1 + N(A;_DCQT T) exp(—ikIp)dk = Pray(I7) + Pro(Ip)  (VIILY)

Let us calculate Ppp(I7). To proceed, let us first deal with the expression of the sum over N

5 k() <N(N4“1)05’T> = (ih{I)? S k(T (VN F 1) (VL0
P Ay M :

4 [ik(Ir)] 1 — ik(Ir)
_ CFT —2(ik({Ir))?
4 (1 — Zk(fT>)3

and use the residue theorem:

RS L [2070)
) = 5 s oy

OTT 2k»2 -
= 2__ exp(—ikIr)dk
4(2m)i(Ir) / (k + z/(l?))g Pkt

C;FT 82

< lim  —— (2k? exp(—ikI,
8(Ir) k—i/(Ir) 3%( p(=ikfr))

- f{“ P (‘ é;) <<II> - 4<%> ’ 2) '

The complete probability density function thus reads

P(Ir) = Pray(Ir) <1 + ciT h 1532 _ 4<g> + 2D (VIIL.12)

which gives after normalization

P(E) = o (-27) 1+ -

Tt —4Tp + ZD . (VIIL.13)
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We recognize in Eq. the expression given in ref. [I09]. Taking into account the first cor-
rection to the gaussian character of the field modifies the Rayleigh law by a polynomial function
weighted by the non gaussian correlation function. It is important to stress that Eq. is also
valid in reflection in the diffusive regime. It reads:

P(Zr) = exp (—Zp) (1 + CfR

Tr —ATn+ 2]) . (VIIL14)

Analysis of P(T)

In this subsection we give the basic properties of Eq. (VIII.13). As every probability density function,
P(Z) is normalized:

/ P@)dT = 1. (VIIL15)

Let us also note that

PZ=0)=1+ (“;2 (VIIL.16)

a property observed numerically.
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Figure VII1.4 — Numerical calculation of the statistics of Zr in linear [panel (a)] and log scale [panel (b)] and
of Zg in linear [panel (c)] and log scale [panel (d)] for a thick (b = 8) and dilute (ko¢ = 10)

sample. Each curve is compared to Eq. (VIII.3)) (red solid line) and Eq. (VIII.13]) (black dotted

line). The points where intensities are calculated are at a distance d = 2\ of the scattering

sample (see Fig. |VIII.1]).

In Fig. [VIIL.4| we plot the numerically calculated statistics of Zr and the statistics of Zg, in for a thick
(b = 8) and dilute (ko¢ = 10) sample. Each curve is compared to Eq. (VIIL.3)) and Eq. (VIIL.13]).
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We observe an almost perfect agreement between numerics and Eq. (VIII.13) in both reflection and
transmission.

To conclude this subsection, non gaussian correlations can be taken into account into the statistics of
the intensity. It modifies the Rayleigh law with a polynomial function weighted by the non gaussian
correlation. Eq. has been used in transmission to study the strength of the disorder (kyf) in
various samples [IT5]. Indeed, in transmission of a 2D scattering sample the strength of the correction
scales as Cy o< 1/(kol) which is small in the diffusive regime, and increases when k¢ decreases.

VIII.2 Joint-statistics of one-point transmitted and reflected
intensities

In this section we study the joint-statistics between Zr and Zy. We follow the reasoning in the
previous section for the statistics of one intensity. We derive the moments of the joint distribution
between Zr and Zp with well defined assumptions, and insert them into

(ikr)N (ikg)™  ~n~ - -
P(Ip, Ir) = / 3 ( ]\7;' ! 1\}2 (INTMY exp(—ikyIr) exp(—ikplg)dkrdke.  (VIILIT)
N,M=0 :

We start by considering only disconnected ladder diagrams to build the moments of the joint distri-
bution between IR and IT We observe that this model leads to statistical independence between
one reflected intensity and on transmitted intensity. Eventually we build the joint-statistics using the
first correction to the gaussian character to its moments. We observe that under this assumption the

reflected and the transmitted intensity are statistically dependent, due to non gaussian correlations
in R/T.

VIIL.2.1 The joint Rayleigh law in R/T

In this section we quickly derive the joint statistics P(fR,fT) in the gaussian approximation in the
diffusive regime. The gaussian correlation between reflection and transmission is exponentially small
in this regime as observed in Chap. [T, and we will neglect it. Thus the joint moment arises from
the disconnected propagation of N transmitted ladder diagrams with a combinatory factor N! and
M reflected ladder diagrams with a combinatory factor of M!. It reads

(INTMY gy = NIMUTR)M (I7)N . (VIIL.18)

Inserting this expression into Eq. (VIIL.17), we obtain the joint distribution between Iy and Ir in
the gaussian approximation:

1 ]~R 1 Ir
PRay(IR7 [T) <]R> exp <_<fR>> @ exp (— <IT>> PRay<[R)PRay<[T) (VIIIlg)

In the gaussian approximation, I and Iy, are independent random variables. Measuring one of them
gives no information about the other.
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VIII.2.2 Joint statistics between I and I taking into account non gaus-
sian correlations

In this subsection we intend to derive the joint statistics between Ir and Ip taking into account the
first correction due to non gaussian correlations. We already know the dominant term in the moment
of order (N, M). It is given in Eq. and comes from the disconnected propagation of the
intensities. One of these diagrams for the moment (2,2) is represented in panel (a) in Fig. .

The first correction in terms of number of crossing of trajectories comes from three different contri-
butions:

e One crossing between two transmitted intensities together with (N — 2) transmitted ladder
diagrams and M reflected ladder diagrams. This term gives a contribution (INTYM)rp =
NIMIN(N — 1) /4(Ig)M(I)N=2(I2)¢, to the (N, M) moment. One of these diagrams for the
moment (2,2) is represented in panel (b) in Fig.

e One crossing between two reflected intensities together with IV transmitted ladder diagrams and
(M — 2) reflected ladder diagrams. This term gives a contribution (I} I3") gr = MIN'M (M —
1) /4{Ig)M=2(I7)N (I%) ¢, to the (N, M) moment. One of these diagrams for the moment (2, 2)is

represented in panel (c) in Fig. [VIIL5|

e One crossing between one reflected and one transmitted intensities together with (N —1) trans-
mitted ladder diagrams and (M — 1) reflected ladder diagrams. This term gives a contribution
(INTMY pp = NIMIN M (Ip)M =Y Ip)N =1 (IpIr) ¢, to the (N, M) moment. One of these diagrams
for the moment (2, 2) is represented in panel (d) in Fig. [VIII.5|

Figure VIIL.5 — Four typical diagrams for the four components of the (2,2) joint moment of the transmitted
and the reflected intensity. Panel (a) corresponds to the disconnected propagation of 2 ladder
diagrams in reflection and 2 ladder diagrams in transmission. Panel (b) corresponds to the
disconnected propagation of two ladder diagrams in reflection and the connected propagation of
two intensities in transmission. Panel (c) corresponds to the disconnected propagation of two
ladder diagrams in transmission and the connected propagation of two intensities in reflection.
Panel (d) corresponds to the disconnected propagation of one ladder diagram in reflection,
one ladder diagram in transmission and the connected propagation of one reflected and one
transmitted intensities. The crossings of trajectories are highlighted with black boxes in panels
(b,c,d).

Taking into account these four contributions we obtain the following expression for the (N, M)
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moment:
(INTMys
(I IR = (I IR Ray + (IR T rr + (IR T e +(I0 T ) R (VIIL.20)
- - N(N - 1D)CIT  M(M —1)CER
= NIMUIRYM (Ip)N <1 + ( I )G, + ( I )G, +NMC§T>
with _
CTT _ <132“>Cz
2 <[T>2 )
72
cpr = ne, (VIIL.21)
{Ir)?
RT __ <IRIT>02
? (Ir)(IT)

Note that we introduce the notation (INT; M) g for the joint moment built with non gaussian correlation
in T/T and R/R (the subscript (...)s means that we consider non gaussian correlation between points

on the same surface). Fach term in Eq. (VIII.20)) gives a contribution to P (I~ R fT), that can be written
in the form

P(Ig,Ir) = Pray(In, Ir) + Prr(Ig, Ir) + Pre(Ig, It) + Prr(Ig, Ir). (VIIL.22)
The only contribution not derived so far is PRT(T R fT). To perform the calculation we use

Niﬂ (ik({ I)N (N) = (ik(I)) Ni} (ik( I)N(N +1) (VIIL.23)
T 0 1
N (lk<l>>a¢k<f> 1— ik(I)
_ ik(I)
(1 - k(D)
combined with the residue theorem
L ik(1) exp(—ikD)dk = — 1+ _ K exp(—ikI)dk VIII
(2ﬁ)/(1_¢k<f>)2 P (27r)i<17>/(1<;+¢/<f>)2 PED Vi
= 1~ lim g(kexp(—ik;f))

This leads to the following joint probability density function of the reflected and transmitted inten-
sities of the fluctuating fields:

P(Ip, It) = Pray(Ir)Pray(Ir)

" (1 = [gv -4 ”1 A [<II§> _45“3 ”] ren Ké; - 1) <<§§> - 1)]) '
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The normalized version of Eq. (VIII.25]) is

P(Ip,Ir) = exp (—fR) exp (—fT)
CTT N CRR N R B
x (1 + = T3 —4Zr +2] + i (22— 4T + 2] + CF [(Zr — 1)(Tr - 1)}) . (VIIL.26)

Analysis of P(INR, Ir)

The key feature of Eq. is that P(Ig,Ir) # P(Ig)P(Ir) showing that I and Iy are two
statistically dependent random variables. The statistical dependence directly results from the non
gaussian correlation in R/T. In Chap. we study in detail the implication of Eq. in
terms of Mutual Information between one reflected and one transmitted intensities, while in Chap. [X]
we discuss its implication in terms of conditional statistics of the transmitted intensity forcing the
reflected intensity to be dark or bright. In this section we support Eq. using 2D numerical
simulations. An easy way to compare the numerical distribution with the analytical result is to
compare their moments. In Fig. we plot the logarithm of the ratio between the (N, M)
moment calculated numerically and the one resulting from three different analytical calculations
versus the order of the (N, M) moment.

(I IR Ray (INTM)s

TN TM TNTM
log {UT I >num} og {UT i >mm]

6

Figure VII1.6 — Logarithm of the ratio between (IN ITM),um and (INTM) ray, [panel (a)], between (INTM),.m
and (INTM)s [panel (b)], and between (IN M), and (INTM). The calculation is done for a
thick (b = 6) and dilute (ko¢ = 10) sample.The points are in front one of another (df*T = 0))
and are at a distance d = 2\ of the scattering sample (see Fig. .

We observe in panel (a) in Fig. that (INIM), .. is higher for large N and lower for larger M
than (INTA) ga,. This is due to the non gaussian correlation in T/T and R/R which are positive in
transmission and negative in reflection in this regime. In panel (b) we correct the analytical model
with non gaussian correlations in T/T and R/R. We see that the precision of the calculation of the
moments for large N or large M is improved. Nonetheless, for both large N and large M the moment
calculated numerically is lower than the moment resulting from the analytical result. In panel (c) we
correct this taking into account non gaussian correlation in R/T. We believe Fig. is a proof
of the validity of the analytical model leading to Eq. .
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VIII.3 Joint-statistics between n transmitted speckle spots
and m reflected speckle spots

In this section we derive the joint statistics between n speckle spots in transmission and m speckle
spots in reflection taking into account the first order correction to the gaussian approximation.

VIIL.3.1 Joint-statistics between two different transmitted (respectively
reflected) speckle spots

In the previous section we derived the joint statistics between one reflected intensity and one transmit-
ted intensity. To derive the joint statistics between an arbitrary number of reflected and transmitted
different speckle spots, we also need to derive the joint statistics between two different speckle spots
in transmission or in reflection.

First, it is important to note that considering the ' correlation in the joint statistics between many
intensities is cumbersome in the diagrammatic approach. We have performed the calculation for
two transmitted intensities, and obtained the same result as the known result given in Eq. .
Nonetheless, we did not manage to extend this result to a useful analytical expression for the joint
statistics of IV transmitted intensity correlated with C;. In a nutshell, the issue is that we use a
perturbative expansion of the moments to build the distribution taking into account non gaussian
contribution. The C; correlation in T/T or R/R can be close to unity, as shown in Fig. [II11.9
and cannot be treated perturbatively. We handle this problem by considering points separated by
distances larger than A (different speckle spots). Doing so, the C; correlations are small and the
intensities are mainly correlated due to non gaussian correlations. In this regime, the (N, M) joint
moment of P(Iy,,Iz,) has the exact same expression as that in the R/T configuration. It reads

N(N —-1C™  M(M —1)03%"
4 * 4

(I I3y = NYMY(Ir, )M (Ir,)™ <1 + + NMC§1T2> (VIIL27)

with C’2T ol being the non gaussian correlations between I:TZ. and ij. This leads to the following joint
probability density function for two transmitted intensities:

P(Iz,, It,) = Pray(It,) Pray (I )<1+C“’TIT1 l i 4 I,
T4T5,) = I'Ra Ty Ra To ~ - =~
! ! 4 <]T1>2 <IT1>

[ e () (i -0))

+ 2] (VIIL.28)

Its normalized version is
P(Zr,, Ir,) = exp (I, ) exp (~In,) (VIIL29)

02TlT1 -2 T C§2T2 -2 T T T: T T
X (1 +t— (T3, — 4Tr, +2] + 1 T3, — ATy, + 2| + C1™ [(Zr, — 1)(In, — 1)]) :

Note that the same discussion remains valid in the reflection geometry. We can note that Eq. (VIII.29))
has the exact same shape as Eq. (VIII.206).
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Analysis of P(Ir,, Iy,

Let us check the validity of Eq. ( using numerics. In panels (a,d) in Fig. - we plot the
logarithm of the ratio between (I N IT2 )num and (IT1 IT2 )Ray- In panel (b,e), we plot the logarithm of
the ratio between (I e ) ) num and (Iﬁ M 7,)s- In panel (c,f), we plot the logarithm of the ratio between
(IR 1Y, and (TN T4 [ ) In panels (a,b,c) in Fig. . the two transmitted points are separated by
a transverse distance of d{} = 18.6A. Over this distance C; is very small, and the model should be
valid. We observe indeed that the moments are closer to the numerical result when corrected with all
the non gaussian correlations. In panels (d,e,f) in Fig. mthe two transmitted points are separated
by a transverse distance of d} % 2 = 0.31A. Over this distance C is not negligible. This explains why
the discrepancy between the numerical simulations and the analytical model considering only non
gaussian correlations is so large. Note that correcting the moments with non gaussian correlations
has little effect when d{3 = 0.31\ because the dominant contribution is the gaussian correlation.

log[ﬁﬁf%)wm] . <I 1T2>num o %
(LN IH) oy fﬁf% (IR 12

~<
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Figure VIII.7 — Logarithm of the ratio between <fﬁf%>num and (fﬁf%)Ray [panels (a,d)], between
<fﬁ[~%>num and (fﬁf%@g[panels (b,e)], and between (fﬁf%)num and (fﬁf%) [panels (c,f)].
This is done for a thick (b = 8) and dilute (ko¢ = 10) sample and for two transmitted points
separated by a transverse distance of d{3 = 18.6) [panels (a,b,c)] and of d{5 = 0.31\ [panels
(d,e,f)]. The distance from the slab is d =2\

We can also note that the difference between numerics and analytics is larger for P(Ip,,Iz,) in
Fig. than for P(fT, fR) in Fig. The main reason is that CI7T is larger than CEE. Tt
is clear that the parameter that drives the validity of the model is the strength of the non gaussian
correlations (because we use a perturbative approach). The lower it is, the better the validity of the
model will be.
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VIII.3.2 Extension to an arbitrary number of speckle spots

We intend now to build P(f Rys ooy I, R s I:Tl, e an), taking into account one crossing of trajectories
in T/T, R/R or R/T. We remain in the regime where C is negligible between all pairs of points.
In the diffusive regime this is always true in R/T, but in T/T and R/R it implies that points need
to be separated by many A (points belong to different speckle spots). The joint moment is built
considering the dominant term (disconnected propagation of ladder diagrams) and its first correction
in which two intensities are connected. The connection of two intensities can occur between all pairs
of intensities considered in the problem. This leads to

(IR I IR TRy = Ny L NG IMG L M, (I )N (I, >Nn<fR1>M1...<me>Mm (VIIL.30)

(HZ LR pLIC 4)02

L3 NMCE 3NN, CET 4 S MM )

%, 1<J 1<J

which gives for the normalized joint distribution function:
P(Zp,, s Zry Iry o Ir,) = Pray (Zn, ) -Pray (T, ) Pray (1) - Pray (Zr,) (VIIL31)

n T T; _ m CRj R; _ _
( [ — 4Ty, + 2 e 7 |22, — 4Zg, + 2]
J

+7§(;§in [(fp- — 1)(Zg, — 1)} + %%02@@ [(fﬂ. — 1)(Zr, — 1)} + ngofu%j [(fRi — 1)(Zg, — 1)}) .

i, 1<j 1<j

Equation expresses the joint distribution between m reflected and n transmitted speckle
spots as the joint Rayleigh law corrected with all possible non gaussian correlations. It is valid in
the diffusive regime as long as the I-T correlation between all pairs of points is dominated by its non
gaussian contribution.

VIII.3.3 An alternative derivation of the joint statistics

In this section we give a slightly different derivation of the joint statistics. The result obtained is of
course equivalent to that obtained in the previous sections in the diffusive regime. Nonetheless, it
needs fewer assumptions about the statistics of the transmitted and the reflected intensities. It is thus
more general. The idea is to perform a perturbative expansion only on the correlation between the
reflected intensities and the transmitted intensities. In other words, we do not specify the statistics
in reflection or in transmission, we simply argue that the two sides of the sample are correlated with
small non gaussian R/T correlations.

These assumptions have two implications:

e The dominant term of the joint moment is the disconnected moment between reflection and
transmission. This term gives a contribution (IN'... Ly It IR = (I TR (I L) to
the joint moment.
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e The first correction results from one and only one correlation in R/T. This term gives a contri-

bution (I .. Ipm T Iy = S (IR IR Iy I ™ I YN M (I, It to the

1]
joint moment.

This leads to the following expression of the joint moment:
(I I T Ty = (T Ty V(I I (VIIL.32)

+ Y (Tt D DRI Iy I ) N M I I )y
7.7

Inserting Eq. (VIIL.32) into Eq. (VIIL.17)), we directly obtain for the normalized quantities:

P(Zg,,....Ip,, . Ir,....Ir,) = P(Zn,, ... Ir, )P(Ir,, ... Ir,) (VIIL33)
X (1 + Z C;%iTj’Ui(i'Rl, ...,:ZN,—Rm)’Uj(le, ,an))
,J

with
3% | Xigh P(X1, .. X )]

(X, Xy) = 2L 0%
vil X1 - Xn) P(X1, . Xy)

(VIIL34)

and X being fR or iT.

Equation is a milestone because it directly expresses the joint distribution between reflected
and transmitted intensities (Zg,, ..., Zg, . L1, ..., Zr,) as the independent product of the reflected and
the transmitted joint distributions multiplied by a correction. When this correction differs from
unity, we know that the reflected and the transmitted intensities are statistically dependent. Note
that the correction is simply defined by the derivatives of the distribution in transmission and in
reflection, and by all the non gaussian correlations in R/T. Let us stress that if we insert the joint
distribution in transmission or in reflection built taking into account the non gaussian correlation
into Eq. , we recover to first order in terms of non gaussian correlations the result given in

Eq. (VIIL.31).

Since we have derived the joint-distribution between an arbitrary number of speckle spots in reflection
and an arbitrary number of speckle spots in transmission we can enter information theory. This is
the topic of the next chapter.
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In this chapter we study the mutual information (MI) between an arbitrary number of reflected
and transmitted distant speckle spots both numerically and analytically. The geometry of interest is
represented in Fig. Between the writing of the thesis and the defense of the thesis, we submitted
an article summarizing the work discussed in this chapter [116]

d d
@ © 2 o=
) o o o I‘T1
TR, ) ) [ ]
> Y TT
° o o @, |}
o ? ° ®
° ? e 9
- - . N 2 ) b l:Tn
Y 9 ) [
TR, d d
—— o % o °
- a
@
- o
[* I ?

Figure 1X.1 — Scheme of the system: a plane wave at normal incidence illuminates a 2D disordered sample of
depth L. The field is measured in transmission and reflection at various positions rr, and rg;.
The planes of measurement are at a distance d from the sample surfaces. The transverse distance
between r7, and ry; is denoted by d;r]T between rg, and rg; itis denoted by df]R and between
rr, and rpg; it is denoted by df-?jT.

We first derive a perturbative expression of the MI in terms of non gaussian correlation functions in
R/R, T/T and R/T. Then we discuss the shape of the non gaussian correlation functions in T/T
and R/R to get insight about their contribution to MI. Based on this, we analytically discuss the
main features of the MI and its dependence on the parameters of the physical problem. Eventually
we study numerically the MI between a large number of reflected and transmitted intensities. We
observe a rich and subtle behavior of this quantity versus the parameters of the system.

IX.1 Mutual information in terms of CI7, CI'f and CI'*

Let us recall the expression of the MI between two ensembles of random variables R = (Zry - Ir,,)
and T = (IT1“'7ITn> [105]

1

MI(R,T) = e

[ PR T)0g [M] dRAT. (IX.1)
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The MI between two random variables is often considered as a “distance” between the joint distribu-
tion and the product of the marginal distributionsﬂ Indeed, it vanishes if and only if the two random
variables are independent and is positive otherwise. In Chap. [VIII] we derived the expression of the
joint distribution P (R,7) in terms of the product of the marginal probability densities:

P(Zrys - ZrpsIryeos Ir,) = P(Zryy s I, ) P(Zrys oo I, )

X 1+Z le,...,iRm)Uj(iTl,...,iTn)

u(R,T)
(1X.2)

The importance of the form of Eq. (IX.2) is revealed when inserted into the expression of the MI
between R and T

MI (R, T) = logl( 5 [ PR)P(T) [+ u (R T)]log 1 +u (R, T)] dRAT (IX.3)
~ 10g1(2) / P(R)P(T) [u (R, T) + “(7237)] ARAT

where we assumed that u (R,7) < 1. This assumption is ensured by the scaling of CIT as 1/(koL) <
1 in 2D. We can show that the average value of u (R, 7T) has a zero contribution using

/P(le,...,me)vi(le, T )dATp, AT, = /a~

Tn0z, P(Tn,, ...,me>] AT, AT,

_ / [IRZ P(Za,. ...ij>]O ATp,...dTn,  dIp,.,..dTx,
(IX.4)
This leads to a simple form of the MI between R and T
1 u? (R, T)
MI (R, T) = /P R) P (T) D gRaT. IX.5
(R.T) = oy | PRI P(T) = aRat (1X 5)
To calculate the MI explicitly, let us recall the expression of u
m,n R,
=2 G P ui(R)v;(T) (IX.6)
and of u? S
> IR (T (R (T). (IX.7)
i,j,i/,j/
We can show that the MI reads
m,n,m,n RiT; R, /T )
MIRT) = g - CEPC™ (u (R) e (R)) oy (T) vy (7)) (X 8)

i5,4 5!
with

{ (v (R) v (R)) = [ P(R)us (R) vy (R) dR, %)

(i (T)ve (T)) = [ P(T)vs (T)ve (T)dT.

IThus it is commonly accepted as a distance to independence.
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To proceed further, we need to specify the joint distribution on each surface [P(Zg,,...,Ir,) and
P(Zr,,...,Ir,)]. We consider points separated by transverse distances larger than A so that the C)
correlation is negligible. We have shown in Eq. (VIIL.29) that the joint distribution in transmission
reads

P(T) = P<iT17 i—T ) = exXp (_i—Tl) ... eXp (-i—Tn) (IX]_O)
(1+Zn: G T3, — 4, +2}+Z [fT—l)(IT—l)})

Inserting Eq. (IX.10) (and its analog in reflection) into Eq. ([X.8)), we obtain

_ 1 RRART ~TT ~TR
MI(R,T) = Tog(D) Tr [CRRCHTCTT M| (IX.11)
where
CRR(.L]') = 5(17]) - CRR Za] )
C"" (i, j) = 6(i, ) — C"" (i, j), (IX.12)

C™ (i, ) = 37 (i, ).

In Eq. we have not specified the matrices C*# and CTT on purpose. In the following (in
order to give insight and to improve the agreement between analytics and numerics) we vary the
accuracy of the derivation of these matrices in terms of non gaussian correlations in T/T and R/R.
In Eq. we give the expression to three different orders of the non diagonal terms of the CX¥
matrices used in this chapter (XX refers to 7T or RR). In Eq. , we give the same result for
the diagonal terms:

CXXO(i7j> = 07
C*¥51(i, j) = 04 C5 (4, 7), (IX.13)
CXXQ( ) 0+CXX( )(1_CXX(Z 2) CXX(J j)>
and
CXXo(4,4) =0,
C**1(iyi) = 0+ Cy X (i,4), (IX.14)

C¥%e(4,0) = 0+ O3 (i,4) — 5 (05X (0,1)) .

In Eq. and Eq. we have labeled three different terms which correspond to different
order in the development of C*¥ in terms of non gaussian correlation (we use the superscript (...)*X2
for instance to refer to C*¥ to second order in terms of non gaussian correlations). The first term
(CXX0) corresponds to the the Rayleigh law in both reflection and transmission. The second term
(CXX1) corresponds to a statistics in both reflection and transmission following Eq. (IX.10). It is a
development to first order in term of non gaussian correlations in T/T and R/R. To obtain the third
term (C**2) we add to the model the possibility of having two pairs of transmitted (or reflected)
intensities crossing at the same tim. Whatever the order in the development of the matrices CFF
and CTT, we can develop Eq. using Eq. in order to obtain the MI as a sum of three

terms :

MI(R,T) = ! (Tr {(C’RT)Z —Tr

oD (CRR+CTT) (CRT)2 i

Ty [C«RRCRT OTT CTR] ) ‘
(IX.15)
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( b) Tr [(CRR +CTT) (CRT) 2} (C) T [CRRCRTCTTCTR}
I'Tl rRl I‘Tl rRl rTl
rr, 'R, ry, rg, rr,

Figure 1X.2 — Scheme of the decomposition of the MI between R and T performed in Eq. (IX.15). Panel (a)
represent the term resulting from Tr {(C’RT)Q] Panel (b) represents the term resulting from

Tr KC’RR + C’TT> (CRT)ﬂ and panel (c) the term resulting from Tr [CRRC’RTC'TTCTR}.

In Fig. we represent schematically the meaning of Eq. . Its interpretation is the following;:
the MI between R and T is carried by loops of correlation. The first possibility is to correlate back
and forth reflection and transmission via a 2 points loop [panel (a)]. When non gaussian correlations
in T/T or R/R are added to the model we can also consider a three points loop with a correlation
between reflection and transmission, a correlation on the surface (with C%% or C*7T) and a R/T
correlation going back to the first point [panel (b)]. The last possibility is a four points loop with
two R/T correlations, one T/T correlation and one R/R correlation [panel (c)].

Let us define three analytical expressions deduced from Eq. (IX.15]) that will be of interest in this
study:

ML, (R, T) = 210;(2) Tr [(CRT>2] : (IX.16)

M, (R, T) = —— (Tr [(C’RT)z

=T [(C 4 ) ()’

) : (IX.17)

and

ML (R, T) = 210;(2) (Tr [(I —C ) (CRT)Q} +Tr [CRRICRTCTT@TRD L (IXI8)

In Eq. (IX.17), I is the identity matrix of dimension n. To build MI; we inserted C**° into
Eq. (IX.15). This analytical expression is represented schematically in panel (a) in Fig. [X.2] To
build MI, we inserted CX** into Eq. and dropped the third term in Eq. . MI; only
takes into account the first correction of order 1/(kof) in Eq. (due to non gaussian corre-
lations in T/T and R/R). In MI3 we incorporated higher order contributions due to non gaussian
correlations in T/T and R/R. Note that MI, does not contain four points loops as represented in
panel (c) in Fig. [[X.2]

Let us stress that when the dimension of the vectors R and T are larger than 1, the three terms are
not a simple development in 1/(kof). Indeed in this case the transverse distance dj | and d'* enter

—~2 ~ 2 —~ 2

2 _ 2
2Mathematically we add the possibility to take into account ((IT,L. >Cz) At Iry) e (It o, ((IRi >02) and

~ —~ 2
(Ir,IRr;)cy (IR, )c, in the (N,M) joint moment.
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into account and play an important role. Nonetheless when the dimension of both R and T is equal
to 1, then MI, is the first order expansion of MI in terms of the small parameter 1/(kof).

IX.2 Study of reflection and transmission non gaussian cor-
relation functions

In the previous section we derived an expression of MI (R, T") and observed that it depends not only
on the R/T non gaussian correlation but also on the T/T and the R/R non gaussian correlations. As
a consequence, in this section we study the non gaussian correlations in reflection and in transmission.
The complexity of the diagrammatic approach in the R/R configuration leads us to look for simple
fitting functions for the T/T and the R/R non gaussian correlations. These fitting functions are
expected to give us insight about the dependence of the non gaussian correlations on the parameters
of the system.

I1X.2.1 Diagrammatic approach

In this section, we give a very short presentation of the diagrammatic calculations of CI7 and CItE.
The purpose is mainly to warn the reader about difficulties encountered with diffusion theory in the
R/R geometry.

Non gaussian correlation function in transmission

In App. we give the analytical expression of the non gaussian correlation in R/R and T/T in 2D
and 3D. To derive these expressions we took into account the two diagrams represented in the R/T
geometry in Fig. [IIL.10F, The T/T non gaussian correlation function calculated this way is a positive
and peaked function of the transverse distance between the points. It takes non zero values in a
range of transverse distances larger than A. In Fig. we compare the analytical calculation given
in App. with numerical simulations for a thick (b = 10) and dilute (kof¢ = 10) medium. We observe
a good agreement between the two curves.

0.5
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-0.1 ‘ : :
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AR/

Figure 1X.3 — Numerical calculations (blue dashed curve) of the non gaussian correlation function and analytical
calculation of the CZ7 (red solid curve) in transmission for a thick (b = 10) and dilute (ko)
sample versus the transverse distance normalized by A.

3Since we do not use the analytical formulas of CI7 and CI*¥ to study MI we only give them in App. .
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Non gaussian correlation function in reflection

In Fig. we represent the R/R non gaussian correlation for two media with same size (koL = 200)
and various optical thicknesses (b = 10 for the red curve and b = 20 for the blue curve) both
numerically [panel (a)] and analytically [panel (b)]. The R/R non gaussian correlation function is a
very peculiar function of the transverse distance. It is negative for transverse distances larger than
a few wavelengths and is positive otherwise. We can also note that it is a long range function. The
comparison between numerics and analytics is not perfect in R/R. This discrepancy is due to the
use of ladder diagrams calculated with diffusion theory which cannot represent well the short paths
that exist in reflection. Nonetheless, we can observe that the amplitude, the peculiar form of the
function and their variations with the parameters of the system are qualitatively reproduced with the
analytical calculation. To improve the accuracy in the R/R configuration, we should use radiative
transfer theory to have a better representation of short paths in the calculation of the diagrams.
This is not our purpose, and we propose instead to find simple functions that represents well the
numerical data.

Cfﬁum (b) Cffna
: 0.1 , :

0.05

— kol =10

| | | 0,05/
%50 25 0 25 50 50 25 0 25 50
AR/ AR/

Figure 1X.4 — Numerical calculations of the non gaussian correlation in reflection [panel (a)] and analytical
calculation of the CI*F correlation [panel (b)] for two different samples of same length (koL = 200)
and varying mean free path versus the transverse distance normalized by A.

IX.2.2 Fitting non gaussian correlations in T/T, R/R and R/T

In this subsection we intend to find fitting functions for the non gaussian correlations in T/T, R/R
and R/T in terms of the parameters of the system. We first vary these parameters to understand
the scaling laws followed by the T/T and the R/R non gaussian correlations.

Dependence of the T/T non gaussian correlation one the parameters of the system

In Fig. [X.5] we study the numerically calculated non gaussian correlation in transmission considered
as a function of the transverse distance AR. In panel (a) we vary the mean free path for a given
length of the system (koL = 120). In panel (b) we fix the mean free path (ko/ = 10) and vary the
optical thickness. In panels (c,d) we plot the non gaussian correlation normalized by its maximum
value in order to observe the change in the shape of the function with the parameters. From Fig.
we can conclude that CI7 varies in amplitude with the mean free path and in shape with the depth
L of the medium.
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Figure IX.5 — Panel (a): numerical calculation of C37 versus AR/ for three different samples of same size

koL = 120 and various mean free paths. Panel (b): numerical calculation of C7 versus AR/
for three different samples of same mean free path ko/ = 10 and various optical thicknesses. In
panels (c) and (d) we plot the same two curves normalized by their maximum.

Dependence of the R/R non gaussian correlation on the parameters of the system

In Fig. we study the numerically calculated non gaussian correlation in reflection. In panel (a)
we vary the mean free path for a given length of the system (koL = 120.) In panel (b) we fix the
mean free path (kof = 10) and vary the optical thickness of the system. From Fig. we can
conclude that CI*® vary both in amplitude and in shape with the mean free path. Note that CZ
seems to become independent on L in the deep diffusive regime.

Fitting functions for C£% CIT and CI7

We can propose fitting functions for CZ, CIT and also CT based on the previous numerical study.
We observed that CI* and CIT vary in amplitude with the mean free path, while CFT vary with
the size of the medium. We also observed that the typical length scale of CI*? is ¢, while both CI7T
and CFT vary on a typical distance of L. We can thus propose the following form for the correlation
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Figure 1X.6 — Panel (a): numerical calculation of C{'R versus AR/ for three different samples of same size
(koL = 120) and various mean free paths. Panel (b): numerical calculation of C{*R versus AR/
for three different samples of same mean free path (ko¢ = 10) and various optical thicknesses.

functiond?
AR
T
C3(AR) = ! L = ; (IX.19)
ko E
AR
oram = ot ()
with
AR AR
fTT <L = Qg7 €Xp _BTTT )
ARY AR
frR ) T @rRREXD —5RR7 ; (IX.20)
AR AR
JrT (L) = agrexp | —Brr [ i3 ] ) .

where « and ( are dependent on the optical thickness of the sample. We know from Chap. [[T]
that agr and Srr have a well defined asymptotic value in the deep diffusive regime, but we do
not know if this is also true in the T/T and the R/R configurations. Indeed mathematically in the
diffusive approach we cannot put the T/T and R/R correlation in a simple form like the one given
in Eq. . In the literature, this aspect is handled by specifying the form of the correlation
function in different domains (for instance for 0 < AR < /). Here we accept to loose accuracy in the
region |AR| < ¢ and gain simplicity in the expression of the correlation function. In the following
study the values of the fitting parameters will be of little interest. Nonetheless, we give in the table
below the parameters of the fitting functions for a moderate optical thickness (b = 3 and kol = 10)
and for a large optical thickness (b = 8 and k¢ = 10) in order to give insight about the correlation
functions:

T/T R/R R/T
b=3 arr = 1.3 y 5TT:5.2 QRR:_0~25 5 BRR:0.5 O./RT:—O.8 s BRT: 1.2
b=238 CKTT:2.2 y 5TT:3.8 OéRR:—O.3 s BRR:O45 OéRT:—l.l , 6RT: 1.4
b>1 arr =7, Brr =7 arr =", Brr =" apr = —2.2, Brr = 2.0

4We look for a gaussian fitting function for CF7 and for exponential fitting functions for CI7 and CFf due to

their sharp appearance.
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The last line in the table means that we have no clear analytical expressions for the fitting functions
in T/T and in R/R in the diffusive regime.

Dependence of non gaussian correlations on the distance from the scattering sample

Here we discuss a numerical simulation demonstrating that the non gaussian correlation functions
are strongly dependent on the distance between the observation points and the scattering sample,
denoted by d in Fig. . In Fig. we represent C1 7 CER and CFT for two different distances
from the slab d = 0 and d = 2\ and observe a substantial change between the two curves.

RT T RR
CQ,num b 0277“”’1 C2,num
(a) 5x10° T=on ( ) 05 (C) 001 ‘
_d—2 S :
0 _ =
03 -0.01
. 0l d=2A 002
’ ' 003} — d=0\
-10 01 -0.04
0 005 — d =2\
-15 -0.1 -0.06,
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
AR/A AR/A AR/A

Figure 1X.7 — Numerical calculation of non gaussian correlation in R/T [panel (a)], T/T [panel (b)] and R/R
[panel (c)] for points at two different distances from the slab. The parameters of the simulation
are b = 8 and kof = 10.

The reader should keep in mind that the results presented in this chapter are strongly dependent on
the parameter d.

IX.3 Analytical expression of the mutual information be-
tween reflection and transmission

In this section we use our knowledge about non gaussian correlations to discuss Eq. . We
consider first the geometry represented in Fig. m i.e. the MI between I and Iy versus the
transverse distance between the points and versus the parameters of the system in the diffusive
regime. The second geometry we consider corresponds to n reflected intensities “aligned” (dfiT =0)
with n transmitted intensities, as represented in Fig. [[X.10 The distance between each neighbor
points in transmission or reflection is df,, = dfif, = a. In this case, we study the MI between
the ensemble of reflected intensities and the ensemble of transmitted intensities versus kya, and the

parameters of the system in the diffusive regime.
IX.3.1 Analytical expression of the mutual information between one
reflected intensity and one transmitted intensity

Let us start with the easiest configuration: the MI between I and Ir versus the transverse distance
between the observation points, as represented in Fig. [X.8]
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Figure 1X.8 — Scheme of the system studied in this section. A 2D disordered sample with depth L and transverse
size W > L is illuminated from the left by a plane wave at normal incidence.

In this specific configuration the dominant term in Eq. (IX.15)) in the diffusive regime reduces to MI;
when kol > 1. It reads
1

- 2log(2)

~ ~ ~\12

M (I, It) CE" (In, Ir)| . (IX.21)
In Eq. ([11.69) we give the exact analytical expression of C# in the diffusive regime. We can insert
this expression into Eq. (IX.21)) to obtain the exact expression of the MI between Iz and I in the
diffusive regime. Nonetheless, in this chapter we do not put forward the microscopic derivation of the
non gaussian correlations. We rather use the fitting functions obtained in the previous subsection.

Equation ([X.21]) becomes

M (Tg, Ir) = S frr (AR/L). (IX.22)

1
2log(2)(koL)

From Eq. we can discuss the basic properties of the MI between Ip and Ip in 2D. As
represented in Fig. [[X.9] it scales as 1/(kyL)?, is maximum when points are in front of each other
and has a non zero value for transverse distances AR < L. Note that to first order in 1/(kof), MI
between I and Ir is independent on the mean free path of the medium. In 3D the MI scales as
1/(koL)* and has non zero value on an area of typical surface L2

35
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(koL)> MI, (TR,};)
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;
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Figure 1X.9 — Large optical thickness expression of Eq. (IX.22)) normalized by 1/ (koL)? versus the transverse
distance normalized by L.
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The scaling of the MI between I and I as 1/(koL)? in 2D and 1/(koL)* in 3D could lead us
to the conclusion that the MI between reflection and transmission is too small to be useful. This
statement is wrong. Indeed since W > L (and all other length scales) it is possible to consider an
arbitrary number n of pairs of reflected and transmitted intensities far from each other (dj [, > L
and dff = 0). In that case the information should be proportional to n. It is even possible to consider
n pairs of reflected intensities whose transverse distance is comparable to L, ¢ or A\. There may be a
regime of transverse distance between the points where the information is even larger than n times
the MI for one reflected intensity aligned with one transmitted intensity. In the next subsection we
study analytically this possibility.

I1X.3.2 Analytical expression of the mutual information between n re-
flected intensities facing n transmitted intensities

Following the conclusion of the last subsection we now address the analytical study of the mutual
information between n reflected intensities facing n transmitted intensities versus the transverse
distance between the points, as represented in Fig. [[X.10]

2 o O 5 [+
TR, ] o a '
o @ ", 7
- o
TR, . o ? o rr,
09 d ®
o ]
TRni @ o > m,
® [+ ] o ©
d 9
- [+ ] 9 °
? o
o 0 ? °

Figure 1X.10 — Scheme of the geometry considered to study M| between an arbitrary number of speckle spots
in reflection and in transmission (n = m). Each reflected speckle spot has the same transverse
coordinates as a transmitted speckle spot. The transverse distance between intensities in a given
speckle pattern is denoted by a.

Large number of speckle spots (n > 1) with intermediate spacing between them (¢ >
a> )

When the dimension of R and 7 is larger than 1, a new parameter enters the problem: the spacing
between the observation points in a given speckle, denoted by a in Fig. [X.10l To understand the
role of this parameter, we first extract the main ingredients of the MI using Eq. . To do so we
transform the trace formula in a spatial integration. For this continuous limit to be valid, we need
to consider n > 1 and ¢ > a > X. The distance between intensities a needs to be kept larger than A
to avoid the presence of the 'y correlation. This continuous limit allows us to compare the relative
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weight of two, three and four points loop processeﬂ in the MI as represented in Fig. [[X.2
The dominant term in the two points loop process in Eq. (IX.15)) reads

Tr [(cRT)2 ~n / ch(AR)ZdAaR (IX.23)

2, dAR

oy | T BRI

/ /
(k?oLk’oCL /fRT AR) dAR

_n
(k’oLk’oa) ’

The dominant term in the three points loop process in Eq. ([X.15)) reads
dARdAR

Tr [(CFR 4 ¢ ()| = / CET(ARCIT(AR)CIT(|AR + AR/) =222 (IX.24)
n , dARdAR'
= (Lo | T AR frr(AR L) frr( AR 4+ AR'|/1)S S
n
= W)Qw/fRT(X)fTT(Y>fRT(X +Y)dXdY
_n
(koa 2]{506‘
The dominant term in the four points loop process in Eq. ([X.15) reads
AR..dAR"
v [CRRCRTCTTOTR] ~ / OFT(AR)CYT (AR)CI (AR')CI(AR + AR’ + AR”)) 212 Raf L
n Y
= eyt ] S0 fan(Y ) e (2) re(X + 5+ Z2)AX vz
n (IX.25)

- (kg(l 3k’0€’

~—

when b > 1. Let us notice that the three points loop process dominates the two points process when
1/ (k2a?kol) > 1/(koLkoa) or equivalently

Note that this regime is captured by the model since for b > 1, we can have 1 < kga < b < kol. Let

us also find the condition for the four points loop process to dominate over the three points process.
This occurs when 1/ [(koa)?kol] > 1/ [(koa)?kol], or

koa < 1 (IX.27)

which is not possible in the regime a > .

The conclusion from this section is that when we consider many speckle spots, we have to take into
account the first correction in the MI due to CI7 and C%. Indeed they are responsible for three
points loop processes that cannot be neglected in the regime 1 < kga < b. The competing effects
between two points loop processes in Eq. and three points loop processes in Eq. should
lead to an interesting behavior of the MI versus kga and the physical parameters of the system.

®Note that we do not need to take into corrections of second order in terms of C3*(i,i) because they are only
corrections in terms of kol > 1 of these processes.
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Arbitrary spacing a > )\ between the points in the limit n > 1

Let us derive the expression of MI(R,7T) for an arbitrary spacing between the points (still larger
than A). To start the derivation, we restrict Eq. (IX.15)) to MI, and use the Szegd theorem for the
trace of a product of Toeplitz matrixes detailed in ref. [I17]:

ML (R, T) = 2107;(2) /0 " (1 [Cf ) + T () [e ()] gf: (IX.28)
with .
C¥(w) = > C3¥(|kla)exp (ikp) . (IX.29)

k=—o0
Equation ([X.28) is valid for Toeplitz matrixes of large dimension. Integrating over p we obtain

o0

> i (pla)Cs (Ip + 1la) (5(1) — |57 (pla) + €37 (Ipla)] ) - (1X.30)

p,l:—OO

n
21og(2)

MIQ (R, T) ==
Inserting the expression of the fitting functions for the non gaussian correlations, we obtain

2
no 2/72
PII R 7' — RT 72,BRTG, /L

:(R.T) 21og(2) (ko L)? (03 (0. )

- Z C(BRTvpa a, L)

p=—00 0

QRR —plafrr/t | YTT —|pa5TT/L] IX.31
ol € Tt € » (1X.31)

with

w/2L
C(Brr,p,a, L) = 6_6RTW2/(2L)2|\/‘7B_@3 <p7r/27 e_L2”2/(2BRT“2)) : (IX.32)
a RT

O3 is the elliptic function of order 3. In Fig. we computed My (R, 7T) /n using Eq. for
three different cases. In panel (a) we use the parameters of the fit derived in this chapter for the non
gaussian correlations for b = 3 and b = 8. In panel (b) we use Eq. to observe the behavior
of the MI in the deep diffusive regime when b changes and kyo/ = 10. The parameters of the fit have
been extracted from numerical simulations at large b, and are supposed not to change in the deep
diffusive regime. In panel (c) we vary kol with koL = 200.

From Fig. [[X.11| we can discuss the general shape of MI(R,7) in the diffusive regime in the con-
figuration depicted in Fig. [[X.10| (koa is always larger than 1). MIy (R, 7) /n is a function of b and
koL.

e It is a function of kyL via the non gaussian correlation in R/T which drives the amplitude of
the MI for kga > koL as observed in panel (c) in Fig. [[X.11] This part of the curves scales as
1/(koL)? in 2D and 1/(koL)* in 3D.

e The MI is a function of b via the competing effects between the cross talks between pairs of
points due to CI*" and the correlation between the points on the same surface CI7 and CJF.
For a fixed value of kgL, increasing b is equivalent to decreasing ky/, thus to increasing the
strength of CIT and C#£. The position of the maximum thus shifts towards the large koa and
the value of the maximum is reduced.

Note that the MI scales linearly with n in the two regimes kqa > koL and and koL ~ kga > 1.
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Figure IX.11 — Panel (a): analytical calculation of Ml (R, T) /n using Eq. (IX.31)) and the fitting parameters

of the non gaussian correlations for b = 3 and b = 8. Panel (b):

analytical calculation of

MIs (R, T) /n using Eq. (IX.31)) in the diffusive regime with ko¢ = 10 and varying b. Panel (c):
analytical calculation of Ml (R, T) /n using Eq. in the diffusive regime with koL = 200
and varying b. The fitting parameters used in panels (b) and (c) have been extracted from
numerical simulations at large b and are supposed not to change in the diffusive regime.

IX.4 Numerical estimation of the mutual information

In order to support the analytical study in the previous sections, we enter a complex topic: the
numerical estimation of MI(X,Y"). This domain is far to vast for us to resume it. Nonetheless, we
can simply say that the MI is difficult to estimate, and that it is a work in progress for scientists to
find a “good” estimator for it. There exists a large number of estimators with different capabilities.
We can note that for all of them the estimation gets more difficult when the dimension of X and
Y increases. This technical part is not fundamental to understand the results (nonetheless it is to
reproduce them). The reader can go directly to Sec. where numerical results are discussed.



IX.4. Numerical estimation of the mutual information 127

Bias and standard deviation of an estimator

Here we shaded light on the two difficulties we have to face in the estimation of the MI: the standard
deviation and the bias of its estimators. To be schematic, let us assume that we try to estimate a
quantity X with a biased and deviated estimator. Let us assume that we estimate the quantity X
using a data set with Ny, data, and that we can split these data into N4, ensembles each containing
N, data, and perform N, times the estimation of X on N, data (of course Ny = NpeqN,). Thanks
to the splitting of the data in N,,, ensembles, we can estimate the standard deviation of the estimator.
The bias by definition means that the average value of the estimation of X with N, differs from the
real value, and changes with IV,,. For asymptotically unbiased estimator, the bias tends to zero when
N, tends to infinity. Technically we can never be sure to have converged towards the real value.
One way to convince ourselves that the bias is “defeated” is to increase the number of data N, on
which the estimation is made and observe that the average value of the estimator does not change
quantitatively. Nonetheless, since we have less ensembles V., to estimate the results, the process is
more sensitive to the standard deviation of the estimator. This discussion reveals how difficult it is
to fight both bias and standard deviation simultaneously.

I1X.4.1 The histogram based estimator of the mutual information

The easiest method we could think of to estimate the MI is the histogram based estimator. Let us
assume that we study two random variables X and Y with a joint distribution f(X,Y"). Following
ref. [I18] we can define a grid of (kx x ky) equally spaced cells of size (Ax x Ay) in a part of the
X-Y space. The grid has a finite size kxAx = nxox and kyAy = nyoy, with (nx,ny) > 0, ox
and oy being the standard deviation of the probability density functions of X and Y.

The naive estimator

Let us call Ny, the number of pairs (X,Y") falling into the grid, and k; ; the number of points falling
into the cell (7,7). We have: 32, k;j = Ny, and 3, k;; = kj;. If the probability density function
is almost constant on one cell, and if the summation over the grid can be approximated by the
summation over the whole space then we can use the following estimator for the MI:

k. . k. N
M (X,Y) = XA | Ly Ttot | IX.33
h ( ’ ) Zj: Ntot Og[ kikj ( )

2,
If we try to use this estimator without taking care of the size of the bins of the histograms, we
obtain a strongly biased estimation of MI. Nonetheless, because of its simple form, it is possible (as

in ref. [I18] for gaussian variables) to give an analytical expression of the bias of the estimator in
terms of the parameters of the histogram and of the joint density function:

Ml (X, V) = MI(XY, v) + & —2%? -1 24(1Pi — [(Zi)Q + (Zi)Z] . (IX.34)

Here p denotes the correlation between X and Y. Note that for fixed (ny,ny) and (kx, ky), this
estimator is asymptotically negatively biased.
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Adaptable bin size

Equation is interesting because it expresses the bias as the sum of two terms with opposite
sign, one depending only on N, and on the binning, the other one depending only on the correlation
p between the variables (X,Y) and on the parameters of the histogram (nx,ny) and (kx, ky). It
is thus possible to find the right binning of the histogram which cancels these two terms. We can
assume that kxy = ky = kj, and observe that the equality of the two terms force k; to follow the
equation:

N,
K — Ky = nglply| o IX.35
Searching the closest integer of the positive solution of Eq. (IX.35)) we find:
1 1 5
iy = round | 5 + 24/1+ An, |y Neot / (6(1 — p2)) | - (IX.36)
The variance of the estimator is given in ref. [I18] and reads:
Pz
Var [MI,;(X,Y)] = . (IX.37)
Ntot
Thus the typical error due to the standard deviation of this estimator is on the order of
S ~ (IX.38)
Vv Ntot

Note that the time needed to estimate the MI with a large set of data using this estimator is reasonable
(a few minutes for 10® realizations of (X,Y) using Matlab).

I1X.4.2 The nearest neighbor method

The analytical expression of the bias in terms of the parameters of the histogram allowed us to find
an adaptive binning in order to cancel the bias. Unfortunately such expressions do not exist when X
and Y are of higher dimensions and we are left with a highly biased (even probably asymptotically
biased) estimator. We thus turn to other types of estimator of the MI that are claimed to have
a minimal bias, and to be asymptotically unbiased even for large dimensions of X and Y. The
estimator we decided to use is based on entropy estimates from k-nearest neighbor distances [119)].
The important point about this estimator is that it is claimed to work well even when both = and y
are random variables of dimensions larger than 1.

An asymptotically unbiased estimator of the mutual information

The principle is the following: we choose two norms (|| X || and ||Y'||) on the subspaces of X and Y
(X and Y lie in space of dimensions n and m). These two norms allow us to define for the complete
space Z = (X,Y) the maximal norm:

[[2[] = max ([[X], []Y']]) - (IX.39)

Let us assume that we have measured N,,; realizations of the pair (X,Y"). To estimate the MI we first
have to choose an integer k£ which is now a parameter of the estimator, and find for each realization
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Z; = (X;,Y;) the distance (in term of the maximal norm) ¢; from Z; to its kth neighbor. Note that
€; = max (€ex,, €y,;) with ex,; the distance (in term of the norm over X) from X; to its kth neighbor
and ey; the distance (in term of the norm over Y') from Y; to its kth neighbor. We can call ny
(respectively ny) the number of points in the X subspace (respectively in the Y subspace) whose
distance from X; (respectively Y;) is less than ¢;. Alternatively, we can call ny o (respectively ny)
the number of points in the X subspace (respectively in the Y subspace) whose distance from X;
(respectively Y;) is less than ey, (respectively ey;).

In ref. [119] the authors define two different estimators:

ML 1 (X, Y) = ¢(k) = d(nx +1) + ¢(ny +1) + $(Niet) (IX.40)

and

MIo(X,Y) = (k) — 1/k — ¥(nx2) + ¥(nyz2) + ¥(Nior) (IX.41)

¥ being the digamma function and (...) = 1/No >(...). Ml ; and Ml 5 have approximatively the
same properties that depend both on k and Nyy. In ref. [I19] it is argued that these estimators are
minimally biased and are asymptotically unbiased.

Transformation of our data

The estimator is expected to work better when the distributions are “flatten” due to a transformation
[119]. Keeping in mind that the MI is invariant under the application of homeomorphisms on X and
Y, we can transform the data in order to have flatter density probability functions. We work with
intensities that almost follow a Rayleigh law, thus the transformation we use is the following:

J=exp (-1). (IX.42)
This transformation applied to a Rayleigh law should give a flat density probability function. Since

there are non gaussian correlations in T/T and in R/R, the density probability functions of the
transformed data are note exactly flat as represented in Fig. [X.12]

I I I I
0 0.2 0.4 0.6 0.8 1

J

Figure 1X.12 — Statistics of the intensities in reflection and in transmission after the transformation given by
Eq. (IX.42). The parameters of the scattering sample are: b =8 and kol = 10.
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Definition of an estimator of the mutual information

The nearest neighbor method is costly in terms of computer time. Using first a ranking process on
X and Y allows us to go from a complexity of the algorithm scaling as N? to a complexity scaling
as NVEN [119]. This quantity remains costly and we cannot perform the estimation of the MI with
typically 10® data. Moreover since we have no idea a priori of the standard deviation of the estimator,
we decides to separate the Ny, data into N,.,[V, data, and perform N,,, times the estimation of the
MI using N, data. Doing so, we can numerically estimate the standard deviation of the estimator.
Indeed, over N,,, estimations, we can observe how the estimators fluctuates around its average value.
Nonetheless, since we perform the estimation on a lower number of data N,, each estimation will be
more biased.

We propose the following estimator

M (X, V) = 1/(Npag) Y M1 (X,Y) (1X.43)

Npagq
for which each MIj ; is estimated over N, data. We can write that
MLum(X,Y) = MI(X,Y) + oyy + B (IX.44)

with MI(X,Y") the true value of the mutual information, dy the fluctuations due to the standard
deviation of the estimator, and B its bias. Because Eq. ([X.43]) is actually the unbiased estimation
of the average value of the estimator Ml ;, we can express the order of magnitude of dy in terms of

the standard deviation of MIj ;:
OMIy, 1

Snit ~ (IX.45)

paq

Note that the bias B is exactly equal to the bias of the estimator MIy ;.

I1X.4.3 Accuracy of the estimator

In this section we study numerically the bias and the standard deviation of the estimator given by
Eq. (IX.43) in order to find the best strategy to estimate MI (R, 7).

Study of the fluctuations &y

The first interesting property is the standard deviation of the estimator. A priori the standard
deviation depends on N,, k, n (dimension of R and 7) and a. In panel (a) in Fig. we represent
the numerical estimation of the standard deviation of the estimator Ml ; given by Eq. Versus
n = m for points separated by a ~ 4L, for a scattering medium with optical thickness b = 3 and
kot = 10. We observe no dependence of the standard deviation on the dimension of R = (Zr,, - Ir,)
and T = (Zp,...,Irp,).

In panel (b) in Fig. we represent the estimation of the standard deviation of the estimator
Ml for n = m = 1 (geometry represented in Fig. [IX.8|) versus AR/L for a scattering medium
with optical thickness b = 3 and ko = 10. We observe no dependence of the standard deviation
on AR/L, therefore on the value of the MI (which is changing substantially in the case n = m =1
versus this parameter as seen in Fig. . In panel (¢) in Fig. we represent the estimation of
the standard deviation of the estimator Ml ; versus the parameter k together with a 1/ Vk law for a
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Figure 1X.13 — Panel (a): numerical estimation of the standard deviation of MIj ; versus the dimensions of
the vectors R and T for k = 100 and N, = 105. Panel (b): Numerical estimation of the
standard deviation of MI}, ; versus the transverse distance between the transmitted intensity and
the reflected intensity for n = m =1, k = 100 and N,, = 10°. Panel (c): numerical estimation
of the standard deviation of MI, ; versus N, for £ = 100 and panel (d): numerical estimation of
the standard deviation of Ml ; versus k for N, = 10°. The parameters of the scattering sample
are b =3 and kof = 10, A and B are numerical constants.

scattering medium of optical thickness b = 3 and kol = 10. We can see that the standard deviation
of the estimator MI,; scales as 1/v/k. In panel (d) in Fig. [[X.13| we represent the estimation of the

standard deviation of the estimator Ml ; versus the parameter N, together with a 1/,/N,, law for a
scattering medium of optical thickness b = 3 and ko¢ = 10. We can see that the standard deviation

of the estimator MIy ; scales as 1/ \/E.
In conclusion dy has the following properties:
e Jyp decreases as 1/ VEk,
e Oy is independent of n = m and of the value of the MI,

e Oy depends on Ny as 1/4/Ny, and does not depend on the splitting of the data into Ny,
ensembles of NN, data.

Study of the bias B

The second important quantity is the bias B of the estimator. To illustrate the difficulty to handle
a bias, we represent in panel (a) in Fig. the estimation of the MI between one transmitted
intensity and one reflected intensity versus the transverse distance normalized by L using various
parameters for the estimator. We consider a finite set of data with Ny, ~ 108, we vary N, and Npqq
and compare the estimation of the MI using the estimator given by Eq. with the estimation
using the non biased histogram based estimator. We observe that the bias decreases when N,
increases. We also observe that the bias depends on the value of the MI: it vanishes when the MI = 0
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Figure 1X.14 — Panel (a): numerical estimation of MIl,,m for n = m = 1 for various NN, compared with

MIy,;5 versus the transverse distance between the points normalized by L. Panel (b): numerical
estimation of B for n = m = 1 for various N, versus k/N,. Panel (c): numerical estimation of
f (k/Np) for n =m =1 for various AR between the points versus k/N,. Panel (d): numerical
estimation of f (k/N,) for various n = m with a ~ 4L between the points versus k/N,,.

and seems to increase with the value of the MI. In panel (b) in Fig. [[X.14] we follow ref. [119] and
plot the bias B versus k/N, using various N, and observe that all the curves fall into a function of

k/N,.

In ref. [I19] it is stated that if one considers a family of joint probabilities u(x,y,r) depending
smoothly on a single parameter r, then the bias is linear with the true value of the MI for each r.
More precisely it reads

B/MI = f (k/N,) . (IX.46)

In panel (c) in Fig. we estimate numerically B/ MI versus k/N,, for various transverse distance
between the transmitted and the reflected intensities (thus for various MI) and observe that all the
curves fall into the same function of k£/N,,. In panel (d) we plot B/ MI versus k/N,, for various n = m
and observe that the curves do not fall into the same function of k/N, meaning that in this case the
guess of ref. [I19] is not valid. We can see in panel (d) that the bias normalized by MI seems more
important when n = m increases. From this subsection we can conclude that:

e for fixed n = m the bias is linear with the MI,

e the bias normalized by the true MI is a function of f(k/N,) with f(0) = 0, thus to decrease
the bias we can whether increase N, or decrease k,

e this function f(k/N,) changes when n = m changes.
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IX.5 Numerical results

In this section we use the estimator given by Eq. ([X.43)), that has been characterized, to study the
MI between reflection and transmission.

IX.5.1 Mutual information between I and Ig

In this subsection we start with the simplest configuration depicted in Fig. [X.8] We study the MI
between one reflected intensity and one transmitted intensity versus the transverse distance between
them. This low dimension case (n = m = 1) allows us to compare the results using the estimator

given in Eq. ([X.43)) with the non biased estimator using adaptable bin sized histogram.

MI (TT, fR> to zeroth order in terms of CI7 and C##

From the analytical study we know that the dominant term of the MI should be on the order of

(C’f“T)2 /(210g[2]) [term denoted by MI; in Eq. (IX.16])]. Because this value is small, we need a large

value of the parameter k of the estimator given in Eq. ([X.43) not to be blurred by the standard
deviation of the estimator. Since this is a one dimensional problem (n = m = 1) we can use a strong
value of k£ without getting a strong bias.

x10™

MInum <TR7TT) i
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Figure 1X.15 — Numerical estimation of MI (TT,fR) using using the estimator given in Eq. (IX.43)) with the
parameters k = 100, N, = 105 and Npa, = 1200 (red dashed line) together with the numer-
ical estimation using the adaptable histogram based estimator applied on the N = 1.2 x 108

data (black dotted line). We compare those two curves with the semi-analytical calculation of
Eq. (IX.47)) (blue solid line). The parameters of the scattering sample are b = 3 and kol = 10.

In Fig. [IX.15/we plot the numerically estimated MI using Eq. ([X.43]) together with the MI estimated
using the histogram based estimator. We compare these estimations with the trace formula MI;:

MI(Tg, Ir) = ML (T, Ir) = [csm(aR)”, (IX.47)

21log(2)

We call MIl,num(IN R fT/) the semi-analytical function given by Eq. (IX.47) with C’zRT estimated numer-
ically. The parameters of the scattering medium are b = 3 and kol = 10 (we prefer to estimate CJT
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numerically since the expression in the diffusive regime is not valid for moderate optical thickness).
We observe that the MI between I and Iy is very well represented by the trace formula to first order

in 1/(kol).

This result confirms the conclusion drawn from the analytical study of MI, (Ig, I7) in Eq. ([X.22).
In 2D MI(Ig, I7) scales as 1/(koL)? while in 3D it scales as 1/(koL)*. Tt takes non zero value on a
typical transverse distance L.

MI (I~T, I R) with first order corrections in terms of CI7 and CH?

The trace formula given by Eq. is the first term of a development in 1/(kof) (both CEE and
CIT scale with this quantity). Nonetheless, for b = 3 and kof = 10, the non gaussian correlation
CIT(AR = 0) ~ 0.15 which is not negligible. The trace formula taking into account the first order
correction in terms of 1/(kof) [term denoted by MI, in Eq. (IX.17)] reads in the n = m = 1 case

MLy (Ig, Ir) = CET(AR)* (1= C37(0) — C3*(0)) . (IX.48)

21log(2)

We call MIz,num(IN R, fT) its semi—analytical calculation using numerical calculation for the non gaus-
sian correlations. In Fig. |I we represent Ml num(f Rs fT) and compare it with the numerically
estimated MI using Eq. 1) together with the MI estimated using the histogram based estimator.
We observe that, because of the > strong amplitude of CTT MI5 num (I R [T) does not represent better
the numerical MI than MILHum(I R IT) This reveals that we work at the limit of the regime C’TT <1
and CIF < 1.

MI (I~T, I, R) taking into second order corrections in terms of C77 and C}~

We thus go to higher orders in terms of CI7 and CE% [term denoted by M3 in Eq. (IX.18)]. It reads

Ml (Ig, Ir) = CET(AR)?

21og(2)
x (1= C3™R(0) +5C5(0)* = CF7(0) + 5C37(0)* + CTT(0)CFR(0)) . (1X.49)

We call MIgmum(f R, I7) the trace formula where the non gaussian correlations are evaluated nu-
merically. In Fig. [[X.16| we observe that M13 num([ R IT) is in good agreement with the numerical
results. Note that both MIs(Ig, I7) and MIy(Ig, I7) tend towards MI; (I, Iy') when kol > 1 (because
n=m=1).

IX.5.2 Mutual information between R = (Zy,,....,Zr ) and T = (Zr,...,Z1)
The conclusion from the previous subsection is that MI (fT, I, R) scales with 1/(kgL)? in 2D while in
3D it scales with 1/(koL)*. These are small quantities, and we could argue now that the information

contained in reflection on the transmission is small. This is not always accurate, indeed there are
many speckle spots available in reflection possessing information on the transmission.

Let us enter the numerical estimation of the MI between n reflected intensities “aligned” (dﬁT =0)
with n transmitted intensities as represented in Fig. [X.I0] The distance between each neighbor in
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Figure 1X.16 — Numerical estimation of MI (TT, I~R) using the estimator given in Eq. (IX.43]) with the parameters
k =100, N, = 10° and Npqq = 1200 (red dashed line) together with the numerical estimation
using the adaptable histogram estimator applied on the N = 1.2 x 10® data (black dotted line).
We compare those two curves with the semi-analytical calculation of Eq. (IX.47)), Eq. (IX.48)
and Eq. (IX.49)) (solid lines). The parameters of the scattering sample are: b =3 and kol = 10

transmission or reflection is dgiTH = dfﬁl = a. The analytical study of this configuration summarized
in Fig. showed that for all the regimes captured by the analytical model, increasing the number
of points increases the MI between R and 7. We also observed analytically that the competing effects
between non gaussian correlations in R/T, and in T/T and R/R ,is the cause of the existence of a
maximum of the curves MI(kga). Here we intend to confirm numerically these results, and discuss

the regime kga < 1 that is out of reach analytically.

Numerical results without compensation for the bias

In this section we study numerically the MI between R = (Zg,, ..., Zr,,) and T = (Zp,..., Iy, ) versus
koa, and versus the number of points n = m (we consider the same number of points in reflection and
in transmission). We consider two optical thicknesses b = 3 and b = 8 and expect to see the shift of
the maximum of the MI versus kga when the optical thickness increases. The numerical estimation
of the MI [done with the estimator given in Eq. (IX.43))] for b = 3 is easier than for b = 8 since the
value to estimate is larger. The result is that we are less sensitive to the standard deviation of the
estimator and can choose a value of k = 10, N,,, = 600 and N, = 10°. For b = 8 it is harder because
(CFT)2 (which gives the overall amplitude of the MI) is much smaller. We thus choose a value of
k = 100 in order not to be sensitive to the standard deviation of the estimator, but the result in this
case is really sensitive to the bias thus we increase the value of N, = 10° decreasing N,,, = 60. In
Fig. [X.17] we represent the results obtained for n = m going from 2 to 5, both in linear scale, and in
log scale for the x axis in order to separate better the different regimes. In these curves we observe
three different regimes:

e In the regime kga > koL, the problem reduces to n times the n = m = 1 problem. Indeed the
various pairs of points are so separated that there are no cross talk between them. We thus
have an information that should scale linearly with n. More precisely, it is equal to n times
the value at AR = 0 of the n = m = 1 information.

e The regime koL ~ koa > 1 is the most difficult to analyze. In this regime, there exists cross
talks between the different pairs of points that increase the information compared to the regime
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koa > koL. In this regime the information seems also to scale with n = m.

e The regime kopa < 1 is quite easy to understand based on numerical calculations. In this regime
all the n = m pairs of points are in the same speckle spot. Thus increasing n = m has no effect
on the information which is equal to the n = m = 1 information. Because this regime is out of
our reach analytically (the Cy correlation in T/T and R/R is important in this regime), this
conclusion could not be obtained from the analytical study.
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4t 4
3 3L
2 2+ 4
1+ —= ] e
%% 50 100 150 200 250 ’ 109 10" 107
koa ]COCL
(C) MLyum (R, T),b=8 (d) MLyum (R, T),b=28
w w x107
o ;
:;Lfn:m:?»
107—n=m=4
87fn=m=5
6
a4t
2,
0
2

10° 10" 102

Figure IX.17 — Panel (a) [respectively panel (c)]: numerical estimation of MI using the estimator given in
Eq. versus koa for n = m going to 2 to 5 for b = 3 (respectively b = 8) and kol = 10.
Panel [respectively panel (d)]: numerical estimation of M| using the estimator given in Eq.
versus kga in log scale for the x coordinates for n = m going to 2 to 5 for b = 3 (respectively
b = 8) and kol = 10. The parameters chosen for the estimator given in Eq. are k = 10,
N, = 10° and Npeq = 600 for b =3 and k = 100, N, = 10° and N,aq = 60 for b = 8.

Comparison with the trace formulas

In Fig. [XI8 we compare the various trace formulas with the estimation of the MI for n = m =5
with b = 3 and b = 8. To compare the numerical data with semi analytical calculations, we first have
to discuss the bias.

Our method is the following: we use the fact (observed numerically) that the bias normalized by the
real value of MI seems to be a function of n = m only, combined with the knowledge that the MI
for kga > koL is n = m times the MI for n = m =1 at AR = 0. For b = 3 we know precisely this
value thanks to the precise study summarized in Fig. For b = 8 we did not perform the same
study, we rather used the analytical expression of Ml um (R, T) for koa > koL as a reference value.

Once we have this value, we multiply all the curves by this reference value divided by the value of
the estimation with bias. This operation should remove the bias for all points. We call MI the value
of the MI corrected for bias using this procedure.
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In panels (a) and (c) in Fig. we represent MI versus the various trace formulas. For b = 3 the
amplitude of the functions changes less than for b = 8 due to the difference of amplitude of CZ7 in
the two cases (C37(0) ~ 0.45 for b = 8 and C37(0) ~ 0.15 for b = 3). To appreciate the difference
of shape of the trace formula functions, we represent in panels (b) and (d) all the curves normalized
to the value of M3 pum (R, T) for koa > koL ( the superscript (...) over the trace formulaﬁ means
normalized to the value of MIs yum (R, T) for koa > koL). We observe that MI; ,um (R, T) represent
the data quite well for large kga, but does not reproduce the decrease of the function for small kga.
ML hum (R, T) and MI3 pum (R, T) both capture the decrease of the function for small kya but have
different shape especially for b = 8. Basically, going to second order in terms of CI7 and CI with
MI; (R, T) weakens the corrective terms responsible for the decrease of the function for small kga,
and thus shifts the position of the maximum towards small kga [in comparison with MIy (R, T)].
This explains why the shape of the functions are different.
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Figure 1X.18 — Panel (a) (respectively panel (c)) comparison of the numerically estimated MI with three different
trace formulas versus koa for b = 3 (respectively b = 8) and kol = 10 for n = m = 5. In panels
(b) and (d) we normalize all the trace formulas by the value for kga > koL in order to compare
only the form of the functions. The parameters chosen for the estimator given in Eq. are
k =10 N, =105 and Ny = 600 for b =3 and k = 100 N, = 105 and Nu, = 60 for b = 8.

This study allows us to give the main conclusion of this subsection. The shape and the amplitude
of the MI changes with the optical thickness. When the optical thickness increases (keeping kol
constant) the amplitude of the MI decreases due to the decrease of the R/T non gaussian correlation
with koL. An important and subtle result is that the position of the maximum of the function
MI(koa) increases with the optical thickness, as observed in panels (c,d) in Fig. [[X.17]

SFor instance My yum = My num [MIs num (koa > ko L)/ MIa pum (koa > koL)).
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IX.6 Conclusion and future work

I1X.6.1 Conclusion

Let us here summarize the results of this chapter, and discuss some possible future work. We have
studied analytically and numerically the MI between an arbitrary number of speckle spots in reflection
and in transmission.

The MI between one transmitted and one reflected speckle spot is proportional to the square of the
non gaussian intensity correlation function between the two intensities. It thus takes a non zero value
for points separated by transverse distances less or equal than L, and scales as 1/(koL)? in 2D and
1/(koL)* in 3D.

When the number of points in transmission and in reflection increases, many degrees of freedom add
to the problem. In this study we consider the same number of reflected and transmitted speckle
spots. Moreover, we chose to align them (dﬁZT = 0). Doing so we reduced the parameters of the
problem to kga, n = m, koL and kyol. We have studied numerically the MI versus kqga for n = m
ranging from to 2 to 5, and for two different optical thicknesses (b = 3 and b = 8) for dilute (ko/ = 10)
scattering sample. We observed a rich behavior of the curves with three different regimes of kya:

e When kopa > koL the problem reduces to n = m times the n = m = 1 problem (due to the
absence of cross talks between pairs of reflected and transmitted intensities). The MI thus
scales as n/(koL)? in 2D and n/(koL)* in 3D.

e When kga ~ koL, the MI increases strongly due to the increasing weight of CI*T between
different pairs of points. When kya decreases, these curves have a maximum. We explained
the presence of this maximum with the increasing weight of long range correlations in T /T and
R/R when kga decreases. The position of the maximum is predicted to scale with kya = b.
The MI at the position of the maximum scales with n/(koL)? in 2D and n/(kyL)* in 3D (and
should depend on b as observed analytically in panel (c) of Fig. .

e When kga < 1, the MI tends toward the MI for n = m = 1 because all intensities lie in the
same speckle spot. Thus the MI in this regime scales 1/(koL)? in 2D and 1/(koL)* in 3D.

I1X.6.2 Future work

Let us discuss a few possible extensions. The part of the curves for which we lack knowledge here
is the value of the MI at the maximum of the curves. A precise study of this would be useful}] We
believe the easiest way to study this part of the curve precisely is to follow the panel (c) in Fig. [[X.11
fixing koL > 1 and varying the optical thickness (but keeping it large compared to one). It would
also be nice to capture the C; correlation in the model so that we could describe analytically the
entire function MI(koa). Eventually, it is necessary to learn how to use the MI between reflection
and transmission in real applications. For instance, in the context of imaging though a scattering
medium. The MI could also help focusing light in transmission measuring only reflected intensities.
In the next chapter we make one step in this direction studying how we can use the information
contained on a large number of reflected speckles to change the average value of one transmitted
intensity.

"Note that this study has been done in [116]
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The purpose of this chapter is to study a property equivalent to the statistical dependence between
R = (Ig,,....2g,) and T = (I,...,Ir,): the difference between the conditional statistics of 7~ with
some knowledge of R, and the statistics of 7 without knowledge of R. The negative correlation
means that on average a bright reflected intensity coincides with a dark transmitted intensity and
vice versa. Nonetheless we cannot predict how the variation of the average value of 7 depends on
the measurement done on R only with the knowledge of the correlation. In ref. [85] we numerically
observed the change in the average transmitted intensity when the reflected intensity was known to
be bright or dark, but since we did not (at this time) know the analytical expression Eq. (VIII.33
of the joint probability in R/T we could not describe this phenomena in detail. The study of CI*
combined with the analysis of MI(R,7) lead us to interest ourselves to the impact of a constraint
(for instance the restriction to disorder realizations where all the reflected intensities are bright)
applied on many reflected speckle spots on the statistics of the transmitted intensity at one point as
represented in Fig. [X.I We believe that this study is relevant due to its relationship to wavefront
shaping experiment.

Y

L

Figure X.1 — Schema of the geometry studied in this chapter. A wave illuminates a scattering medium with
depth L and scattering mean free path £ < L. Due to multiple scattering process, one transmitted
intensity is correlated with many independent reflected speckle spots (dark circles separated by a
transverse distance on the order of \) on a transverse size that remains smaller than L.

In this chapter we use our knowledge about the joint statistics between R and 7T detailed in
Chap. [VIII to study the conditional statistics of one transmitted speckle spot given some information
on the reflected intensity. We first derive analytically the conditional statistics of the transmitted
intensity for two different types of constraintsﬂ in reflection (bright or dark). Then we study the
average value of the conditional statistics of the transmitted intensity versus the strength of the con-
straint, the parameters of the physical problem and the number of reflected intensities considered.

'We call constraint the information that the reflected intensities belongs to a sub-ensemble of R .
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Then we numerically estimate these quantities and compare them to the analytical model, before
concluding by discussing the possible applications of this study to wavefront shaping techniques.

X.1 Analytical study

X.1.1 Conditional statistics

In Chap. [VITI] we have shown that the analytical expression of the joint distribution between one
transmitted intensity (normalized by its average value) and Ny reflected normalized intensities sep-
arated by transverse distances larger than A can be cast in the form

P(jR17~-'7fRNR7fT) = P(i'RN‘..,jRN <1+Z IR17"'ajRNR)U(iT)) (Xl)
with
V(X Xn) = = O 1x-2 pixy,. xx) (X.2)
AEL NI T p(XG, LX) 0 | Trax, T e '

X being either Zp or Zp. In this chapter we are interested in the conditional statistics of the
transmitted intensity knowing that (Zg,, ...,IRNR) € V, with V an ensemble of RfR. We consider
two different ensembles V, and V_ defined the following way:

Vo =[0,0]"",
{ V, = [v, 00]VE, (X-3)

The parameter v defines the strength of the constraint. In V_, we consider only reflected intensities
smaller than v times their average values, while in }V, we consider only transmitted intensities larger
than v times their average value. Although we assume a uniform constraint applied on all the Ny
reflected points, it is clear that this study can be generalized to arbitrary V.

Let us define Py(Zr) as

p (_’Z' ) fV (ZRN "'7j-RNR7i-T>dj.Rl"'diRNR (X 4)
T —~ ~ ~ ~ . .
Jy Py, s Iny, )AZg, ... dZpy

Py<i-T> is the conditional probability density function of Zy knowing that (iRl, ...,fRNR) cV. In-
serting Eq. (X.1)) into Eq. (X.4) and performing the integral we obtain

Vi,sup

0p, B0, P (1) Z00z, P (Tnys o In,)
fo P(Zg,, - Iry, )ATg, .. ALk,

Pu(Ir) = P(Zr) + Z Vignt

(X.5)

Equation 1} is valid for every V, V; qup is the upper limit of the constrained fRi and V) jnr its lower
limit (for instance Vi ;sup = 00 and Vy ;s = v). Using the analytical expression of the probability
density function of the normalized transmitted intensity, given in Eq. (VIIL.13), in Eq. (X.5) we
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obtain

Pv(fT) = exp (—iT) 1+057 (f% — AT + 2)

:| Vi,sup

i-RiafR, (P<Z~’-R17 "'7:ZRNR>)

7

Ngr

= ; Vi in
+(Tr -1y Gt =

o P@ryr T ) ATy

(X.6)

In Eq. (X.6)), the transmitted intensity has been retained up to first order in 1/(kof).

X.1.2 Conditional average value of the transmitted intensity

The conditional average value of the transmitted intensity is an interesting quantity for two main
reasons: the simplicity of its study and the possibility that it may be the good observable to describe
a wavefront shaping experiment in transmission using a reflected feedback. Let us define

<fT>+ = /jTPVJr (iT)dfﬂ

_ T (X.7)
(Tr)_ = / Tr Py (Zr)dZr.
(fT>+ is the conditional average value of the transmitted intensity knowing that (le, s ‘:Z'V.RNR) eV,

(i.e., reflected intensities are bright). (Zr)_ is the conditional average value of the transmitted
intensity knowing that (Zg,,...,Zry,) € V- (dark reflected intensities). Inserting Eq. (X.6) into

Eq. (X.7) we can show that

s (P
Ty =1+ 3 cpr L (X.8)
p Jo, P(Zg,, ---7IRNR)dIR1---dIRNR
and )
~ Ngr l:iRz&f , (P(i—Rl,...,IRN )):|
(Ir). =143 CRT i L . (X.9)
i fv7 P(IR17 ""IRNR)dIRl"‘dIRNR
To zeroth order in terms of non gaussian correlations in R/R, we have
/ P(Zn,, - Iry, ) AT, ATy, = [exp (—Ngo)l,
Vit N N o0 (X.10)
{zRiafRi (P(Zn, ...,IRNR))L — v [exp (—Ngv)],
and N N N N
/ P@ny, s T, )AZ 5y ATy, = [1 = exp (=)',
- (X.11)

|:iRiafRi (P(le, ...,fRNR))]: = —vexp (—v) [1 —exp (—v)]"* .

Using the previous results we obtain the main results of this section:

~ NR
Ir)y =1+0> T (X.12)
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and

Tr)- =1 - v s ixfxp Z(J . (X.13)

The results given in Eq. (X.12) and Eq. (X.13]) have interesting properties:

e First the correction to the average value of the intensity scales with CFT thus as 1/(koL) in
two dimension and as 1/(koL)? in three dimension.

e Second, to this order in the calculation the effect seems to scale linearly with the number of
reflected intensities, thus increasing Ny increases the correction to the average value of the
transmitted intensity.

e Third, the sign of the correction depends on the applied constraint. A bright (respectively
dark) constraint leads to a negative (respectively positive) correction to the average value of
the transmitted intensity.

e Fourth, the very simple form of Eq. (X.12)) and Eq. (X.13) makes them potentially useful in
practice.

Those properties are really encouraging. Indeed we know that the R/T correlation survives for trans-
verse distances between the reflected and the transmitted intensities smaller than L as represented
in Fig. in a 2D geometry. This area contains many speckle spots that are correlated with the
transmitted intensity we consider. We also know from the study of MI(R,7T) that it is useless to
consider many points in one speckle spot since this does not add information on the transmission. If
we neglect non gaussian correlation in R/R, we find that the number of independent speckle spots
correlated with the transmitted intensity in ry is on the order of kgL in 2D and of (kyL)? in 3D. Thus
the naive product of the maximum number of correlated speckle spots times the amplitude of the
correlation gives unity whatever the parameters of the system (in the diffusive regime) meaning that
the change in the conditional average intensity in transmission given in Eq. and Eq.
could be substantial.

X.1.3 How to observe this phenomenon with the fewest realizations of
disorder?

The results given by Eq. and Eq. are interesting in their linear scaling with the number
of reflected points. Let us discuss here a practical issue. In Fig. we schematically represent
the topic of the following discussion. We denote by 2 the ensemble of all possible realizations of
disorder. We know that the average value of Z in this ensemble is the average value (fT> without
constraint. Now let us consider a constraint on a given reflected intensity. The realizations of
disorder corresponding to this case corresponds to an ensemble denoted by A. This ensemble is
included in €2 and gets smaller in volume when the strength of the constraint increases. When the
constraint is applied independently on two others reflected points we obtain different realizations of
the disorder building the ensembles B and C', as represented in Fig. Now if we consider the
ensemble corresponding to the constraint applied on the three points at the same time we obtain
the ensemble A N B N C which is smaller than A or B or C. Analytically, there is no issue since
these ensembles can always be discussed. Conversely, numerically or experimentally we have to
observe enough configurations of disorder to estimate the statistics on these small ensembles. In this
subsection we discuss this issue and try to give insight about the best constraint to apply to observe
the change of the average value of the transmitted intensity using the fewest number of realizations
of disorder.
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ANnBNC

A/

Q/ B

Figure X.2 — Scheme of the total space of probability {2 encompassing three different sub-ensembles A, B and
C. The three ensembles correspond to the subspace in which one given reflected intensity follows
a restrictive rule. The sub-ensemble for which the three reflected intensities follow this restrictive
rule is given by AN BNC.

Required number of realizations of the disorder

Let us assume that we study Ny, realizations of a given disorder, and that we consider a constraint
applied on Ny points. Here we are interested in the number of realizations needed to observe the
difference between the conditional average value of the transmitted intensity and the average value
without constraint. Let us denote Ny, and Ny_ the number of realizations falling into the constrained
ensembles. They are given by

Ny, = Nyot[exp(—v)]"",
{ Ny = Nyu[1 — exp(—v)] V7. (X.14)

In Eq. (X.14)), [exp(—v)]"® and [1 — exp(—v)]® are the probability for one realization to fall into
the constrained ensembles. The typical error on the estimation of the conditional average values due
to the finite number of realizations are

g
6V+ = N )

o (X.15)
5y = .

Ny_

In these expressions o is the standard deviation of the conditional normalized Rayleigh law in trans-
mission equal to one to first order. Let us consider the limiting case where the desired signal
((Zr)_ — (Zr) or (Ir)y — (Ir)) is equal to S times the typical error (we can observe the signal
if S > 1). This leads to the equations for Ny and Ny — (the limiting number of realizations to



X.1. Analytical study 145

observe the effect of the two different constraints):

S22 exp(v)Vr

Ntot,+ =

(NRCHT) 02
Ny, — 5202 [1 — exp(—v)]> " exp(v)Q' (X.16)
o (NRCET) v?

These limiting numbers of realizations are a function of koL (via the CIT" correlation), of v and of
Ng. In Fig. [X:3 we represent these limiting numbers versus v for a value of kgL = 80 and Ng going
from 1to 4, 0 =1 and S = 5. Figure is interesting in many ways:

(@) (b) ..

— Np=1

— Np=2

1015

Figure X.3 — Panel (a) (respectively [panel (b)]) analytical calculation of Ny 4 (respectiveley Ny, —) given in
Eq. (X.16]) for a value of koL = 80 and Ng going from 1to 4, 0 =1 and S =5.

e First we see that changing Ny changes the form of the curves.

e Second all the curves possess a minimum. Thus there exists a constraint for which the number
of realizations of the disorder needed to observe the change in the conditional average value
of the transmitted intensity is minimal. This minimum results from the competition between
two processes. For a weak constraint the change of average value of the transmitted intensity
is very small thus is hard to observe (low signal with low noise), while for a strong constraint
the number of realizations falling into the constrained ensembles is very small thus the effect
is hard to see (strong signal with strong noise).

e Eventually the number of realizations of the disorder needed to observe the effect (at the
minimum of the curves) seems to be independent of Ng.

The most discernible constraint

Let us track now the position of the minimum of these curves (that we call v, and v_). Unfortunately,
the position of the minimum is hard to find analytically in the case Ny _, but it is easy to follow
for Nyt + (thus this subsection is only valid for the study of panel (a) in Fig. [X.3)). For a positive
constraint, the most discernible constraint is

2

Uy = NiR, (X].?)

and the minimum number of realizations needed to observe the effect of the optimal constraint is

5202

acE (X.18)

Nopt,+ =
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In Eq. we remind that S is the numerical factor that defines a SNR (it is on the order of
unity) and o is the standard deviation of the normalized transmitted intensity (it is on the order
of unity). This result is important since it is independent on Ng, and because it shows that the
minimum number of realizations to observe properly the effect discussed in this chapter is (koL)? in
2D and (koL)* in 3D. Note that the derivation assumes that CJ is constant for all the reflected
points considered. Thus it is strictly valid when the transverse distance between the Ng reflected
points is small compared to L .

X.2 Numerical results

In this section we present numerical simulations of the conditional average value of the transmitted
intensity for a scattering slab with two different optical thicknesses. We first consider the easiest
situation of a constraint applied on a single point in reflection. Eventually we increase the number
Npg of constrained reflected points in order to observe the scaling of the change in the conditional
average value of the transmitted intensity with Ng.

X.2.1 Constraint applied on a single reflected speckle spot

In order to check the validity of Eq. and Eq. numerically we use the couple dipole
method. We calculate a large number of disorder realizations and record all pairs of intensity (f R, fT)
In this global ensemble, we can define sub-ensembles by the constraint we apply on fR, for instance
fR <wvor fR > v. In these sub-ensembles we can estimate the average value of Tr.

In Fig. we represent (Zr), and (Z7)_ calculated both numerically and semi-analytically (using
Eq. (X.12) and Eq. (X.13)) with CIT calculated numerically) for two optical thicknesses (b = 3 and

b = 6) versus the strength of the constraint v. The agreement between the numerical simulations
and the semi-analytical approach is almost perfect.
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Figure X.4 — Panel (a): numerical and analytical calculations of (Z)_ versus the strength of the constraint
applied on a given speckle spot for two dilute (kof = 10) samples of different optical thicknesses
b=3and b = 6. Panel (b): numerical and analytical calculations of (Z7), versus the strength
of the constraint applied on a given speckle spot for two dilute (kof = 10) samples of different
optical thicknesses b = 3 and b = 6.

We can observe in Fig. that the two constraints have a different impact on the average value in
transmission, as predicted by the analytical formulas Eq. and Eq. . When one considers
a bright reflected spot, the average value of the average transmitted intensity varies linearly with the
constraint and the slope of the curve is exactly CF?. When one considers a dark spot in reflection,
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the value of the average transmitted intensity is a slightly more complicated function of the strength
of the constraint given in Eq. . Increasing the optical thickness decreases the strength of C&T
which scales as 1/(koL). This explains why we observe that the curves for b = 6 are closer to the
average value without a constraint than the curves for b = 3. We can note that the limit of (fT>_
for v = 0is 1 — CFT. When the transverse distance between the transmitted and the reflected
points increases, the strength of the correlation decreases, and the changes in the average value of
the transmitted intensity tends to zero.

X.2.2 Constraint applied on a large number of reflected speckle spots

Let us now enter the study of a constraint applied simultaneously on many reflected speckle spots.
This situation is more complex both from the numerical and the analytical point of view. Numerically
it is more complicated because the ensemble of configurations in which we estimate the average value
of the transmitted intensity reduces in size when the number of points on which the constraint is
applied increases. As a consequence it becomes harder and harder to estimate the conditional average
value of the transmitted intensity when Ny increases. Analytically it is harder because our model
neglects both €7 and Cs between pairs of reflected intensities. From our study of MI(R,7) in
Chap. [[X] we know that it is useless to consider more than one reflected intensity within one speckle
spot. This leads us to choose Ny reflected intensities in the zero of the 4 function of the central
reflected speckle. This ensures the use of independent speckle spots (in the sense of C) all correlated
with the transmitted intensity:.

An encouraging numerical observation

In Fig. we represent (Zr), and (Zr)_ calculated numerically for Ny varying from 1 to 10 versus
the strength of the constraint v for a scattering medium with optical thickness b = 3 and k¢ = 10.
The first observation in this figure is that as the number of points increases the impact of the
constraint increases as predicted by Eq. and Eq. . We also see the numerical difficulties
encountered when we approach strong constraints with a large number of reflected points. In this
case the number of points in the constrained ensemble is too small to properly estimate the average
value of the transmitted intensity (this is reflected in the noisy character of the numerical estimation
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Figure X.5 — Panel (a) [respectively panel (b)] numerical calculation of (Z7)_ [respectively (Z7)4] versus the
strength of the constraint applied on a varying number of reflected speckle spots 1 < N < 10
(Ng = 1 corresponds to the blue curve and N = 10 corresponds to the yellow curve). The
parameters of the scattering sample are b = 3 and kof = 10.
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Discrepancy from the model

In Fig. we represent (Zr), and (Zr)_ calculated both numerically and analytically for N varying
from 1 to 4, versus the strength of the constraint v for a scattering medium with optical thickness
b = 3 and kol = 10. We observe that the numerical and the semi-analytical calculations of Eq.
and Eq. are in good agreement when the constraint is small but tends to separate when the
constraint increases. In addition, when Nk increases, the deviation increases and is surprisingly
of opposite sign regarding the constraint applied on the reflected spots. For (fT>_ it seems that
the discrepancy increases the effect of the constraint while for (Zr), it decreases the effect of the
constraint.
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Figure X.6 — Panel (a) [respectively panel (b)] numerical and analytical calculation of (Z7)_ [respectively (Z7) ]
versus the strength of the constraint applied on various number of reflected speckle spots (Ng is
varied from 1 to 4). The parameters of the scattering sample are b = 3 and k¢ = 10.

We propose the following explanation for this deviation from the model. Let us define C’ff and
C’ff as the non gaussian correlation of one pair of reflected and transmitted intensities under the
constraint applied on an other reflected intensity. In Fig. we numerically calculate C’fi /|CET
and C37/|C3"| versus the strength of the constraint applied on a nearby reflected intensity (a
reflected intensity considered the first zero of the C) function of the central reflected intensity).
Even if this figure is really noisy due to the small value of the calculated quantity, we can clearly
see a trend (the black dotted line corresponds to the independent case). The important point for
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Figure X.7 — Numerical calculation of the C’fT/|C’§T] and CQI?T/|C’§T\ versus the strength of the constraint.
The parameters of the scattering sample are: b =3 and kol = 10.

this discussion is that Cff is reduced in absolute value ,and CQ}?T is increased, when the constraint
increases. Both the sign and the amplitude of the change in the normalized correlation are consistent
with the numerical observation in Fig.|[X.6| There may be a microscopic scattering sequence (or many
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of them) responsible for the change of the conditional non gaussian correlation in R/T, nonetheless
we do not want to enter this question in deeper details at this stage. We believe this observation is
sufficient to motivate a further work on this topic.

X.3 Conclusion

A universal effect?

This chapter aimed at shading light on the use of the long range character of the CI*T" correlation.
Indeed, as discussed in the introduction of this chapter, we consider a phenomenon (variation of
the average value of the transmitted intensity) proportional to CFT and scaling linearly with the
number of independent speckle considered [Eq. and Eq. ] When the maximum number
of reflected speckle spots correlated with the transmitted one is used, the change of the normalized
average intensity should be independent on the parameters of the system in the diffusive regime.
Moreover the change in the average transmitted value should be on the order 100% for both 2D and
3D geometries. This study is encouraging, indeed in Fig. the scaling with Ny is observable and
the change observed in the average value of the transmitted intensity is around 15%. If we extrapolate
to zero the curve at Ng = 10 in panel (a) in Fig. we obtain a change of approximatively 30%.
Now let us remind that we used N = 10 points in this study while the maximum number of points
available for this scattering medium (koL = 30) is Ng = 30 leading to a potential 90% increase of
the average transmitted intensity. This agrees with the prediction.

Note that the observation of a positive discrepancy between the numerical and the analytical calcula-
tions for (fT>_ is a welcome news. Indeed, this configuration is the most interesting for applications
and could lead to an enhancement of the transmitted intensity higher than that predicted by the
model. Note that in that case the extra factor will probably not be universal and would deserve a
proper study.

Is the conditional statistics approach equivalent to a wavefront shaping experiment?

The universal behavior of the maximum change of average transmitted intensity predicted may
be difficult to observe due to a practical difficulty that increases when koL increases. Indeed, the
correlation function decreases in amplitude with 1/(kyL) but the number of correlated points increases
inversely with kqL. Nonetheless, the scheme proposed in this chapter is sensitive to the spreading of
the “information” on various speckle spots, and it is harder to observe the same amount of variation
of the average transmitted intensity when koL increases. Indeed, as represented in Fig. [X.2, when
one increases the number of points under a constraint, the corresponding ensemble becomes smaller
and smaller thus harder and harder to observe. One could argue that it is thus impossible to
experimentally observe realizations of these ensembles without observing for a very long time a
dynamic scattering sample.

Nonetheless, it is possible that wavefront shaping could be the solution to observe such rare events.
Let us start by stressing that in the numerical experiment presented in this chapter we do not
shape the incident light (we send a plane wave at normal incidence), but we let the medium change
randomly and create some lucky realizations for which the plane wave is shaped for our purpose.
It would be interesting to study the opposite case for which the disorder is set, and the wave is
shaped to increase or reduce the scattered light in some chosen reflected speckle spots, and observe
the change of the transmitted intensity. Doing this in an area of typical size L in reflection may allow
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one to observe the change in the transmitted intensity described in this chapter without looking for
a long time for rare events. This result could thus have direct applications for wavefront-shaping

experiments [107, [120].



Chapter XI

Conclusion
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In this thesis we have studied statistical links between the scattered light in reflection and in trans-
mission of a complex medium.

The first part of this thesis was devoted to the study of the intensity-intensity correlation function
between reflection and transmission when the medium is illuminated with a plane wave at normal
incidence.

e In Chap. we have studied this correlation in the diffusive regime numerically (in 2D) and
analytically in both 2D and 3D configurations. We have shown that the correlation function
is negative, has a typical size of L (thickness of the scattering sample), and has an amplitude
scaling as 1/(koL) in 2D and as 1/(koL)? in 3D.

e In Chap. we have presented the measurement of the intensity-intensity correlation in R/T
performed at the University of Exeter (UK) by I. Starshinov, A.M Paniagua-Diaz and J.
Bertolotti in the framework of a collaboration with our group. The measurements confirms
that the correlation in 3D indeed tends towards a negative function of typical size L and of am-
plitude 1/(koL)? in the diffusive regime, but it also reveals a rich behavior for optical thickness
close to unity (single scattering regime A < ¢ ~ L). In this regime, the correlation function
presents both a positive and a negative contribution and is sensitive to the angle of incidence.
This suggests that unusual scattering sequences contribute to the correlation function in R/T
in this regime.

e In Chap. |V| we have studied the intensity-intensity correlation in R/T numerically and ana-
lytically in 2D in the quasi ballistic regime (A <« L < /), and observed a purely positive
contribution not dependent on the angle of incidence. The analytical study suggests the exis-
tence and the dominant weight of usually non-considered four fields diagrams in this regime.

e In Chap. [VI]we have proposed a new imaging modality based on the existence of this intensity-
intensity correlation in R/T, named Blind Ghost Imaging, and have presented a numerical
proof of concept.

The conclusion of this fist part of the thesis is that the intensity-intensity correlation function in R/T
is a rich and instructive observable. The power law decay with L of the amplitude of the correlation
for large optical thicknesses makes it usable even for thick scattering sample. From a theoretical point
of view, we can stress that the R/T correlation gives a direct access to the non-gaussian correlation
whatever the optical thickness (not being blurred by the C correlation).

The second part of this thesis was devoted to the study of the statistical dependency of the reflected
and the transmitted light.

e In Chap. [VITI] we have built the analytical joint density probability function of many reflected
and many transmitted intensities using diagrammatic techniques, and have supported its ex-
pression using numerical simulations.

e In Chap. [[X]we have used the joint probability density function built in Chap. [VITI to quantify
analytically and numerically the mutual information (MI) between reflected and transmitted
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speckle patterns. We have studied this quantity versus the parameters of the system, the
number of reflected and transmitted speckle spots considered and their spacing. We have shown
that the MI between reflection and transmission is principally carried by loops of correlation.
We have discussed the competing effects between two points and three points loop processes and
have shown that they are the cause of the existence of an optimal transverse distance between
detectors in transmission and in reflection in order to have a maximum information contained
in reflection on the transmission. This optimal distance between detectors is predicted to
increase when the optical thickness increases. We have also shown that increasing the number
of measured speckle spots in reflection and transmission increases the information contained
in reflection on the transmission (as long as the distance between the points is larger than the
wavelength). This results is of practical interest for our objective of using the reflected intensity
to control the transmitted light.

e In Chap.[X]we have discussed the conditional average value of the transmitted intensity having
some information on the reflected intensity numerically and analytically. We have shown that
the change in the transmitted intensity is proportional to the intensity-intensity correlation in
R/T configuration, and that it scales linearly with the number of points from which we extract
information in reflection. Since the intensity correlation function in R/T is long range, there
are possibly many reflected spots available containing information on the chosen transmitted
intensity. This have led us to conclusion that regardless of the optical thickness of the scat-
tering sample, one can strongly modify the transmitted intensity factor taking all the reflected
information into account.

The conclusion of the second part of this thesis is that information on the transmission can be
obtained from measurements limited to reflection, and that this information is principally carried by
the long range intensity-intensity correlation function in R/T. Taking advantage on the long range
character of this function, we can find ways to use more than one speckle spots to infer the behavior
of the transmitted light.

In the future, the first objective is to complete the study of BGI in collaboration with our colleagues
from Exeter (UK). This is of practical interest and could additionally motivate additional research
on the intensity correlation in R/T. We believe that the reflection/transmission configuration is
interesting in many ways (practically and conceptually). It would be interesting to push deeper
the analytical study of the correlation in the single scattering regime (using the Radiative Transfer
Equation) in order to strengthen the comprehension of the variation of the correlation with the angle
of incidence. A full experimental study of the quasi ballistic regime is also needed to corroborate
our guess that in this regime, some non usual scattering sequences dominate the correlation in R/T.
Concerning the second part of this thesis, we believe a nice analytical follow up of this work would be
to manage to take into account both the the short range correlation and the long range correlation
in the analytical expression of the joint density probability functions. This could probably open new
questions currently out of reach. An experimental study of the MI would be certainly interesting,
but also difficult, due to its scaling as 1/(kyL)* in 3D. The link between MI in R/T and wavefront
shaping in transmission using only reflected information is of great interest both conceptually and
practically. A clear numerical and/or experimental study of wavefront shaping in transmission using
only reflected information could help us propose a theory for this process.
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Analytical derivation of non gaussian
correlations in R/T, T/T and R/R

In this appendix we give the complete formulas of the non gaussian correlation functions in T/T,
RR and R/T derived with diffusion theory.

.1 Reflection/Transmission

In this subsection we give the final result of the derivation of the diagram represented in panel (b) in
Fig. I m in the diffusive regime. Let us call C'5 the non gaussian contribution to the I-T correlation
coming from this diagram. Mathematically, this C'5 contribution comes from a connected four fields
correlation which reads

(0EROERSETSET)C /‘E r1)[*| E(r2) [ L(ra, po) L(r1, py) Hpy, P, p3, P4)

L(rs, pg) L(rs, po) (Glre = 13))P(Glrr — ra)) Py dradpy-dpy (1)
and is equal to
Cinr T +C¢outr T
Cy(rp,rr) = C3 (g, rr) + = (vs, r7) 5 5" (rr T)’

where the three contributions come from the three terms labelled in the vertex in Eq. ([11.53)).

(2)

3D case

Here we give the final expressions of the different terms entering into Eq. in dimension three.
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Figure 1 — Analytical predictions for the C3*" correlation (black solid line), C$“ correlation (red dotted line) and
C& correlation (green dash-dotted line) compared with the simulation of 2D wave propagation in a
disordered medium (blue dashed line). Parameters of the simulations: k¢ =10, L/¢ = 10, §, = 0.

2D case

Here we give the final expressions of the different terms entering into Eq. in dimension two.
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where z is the extrapolation length (see Ref. [85] for details). We have represented these different
contributions in Fig.[Tin the case of wave propagation through 2D disordered slab. The contribution
C9" is negative, whereas Ci" and C2 are positive. In addition, C&" and C3** do not have the same
amplitude. However the sum of all terms, given by Eq. | ., turns out to be well approximated
by C9“, as it was done in Ref. [85]. Both expressions are in good agreement with simulation of
microscopic wave propagation.

.2 Transmission/Transmission

In this subsection we give the final results of the derivation of the two diagrams represented in Fig. [2]
in the diffusive regime in the T /T configuration. Let us call Cy the non gaussian contribution to the
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I-T correlation coming from the diagram in panel (b) and Cy» the one in panel (a) in Fig. .

(0En0En,0ET, 0ET, ), :/\E(r1)|Q\E(F2)!2 L(rs, py) L(r1, p1) Hpy, p2: P3, P4)
L(rs, p3) L(ra, p)[(G(rr, — 13))P[(G(rr, — ra)) Pdrr..dradpy..dpy. (9)
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The only difference between the two diagrams is the exit vertex. In diffusive regime, Cy» can be

(a) (b)

I‘T1

I'T2

Figure 2 — Two typical diagrams contributing to the connected four-field correlations. In T/T the diagram
depicted in panel (a) is not negligible and we have to consider both.

calculated from Cy easily [65] using:
Co(rry, r7,) = Co(rry, T7y) + Cor(v7y,11,) = Cor(T7y, 773) (1 4 e (T3, T,)) (11)
with
Ue(rTN rTQ) X ’ Im [<G(rTl7 rT2)>] ’2 (12)
the proportionality factor chosen so that v.(rp,r7) = 1.

Consequently we only detail the derivation of Cy (rr, rp,) in the following. In transmission we follow
[34] and neglect the laplacian terms:
C%?’l(rTu rTQ) + OQO’ut<rT1 ) rTz)

C2l(rTl7 I'T2) = 9 . (13)

2D case

In 2D we have
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To have the complete Cy we use Eq. .

3D case

In 3D we have
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To have the complete Cy we use Eq. (11)).
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Discussion

Let us here discuss the expressions Eq. and Eq. . In Chap. , we argued that CI7 cannot
be put in a large optical thickness form as easily as C#7. We can see this removing the z,/L terms

into the expressions Eq. and Eq. nd consider that sh(g32)* ~ (¢g2°)? exactly like we did
for CFT. Doing so the expressions Eq. (14) and Eq. diverge. If we do not neglect the zo/L
terms in the sh but still do the approximation sh(g%)? ~ (¢2)? into Eq. and Eq. then the
integral converges thanks to the extra exp[qzo/L] in its denominator. The scaling of the CIT thus
becomes CIT ~ 1/(kyLkol) in 3D and CIT ~ 1/(kol) in 2D. Note that we neglect the variation of
the function inside the integral with b saying this which is not exactly correct.

.3 Reflection/Reflection

In this subsection we calculate the two diagrams represented in Fig. [3] in the diffusive regime in the
R/R configuration. Let us call Cy the non gaussian contribution to the I-I correlation coming from
the diagram in panel (b) and Cy» the one in panel (a) in Fig.

<6ET15E326EE16E;22>02/ :/|E(I'1)|2|E(I'2)|2L(I'2,p2) L(rhpl) H<p17p27p37p4)
L(rs, p) Lts, ) (C(rr, — 1)) PG (rs, — 1)) e dradpy. dpy. (18)

the other diagrams reads
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Figure 3 — Two typical diagrams contributing to the connected four-field correlations. In R/R the diagram
depicted in panel (a) is not negligible and we have to consider both.

The only difference between the two diagrams is the exit vertex. In diffusive regime, Cy» can be
calculated from Cy easily [65] using:

OQ(rRl ) rR2) = C(2’(1'1’31 ) rRz) + 02”(rR17 rR2) = Cy (rR17 rRQ) (1 + Ue(rRu rR2)) (20)
with
Ue(rRla rR2) X | Im [<G<rRl7 rR2)>] |2 (21)
the proportionality factor chosen so that v.(rg,,rg,) = 1.

In reflection, we do not know if the laplacian terms can be neglected and we thus keep them leading
to the final expression of C5 in R/R

Cén(rRl ) rRz) + CQOUt(rRl ) rR2>
5 .

Co(rry,Tr,) = C5 (TR, Try) + (22)

2D case

The different terms read in 2D:

220/6

A 4 2(1+ 2/0) cos(qﬁr)sh( )
O = l 21—0/5 ] /2q3 shlq (1 +ZZL0)]
y (L qsh(q?) N [2(1—1-20/5)] ¢ shlg <1+ZLo>]) dg (23)

20 shlg (1 + 2% )]

m_ 1 l2(1+zo/€)r/ cos(qm)sh( 20)2
2 kot 220 /0 ¢ shlg (1+2zfo>]2

X (2q +sh [quLO] —sh (2q [1 + ZLOD) dq (24)

out _ W;OE l2(12;72/€)r /qco:}(lEA<) Sh(;g)); (=20 1+ z0/Lych 201 + )] + 2072 ch 2020/ L)

2 (1) on (20004 5) = |1 2255 sh ) (25)
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To have the complete Cy we use Eq. .

3D case

The different terms read in 3D:

—27 1 Jo("2") shig%) shlg (1 + 3)]

02/

LT gsnlg (1423)]
8 (Sh(‘f[’?j[q (;j);f)] n q) 4 (26)
P () S pa s
v ] (a3 -
Cot — WL( ) . shQ%T>Sh(ZZ§)2]2 <_2q(1+zo/L) ch {2q(1+22)} +2¢72 ch[2gz0/L]
#lree (14 2) o (20004 20) = [r420 2 sh gmn ) 29

To have the complete Cy we use Eq. .



Impact of a non zero average field in the
intensity-intensity correlation functions.

As explained in Chap. , the measurement of the R/T intensity correlation is performed with a
laser illumination oriented with a non-zero angle with respect to the sample surface, that allows us to
measure the intensity of the fluctuating part of the fields, Ir = |§E(rg)[*> and Iy = |0E(ry)|?, only.
We want here to discuss what would be the R/T correlation if the mean fields were also measured.

(0IpdI7) — (3IpdIr) = 2Re [(Er)(6E3Ir) + (Er)(0EjIr)]
+ 2Re [(Er)(Er) (0EL0ET) + (ER)(Er)(0ERdEr)"] . (29)

Hence, the R/T correlation built from the total reflected and transmitted fields contains additional
interferences between the mean fields and the scattered fields. We illustrate their role in Fig.
where we compare (81701z)/[(617)(31z)] [(a) panel] and (617615 /[(6I7)(615)] [(b) panel] calculated
for a 3D disordered slab (L/¢ = 1, ko¢ = 15, illumination angle 6, = 45°). On top of the long-range
component of (8I761g) /(6 (6TR)], (01r01R)/[(017)(61)] also exhibits tiny oscillating contributions
and additional long-range contribution due to the four terms of Eq. . These contributions,
negligible in the deep diffusive regime L > ¢, become important at moderate optical depth L ~ /.
This explains why the positive contribution to the long-range correlation discussed in Chap. [[V] was
not detected in Ref. [85]. At large optical depth the two correlations are equal while it is no more
the case in the regime L ~ ¢ where interference terms dominate.

(a) L ()

%1078
5
-6 -6
-4 -4
-2 -2
<
N 0 0 0
< 2 2
4 4
6 6 5
6 -4 2 0 2 4 6 6 4 2 0 2 4 6
Ax /A Ax/A

Figure 4 — Comparaison of two R/T correlation functions calculated from numerical simulation of the wave
equation in a 3D slab. (a) Correlation function (6I701g)/[(617)(61g)] built from fluctuating parts
of the fields; (b) Correlation function (01761g)/[(0I7)(61R)] built from the full fields. Parameters:
kol =15, L/{ =1, 0, = 45°.






Coupled-dipole method

When an object interacts with an electromagnetic field it develops a polarization. If one considers a
small enough volume inside the object, the induced polarization is uniform within this volume, and
hence that small region can be represented by a radiating electric dipole with the appropriate polar-
izability. Point dipoles are small by definition and the scattering problem for a medium composed
of them reduces to the problem of finding the value of the dipoles interacting with each other in the
electromagnetic field. This method called coupled dipoles method [25] is the one we use to calculate
numerically the intensity in the transmitted and reflected speckle patterns. Repeating the calcula-
tions for a large number of configurations of disorder (positions of scatterers) allows us to compute
statistics of fields and intensities. The system contains N randomly distributed non-overlapping
point scatterers, and is illuminated by a plane wave from the left at normal incidence. We deal with
TE-polarized waves with an electric field oriented along the invariance axis of the system (scalar
waves). The resonant point scatterers are described by their electric polarizability

2rd=21
kd(w — wo +11'/2)

where wy is the resonance frequency, I' the linewidth and d the dimension of the problem. This specific
form of the polarizability fulfills the optical theorem (energy conservation) in 2D and 3D scalar. From
the polarizability the scattering cross section o(w) = kj|a(w)|?/4 in 2D (o(w) = kj|a(w)|?/(47) in
3D) and the scattering mean-free path ¢(w) = [po(w)]™ can be deduced, where p = N/(LW1)
is the number density of scatterers. In the following, we consider scatterers at resonance (w = wy)
in order to reach large optical thicknesses with a reasonable number of scatterers (typically a few
hundreds).

(30)

a(w) =

In the coupled dipoles formalism, the exciting field E; on scatterer number j is written as [25]

E; = Ey (rj) + a(w) ks > Go(rj —ry) By (31)

k=1
k#j

where Gy is the free-space Green’s function given by Go(r — r’) = (i/4) Ho(ko|r — r'|) in 2D and
Go(r —r') = exp [iko|r — r'|] /[47|r — 1’|] in 3D. Equation defines a set of N linear equations
that are solved by a standard matrix inversion procedure. Once the exciting field is known on each
scatterer, the field E(r) and the intensity at any position r inside or outside the scattering medium
can be calculated by a direct summation, using

E(r) = Ey(r)+ a(w) ks> Go(r —r;) E;. (32)

Jj=1






Intensity-intensity correlation in the
gaussian approximation for the field

In this appendix we give details about the derivation of the C} correlation functions in T/T, R/R
and R/T.

.3.1 Field-field correlation in transmission

The easiest and most known geometry to test the analytical derivation of the C; correlation function
is the transmission/transmission (T/T) geometry. In that case we can show with simple arguments
that C has a unitary value between two identical points. This simply comes from the fact that when
rr1 = rro we can not distinguish the diagram of the field-field correlation from the one giving the
diffuse intensity.

Let us remind that: )
[(0ET10ETy)|

(I1)(Ir2)
We thus have to calculate the field-field correlation in transmission. Let us first have a quick dia-
grammatic analysis of Fig. [I.13] We see that first the two fields propagate with straight lines up
to a point close to the boundary of the medium, then they travel with twisting lines up to a point
close to transmission where they split and leave with straight lines. The mathematical writing of
this scattering sequence is

Cl(FTh FT2) = (33)

(0ET10ET,) = / (E(r1)) [ L(r1, 1) (G (rr1 — 1)) {G(rre — 13))"dridr, (34)

= I, /exp (_Zél> L(z1, 22, )€’ 1772 (G (k) ) (G (ko))

x eki-(rm—r2) g=ika.(rr2=r2) gy, drydk;, /(27)dk,/(27)4dq/ (27) ¢
eik:lz(L—Zz) e—ik:gz(L—Zz)

21
.y / (—)L 20 q =0
o f e\ =) ez a = 0 e e e,
x e*T-ARA dzydky, /(2m)dky, / (27)dky /(27) 41

ik1(L—22)

Z'efilgé (L—z2)

2%k, s

e

~ (], / L(0, 22, q = 0) R ARG qky /(27) 1,

The only approximation done in Eq. is the one done to access the last line, where we disconnected
the entrance point of the Ladder from the ballistic intensity. The main difference between this
derivation and the one done to access the diffuse intensity in transmission is the work done on the
exit vertex. A rough approximation would have been to disconnect the Ladder from the two average
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Green’s functions and to calculate the integration over all space of (G(rr; —1r2))(G(rr2 —r2))* which
is proportional to the imaginary part of (G(rr; —rrs). Let us stress here that the disconnecting step
is more subtle here than in Eq. [[TI[.31] because we have to select one point for the Ladder to stop.
Should it be ry; or r»? In transmission this does not have a strong impact on the calculation, neither
it does in reflection, but in the case of reflection/transmission where should we stop? To avoid this
discussion and to have the same formalism in transmission, reflection and transmission/reflection we

do not split the Ladder and the exit vertex in the calculation of C;. In Eq. 751 and 7%; are defined

as
. L s
kl:,/kg—k%H?O:KTTHK’TT:kQ (35)

with K7 > 0. To do the integration over z; we can use the expression of the Ladder

1
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Figure 5 — Numerical (dashed line) and analytical (solid line) calculation of C(r71,r72) versus the transverse
distance normalized by A for a thick (b = 10) and dilute (k¢ = 10) system.

o 2K (L—22)

4(Kip + Kir)
—2K}(L—22)

(SEmOELy) ~ (1, / L(0, 25, q = 0) kT AR 4 dler /(27) 0 (36)

dylyzo / e
~ Dl fopy
ML+ 2y ) %~ 2 qm, T Ry

dryIoz / k7. AR d—1
~ - |F Kpp, K L)e™T22dkr /(2
E(L—|—2ZO)/ TT( T, N7y 20, )6 T/( 7T)

eikT.ARdZ2dkT/(2ﬂ_)d—l

and end up with a Fourier transform expression of a function Fpp(Kpr, Kfp, 20, L)

672K§1T (L—22)

Fopp(Kpp, K, 20, L :/L+z 2
TT( TT, ATy 20 ) ( 0 2)4(K%T+K¥T)

AKE (ARG 4+ K2r])

Keeping in mind that the normalizing factor is defined according to

dylyz , _
(511 = gy [ Frr(Krr, K, 20, Lydier/ (27" (39

the (' correlation in transmission can be calculated the following way

| | Frr(Krr, Kipp, 20, L)eikT'AdeT/(Qﬂ-)dﬂlQ
(f FTT(KTT, K{FT, 20, L)dkT/(Q'/r)dfl)Q .

Cl(rTlarTZ) =
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In Fig. [5| we plot the numerically and analytically (using Eq. ) calculated C} correlation in
transmission of a thick (b = 10) and dilute (k¢ = 10) complex medium versus the transverse distance
normalized by the wavelength. We see a good agreement between numerics and analytics. The C
correlation in transmission is an oscillating function whose value is unity at zero distance between
the points. We see that the typical oscillating distance is approximatively A/2. We believe the
small difference between numerics and analytics is due to the fact that we use bulk (calculated for
an infinite medium) average Green’s functions in our calculation. Those average Green’s function
should be a good approximation of the Green’s function for points inside the medium. Nonetheless
we can see in Fig. that for C correlation the average Green’s functions connect points close to
the boundary to one point at the boundary and thus should differ from bulk Green’s functions.

.3.2 Field-field correlation in reflection

Let us go quickly through the exact same calculation in reflection. In that case

(0 Er1 6 Epy) |*

Cilemrre) = 7

The field-field correlation writes
(0ER10ERy) = / {E()]* L(r, 12)(G(rr1 — 12))(G(rRe — 1)) "dridrs (41)

z .
= 1o [exp (<) (a1, 20 @) Gl G )
x efkrlrmmra) =ik (rra=r2) qp drydk, / (27)dke / (27)*dq / (2m) "
€

21
_y / <—>L 29,q =0
e ) R - -y vy v
X eikT'ARdzleQdklz/(QW)dkigz/(QW)dkT/(QW)d_l
jeik1(L—22) jp—ika(L—22)

2%, 2y

—iklZZQ eik'Qz z2

~ (1, / L(0, 22, q = 0) kT ARG Ay /(20) 07, (42)

In Eq. E and E are defined as

. k .
klz,/kg—k%ﬂ'?“:KRRHK;%R:/@Q (43)

with Kz < 0. We can now do the integration over z

62K;%R22

4 Kpp+ Kgr)

eZK}iRZQ

(SEmOELy) ~ (I, / L(0, 22, q = 0) kAR Ak / (27) 0 (44)

d71020 /
~_———— _ [(L —
U(L + 22) (L0 22>4(K12%R + Kir)

dylozo ' ikr.AR d—1
~_——— _[F K K L)e™T22dk+ /(2
E(L—i—on)/ RR( RR, A RR) 20, )6 T/( 7T)

eikT‘ARdZQdkT/(QW)d_l
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and end up with a Fourier transform expression of Frgr
eQKE%RZQ
A(K#p + KER)

Frr(Krr, Kpg, 20, L) = /(L + 29 — 22)

N 2K L
AR (A[KEr + KEgl)

The last equality of Eq. is the limit of Fgg at large optical thickness. Taking into account that
the normalization factor writes:

dvIz
(|6 Epl?) = 11020 ] / Frr(K iy K, 20, L)dkp/(27)41 (46)

E(L + 220
we can calculate the € correlation in reflection the following way:

Oy (e vy) = LR RR, K, 20, L) e r 2 idler/ (2m) "1 (47)
| (/ Frr(Krr, K, 20, L)dke /(2)4-1)?
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Figure 6 — Numerical (blue dashed line) and analytical (blue solid line) calculation of C in reflection of a thick
(b =10) and dilute (k¢ = 10) sample.

In panel (a) of Fig. @ we plot the numerically and analytically (using Eq. ) calculated C' corre-
lation in reflection of a thick (b = 10) and dilute (k¢ = 10) complex medium versus the transverse
distance normalized by the wavelength. We see a good agreement between numerics and analytics.
The C correlation in reflection is an oscillating function whose value is unity at zero distance between
the points. We see that the typical oscillating distance is approximatively A/2.

.3.3 Large optical thickness scaling of (' in reflection/transmission

In this subsection we give details about the large optical thickness scaling of C in reflection /transmission.
Let us recall the expression of ' valid in both 2D and 3D geometries:

2

L d’7[020 dkT
Ci(AR = 0) & = 7/1? K. K 48
1( ) X / 'E(L T 220) RT( ) >(27T)d_1 ) ( )
with ( :
e E+KOL (1 4 9Kz + XKL — 2K (L + 2
Fre(K, K') = ( ‘ [ (L +20)) . (49)

4(K? + K"?)4K?
In this subsection we do not care about numerical constant, we only look for the scaling of the
quantity given in Eq. .
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2D case

In 2D we can rewrite Eq. into

dky |?
CH(AR =0 / Fpr(K, K’ 50
1( ) ng RT )(27T)d_1 ( )
A
The term called A into Eq. writes
L, /oo e~ (K+K')L [—1 + 2Kz 4 e¥KL(1 — 2iK (L + zo))] dky ’ 1)
o 2(K2 + K?)4K? 2
2
oL/t Fo kg L? /ko e—i(\/ML)%
kS |Jo 2
Using the fact that
2 2
/ko e_i(\/mm@ e /1 e_i(koL\/@)@ (52)
0 27 0 2T
ke
koL’

we can give the final expression of the scaling of the value at zero transverse distance of Cy in R/T:

L 1 1
Ci{AR=0) ~e M= — — 53
1 )~ 0 k3 koL (53)
3D case
In 3D we can rewrite Eq. into
dkyp |
(AR =0) o 63 / Frr (K, K') 50 (54)
A
The term called A into Eq. (54] @ writes
w e UL [ 1 4 90K 2+ KL — UK (L + 20))| | .
/ / 2(K? + K?)AK? T or (55)

2
N % /1 e—ilnLy/I=) dg[*
kg /o 2m
1 —L/¢
N%e / .

We can give the final expression of the scaling of the value at zero transverse distance of C; in R/T:

Ci(AR=0) ~ (R

(56)
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Discussion

Both the 2D and the 3D scalings of the value at zero transverse distance of C; in R/T are proportional
to e %/*. In the diffusive regime this is the important term making the C; correlation completely
negligible in comparison with non gaussian correlations scaling as 1/(koL) in 2D and as 1/(koL)? in
3D.



Four-fields vertex

In this appendix we discuss the Born approximation for the four-fields vertex and its difference from
the full four-fields vertex. We do not enter the equation for the fourth order moment of the field
(equivalent of Bethe-Salpeter equation). We rather discuss the impact of the choice of the vertex in
the different diagrams one can build.

.4 First order Born approximation for the four-fields vertex

We start with the usual approximation for the four-fields vertex: the fields can only be scattered in
pairs by the disorder. We do not consider the possibility that three or four fields are scattered by
the same impurity.

4.1 Four-fields vertex in the Born approximation

In Fig. [7] we represent the vertex in the Born approximation. This vertex is branched on the incident

(1) (2) (3)(4) (5) (6)
Ey
E

Es

[
o—o

E;

Figure 7 — Four-fields vertex in the Born approximation. The vertex contains six different operators corresponding
to the common scattering of two fields.

average fields and iterated until the exit of the four fields from the sample. It contains 6 operators
and is branched with average Green’s functions (dotted lines). If you apply the first operator to
the four fields coming then E; and E5 encounters a common scattering event while nothing happens
to Ef and E3. If you now reapply the vertex and use for instance the sixth operator, then Fy and
E3 encounters a common scattering event. Between the first and the second scattering event, the
fields propagates with average Green’s functions. One can observe that this procedure creates many
different scattering sequences, but only a few have non negligible value. In the next subsections we
discuss how the usual diagrams are created with the use of this vertex.
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4.2 Average intensity and ()

Let us recover the two easiest four-fields scattering sequences using this vertex: the one leading to
the product of the average intensities and the one leading to the square modulus of the field-field
correlation responsible for the ' correlation.

&31

Figure 8 — Panel (a): repeated application of the operators 3 and 6 of the vertex represented In Fig. I Panel
(b): repeated application of the operators 2 and 4 of the vertex represented In Fig. I We recognize in
panel (a) the four-fields diagram responsible for the product of the average intensities. We recognize
in panel (b) the four-fields diagram responsible for the squared modulus of the field-field correlation.

In Fig. [§] we represent two scattering sequences obtained from the repeated application of the vertex
represented in Fig. (7} In panel (a) we applied a large number of times the third and sixth operators of
the vertex. We recognize in this figure two ladder diagrams giving rise to the independent propagation
of (|0F1|?) and (|0FE5|*). In panel (b) we represent the scattering sequences obtained from the
application of a large number of times the second and the fourth operators. We recognize in this figure
two ladder diagrams giving rise to the modulus squared of the field-field correlation |(§F2d Ef)|>. We
can keep in mind that when the fields arrived at the end of the propagation in the same configuration
that the one represented in panel (b) in Fig. |8 (E; with E5 and E} with E5) then they encounters
the same exit vertex as the one in the C) correlation. This vertex gives the diagrams a short-range
character. Whereas when the fields arrived at the end of the propagation in the same configuration
that the one represented in panel (a) in Fig. |§ (£, with Ef and Fj with E5) then they encounters
the same exit vertex that the one in average intensity diagrams. This vertex gives the diagrams a
long-range character.

.4.3 The (5 correlation

Let us now discuss how we can obtain the the two different Cy diagrams from the vertex represented
in Fig.[7l The first possibility to create a Cy diagram is the following. One first applies the second
and the fourth operators of the vertex represented in Fig. [7] a large number of times creating two
ladder diagrams (F; with £} and Ef with Es). At a certain point, the pairs of fields mix in order
to continue their propagation in ladder diagrams (E; with Ef and Fj with FE). There are three
possibilities to do the mixing (using the vertex given in Fig. 7). The first one is simply to propagate
with average Green’s functions (panel (a) in Fig. [J), while for the second and the third possibilities
two fields encounter a common scattering event during the propagation (first and fifth operator of
the vertex represented in Fig. . We recognize at the end of the propagation the same exit vertex
as for the average intensities giving to these diagrams represented in Fig. [ a long-range character.
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(a)
By

Figure 9 — In panel (a) we apply repeatedly the second and fourth operators of the vertex. At a certain point
we start to apply a large number of times the third and sixth operators of the vertex. This diagram
is the C diagram with the H4 component of the Hikami box. In panels (b,c) we apply repeatedly
the second and fourth operators of the vertex. At a certain point we start to apply a large number
of times the third and sixth operators of the vertex. In between the two propagations with ladder
diagrams, we apply the first or the fifth operator of the vertex. These diagrams are the Cs diagram
with the Hg and Hc components of the Hikami box.

The second possibility to create a C5 diagram is the following. One first apply the third and the
sixth operators a large number of times creating two ladder diagrams (E; with E} and Ej with Es).
At a certain points, the pairs of fields mix in order to continue their propagation in ladder diagrams
(B with E5 and EY with E). There are three possibilities to do the mixing (using the vertex given
in Fig.[7). The first one is simply to propagate with average Green’s functions (panel (a) in Fig. [L0)),
while for the second and the third possibilities two fields encounter a common scattering event during
the propagation (first and fifth operator of the vertex represented in Fig. @ We recognize at the end
of the propagation the same exit vertex as for the C; correlation giving to these diagrams represented
in Fig. [10] a short-range character.

(a)

Ey

Figure 10 — In panel (a) we apply repeatedly the third and sixth operators of the vertex. At a certain point
we start to apply a large number of times the second and the fourth operators of the vertex. This
diagram is the C diagram with the H 4 component of the Hikami box and the short-range exit
vertex. In panels (b,c) we apply repeatedly the third and sixth operators of the vertex. At a certain
point we start to apply a large number of times the second and the fourth operators of the vertex.
In between the two propagations with ladder diagrams, we apply the first or the fifth operator of
the vertex. These diagrams are the C'y diagram with the Hp and Ho components of the Hikami
box and the short-range exit vertex.

4.4 The (| correlation

In this subsection we discuss the C diagrams. First we choose the following definition for the Cj
diagrams: The Cj diagrams are all the diagrams connecting two ladders with one scattering event
(either in entrance or in exit of the propagation).
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Entrance crossing

Following the reasoning in the last subsection we discuss how to obtain the Cy diagrams with an extra
scattering event in entrance of the propagation using the vertex represented in Fig. [7] In Fig. [I1] we
represent the first possibility to create a Cjy diagram with the extra scattering event in entrance of
the sample. These diagrams can be obtained with the vertex represented in Fig. [7] using first the
fourth operator [panel (a)], or the second operator [panel (b)], or the first operator [panel (c)], or the
fifth operator [panel (d)] before a repeated application of the operators three and six of the vertex
represented in Fig. [7] The pairing of the two ladders gives to this diagram a long-range character.
This diagram is the original Cy diagram considered in [60, 91] and this is the one derived in the R/T
configuration in Chap. [V]

- B - B

Figure 11 — Four different diagrams corresponding to the first Cy diagram with the extra scattering event in
entrance of the medium. The sum of the four diagrams represented gives the diagram considered in
Chap. [V] The extra scattering event connects two ladders and the pairing at the exit gives to this
diagram a long-range character.

In Fig. [12] we represent the second possibility to create a Cy diagram with the extra scattering event
in entrance of the sample. These diagrams can be obtained with the vertex represented in Fig. [7]
using first the third operator [panel (a)], or the sixth operator [panel (b)], or the fifth operator [panel
(c)], or the first operator [panel (d)] before a repeated application of the operators two and four of
the vertex represented in Fig. [/} The pairing of the two ladders gives to this diagram a short-range
character.

Exit crossing

Now the consider the Cy diagrams with the extra scattering event in exit of the propagation. This
possibility gives rise to two different diagrams. In Fig. [13| we represent the first possibility to create
a Cy diagram with the extra scattering event in exit of the sample. These diagrams can be obtained
with the vertex represented in Fig. [7] using repeatedly the second and the fourth operators of the
vertex represented in Fig. [7] before applying first the third operator [panel (a)], or the sixth operator
[panel (b)], or the first operator [panel (c)], or the fifth operator [panel (d)]. The extra scattering
event gives a short-range character to this diagram.
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Figure 12 — Four different diagrams corresponding to the second Cjy diagram with the extra scattering event in
entrance of the medium. The extra scattering event connects two ladders and the pairing at the
exit gives to this diagram a short-range character.

In Fig. [14] we represent the second possibility to create a Cy diagram with the extra scattering event
in exit of the sample. These diagrams can be obtained with the vertex represented in Fig. [7] using
repeatedly the third and the sixth operators of the vertex represented in Fig. [7] before applying first
the fourth operator [panel (a)], or the second operator [panel (b)], or the first operator [panel (c)],
or the fifth operator [panel (d)]. The extra scattering event gives a short-range character to this
diagram.

.5 The complete four-fields vertex

Let us now discuss the full four-fields vertex. In Fig. |15 we represent the vertex beyond its usual Born
approximation. In addition to the possibilities that two fields encounter a common scattering event,
one adds to the vertex the possibility that three and four fields encounter a common scattering event.
Those new possibilities can to be taken into account to modify the value of the existing diagrams
[121),139], but they also create new topologies of diagrams as pointed out in ref. [39]). These diagrams
should be sub-leading in the diffusive regime because never observed for now.

The scattering sequence we specify in Fig. [16| corresponds to the unique application of the operator
of the common scattering of four fields contained in the vertex given in Fig. [I5] This scattering
sequence is studied in detail in Chap. [V] and seems to be the dominant term of the non-gaussian
correlation functions in T/T, R/R and R/T in the quasi-ballistic regime (A < L < ).



Figure 13 — Four different diagrams corresponding to the first Cy diagram with the extra scattering event in
exit of the medium. The extra scattering event connects two ladders and gives to this diagram a

short-range character.
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Figure 14 — Four different diagrams corresponding to the second Cy diagram with the extra scattering event in
exit of the medium. The extra scattering event connects two ladders and gives to this diagram a

short-range character.
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Figure 15 — Scheme of the full four-fields vertex. Two, three and four fields can be scattered simultaneously by
the disorder.
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Figure 16 — Diagram responsible for the dominant contribution of the non gaussian correlations in T/T, R/R
and R/T in the quasi-ballistic regime.
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Résumé

Les nuages, le lait, le papier, les tis-
sus biologiques appartiennent tous
a une méme classe de milieux que
'on nomme diffusants de part leur
habilité¢ a transformer une onde in-
cidente collimatée en un faisceau
diffus. Limagerie, ou le transfert
d’'information a travers ces milieux
est a priori plus difficile qu’en milieu
homogeéne. Les méthodes actuelles
d’imagerie en milieu diffusant néces-
sitent souvent une caméra se situant
en transmission du milieu considéré
afin d’y mesurer la lumiére diffusée.
La présence de cette caméra est
considérée comme une faille de ces
méthodes car la transmission de ces
milieux est dans la plupart des cas
hors d’atteinte par I'opérateur. Dans
cette these nous posons la question
du lien qui existe entre la lumiére
réfléchie et la lumiére transmise en
milieux fortement diffusant. Nous
traitons ce probléme de maniére
statistigue et nous intéressons a la
dépendance statistique qui existe en-
tre la lumiére réfléchie et la lumiéere
transmise. Nous verrons que ce lien
statistigue persiste méme pour des
milieux fortement diffusants, pouvant
donc en principe étre a la base de
nouvelles méthodes d’'imagerie ou de
contréle du front d’'onde en milieux
diffusants n’utilisant que des informa-
tions réfléchies par le milieu.

Mots Clés
Optiques, Milieux dilués, Corréla-
tions mésoscopiques, Théorie de

linformation, Imagerie.

Abstract

Clouds, milk, paper or biological tis-
sues are called scattering media for
light. Indeed when a plane wave en-
counters one of these media, the light
is scattered and loses its preferen-
tial direction. Consequently, imag-
ing through a complex medium is
more difficult than in a homogeneous
one. The existing methods rely on
a CCD camera measuring the trans-
mitted light. Nonetheless, in practi-
cal cases the transmitted side of the
sample is out of reach of the oper-
ator. In this thesis we interest our-
selves to the link that exists between
the reflected light and the transmit-
ted light for thick scattering media.
From a statistical point of view, this
link is equivalent to the statistical de-
pendency between the reflected light
and the transmitted light. We show
that the statistical dependency per-
sists even for very thick media al-
lowing us to propose new imaging
modalities based on it. This sta-
tistical dependency between the re-
flected and the transmitted light is a
very rich function of the parameters
of the system, and may allow us to
control the transmitted light using re-
flected informations only.

Keywords

Optics, Scattering media, Meso-
scopic correlations, Information the-
ory, Imaging.
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