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1. Introduction

Consider light with wavelengths lying in the optical
range. Light incident on a scattering object is generally
unpolarized. However, the scattered light is partially po-
larized, that is, there are planes in which the predominant
part of the oscillations of the electrical vector of the elec-
tromagnetic wave is concentrated. Typically, the scattered
light intensity is decomposed into two components. The
first of them, denoted by Ij, means the scattered radiation
intensity polarized in the plane of scattering (the plane
containing the observer, the scattering object and the light
source). The second, denoted by /,, means the intensity of
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The scattered light by the vast majority of celestial bodies without atmo-
spheres has a characteristic feature: A negative branch of linear polarization
degree at little phase angles. Researchers have proposed many theoretical
mechanisms to explain this feature. This review describes the main mecha-
nisms that form a negative branch of linear polarization degree. The results
of ground-based observations of the negative branch of the degree of linear
polarization of various objects of the solar system are described. Scattering
by single particles, shadow effect, coherent backscattering enhancement,
and effects of the near field are considered. The review will be useful for all
researchers studying the scattering of light by celestial bodies.

scattered light whose polarization is in a plane, which is
perpendicular to the plane of scattering. The linear polar-
ization degree, expressing the relationship between these
two quantities, is determined by the formula:

-1, +1
pe n

I +1,

If I, > I, the linear polarization degree is positive.
Otherwise, it is negative. The linear polarization degree
depends on the phase angle o (the angle between the di-
rection of the scattering object and the light source, and
the scattering object—the observer).

The dependence of linear polarization degree on phase
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angle has been widely studied. At phase angles of 0-30°,
laboratory measurements of vast majority of surfaces
consisting of small particles, as well as polarimetric ob-
servations of most objects of the solar system visible from
our planet, show a region of negative polarization, which
often coincides with the brightness opposition effect.
Characteristically, the size of the negative polarization
region, as well as its magnitude, depends on the physical
properties of the scattering objects .

Phase dependence of linear polarization degree neg-
ative branch can be described by the values shown in
Figure 1: P, is the minimal value of the degree of po-
larization; a,,;, is the phase angle at which the minimum
polarization is observed; a,, is the angle of inversion at

ap
da a=q,

~inv

which the polarization equals to zero; h= is
the polarization slope; P, is maximum polarization de-
gree; o, is the angle of maximum polarization. All these
quantities depend very strongly on the parameters of the
scattering object and, therefore, are applicable in the inter-
pretation of observational data.

min

a, Oliny Q

min

Figure 1. Characteristic form and main parameters of the
phase dependence of the degree of linear polarization.

For non-atmospheric bodies, negative polarization
branch curves usually look like a parabola (a;,, =~ 20,,,),
which, for example, are observed on the Moon . The
negative polarization is also regularly observed in the
moons of Jupiter and Saturn, although their curves show a
marked dissymmetry in the negative polarization branch.
Measurements of the linear polarization degree of various
samples in the laboratory show huge variety of negative
polarization ™.

The variety of phase curves is explained by a sufficiently
large number of physical mechanisms that cause negative
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polarization. Lyot, who discovered the negative polariza-
tion of the Moon, described three main groups of physical
principles underlying these physical mechanisms

e many reflections between scattering objects;

e output light refractions on transparent or translucent

objects;

e light diffraction.

The first specific model describing the mechanism of
the occurrence of negative polarization and corresponding
to the first Lyot hypothesis is probably owing to Ohman .
The Ohman model uses double reflection from the troughs
on a rough scattering surface, which can create negative
polarization and oppositional effects. However, the experi-
mental nature of the model was emphasized by the author,
despite its progressiveness at that time.

Studies within the framework of the second Lyot group
were launched by McCoyd . McCoyd’s research focused
on a two-dimensional model that studied the behavior of
light with a single external reflection and two refractions,
accompanied by total internal reflection, from a uniform
surface layer bounded by two interfaces.

Hopfield " was the first to attempt a model based on
Lyot’s third hypothesis using Sommerfeld’s theory of
diffraction. Although the model was only approximated,
it gained popularity (see for example Veverka * and refer-
ences within). The applicability of Hopfield’s approach to
non-atmospheric surfaces is currently unknown.

Specific mechanisms (some of which are still debat-
able) for the occurrence of negative polarization can be
roughly divided into the following groups: Scattering by
single particles, shadow effect, coherent backscattering
enhancement, and the near field effects. Below we will try
to describe at least some of the models underlying each of
these mechanisms.

There are a number of works in which a review of
certain mechanisms underlying the scattering of light has
been carried out. Of particular note is the review ', which
describes achievements in the theory of light scattering by
morphologically complex objects, as well as their applica-
tion to the interpretation of observational data obtained in
the course of photometric and polarimetric observations
of celestial bodies. However, only in this review, the main
mechanisms are brought together.

Note that we will focus on describing such mecha-
nisms that can be described theoretically. Recently, a huge
number of computer simulation methods have appeared
that make it possible to calculate the characteristics of
scattered light numerically. For example, numerical codes
for modern Monte Carlo radiative transfer codes can be
applied to each described negative polarization mecha-
nism. However, there are so many variations of numerical
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methods that their detailed description is far beyond the
scope of this review. A recent review provides a complete
description of modern Monte Carlo radiative transfer
codes """ and references within.

2. Negative Polarization in Ground-based
Observations of Celestial Bodies

Ground and space observations of the bodies of the So-
lar System (the Moon, regolith surfaces of planets, com-
ets, asteroids, satellites of giant planets, etc.) can provide a
huge variety of information about the polarization of light
scattered by them in a wide range of phase angles and
wavelengths ', The phase dependences of brightness and
polarization obtained from photopolarimetric observations
of celestial bodies have a number of features that can be
used to obtain information on the scattering properties of
individual particles, their composition, structure, and also
on the parameters of the medium. Almost all observed ce-
lestial bodies have a negative polarization branch, but the
depth, position, and shape of this branch differ markedly
for different objects.

Lyot "' was the first to discover that the disk-integrated
polarization of the Moon, as well as its local regions, be-
comes negative at phase angles of about 23°. In addition,
polarimetric observations of the Moon were carried out by
many researchers "', In these works, it was shown that
the main properties of the negative branch of polarization
for the Moon are as follows:

1) The negative polarization branch for the entire Moon
is almost symmetrical with the parameters P,;, = —1.2%,
O = 11°, oy, = 23.6°;

2) Lunar objects of different morphology have different
P..., values in the range from —0.6% to —1.4%. Low values
of negative polarization are characteristic of light conti-
nents, while dark seas have large P,,;;

3) The dependence of P, on the surface albedo for
various lunar formations has a horseshoe shape: At low
albedos, P, increases with albedo, but then begins to de-
crease;

4) The absolute value of P, for bright craters does not
depend on the wavelength, but slightly increases with in-
creasing wavelength for dark material;

5) The inversion angle slightly increases with increas-
ing wavelength.

Multiple polarimetric observations of the Galilean
satellites of Jupiter in UBVR filters at phase angles in the
range from 11.8° to almost 0° made it possible to obtain
almost all polarimetric information available in the course
of ground-based observations of these objects """,

In these works, both phase and longitudinal and spec-
tral dependences of the degree of linear polarization were

studied. Some systematic differences have been found in
the depth of the negative polarization branch for lo, Eu-
ropa, Ganymede, and Callisto. Large longitudinal varia-
tions in the degree of polarization were found for Callisto
and lo, while they were noticeably smaller in the case of
Ganymede and Europa. The polarization minima for the
trailing hemispheres of lo, Europa, and Ganymede turned
out to be systematically higher than for the corresponding
leading hemispheres. However, the leading hemisphere
of Callisto has noticeably higher polarization values and
large a,,, in all spectral ranges compared to those of the
trailing hemisphere. Separation of phase and longitudinal
polarization effects was performed for Ganymede '* and
Callisto "',

In addition, an opposite effect of polarization was
found in the form of a sharp increase in negative polar-
ization at extremely small phase angles a =~ 0.5-0.7° in
combination with the usual behavior of the negative branch
of the degree of linear polarization for lo, Ganymede and Eu-
ropa ""7'**"!. This phase angle is comparable to the width of
the brightness peak observed for Europa, indicating that
both opposition phenomena are likely caused by the back-
scattering coherent backscattering mechanism ",

A small number of observations were devoted to mea-
surements of the degree of polarization of three satellites
of Saturn: Dione, Iapetus and Rhea ***. The results
turned out to be sufficient for estimating the depth of
the negative polarization branch, but it was not possible
to determine the inversion angle. Rhea and Diona have
close P, values close to —0.4%. For lapetus, the negative
branch turned out to be much deeper for the dark leading
hemisphere (P,,;, = —1.3%) than for the light trailing hemi-
sphere (P, =—0.2%).

The phase dependence of the degree of linear polariza-
tion of comets was measured (for different comets) in the
range 0.3—122°. The phase dependence turned out to be
smooth, similar to the phase curves of non-atmospheric
bodies of the Solar System. All comets exhibit a shallow
branch of negative polarization in the backscattering re-
gion, first discovered by Kiselev and Chernova **, which
inverts into positive polarization at a = 21° with a polar-
ization slope at the inversion point h = 0.2-0.4%/°, after
which the positive branch of polarization with a broad
maximum at angles a,,,, of about 90°~100° appears as
comets. While the minimum value of the degree of linear
polarization is usually —2% **7, a significant scatter of
data for different comets is observed at o > 40°. Dlugach
et al. * and Halder & Ganesh *” showed that computer
simulation of light scattering processes by particles of a
heterogeneous structure is able to reproduce the phase
curves of the degree of linear polarization of most comets.
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Lyot "% was the first to measure the degree of polariza-
tion of light scattered by asteroids. He found that the aster-
oids 1 Ceres and 4 Vesta show the same negative polariza-
tion at low phase angles as the Moon, Mars and Mercury.
An extensive program of polarimetric observations has
been carried out by Zelner et al. *"), Zellner and Gradie "”
and many other researchers, resulting in the collection of
a large amount of polarimetric observational data that can
be found in the polarimetric asteroid database®. For aster-
oids, the negative polarization branches are very diverse.
The angle of inversion for different asteroids varies from
16 to 25 degrees. The value of the minimum |P;,| for
C-type asteroids reaches 2.1%, for E-type asteroids this
value is about 0.5%. In the work ™) it was shown that the
negative polarization branch of some asteroids, such as
asteroid 419 Aurelia, can be reproduced by computer sim-
ulation of light scattering by analog of planetary regoliths.

Summing up this section, we can say that the observa-
tional data on the degree of linear polarization of objects
in the solar system demonstrate a huge variety of phase
polarization curves, which indicates a great variety of
physical mechanisms for the formation of the negative
branch of the degree of linear polarization.

3. Models of Negative Polarization Formation

Single particles can produce the negative polarization
branch of scattered light. This feature has been repeatedly
established both in the course of calculations performed
according to the Mie theory ®*, in the course of polarimet-
ric observations of cometary atmospheres ©*!
ments of the linear polarization degree of singly scattered
light in the laboratory °**"), and also in the course of com-
puter simulation of light scattered from single particles
of irregular shape "', It should be noted that a single par-
ticle is understood as an object of an arbitrarily complex
structure, sufficiently remote from other similar objects.
Inside a single particle, acts of multiple scattering of light
between its elements can occur, but there is no multiple
scattering between different particles, or their contribution
is negligible. Let us describe main mechanisms capable of
inducing negative polarization in single particles.

, iIn measure-

3.1 Ohman Model

The Ohman model considers double reflections from
two mutually perpendicular planes forming a trough, the
cross section of which is a right triangle *'. The emerging
negative polarization looks like this: a triangular trough

O Lupishko, D., Ed. (2022). Asteroid Polarimetric Database V2.0.
urn:nasa:pds:asteroid_polarimetric_database::2.0. NASA Planetary Data
System. Available from: https://sbn.psi.edu/pds/resource/apd.html
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has the well-known property of reflecting light in the
strictly opposite direction. When the axis is perpendicular
to the scattering plane, it exhibits a trough property, but
this property disappears when the axis is parallel to the
scattering plane. The chute axis may have an intermediate
orientation, resulting in non-zero phase angles. In the case
when the axis of the trough is perpendicular to the plane
of scattering, the doubly reflected rays have a positive po-
larization and cannot be observed at nonzero phase angles.
On the other hand, when the axis of the trough is parallel
to the plane of scattering, the negative polarization of
doubly reflected beams predominates, but these beams are
also observed at nonzero phase angles. As a general rule,
negative polarization should be maintained for all but zero
phase angles when averaged over all trough orientations.
But, on the other hand, the light reflected once from the
trough is positively polarized. Because the negative polar-
ization of light is more noticeable at small phase angles,
and the positive polarization of light is more noticeable at
large phase angles, the polarization curve shown in Figure
1 can be obtained.

3.2 Steigmann Model

The Steigmann model ">*” uses single and double re-

flection, approximating the scattering media by cylindrical
pits with a flat bottom, where diameter and density are
inversely related. The axes of the pits can be tilted from 0°
to 90° towards the incident rays. The light undergoes two
Fresnel reflections inside the pits, either from the floor and
wall, or vice versa. The floor and walls of these pits act as
reflectors, as in the Ohman model described earlier. Con-
sequently, such reflections in the pits favor the appearance
of negative polarization.

The Steigman model uses parameters such as the sur-
face substance refractive index, the pit radii range, the
reflection coefficient, and the depolarization coefficient to
model the surface albedo and has shown good agreement
with the experimental data of celestial bodies and labora-
tory studies *"**!. Unlike the Wolf model (see Section 3.4),
Steigman’s model does not predict the second branch of
negative polarization resulting from shading at significant
phase angles. The Steigman model contains non-parabolic
theoretical polarization curves, which indicates the vari-
ability of the experimental curves, described above.

3.3 The Contribution of Multipoles

If the scattering particle is much smaller than wave-
length, then it can be considered an electrostatic dipole that
scatters light in accordance with Rayleigh’s law. The linear
polarization degree of scattered light by a Rayleigh particle
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is described by the following well-known formula:

1= [cos a]2

1+ [cosoz]z

@

where o is phase angle.

This polarization is always positive. However, when
the light-scattering object is of considerable size, the par-
ticipation of multipoles should be taken into account. It is
commonly believed that for spherical particles it is mul-
tipoles that lead to negative polarization. For particles of
arbitrary shape, estimating the multipoles contribution is a
rather difficult task. Nevertheless, important results can be
achieved for small degrees of multipolarity. It was demon-
strated by Shkuratov et al. ™ that the following formula is
valid, which describes sum radiation of magnetic dipoles,
quadrupoles and ordinary dipoles:

B [1 + (M —D)coso:]2 - [M +cosa — Dcos20¢]2

P= 3
[1+(M —D)cosa]2 +[M+cosoz—DcosZo:]2 @

where M and D are the contribution of the magnetic dipole
and quadrupole moments to the total emission compared
to the dipole emission. At M = D = 0, Equation (3) turns
into Equation (2). Equation (3) can predict the negative
polarization branch for certain combinations of D and M,
which depend on the size, optical constants, and structure
of the light-scattering particles. Figure 2 shows the a;,, de-
pendence on the parameters D and M. It can be seen from
the figure that combinations of these parameters are quite
capable of well describing the actually observed inversion
angles from 15 to 30 degrees.

120
110
100

90

Olinys

o

Figure 2. The inversion angle (a;,,) dependence on the
parameters D and M of Equation (3).

3.4 Wolff Shading Model

Wolff Y took up the studying of Lyot’s first conjec-
ture. He suggested a model that takes into account single
and double light scattering “**°, which, apparently, is in
agreement with observations. Wolff studied a scattering
medium consisting of particles, but at the same time hav-
ing a rough surface. He suggested that the shading of a
certain proportion of particles due to the roughness of the
interface contributes to negative polarization (Figure 3).
In particular, Wolff suggested that for positively and neg-
atively polarized pairs of rays (1°, 2”) and (3°, 4°), respec-
tively, the differences in the probability of propagation of
rays (ray 2’ will leave the medium with a lower probabil-
ity than the rest of the rays) lead to negative polarization.
Due to the peculiarities of light scattering by Rayleigh
particles, light scattered along conjugate paths involving
particles 3 and 4 is negatively polarized, and scattered
along paths involving particles 1 and 2 gives a positive
polarization. Because of waves lying in the scattering
plane (1-2) are less likely to leave the surface (in partic-
ular, wave 2’ in Figure 3) than waves in a plane perpen-
dicular to the scattering plane (3-4), negative polarization
will dominate.

Figure 3. Wolff shading model. Wave 2’ will leave the
medium with a lower probability than the rest of the
waves.

The following parameters are used in the Wolf model:
The complex refractive index of scattering objects m =n +
ik, the ratio of the width to the depth of emptinesses be-
tween particles, the average particle size used to calculate
the scattering of unpolarized light and the intensity ratio of
singly and doubly scattered light, which is influenced by
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the structural properties of the scattering medium. Wolff’s
model has been validated through laboratory tests *”)
and applied to explain data from the planets ***”.
Shkuratov ® simplified the Wolff shading model under
the assumption of a small-angle approximation. For the
linear polarization degree, the following equation was ob-

tained:
2 2 2 2
-1 -1

2("2 )2 a’-C, ("2 )2 a @)

(n +1) (n +1)
where A4 is the geometric albedo of the surface, n is a
real part of refractive index, C,, C, and C; are parameters
describing the asymmetry of beams 1-4 due to shading

(Figure 3). Equation (4) is applicable only for sufficiently
small phase angles o < 30°.

(n—1)

: An*(n+1)°

P=C

3.5 McCoyd Model

Consider a medium formed by a complex, large-scale
structure. In scattered light, two components can be distin-
guished—on the surface layer there is one reflection, and
in the depth of the layer there are multiple refractions and
reflections. McCoyd ' investigated the polarization of
light reflected and refracted both outside and inside a layer
having a rough surface and a smooth lower boundary sep-
arating this layer from another layer, less optically dense.
Using the assumption of Fresnel reflection coefficients,
the Monte Carlo method was used for calculations.

McCoyd suggested that the negative polarization might
be the result of total internal reflection at the bottom inter-
face between the layers and refraction at the top interface.
However, this model is not suitable for interpreting obser-
vations of extra-atmospheric celestial bodies and laborato-
ry measurements, as was shown by Shkuratov et al. ",

3.6 Hopfield Model

Hopfield "' assumed that shadowing in a scattering
medium composed of dust particles could explain the
negative polarization through the Sommerfeld diffraction
mechanism. The edges of dust grains are considered to be
fine half-planes of an ideal conductor, and in the shadow
zone below them, a diffracted electromagnetic field with
negative polarization is reflected to the observer by scat-
tering surface elements lying under them.

Hopfield’s calculations suggest that the Moon’s mini-
mum polarization (—1.2%) may be due to tiny 5 pm par-
ticles located close together, although it is not clear if the
equations used are appropriate for lunar particles. On the
one hand, an electromagnetic field diffracted by a half-
plane at a distance of several wavelengths has not only a
transverse, but also a longitudinal component of the elec-
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tromagnetic field. For this reason, it is not entirely clear
whether it can be described by the usual linear polariza-
tion degree.

On the contrary, it was shown that the diffracted field
in the wave zone at diffraction angles greater than 5° has
a negative polarization in visible **** and radio wave part
of the spectrum ", However, the diffracted component in-
tensity is relatively low, so the contribution of this mecha-
nism to the resulting negative polarization is small.

4. Coherent Backscattering Enhancement

Interference mechanisms for the formation of negative
polarization seem to be the most hopeful, since they are
based on the universal multiple scattering mechanism,
which takes place in any sufficiently dense medium of
scattering particles.

The effect of coherent backscattering (also sometimes
referred to in the literature as the “effect of weak local-
ization”) of light in discrete random medium was first
described by Watson P’ It is still under active theoretical
and laboratory research **Y. To find out how the bright-
ness opposition effect is caused by interference, we ex-
amine a discrete medium consisting of scattering particles
randomly scattered and exposed to a plane wave. We will
focus on two backward (conjugate) scattering paths that
include the same particle configuration. When the waves
scatter, their interference can be constructive or destruc-
tive depending on the phase difference between their
paths. If the observer is not directly in the backscattering
direction, the interference effect is zero due to the random
position of the particles. This creates an incoherent inten-
sity. However, when the observer is exactly in the back-
scattering direction (a = 0°), coherence is preserved and
the interference is always constructive, resulting in the
opposite peak in the intensity of the scattered radiation.

Shkuratov *** was the first to propose a coherent
backscattering polarization mechanism. A little later, inde-
pendently of him, the same mechanism was described by
Muinonen Y,

To understand the polarization opposition effect, imag-
ine small particles 1-4 in a plane perpendicular to the
direction of the light (see Figure 4). If the incident light is
unpolarized, it can be represented as a mixture of two lin-
early polarized beams. Rayleigh particles (much smaller
than the wavelength) scatter light in a plane perpendicular
to the incident radiation, with polarized light perpen-
dicular to the scattering plane. Particles 3 and 4 scatter
negatively polarized light along conjugated paths, while
particles 1 and 2 scatter positively polarized light. Co-
herent backscattering amplifies the negative polarization
contribution at small phase angles, resulting in a negative
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polarization branch comparable to the brightness opposi-
tion effect. The polarization opposition effect is less pro-
nounced than the brightness opposition effect due to the
fact that certain particle configurations contribute to it.

Figure 4. Model of coherent backscattering enhancement.
Waves (3-4) and (4-3) always interfere constructively,
while waves (1-2) and (2-1) at non-zero phase angles
interference can be constructive or destructive depending
on the phase difference between their paths.

It should also be mentioned that this mechanism pre-
dicts the presence of negative polarization at big phase
angles near 180°, since all above considerations, which
are valid for the phase angle o, are also valid for the phase
angle 180 — a. Despite technical difficulties in measuring
the large phase angles polarization, some laboratory po-
larimetric measurements have shown that negative polar-
ization there is at phase angles o > 170° **°. However,
it should be noted that negative polarization at big phase
angles is observed in a much narrower range of angles
than at small phase angles. This fact suggests that one
mechanism of coherent backscattering enhancement can-
not explain all the features of scattering, and, most likely,
several mechanisms operate simultaneously.

4.1 Model of Double Scattering by a Set of Point
Scatterers

Any scattering particle can be described as a number of
point scatterers interacting with each other. Therefore, it is
logical to try to describe such an interaction theoretically.

The simplest model was developed by Muinonen '**,
who considered double scattering between two particles

representing electric dipoles. When averaging the sec-

ond-order scattering matrix over uniformly distributed
particles, it was found that a strong negative polarization
accompanies the oppositional brightness peak at small
phase angles. The value of negative polarization is ex-
tremely sensitive to the average distance between parti-
cles. However, since dipole particles have a small scatter-
ing cross section, the negative polarization and opposition
peak disappear when the combined first and second order
scattering is considered. However, replacing the dipole
scatterer with a dielectric half-space somewhat increases
the contribution of second-order scattering *”.

Muinonen investigated the reflection of waves from
two curved surfaces ' and found negative polarization
when considering the phase of an electromagnetic field,
which cast doubt on Wolf’s shading model (Section 3.4).

Shkuratov ' developed a more general model of light
scattering by a set of point scatterers. He considered a
medium consisting of little (quasi-Rayleigh) scattering
objects restrained by flat interface. The characteristics
of the particle were the single-scattering albedo , the
polarimetrical phase function P(a), and r/A is the ratio of
the average particle size to wavelength. The bulk density
of scattering objects is equal to & The model took into
account only single and double scattering of light in a me-
dium, which was calculated using the theory of radiative
transfer "*"?. However, despite these assumptions, the
expressions for the linear polarization degree turned out to
be too complicated "', As a result, additional assumptions
were made: the phase dependence of single scattering
was assumed to be isotropic, and the phase dependence
of a quasi-Rayleigh particle was described by the formula

fla)=G

(0 < G < 1). These assumptions made it possible to obtain

rather simple relations *':
8 . aY)
(1+2’\/1a))2( sin’ & 260{1— H{Spsmzj}
Pla)=G +
9 I+cos’ & 8  a) 8 o« 21
(gpsmzj 1+(gps1nz) n(l—f)

8zrin(1-¢)
34
wavelength, ¢ is bulk density of scattering objects, ® is
single-scattering albedo. When deriving Equation (5),
it was also assumed that shading has the same effect on
double and single scattering. The second and first order
polarization originates due to scattering objects that form
the surface relief. For certain sets of parameters, Equation
(5) describes quite well the symmetric branch of negative
polarization, which is characteristic of many celestial ob-
jects, such as the Moon !

1- i . . .
%, where G is the polarimetric scale factor

©)

where p= , ' is the average particle size, /1 is

, comets " or asteroids "',
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4.2 Vector Theory of Coherent Backscatter En-
hancement

The first attempt to carry out a theoretical calculation of
the opposition effect of polarization, based on the coher-
ent backscattering vector theory, was carried out by Mish-
chenko "°! It was based on formulas obtained by Ozrin "
for a semi-infinite medium consisting of Rayleigh scat-
tering objects with zero absorption. Despite the thorough-
ness of the theory, the final result gave only asymptotic
expressions applicable to extremely small and large phase
angles. Thus, the full effect of the angular polarization
opposition, including the exact position and magnitude of
the polarization minimum, remained unknown. Howev-
er, later an exact solution was obtained ", subsequently
adapted to the Stokes vectors formalism 7.

Authors considered a semi-infinite homogeneous ran-
dom medium consisting of Rayleigh scattering objects
with zero absorption, using the standard set of Stokes
parameters to determine the polarization state of the scat-
tered and incident light in meridional planes (the planes
containing the scattering object, the light source, and the
perpendicular to the boundary environment) *”. It was as-
sumed that the matrix of scattering is as follows:

Fn(a) Flz(a) 0 0
le(a) Fy (0() 0 0
-ORDER POINT-SF(a)=| """ "* "7 @ o |©
0 0 0 F44(a)

where Fj(a) are elements of scattering matrix, depending
on phase angle a.

F(a) can be represented as the sum of following terms:
F(a):Fl(a)+ FL(a)+FC(a) (7
where F'(«) takes into account the contribution of single
scattering, F*(«) represents 2nd order or higher ladder
scatterplots and F(a) represents 2nd order or higher cy-
clic scatterplots. To simplify the analysis at small phase
angles, the angular parameter q = k/a is introduced, where
[ is the mean free path of photons in the scattering medi-

um and k is the wavenumber. As a result, the following
relations are obtained for these matrices:

10 0 O
FlFO=g0 ®)
00 0 -1
7|1(0)+712(0) 0 0 0
FL(a)zFL(O)=% g 711(0);711(0) }/IZ(O)?}/“(O) g ~F'(0)
0 0 0 744(0)
©)
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o Eq; RS Eq; 0 0
C C Eg FZi O 0 1
Fé(a)=Fe(g)=| 0 T F) o ~F'(0) (10)
0 0 0 Fﬁ(q)

where

Fi(q)= ;[711 @)+ 72@)-7s(@)+7u(@)]  ap
Fzg(Q):é[}/ll(q)'*'722(Q)+733(‘1)_744(Q)] (12)
FE ()= glrnla)+ ralal= 5 70(0) 1)
F4i(Q):é[733(‘])+744(Q)]+%712(Q) (14)
FE @)= Lblo)- 7o) (1)

where y,(g)—angular functions.

Explicit expressions for y,(q) are unknown, but they
can be calculated numerically, in accordance with the
special procedure ™. Using the above relations, one can
obtain the all Stokes matrix at any values of ¢. If, in addi-
tion, we know /, the Stokes matrix can be represented as a
function of « rather than ¢. And knowing the Stokes ma-
trix, it is easy to calculate the linear polarization degree:

__0)__ Fs(q)
P (a) - - 1 L c . (16)
lla)  Fi(0)+Fi(0)+ i)

It was shown by Mishchenko et al. " that, in accor-
dance with this theory, the coherent enhancement of back-
scattering induces a rather narrow and highly asymmetric
negative polarization branch, similar to the negative polar-
ization branches observed for a number of celestial bod-

ies, such as the rings of Saturn " and Galilean satellites
[19]

Jupiter

5. Effects of Near Field

When a particle or system of particles close in size
to the wavelength is nearby, the wave becomes highly
non-uniform due to the delay of the electromagnetic wave
inside the particle compared to the incident wave. In such
a wave, the surfaces of constant phase and amplitude do
not coincide, and the amplitude, polarization, and direc-
tion of propagation depend on the position relative to the
scatterer. According to the Lorentz-Mie theory, calcula-
tions for spherical particles show that the surface of the
constant phase of the wave takes the form of a funnel near
the particle if its size is close to the wavelength *". Thus,
neighboring particles are affected by the variegated field
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and therefore scattered light exhibits special features. It
was shown by Petrova et al. * that the rotation of the
field vector in the proximity of the particle reduces the
scattering intensity in the backscattering and forward
scattering regions and causes negative polarization. These
features of light scattering are called “near field effects” **.

The near field effect is effective in densely packed
environments at various angles. However, for large scat-
terers in homogeneous and isotropic media, it becomes
negligible, since the inhomogeneity scale is similar to the
wavelength. Similarly, if the scatterers are smaller than
the wavelength, the near field effect can also be neglected
due to the small wave inhomogeneity.

The effectiveness of the near field effect is highest
in media with scatterers close to the wavelength, or in
polydisperse media, where larger particles cause wave
inhomogeneities for smaller particles. Further investiga-
tion shows that the effect of the near field effect is highly
dependent on particle size, refractive index, interparticle
spacing, and phase angle *.

However, the realism of this mechanism is called into
question by some researchers *. In particular, they point-
ed out that the name of this effect was chosen poorly,
because in the classical literature ¥ the “near field” is a
field whose amplitude decreases faster than 1/, where r is
the distance to the wave source. In the description of this
mechanism, the near field is understood as any field in the
immediate proximity of the scattering particle. In addition,
the field near the particle is the result of the interference
of the scattered and incident radiation, as a result of which
this field has both a longitudinal and a transverse com-
ponent. And in the course of describing the effect of near
field, only the transverse component of the electromagnet-
ic field is considered, while the longitudinal component
is ignored. Thus, the description of this mechanism is at
least incomplete.

Also measurements of the linear polarization degree in
the laboratory of a medium consisting of hematite parti-
cles 1-2 pm in size were carried out *”. Previous labora-
tory measurements of individual particles of hematite
showed the existence of a negative branch of polarization.
While in a medium consisting of such particles, negative
polarization was not found at all, which contradicts the
assertions that near-field effects enhance negative polar-
ization.

Also a light scattering computer simulation for par-
ticles cluster was carried out using the method of dis-
crete-dipole approximations **'. It was shown by Petrova
et al. * that taking into account double scattering leads to
the appearance of negative polarization even in the case
when the singly scattered light is positively polarized.

Computer simulation was carried out for particles of the
same parameters (sizes and refractive indices), but taking
into account all scattering orders. And as a result, negative
polarization could not be detected.

However, it was shown by Petrova et al. 7 that the
experimental data and model calculations described by
Shkuratov and Zubko ™' do not disprove the significance
of the influence of the near field on scattering mecha-
nisms. The backscattering coherent enhancement works
on sparse media, while the near field effect appears in
very densely packed media. For this reason, it cannot be
concluded that the near field effects are insignificant in the
surface layer of a dark scattering medium. Although the
effect of coherent backscattering is well known, the theory
of the near field effect is not yet complete and its contribu-
tion to backscattering is still difficult to quantify. Despite
these problems, Petrova et al. "' stated that the near field
effect is indeed a workable mechanism and cannot be trig-
gered due to the discovery of dense media in studies.

6. Conclusions

The paper presents a literature review of the main
mechanisms, the cumulative action of which explains the
occurrence of the negative branch of the linear polariza-
tion degree of scattered light. The paper discusses the re-
sults of ground-based observations of the negative branch
of the degree of linear polarization for various objects of
the solar system. Scattering by single particles, shadow
effect, coherent backscattering enhancement, and effects
of near field are considered. The advantages and disad-
vantages of each of the described mechanisms are consid-
ered in detail. The review will be useful to all researchers
studying the scattering of light by celestial bodies.
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