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Abstract

The study of the polarisation of light is a powerful tool for probing the physical and
compositional properties of astrophysical sources, including Solar System objects. In
this article, we provide a comprehensive overview of the state-of-the-art in polari-
metric studies of various celestial bodies within our Solar System: planets, moons,
asteroids, and comets. Additionally, we review relevant laboratory measurements and
summarise the fundamental principles of polarimetric observational techniques.
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1 Introduction

Most astronomical observations rely on measurements of the intensity or flux of
radiation, and observations of Solar System objects are no exception. However,
radiation carries far more information than intensity alone can reveal. Any
asymmetry in the source of radiation, or in the scattering medium between the
source and the observer, influences the oscillations of the associated electric fields,
and the changes in the directions of the oscillations depend on the nature of the
asymmetry or on the physical properties of the scatterers. Polarimetric techniques are
designed to characterise the changes in these oscillations. By developing theoretical
models, we can interpret polarimetric data to infer the properties of the source or the
scattering medium.

Solar System bodies, such as planets, asteroids, comets, and moons, scatter
sunlight that is incident upon them, either in their atmospheres, or by the particles on
their surfaces, or in the cometary comae. Since scattered light is generally polarised,
Solar System bodies are primary targets for polarimetric techniques. The first use of
polarimetry in astronomy was by the French astronomer Frangois Arago during his
observations of the Great Comet in 1819 (Arago 1820). Arago compared the
polarised light from the comet’s tail with the unpolarised light from the star Capella.
His conclusion was that the comet’s light was at least in part reflected light, building
on the earlier discovery by Malus (1809), who demonstrated that reflected light is
generally polarised. The next most significant discovery was made by Lyot (1929),
who showed, using an accurate polarimeter of his own design, that the sunlight
reflected by the Moon was polarised in the direction perpendicular to what is
expected from simple scattering models. It took nearly a century to theoretically
interpret this phenomenon, known as negative polarisation (see review by Shkuratov
et al. 1994). Lyot (1929) provided a comprehensive overview of polarisation
observations of the Moon and some planets by Arago and other early observers. He
noted that the existing data had too much scatter, and that there was too little
information on the accuracy of the instruments used, preventing to perform a
meaningful analysis. This prompted Lyot to perform his own measurements. Lyot
also compared his observations of Solar System bodies with laboratory measure-
ments of the polarisation of light scattered by various surface types and water
droplets.

In the 1970s, it was found that asteroids could exhibit a variety of polarimetric
signatures, and that their albedo could be estimated with polarimetric techniques
(e.g., Zellner et al. 1974). Applied to planetary atmospheres, polarimetric techniques
have, for example, allowed to unveil the size and composition of Venus’s clouds
(Hansen and Hovenier 1974). In more recent years, it has been investigated how
polarimetry could be used for detection and characterisation of extrasolar planets

@ Springer



7 Page 4 of 103 S. Bagnulo et al.

(Seager et al. 2000; Stam et al. 2004; Fossati et al. 2012; Trees and Stam 2022; West
et al. 2022).

The properties of a beam of radiation can be fully specified by four independent
quantities. Commonly, we employ the so-called Stokes parameters /QUV (Stokes
1852), where [ describes the total intensity or flux, Q and U the linear polarisation,
and V the circular polarisation. Detailed definitions of the Stokes parameters can be
found in various textbooks and papers (e.g., Landi Degl’Innocenti et al. 2007, and
references therein). In Solar System science, circular polarisation is seldom
considered, because the signal tends to be very small. It appears to depend mostly
on the illumination and viewing geometries, and holds little information about the
properties of the scatterers (except in the case of organic materials, see Sect. 5). For
symmetry reasons, the objects under study nearly always produce linear polarisation
that is directed either parallel to the scattering plane (i.e., the plane that contains both
the direction of the incident light and the direction of the scattered light), or
perpendicular to it. Therefore, in most situations (and neglecting the circular
polarisation), the quantity of interest is

CFL(A) - F(A)

Pi(7) NAOEYIOk (1)

where F| and F| are the fluxes measured through a linear polariser parallel (||) or
perpendicular (L) to the scattering plane, respectively, and 4 represents the wave-
length. The absolute value of P, generally corresponds to the total fraction of linear
polarisation, and its sign indicates the orientation of the polarisation plane: trivially, a
positive sign means that the polarisation is perpendicular to the scattering plane, and
a negative sign means that is parallel to it. Unless otherwise stated, in this review, the
term polarisation will refer to the quantity P, defined by Eq. (1).

Most of the polarimetric studies are based on observations of P; as a function of
the phase angle «, the angle between the direction to the Sun and to the observer as
seen from the object (see Fig. 1). For most Solar System objects, but with important
exceptions, P; is negative in the range 0° < o < 20°, positive at o > 20°, and reaches a
maximum around 90 — 100°. The interval of phase angles for which P; is negative is
called the negative polarisation branch (NPB). In the NPB, the polarisation typically
reaches a minimum (Pp,;,) between 5° and 15°. The angle at which P; changes its
sign is called inversion angle, oy, and the slope of the curve at the inversion angle,
h, are also important characteristic features of the curve (see Fig. 2). It was
empirically found that in atmosphere-less bodies of the Solar System, both Py, and /
are related to the albedo: the darker the object, the larger Py, and the slope 4. More
generally, the morphology of the phase-polarisation curve is sensitive to the surface
structure and composition of the asteroids (see Sects. 2 and 3), to the scattering
properties of cometary dust (Sect. 4), or to the atmosphere of a planet (Sect. 5). For
comparison, photometric curves generally have a simple linear behaviour with the
phase angle.

Given its rich diagnostic content, it may be surprising that polarimetry is not
routinely exploited for studies of Solar System objects. One explanation is that, with
the exception of the inner planets Mercury and Venus, the Moon, the near-Earth
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...................

Fig. 1 Illustration of the phase angle «, the angle between the direction to the Sun S and the observer O as
seen from target T, when the target is in an inner orbit (left panel) or in an outer orbit (right panel) with
respect to the observer. A target in an inner orbit can be observed at phase angles ranging from close to 0°
to close to 180°. For a target in an outer orbit, the minimum phase angle is (close to) zero, and the
maximum phase angle at which it can be observed from Earth is given by arcsin(1/r), where r is the
target’s heliocentric distance expressed in astronomical units (au)

asteroids (NEAs), and occasionally certain comets, Solar System objects are
generally observed under small phase angles from Earth (see Fig. 1), and thus under
somewhat unfavourable geometries, resulting in small polarisation signals, typically
around 1% or even less. Asteroids in the main belt are often in viewing conditions
corresponding to phase angles close to the inversion of their polarimetric curves. The
giant planets can be observed only at small phase angle, in the NPB. The maximum
phase angle at which trans-Neptunian objects (TNOs) can be seen is <2°. The
consequence is that, with ground-based observations, the observed polarisation
features of objects with entirely different scattering properties are not so well
differentiated as they would be if the same objects could be viewed over a much
wider range of phase angles. Therefore, for polarimetric measurements at such small
phase angles to still be useful, they often need an accuracy better than 0.1%.
Detection of such small polarisation signals requires exposure times as if the sources
were 1000 or 10000 times fainter than they appear when observed with traditional
photometric or spectroscopic techniques using the same telescope.

Another challenge is that, similar to how light scattered by an asteroid is polarised,
light reflected by any oblique mirror positioned in front of polarimetric optics
introduces instrumental polarisation. This can significantly impact scientific
measurements, if the polarimeter is attached for instance to a Nasmyth focus. To
minimise this effect, measurements of the polarisation of the continuum are best
performed with instruments attached at the prime focus or the Cassegrain focus of a
telescope. This imposes practical limitations—in fact, some telescopes may not even
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Fig. 2 An example of a polarisation phase curve of a Solar System object, with its main characteristics.
The curve is produced using Eq. (7) with b = 0.4, ¢; = 0.55, ¢; = 1.0, ajpy = 21.5°. We note that, with
ground-based observations, such a large phase angle range would only be accessible for a limited number
of objects, such as the inner planets, the Moon, some so-called near-Earth asteroids, and certain comets

have a prime or a Cassegrain focus. In practical terms, only a few observatories are
equipped with instruments capable of measuring the polarisation of Solar System
objects, and even fewer are available as common-user facilities. Perhaps, the most
useful and frequently used instrument with polarimetric capabilities in the
continuum, accessible to a wide international community through competitive
proposals, is the FORS2 instrument (Appenzeller et al. 1998) of the European
Southern Observatory (ESO) Very Large Telescope (VLT). Other instruments are
typically available only to smaller consortia, which may be open to external
collaborations.

Finally, the theoretical interpretation of observations is often complex, precisely
because the polarisation is very sensitive to the physical properties of the scatterers.
Although empirical formulas exist that can quickly estimate an asteroid’s albedo
from a limited number of polarimetric observations (see Sect. 2.1.1), further data
interpretation typically requires sophisticated and time-consuming modelling.

Polarimetry of Solar System objects covers so many diverse aspects that we can
only provide a broad overview of its key aspects. Whilst the Sun is the most
intensively observed object in polarimetric studies, particularly for investigating its
magnetic field, this review will focus on other celestial bodies, such as planets,
moons, asteroids, and comets, and will omit discussions of solar polarimetry.
Atmosphereless objects such as main belt asteroids and near-Earth asteroids
(NEAs) are discussed in Sect. 2. Next, in Sect. 3, trans-Neptunian objects, Centaurs,
Jupiter Trojans, and icy moons of the planets are discussed. Comet polarimetry is
reviewed in Sect. 4, and planets (including Earth), the Moon, and Titan in Sect. 5.
Section 6 is about laboratory measurements and modelling of light scattered by dust.
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Finally, readers interested in more details about the observational aspects may refer to
Appendix A.

2 Asteroids and NEAs

The foundations of modern asteroid polarimetry were laid in the 1960s and 70s, with
the first polarimetric measurements (mostly main belt asteroids), and comparisons
with laboratory studies. Some early, important investigations were published by
Bowell and Zellner (1974) in the Planets, Stars and Nebulae studied with
Photopolarimetry book. A short list of a few other seminal papers published in
those years includes Zellner et al. (1974), Zellner and Gradie (1976), Zellner et al.
(1977), and Dollfus and Zellner (1979).

In these early investigations, many of the important properties concerning the
polarimetric behaviour of the light we receive from the small bodies of the Solar
System, in particular those having solid, rocky surfaces, were described. One of these
fundamental properties is that at visible wavelengths, the sunlight scattered from
these bodies is in a state of partial linear polarisation, which depends upon the so-
called phase angle (see Sect. 1). Furthermore, whenever small bodies are seen as
point sources (which is true for all asteroids and NEAs), for symmetry reasons, the
polarisation is always either perpendicular or parallel to the scattering plane.

In the case of main belt asteroids, the maximum attainable value of phase angle,
which is orbit-dependent, rarely exceeds 30°. In the case of near-Earth asteroids
(NEAs), which can have close approaches with the Earth, much higher values of
phase angle are possible, up to more than 100° in some circumstances, although not
all NEAs can be observed in any given apparition over a sufficiently wide range of
phase angles to measure Pp.x (see Sect. 2.2). NEAs are a much less numerous
population than main belt asteroids, and they are generally much fainter. Moreover,
their apparent motion is much faster. They are visible from ground-based facilities
only for relatively short intervals of time. Their phase angle also changes quickly,
even in the course of a few nights. Because of these important differences in the
viewing conditions, and, consequently, in the outcome of observations, we will treat
these two classes of objects separately (Sects. 2.1 and 2.2, respectively). Other
classes of special asteroids will also be described in Sects. 2.3. Obviously, all
sections are closely linked to each other, and in particular, the one dedicated to main
belt asteroids includes general concepts and results that apply to other classes of
objects.

2.1 Traditional applications of asteroid polarimetry: main belt asteroids
The shape of the phase-polarisation curves of main belt asteroids, which are visible in

a limited interval of phase angles, can be described using the empirical representation
(Muinonen et al. 2009)

Pi(o) =A(e?*— 1)+ Cq, (2)

where A, B, C are free parameters to be derived for each object from the phase-
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polarisation data, and a is the phase angle. Empirically, it is found that this repre-
sentation is valid up to phase angles of 50 — 60°, and hence may not be always
suitable for NEAs and comets. At smaller phase angles, it can describe the behaviour
of all known phase-polarisation curves. As an example, Fig. 3 shows two very
different cases, corresponding to a high-albedo asteroid and a low-albedo asteroid.
The differences amongst the phase-polarisation curves of different objects are very
important, because they are diagnostic of the values characterising some important
physical properties, including primarily the geometric albedo.

It is remarkable that the state of linear polarisation of the asteroids in a given
wavelength range is a function of the phase angle only. In principle, one could expect
that the polarisation of the scattered sunlight depends also on the side of the surface
of the asteroid illuminated by the Sun. In practise, apart from a very few cases (the
most important one being that of the large asteroid (4) Vesta (Cellino et al. 2016;
Wiktorowicz and Nofi 2015), observations of the same asteroids obtained at very
different epochs, corresponding to a wide variety of visible and illuminated regions
of their surfaces, but at similar phase angles, are fully consistent amongst themselves.
This means that asteroid surfaces are significantly homogeneous, at least in terms of
the properties that determine the outcome of light scattering.

The case of (4) Vesta is peculiar in many respects. With its diameter of about
500 km, it is one of the largest main belt asteroids. Its general shape is close to a
spheroid, and its brightness variations at different apparitions are mostly determined
by an important albedo variegation, predicted by Degewij et al. (1979), Cellino et al.
(1987) and subsequently proven by in situ observations by the Dawn probe (see, for
what concerns ground-based polarimetric measurements of Vesta, Cellino et al. 2016,
and references therein). In addition, (4) Vesta is known to have a very unusual
surface composition, mostly basaltic (McCord et al. 1970). Its reflectance spectrum
makes it the prototype of a rare taxonomic class (V, from Vesta). The large majority
of V-class asteroids are members of the Vesta dynamical family, thought to be formed
by fragments ejected by energetic impact cratering events, whose remnants are well
visible in the Dawn high-resolution images.

In many respects, asteroid polarimetry has been for a long time a discipline mostly
based on laboratory experiments and empirical relations. The most traditional
activities have been mostly aimed at exploiting the fact that the parameters describing
the morphology of the phase-polarisation curves had been found to be diagnostic of
some important physical properties of the surfaces, including primarily the geometric
albedo (Sect. 2.1.1) and the properties of surface regoliths (Sect. 2.1.2). Polarimetry
is also an important technique for asteroid classification (Sect. 2.1.3).

Starting since the 1990s, there was an increasing interest in organising new
observation campaigns. The consequent increase of the data-set of asteroid
polarimetric measurements.' led to the discovery of new classes of objects exhibiting
unusual polarimetric properties. Investigating the behaviour of these objects became

' A traditional repository of asteroid polarimetric data is maintained by D.F. Lupishko at the NASA
Planetary Data System at http://pds.jpl.nasa.gov/. Another catalogue, maintained by R. Gil-Hutton, is
available at http://gcpsj.sdf-eu.org/catalogo.html The catalogue of polarimetric data taken at Calern (see
Bendjoya et al. 2022) is available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/665/A66.
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an important field of investigation. In the following, we briefly describe some major
topics which have been objects of investigation in the last decades.

2.1.1 Determination of the geometric albedo

The geometric albedo is defined as the ratio between the brightness of a body
measured in a standard V filter at zero phase angle (ideal solar opposition) to that of
an idealised flat, diffusively scattering (Lambertian) disc with the same cross-section,
observed at the same distance. This parameter, which quantifies the intuitive notion
of intrinsic brightness or darkness of a surface at visible wavelengths, is of
fundamental importance to characterise the surface of an object, being directly
related to its composition and also to the macroscopic and microscopic roughness
and texture of the surface layer responsible of the scattering of incoming sunlight. A
well-known relation links together the geometric albedo pr (where F is a
photometric filter), with two other fundamental properties of an asteroid, namely its
size (or equivalent diameter) D, and its absolute magnitude Hr, which is the
magnitude in the F filter that an asteroid would have if observed at ideal solar
opposition (0° phase angle) at 1 au from both the Sun and an observer

log(D) = K — 0.2Hz — 0.5 log(pr); (3)

K is a constant that, in the case of data taken in a V filter, takes the value K = 3.1236
(see, for instance, Cellino et al. 2012, and references therein). The determination of
the geometric albedo is therefore essential to derive the size of an object for which
the absolute magnitude H is known, or to derive H for an object for which size and
albedo are known.

In the most common situations, one wants to derive pr from knowledge of size
and absolute magnitude Hx. Size D may be accurately determined from thermal IR
flux measurements or star occultation observations, whilst the value of Hr may be
derived from photometry by extrapolating to zero phase angle magnitude measure-
ments obtained at non-zero phase angles during a given apparition of the object.
Unfortunately, however, asteroid magnitudes tend to have an unpredictable and non-
linear surge when observed at increasingly smaller phase angles, and their sizes are
often not very well known.

The existence of some empirical relations between the geometric albedo and some
of the parameters describing the phase-polarisation curves (see Sect. 1) has always
been exploited to derive pr from polarimetric data, without the need of any ancillary
information. The relations between the slope % and the Py, polarimetric parameters
measured in the F photometric filter and pz, based on empirical data are usually
expressed in the form

log(pr) = C;log(hs)+Cy or
log(pr) =  Cs log(P2n) + Cy

We note that the photometric filter adopted in nearly all practical cases is the standard
V filter, due to lack of polarimetric data taken in different bands. Alternative relations

4)
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Fig. 3 Phase-polarisation curves of two main belt asteroids. Left panel: (19) Fortuna, a low-albedo object.
Right panel: (44) Nysa, a very high-albedo asteroid. Red symbols show data obtained in the framework of
the CAPS survey (see Sect. 2.5) and highlight that coherent and self-consistent phase-polarisation curves
are obtained even by combining data taken at very different epochs and using different instruments. The
best-fit curves have been computed using the exponential-linear function (see Eq. 2)

between albedo and polarisation have been suggested in the literature, for instance by
using, instead of /4 or Pp,, the parameter

¥ = P,(30°) — P,(10°) (5)
(Cellino et al. 2015), or the parameter
px = (0.79 +0.02) log(h) 4 (0.61 £ 0.03) log(Prin) (6)

(Masiero et al. 2012). The general idea is that parameters such as ¥ and p* may
better reflect the overall behaviour of the phase-polarisation curve (see Cellino et al.
2015, in particular their Table 1, and references therein).

Whatever parameters are adopted, Eq. (4) needs to be calibrated using accurate
polarimetric data for a large sample of asteroids of known size and absolute
magnitude, ideally in various filters. A suitable large calibration database does not
exist yet. The most recent, systematic investigations are by Cellino et al. (2015) and
Lupishko (2018), and are limited to the V filter. The validity of their “recipes” to
derive the geometric albedo from polarimetric data was confirmed by an analysis of
disc-integrated polarisation measurements obtained at different epochs for the
asteroid (4) Vesta, and the in situ spectroscopic and photometric measurements of the
Vesta’s surface by the Dawn space mission (Cellino et al. 2016, and references
therein). Asteroid (4) Vesta is an ideal target for this kind of investigation also,
because it has a well-known surface heterogeneity in surface composition, which is
also related to the presence of big impact craters. An analysis of the available
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Table 1 Polarimetric parameters of satellites

Satellites D! Albedo |Prmin| (V) Omin Reference

Jupiter satellites

Io 3643 0.63 0.25+0.02 2.1+0.5 Kiselev et al. (2024a)

Europa 3122 0.67 0.26+0.03 0.3+0.1 Kiselev et al. (2022a)

Ganymede 5262 0.43 0.34+0.01 0.5+0.1 Kiselev et al. (2024a)

Callisto 4821 <0.2 (L) 0.85+0.05 10.1£0.3 Rosenbush et al. (2002)
0.2 (T) 0.63+0.05 4.9+0.4

Himalia 170 0.06? 1.6 7 Degewij et al. (1980)

Saturnian satellites

Enceladus 504 1.24 0.51 2.4 Zaitsev et al. (2015b)

Rhea 1527 0.89 0.57 2.2 Zaitsev et al. (2015a)

Tapetus 1469 0.04 (L) 1.2 4 Rosenbush et al. (2015)
0.55 (T) 0.7 1

Dione 1123 0.75 (T) 0.83 1.6 Rosenbush et al. (2015)

Titan 5150 See Sect. 5.8

Uranian satellites

Ariel 1158 0.36 1.4 1 Afanasiev et al. (2014)

Titania 1578 0.30 1.2 1.4 Afanasiev et al. (2014)

Oberon 1523 0.22 1.1 1.8 Afanasiev et al. (2014)

Umbriel 1169 0.20 1.7 2.4 Afanasiev et al. (2014)

"https://ssd.jpl.nasa.gov/sats/phys_par/
2Grav et al. (2015)

“polarimetric lightcurves” of Vesta, namely the remote measurements of the variation
in disc-integrated polarisation as a function of rotation, led to confirm that the
predictions of the albedo of different regions of Vesta based on the measured % - py
data were basically correct. Of course, this first example of “ground-truth” in asteroid
polarimetry is valid only for the limited range of relatively high albedo characterising
(4) Vesta.

2.1.2 Polarimetric parameters as diagnostic of surface regolith properties

Early investigations based on laboratory analyses of the polarimetric properties of
different samples of materials, of both terrestrial and meteoric origin, had suggested
that the measured values of the parameters describing the phase-polarisation curves
were strongly dependent upon the state of fragmentation of the samples (Dollfus
et al. 1989). It should be noted that, in the case of the Moon, polarimetric
measurements and comparison with laboratory experiments had been used many
decades ago to infer the presence of a layer of fine regolith covering the lunar surface,
well before the landing of the first lunar exploration missions, which confirmed these
predictions (Dollfus 1961; Dollfus et al. 1971).
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Dollfus et al. (1989) suggested that the location of asteroid polarimetric data in the
Pryin—0min plane should be considered to be diagnostic of the average sizes of surface
regolith particles. In this plot, asteroids belonging to different taxonomic classes
characterised by different values of the geometric albedo were found to be well
distinguished in terms of their Py, values, but they were characterised by similar
inversion angles, mostly between 18° and 22°. According to Dollfus et al. (1989),
these values of the polarimetric inversion angle are typical for pulverised meteorites
and terrestrial silicates having grain sizes between 30 and 300 pm (see also
Sect. 6.4.2). The location of asteroid data in the Puyi,—dmin plane was found in a
region in between those occupied by bare rocks (o, <18°) and by lunar fines
(18° < oy <25°). This led Dollfus et al. (1989) to the conclusion that asteroid
surfaces are covered by a regolith that is coarser than lunar surface, but finer than
bare rocks. They also suggested that this could be a consequence of a depletion of
fine regolith particles caused by collisions, assuming that the smallest fragments are
ejected at speeds exceeding the escape velocity of these small bodies.

Nowadays, these classic results are still relevant, but in recent years, there has
been the discovery of classes of objects which occupy regions of the P — diny
plane where no objects were known to exist at the epoch of the Asteroids II book.
This can be seen in Fig. 4. Some mixing of low-albedo objects is visible, but this can
be a consequence of using slightly uncertain albedo values. What is more important
is that in the modern Pp,;, — ainy plot, there are several objects located at high values
of the polarimetric inversion angle, largely exceeding the region of lunar fines
identified by Dollfus et al. (1989). Moreover, the region located at low values of iy
angle smaller than 18° is now populated. These facts are related to the existence of
classes of objects characterised by unusual polarimetric properties, as discussed in
Sect. 2.3.

2.1.3 Polarimetry and asteroid taxonomy

Asteroid taxonomy has been historically based on multi-band photometry data and
reflectance spectra of the objects at visible and near-infrared wavelengths (Bowell
and Lumme 1979; Gradie and Tedesco 1982; Tholen 1984; Bus and Binzel 2002;
DeMeo et al. 2009). However, even since the first extensive analysis by Tholen
(1984), it was discovered that objects exhibiting very similar reflectance spectra
could be distinguished based on important differences in the albedo estimated by
polarimetric investigations. In particular, the E, M, P taxonomic classes turned out to
be characterised by very similar, reddish reflectance spectra, and the only way to
discriminate amongst objects sharing this property was to consider their albedo,
which turned out to be very high, average, and low, respectively, for the three above-
mentioned classes. Penttila et al. (2005) showed that a taxonomic classification based
on polarimetric properties alone was possible. However, at that time, the fraction of
known asteroids having well-determined polarimetric phase-polarisation curves was
very low, and the Penttila et al. (2005) results had no fundamental impact on asteroid
taxonomy. In more recent times, after the increase of published polarimetric data,
Belskaya et al. (2017) could develop a deeper analysis of the differences in the
polarimetric behaviour of asteroids belonging to different taxonomic classes, and
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Fig. 4 Plot of the P, parameter vs. the polarimetric inversion angle. The polarimetric parameters shown
in this plot have been derived by processing all available literature data, including also those recently
published by Bendjoya et al. (2022). This plot replaces now the classical plot by Dollfus et al. (1989). The
albedos used to colour-code the data points have been taken from the MP3C repository (https://mp3c.oca.
eu/). The area delimited by the dots corresponds to the region occupied by thin lunar fines in the original
Dollfus et al. (1989) plot. This area, which was nearly empty at the epoch of the Asteroids Il book, is now
populated by many objects, mainly of middle-to-high albedo

Belskaya et al. (2022) demonstrated the ability of polarimetry to distinguish sub-
types amongst M-class asteroids. In the current situation, it is sure that polarimetric
data are fundamental input for analyses of many individual objects, especially those
being rather bright, whilst in the case of the large fraction of very small and faint
objects, polarimetric data are still insufficient to play a primary role. An important
exception can become that of newly discovered NEAs (Kiselev et al. 2024b), for
which, in case of a possible intersection with the Earth’s orbit, quickly obtained
polarimetric data can become crucial to infer the size and albedo, in such a way as to
determine the risk posed by such objects.

2.1.4 Analysis of spectropolarimetric data

Historically, most polarimetric investigations of asteroids have been based using V
band data. The first extensive analysis of multi-band optical data was published by
Belskaya et al. (2009) (see also references therein). In that paper, some of the most
important features of the relation between the state of linear polarisation and the
wavelength were discovered. In most general terms, at optical wavelengths, from
blue to red, the fraction of linear polarisation as a function of wavelength is found to
change, but in a quite complicated way. In particular, for any given object, the
polarisation state as a function of wavelength depends upon whether the object is
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observed in the negative or the positive polarisation branch. By calling “red
polarisation” the situation in which linear polarisation increases (in module) for
increasing wavelength, and “blue polarisation” the situation in which polarisation
decreases (again, in module) for increasing wavelength, it has been found that
whenever an object displays red polarisation in the negative branch, then it will
exhibit blue polarisation when observed in its positive polarisation branch, and vice
versa (the inversion of the polarisation slope in S-type asteroids was noted earlier by
Kiselev et al. 1994). Interestingly, in this respect, the behaviour of intermediate-
albedo, S class asteroids has been found to be opposite to that of low-albedo, C class
asteroids. These preliminary results were later confirmed by Bagnulo et al. (2015) in
their first application to asteroids of the full spectropolarimetric technique, in which it
is possible to analyse the continuous variation of both reflectance and linear
polarisation as a function of wavelength.

With respect to polarimetric measurements limited to one optical band, only
spectropolarimetry adds a new dimension to the description of the asteroid’s surface
properties. Not only it is still possible to derive normal reflectance spectra and mono-
chromatic polarisation properties, but a new observable, namely the polarimetric
gradient as a function of wavelength, can be analysed. As a trivial example, the
dependence upon the wavelength of the polarimetric inversion angle can be easily
determined and linked to other surface properties, including those that determine the
classical phase-polarisation parameters, the albedo, the most likely composition
derived from reflectance spectroscopy, and the taxonomic classification.

Spectropolarimetric properties have been analysed also in a more recent work by
Kwon et al. (2023). This analysis was limited to a sample of 64 sizeable asteroids
belonging to the C taxonomic complex, which includes several taxonomic sub-
classes. Some differences in the spectropolarimetric behaviour were found to
distinguish amongst different sub-classes, and were tentatively interpreted in terms of
composition and possible aqueous alteration.

Compared to reflectance spectra, that need an accurate calibration sometimes
difficult to achieve, polarisation spectra can be routinely measured with very high
precision. The reason is that flux measurements, even when normalised using a solar
analogue observed with the same instrument as the primary target, are always
influenced by the Earth’s atmospheric transmission, which can vary during the course
of a single observing night. Even relative reflectance spectra (normalised to a specific
wavelength) can be affected, as changes in the wavelength-dependent transparency
of the sky may occur. Polarimetric measurements instead are virtually independent of
the atmospheric conditions, if obtained with the beam-swapping technique (see
Sect. A.2.2). Polarisation spectra depend on the phase angle at which they are
obtained, but once they are normalised to the value at a certain wavelength (e.g.,
550 nm), their shape depends mainly on whether they were obtained in the negative
or in the positive branch (Bagnulo et al. 2015). Overall, polarisation spectra offer a
diagnostic complementary to that of reflectance spectra. The main limitation is due to
the still small amount of available data, but this could be easily overcome by new
observing programmes.
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2.2 Polarimetry of near-Earth asteroids (NEAs)

Compared to main belt asteroids, NEAs have much closer approaches with the Earth,
and observations at much higher values of phase angle are possible (up to more than
100° in some cases), although not all NEAs can be observed in any given apparition
over a sufficiently wide range of phase angles to determine Ppy.

In principle, all the asteroids having aphelion distance larger than 0.983 AU (the
perihelion distance of the Earth) can be observed (sooner or later) at, or very near to
solar opposition. The only notable exception are the so-called Atira (also known as
Apohele) objects, a rare class of NEAs (including only a handful of objects with
well-determined orbits) with orbits completely interior to the one of the Earth. The
maximum attainable phase angle depends also upon the orbital properties of the
target asteroids, and increases as the asteroid’s semi-major axis decreases.

Equation (2) is not adequate for objects observed at phase angles > 50° — 60°,
and is often replaced by

Pi(a) = 4 sin®(«) cos® (%) sin(ot — tiny), (7)
where 4, B, C, and wj,, are parameters to be determined by means of best-fit tech-
niques (see, e.g., Goidet-Devel et al. 1995, and references therein).

The fact that NEAs can attain large-phase angles is a noticeable advantage for
polarimetric studies, because polarisation reaches high values, and differences
between different bodies may be better appreciated. At large values of the phase
angle, NEAs reach a maximum of positive polarisation Py,c. Based on extensive
laboratory experiments using meteorite samples and relevant mineral assemblages of
terrestrial origin, the value of this parameter and the corresponding phase angle of its
occurrence have long been considered to be diagnostic of the geometric albedo and
of the grain size of surface regolith (see, e.g., Geake and Dollfus 1986, and references
therein). Unfortunately, polarimetric data of asteroids observed at very large-phase
angles are rare and generally poorly sampled. As a consequence, it is difficult to
derive in most cases an accurate determinations of Pp,,, and the relation between the
geometric albedo and P,y is still subject to uncertainties, as discussed in recent
articles, including Borisov et al. (2018), Ito et al. (2018), and Kiselev et al. (2022b),
which are devoted to the NEA (3200) Phaethon. On the other hand, however, one or
a few polarimetric measurements obtained in the positive polarisation branch, where
the degree of linear polarisation tends to exhibit big changes for objects of different
albedo, can be sufficient to assign a generic albedo class (low, intermediate or high)
to any NEA, including newly discovered ones. As a consequence, NEA polarimetric
studies are considered to be very important not only because NEAs reach the near-
Earth region coming from a variety of dynamical routes starting at different
heliocentric distances, but also based on considerations taking into account the
mitigation of the danger posed by the existence of bodies which may have collisions
with the Earth. In particular, the possibility to derive in a relatively short time an
estimate of the albedo of an NEA (possibly including a recently discovered, potential
impactor) by means of a few polarimetric measurements is very important for the
determination of some of its basic physical properties. The recent NEOROCKS
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project (Petropoulou et al. 2022), which received funding from the European Union’s
Horizon 2020 research and innovation programme, has been aimed at drastically
improving our knowledge of the dynamical and physical properties of NEAs using
extensive observations using a wide variety of techniques. This included also a
polarimetric survey of NEAs using the 1-m telescope of Calern (France). More than
100 new single polarimetric measurements have been obtained for 24 NEAs, most of
whom had never been observed before using a polarimeter. After a consolidation
phase, the NEOROCKS web portal and database is currently planned to migrate
within the Space Science Data Center of the Italian Space Agency (ASI-SSDC) to be
hosted in a permanent infrastructure devoted to space-data management (https://
www.ssdc.asi.it/) and made accessible to external users.

2.2.1 The DART mission

The Double Asteroid Redirection Test (DART) mission has been conceived to study
and demonstrate the effectiveness of the kinetic impact technique for deflecting
potentially hazardous asteroids (e.g. Daly et al. 2023). As a consequence of the
impact, there was the formation of a dust cloud of ejected material (Li et al. 2023;
Opitom et al. 2023). Bagnulo et al. (2023) and Gray et al. (2024b) carried out a
polarimetric study of the event in different visible bands. This was the first time that
the polarimetric consequences of a collisional event involving a real asteroid were
measured, allowing a direct comparison of the polarimetric state before the impact, a
short time after it, and during several weeks of post-impact evolution (see Fig. 6). It
was found that, just after impact, the fraction of linear polarisation dropped
significantly in all the bands from B to R as a direct consequence of the impact
(Bagnulo et al. 2023). Possibly, this decrease of polarisation was due to a decrease of
the particle size (due to surface boulders fragmentation), or a change of its
composition, because space weathered surface material was removed by the impact.
The linear polarisation continued to linearly increase with increasing phase angle,
with a slope similar to that measured before the impact, and the drop of polarisation
persisted for at least 4 months, even after the majority of the dust cloud has dissipated
(Gray et al. 2024b). The polarisation spectrum showed only very little or no change
over the course of the observations executed before and after impact (Bagnulo et al.
2023). This lack of any remarkable change in the polarisation spectrum after impact
suggests that the way in which polarisation varies with wavelength depends primarily
on the composition of the scattering material, both on the asteroid surface and in a
debris cloud. The observed polarisation was modelled in detail by Penttild et al.
(2024).

A better understanding of the consequences of the collision provoked on the
Dydimos satellite by the DART impactor could come soon from the Hera space
mission. This is a planetary defence mission of the European Space Agency (ESA),
launched in October 2024. Its objectives are to investigate the Didymos binary
asteroid, and to make an accurate first assessment of the outcome of NASA’s DART
impactor test.
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2.3 Investigations of unusual classes of objects

There are asteroids which are known to exhibit peculiar polarimetric properties.
These include the class of the so-called Barbarians, as well as the /' taxonomic class,
including low-albedo asteroids which can be important for the possible identification
of active asteroids. In addition, there are some single objects for which available
polarimetric data do not fit the expectations based on the results of other observation
techniques. Examples are given by (21) Lutetia, and by the so-called Vestoids located
in the mid-to outer regions of the main belt (Oszkiewicz et al. 2023).

The so-called Barbarian asteroids are named after the name of the prototype of the
class, asteroid (234) Barbara, whose unusual polarimetric behaviour was discovered
by Cellino et al. (2006). The peculiarity of the phase-polarisation curve of this
asteroid is the large width of its negative polarisation branch, the polarimetric
inversion angle reaching a value around 30° (see Fig. 5). After this first discovery,
there was a big effort to discover other asteroids exhibiting the same behaviour,
looking specially at objects belonging to the same taxonomic class of Barbara. The
current sample of Barbarians includes now more than 30 asteroids. In all cases in
which a reflection spectrum is available, the Barbarians belong to the L taxonomic
class according to the Bus-DeMeo classification (DeMeo et al. 2009), based on data
collected at both visible and near-IR wavelengths. A general description of the
current ideas about the properties of these objects can be found in Devogele et al.
(2018b). The peculiar polarimetric behaviour of these objects is interpreted as a
consequence of the peculiar composition of their surface regolith. In particular,
spectroscopic evidence strongly suggests that Barbarian surfaces have an anomalous
overabundance of the spinel mineral. Spinel ([Fe, Mg]Al, O4) is an important
component of the so-called Calcium Aluminium-rich inclusions (CAls) found in
meteorites. The spinel is a very refractory compound, and is thought to be one of the
first minerals to solidify when the temperature of an originally melt planetary disc
starts to decrease. For this reason, although there is not yet a general consensus about
this, it is possible that Barbarians could be extremely ancient, the possible remnants
of an early generation of planetesimals grown during the very early stages of the
evolution of our Solar System.

An important discovery was that one of them, (729) Watsonia, is the largest
member of a small dynamical family consisting of high-inclination asteroids (Cellino
et al. 2014). Because the members of any dynamical family are fragments from the
collisional disruption of an original parent body, the fact that all the observed
members of the Watsonia family exhibit the typical polarimetric properties of the
Barbarian class proves that the Barbarian behaviour is due to physical properties
which are determined by the overall composition of these objects, not limited to their
surface layers.

More recently, Bendjoya et al. (2022) carried out an updated analysis of the
polarimetric properties of the Barbarians. According to these authors, there are
reasons to believe that the Barbarians might consist of more than one sub-classes.
Due to their interesting properties, Barbarians keep being high-priority targets for
current programmes of polarimetric observations of asteroids.
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The F taxonomic class was first identified by Gradie and Tedesco (1982) and later
included in Tholen’s taxonomy based on multi-band photometry (Tholen 1984). It is
characterised by a very flat reflectance (F stands for “flat”), down to short
wavelengths in the blue spectral region. In the more modern era of CCD detectors,
the blue region is no longer adequately covered, and the old F class no longer exists.
The objects originally classified as F' are nowadays included as members of the larger
B taxonomic class of the Bus-DeMeo taxonomy (DeMeo et al. 2009). According to
Belskaya et al. (2005) and Belskaya et al. (2017), however, the members of the older
F class are characterised by a peculiar polarimetric property and can be distinguished
by other members of the modern B class. What makes the F class members special is
their small values of the polarimetric inversion angle, generally < 16°. A comparison
between the largest member of the modern B class and the largest member of the old
F class is shown in Fig. 7. As stressed by Devogéle et al. (2018a), amongst the
asteroids originally classified as members of the F-class of the Tholen taxonomy
(Tholen 1984), there is an object, (4015) Wilson-Harrington (Bowell et al. 1992) that
at the epoch of its discovery and first photometric observations was classified as an F-
class asteroid. However, it was later found to exhibit cometary activity. Because no
further activity has been detected again in subsequent years, there are reasons to
believe Wilson—Harrington might be a comet observed at epochs when it was
becoming extinct. Another important fact is that polarimetric observations of two
comets, 2P/Encke (Boehnhardt et al. 2008) and 133P/Elst-Pizarro (Bagnulo et al.
2010) showed that their nuclei exhibit a polarimetric behaviour characterised by low
inversion angles, similar to those of F-class asteroids. In this respect, Kolokolova and
Jockers (1997) proposed that a low inversion angle of polarisation could be
diagnostic of a cometary surface.
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Fig. 6 Phase-polarisation curves
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The possibility that asteroids originally classified as members of the old F-class
display properties diagnostic of a cometary origin is exciting, due to the fact that, as
discussed above, F-class asteroids can be identified based on their uncommon
polarimetric properties. Interestingly, Cellino et al. (2018) found that the asteroid
(101955) Bennu, the target of the OSIRIS-REx space mission, exhibits the
polarimetric properties which characterise the F class. This result was obtained
before the arrival of the space probe to its target. The results of the first data collected
by OSIRIS-REx revealed a low-albedo asteroid having a surface rich in hydrated
minerals, and showing a moderate surface activity (Hergenrother et al. 2020).
Evidence of original flow of water within this asteroid has been found by Ishimaru
and Lauretta (2024) based on analyses of the sample of surface material brought back
to Earth by the OSIRIS-REx probe. This supports the idea of a possible cometary
nature of this object, and provides another reason why the search for asteroids
belonging to the F class is a high-priority task for present and future polarimetric
observing programmes, at the same time emphasising the role of the study of
polarimetric properties as an invaluable tool to understand the physical properties and
previous history of small Solar System bodies.

We also mention an extensive investigation of an active main belt asteroid,
(248370) 2005 QN 73, a low-albedo object generally classified as a C-class asteroid,
that was published by Ivanova et al. (2023a). The polarimetric data shown in this
paper do not suggest that it could belong to the old F taxonomic class, but, based
mainly on broadband images and reflectance spectra, this object was found to exhibit
a dust tail which was detectable for about half a year. Modelling of dust particles
based on photometric and polarimetric results suggests that large particles are
concentrated around the nucleus, whereas smaller ones dominate the tail. Finally,
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Fig. 7 Phase-polarisation curves of (2) Pallas (left panel), the largest B class asteroid, and (704) Interamnia
(right panel), the largest asteroid belonging to the former F class. The best-fit curves have been computed
using the exponential-linear function of Eq. (2)

Kiselev et al. (2024b) discusses polarimetric monitoring of active primitive asteroids,
and further supports the idea that polarimetry can crucially contribute to taxonomic
classification of asteroids.

2.3.1 Polarimetric studies of new taxonomic classes

A new taxonomic classification for a set of more than 2,000 asteroids has recently
been developed by Mahlke et al. (2022). This classification is based on a new
iterative method which takes into account the overall quality of input parameters
coming from different sources, and reintroduces the geometric albedo amongst the
data sources used for classification. One interesting result has been the definition of a
new taxonomic class (named Z class) of asteroids characterised by very reddish
reflection spectra. The existence of a peculiar object now classified as a member of
the new Z class had been already noticed by Cellino et al. (2020). This asteroid, (269)
Justitia, is known to exhibit an unusual phase-polarisation curve. In fact, the still few
polarimetric measurements available for this object, suggest a fairly shallow value
(around —0.6%) of P, reached at a phase angle between 5° and 8°, whilst the
inversion angle seems to occur at a phase angle between 14° and 16°, and the
polarimetric slope is not very steep. If confirmed by new measurements, this
behaviour is quite different with respect to that exhibited by other asteroids,
including those belonging to the unusual F class (which share a small value of the
inversion angle, but have much steeper polarimetric slopes and deeper Ppy). It might
be possible that this is the beginning of the discovery of a new class of objects whose
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spectroscopic and polarimetric properties are rare and interesting, like in the case of
Barbarians.

2.4 Asteroid polarimetry at near-IR wavelengths

Very recently, Masiero et al. (2023) carried out a campaign of polarimetric
measurements of six Barbarian asteroids in the near-IR H and J bands, using the
Palomar 200-inch telescope. They found that the phase-polarisation curves in the
near-IR change very much with respect to those obtained at visible wavelengths.
Their preferred interpretation is that Barbarian surfaces consist of a mixing of a high-
albedo component having high index of refraction inclusions, and a dark matrix
material more similar to that of primitive, low-albedo asteroids belonging to the C
taxonomic complex. According to the authors, these results are consistent with the
interpretation of Barbarians as remnants of a population of primitive bodies that
formed shortly after CAls. For what concerns NEAs, which are extensively covered
in Sect. 3, we mention the paper by Harris et al. (1998), which derived the sizes and
thermal IR colours of (2100) Ra-Shalom and 1991 EE.

2.5 Future plans for asteroid polarimetry, and synergy with GAIA

The perspectives of the role played by polarimetric observations of the asteroids in
the years to come is strictly dependent upon the availability of new dedicated
instruments, both telescopes and polarimeters. So far, the role of polarimetric studies
has been mostly limited by the relative lack of data, with respect to other classical
techniques like imaging and spectroscopy.

The Calern Asteroid Polarimetric Survey (CAPS, Bendjoya et al. 2022) has
become in recent years one of the major sources of asteroid polarimetric data (as an
example, Fig. 3 shows with red symbols CAPS data). The older Topol polarimeter
has been now replaced by a copy of the DiPol instrument (Piirola et al. 2021), which
allows simultaneous observations in the three BVR filters. Polarimetric observations
of asteroids have become routine also at larger telescopes.

It is not possible to overestimate the importance of polarimetric measurements as a
useful input to complement the so-called “Gaia revolution”, namely the immense
improvement in asteroid science produced by the growing wealth of astrometric,
photometric, and spectroscopic data produced by the Gaia space mission of the
European Space Agency (Spoto et al. 2018; Tanga et al. 2023). In particular,
polarimetric data of even a relatively small number of well-measured objects will be
of the highest importance for the development of a new Gaia-based asteroid
taxonomy. Moreover, albedoes derived from polarimetric data will be of primary
importance to calibrate the proposed relation (see Belskaya and Shevchenko 2000)
between the albedo and some properties of the phase-magnitude relation, the latter
being derived for thousands of objects by Gaia photometric measurements.
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2.6 Conclusions

Polarimetry is an extremely useful technique to achieve a better understanding of the
physical properties of asteroids, including but not limited to those orbiting in the
main belt. In the past, the lack of sufficiently large datasets of polarimetric
measurements has prevented or strongly delayed the exploitation of polarimetric data
for important purposes, including the determination of physical parameters which are
difficult to determine by means of other techniques, as in the case of the geometric
albedo and the size distribution of surface regolith particles. Things are changing
quickly, however, and it is reasonable to expect that in the years to come polarimetric
and spectropolarimetric data will play a more important role in the physical studies of
asteroids. Even in the case that the polarimetric database will not reach the size of
those produced by photometry and spectroscopy, the simple availability of many
more data than those we have today will be sufficient to calibrate important relations
involving physical mechanisms in which the albedo and other polarimetric
parameters play a fundamental role. The simple existence of classes of asteroids
which can be identified based on the properties of their phase-polarisation curves
ensures that the exploitation of asteroid polarimetric data is probably just at the
beginning of a new era.

3 Jupiter Trojans, Centaurs, TNOs, and icy moons

Small Solar System bodies that have a perihelion close or beyond the Jupiter’s orbit
have rarely been observed with polarimetric techniques. The main reason is that they
are faint, and even with 8-m class telescopes, it is difficult to obtain polarimetric
measurements with sufficiently high signal-to-noise ratio (S/N). Another problem is
that ground-based observations cover a small range of phase angles (up to ~ 12° for
objects at the Jupiter’s orbit, and up to 1.4° for trans-Neptunian objects, or TNOs),
which is also difficult to model. Yet, surprisingly, the polarimetric observations of
TNOs and Centaurs show a polarisation behaviour more diverse than that observed
for main belt asteroids at small phase angles.

Here, we review the results of polarimetric measurements of various dynamical
groups of objects, including Jupiter Trojans (Sect. 3.1), Centaurs (Sect. 3.2), TNOs
(Sect. 3.3), and satellites of outer planets (Sect. 3.4, except Titan, considered in
Sect. 5.8). In Sect. 3.5, we compare the polarimetric properties of these groups of
objects.

3.1 Jupiter Trojans

The general definition of Trojan asteroids is based on their dynamical properties.
They orbit the Sun being located in the stable L4 or L5 Lagrangian points, 60° ahead
(L4) or behind (LS) the orbit of one of the major planets. The most numerous
population is that of Jupiter Trojans, which includes more than 12 700 asteroids. A
review of their dynamical and physical properties can be found in Bottke et al.
(2023).
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The first programme of polarimetric measurements of Jupiter Trojan asteroids was
carried out only in 2013 (Bagnulo et al. 2016) using the FORS2 instrument
(Appenzeller et al. 1998) of the ESO Very Large Telescope (VLT). Measurements of
linear polarisation were obtained for six Trojans covering the phase angle range from
7 to 12°. The sample of the selected targets included Trojans with diameters 50—
130 km from the L4 swarm, five of which belonging to low-albedo D-class
(according to taxonomic classifications of the asteroid population). Each object was
observed at 3 or 4 different phase angles in the R filter. These observations revealed
negative polarisation branches having a minimum at phase angles around 8 — 10°.
The phase-polarisation curves were found fairly similar to each other, but not
identical, with P, values from —0.95% to —1.35%. The deepest negative
polarisation minimum (P, = —1.35 %) was measured for (3548) Eurybates, the
parent body of a large collisional family, and the only C-class object in the sample.
The shallowest polarisation branch was observed for D-class Trojans (588) Achilles
and (4543) Phoinix (Fig. 8). Up to now, all observed Trojans belong to the same L4
dynamical population.

In general, the polarisation phase curves of the observed Jupiter Trojans are rather
similar to polarisation-phase curves of low albedo main belt asteroids (Belskaya et al.
2017, Sect. 2). The albedos of the Jupiter Trojans are extremely low ( ~ 0.04 — 0.05),
and their negative polarisation branch distinctly reveals the so-called “saturation
effect”. This effect was found first in the laboratory (Zellner et al. 1977), and consists
of a non-monotonic behaviour of P,,;, with the albedo. For most of the albedo values,
the absolute value of P, increases as the albedo decreases, but for very dark
surfaces, the behaviour changes, and |Pp, | decreases for extremely low values of
albedo. Laboratory data show that the inverse correlation between the depth of
negative polarisation and the albedo is valid for surfaces with albedo > 0.06, but is
no longer valid for darker surfaces (Zellner et al. 1977; Shkuratov et al. 1992). This
effect was observed for some dark main belt asteroids (Belskaya et al. 2005), and was
found also for Jupiter Trojans (Bagnulo et al. 2016).

The reason why D-class Jupiter Trojans with similar albedo and spectral properties
reveal a diverse polarisation behaviour is not understood, and a search for possible
correlation of polarisation behaviours of the observed Trojans with their dynamical
and surface properties did not reveal any trends (Bagnulo et al. 2016).

We note that one of the Jupiter Trojans observed in polarimetric mode, the C-class
Trojan (3548) Eurybates, has been selected as a target of ongoing NASA Lucy
mission (Levison et al. 2021) which will fly-by this object in 2027. In support of the
space mission, Eurybates is being intensively studied by different methods. It was
revealed that it has a small satellite (Noll et al. 2020). The satellite is faint and its
possible contribution to the measured polarisation of Eurybates is negligible.

Further observations are needed to increase statistics and to understand the reasons
of differences in the polarisation-phase curves of Trojans.

3.2 Polarimetry of Centaurs

The population of Centaurs includes objects in unstable orbits typically with a semi-
major axis and perihelion in the range of 5-28 AU, i.e., between the orbit of Jupiter
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Fig. 8 Polarimetry of Jupiter Trojans

and that of Neptune. The definition of Centaurs from the dynamical point of view is
ambiguous. The Minor Planet Center includes Centaurs in the same list with
scattered disc trans-Neptunian objects that have high eccentricity orbits and a wide
range of semi-major axes. Ground-based observations of Centaurs can be carried out
at phase angles up to o <7°.

The first polarimetric observations of the brightest Centaurs, Chiron, Chariklo, and
Pholus, were obtained in 2004—2008 with the ESO VLT and the FORS instrument in
the V and/or R filters. The most detailed polarisation phase dependence was
measured for (2060) Chiron, one of the largest and brightest Centaurs. Observations
were carried out at three apparitions in 2004 (Bagnulo et al. 2006), 2007, and 2008
(Belskaya et al. 2010). The observations in the phase angle range from 1.4 to 4.2° in
2004 revealed a pronounced branch of negative polarisation with P, ~ — 1.4% at
phase angles of 1.5 — 2° (Bagnulo et al. 2006). Subsequent observations were aimed
at determining more accurately the parameters of the polarisation minimum and to
look for a possible variability. The resulting polarisation phase dependence in the
phase angle range from 0.5 to 4.2° is shown in Fig. 9. All measurements are well
consistent within error bars, and do not show any noticeable changes in the
polarisation degree over Chiron’s surface. The estimated polarisation parameters of
Chiron have the following values: Ppin = —1.4%, omin = 1.5°, iy ~7 —9°
(Belskaya et al. 2010).

Since Chiron is known to exhibit sporadic cometary activity, all acquired
polarimetric images were co-added and carefully checked for possible coma, but no
cometary-like outburst activity was detected (Bagnulo et al. 2006).

The polarisation phase curves of two other large Centaurs (5145) Pholus and
(10199) Chariklo were measured in less detail, but despite this, their diversity is well
seen (Belskaya et al. 2010). The Pholus’ surface is characterised by a deep negative
polarisation branch with P, = —2.1 £ 0.2%, which occurs at the phase angle of
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about 2.6° (Fig. 9). For Chariklo, the negative branch of polarisation degree has a
depth of ~ 1 % and only slightly changes in the phase angle range of 2.7 — 4.4°.

One more object, (29981) 1999 TD10, was measured in the phase angle range of
0.8 — 3.1° by Rousselot et al. (2005). This object has an ambiguous dynamical
classification with a perihelion at 12.3 au as a Centaur, but a semi-major axis of
98.7 au as a scattered disc object. The measurements revealed a negative polarisation
branch with Py, ~ — 1.2% reached at the phase angle of o > 3°. A trend towards a
deeper polarisation branch in R band compared to that in 7 band was found
(Rousselot et al. 2005).

Centaurs revealed a remarkable diversity in their polarisation phase angle
behaviours, although the observations covered a limited range of phase angles not
exceeding 4.2°. The depth of negative polarisation varies from —1 % to —2.1 % and
the position of minimum varies from 1.5° to > 3°.

The pronounced negative polarisation at small phase angles was explained in
terms of a two-component surface model consisting of dark and bright scatterers
(Bagnulo et al. 2006; Belskaya et al. 2008b). The observed diversity in polarisation
behaviour of Centaurs may occur due to varying amounts of icy frost on the top of
their dark surfaces. It has not yet been investigated whether the ring systems
discovered around Chariklo (Braga-Ribas et al. 2014) and Chiron (Ortiz et al. 2015)
could influence the polarisation properties.

3.3 Polarimetry of trans-Neptunian objects

Most of the currently available polarimetric data for trans-Neptunian Objects were
obtained between 2004 and 2012, for nine objects in total, again with the FORS
instrument of the ESO VLT (Boehnhardt et al. 2004; Bagnulo et al. 2006, 2008;
Belskaya et al. 2008a, 2012). In addition, several polarimetric measurements of the
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Fig. 9 Polarimetry of Centaurs (Chiron and Pholus) and TNOs (Huya, Ixion, Varuna and 1999 DE9)
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Pluto-Charon system were obtained between 1972 and 1988 (Fix and Kelsey 1973;
Breger and Cochran 1982; Avramchuk et al. 1992). Although ground-based
observations of TNOs were made at phase angles not exceeding 2°, they revealed
several very interesting features. First of all, Boehnhardt et al. (2004) found that the
the polarisation curve of TNO Ixion in the small range between 0 and 1.5° was much
steeper than normally observed in the case of main belt asteroids, reaching P, ~
—1.2 at o ~ 1°. Bagnulo et al. (2008) found that the larger TNOs exhibited distinctly
different polarimetric behaviours compared to smaller-sized TNOs. Objects with a
diameter > 1000 km show slow changes in the observed range of phase angles. For
smaller TNOs, linear polarisation changes rapidly with phase angles and reaches
~ — 1% at the phase angle as small as 1° (Fig. 9). Further observations of two more
objects confirmed this trend (Belskaya et al. 2012). Moreover, the largest TNOs rich
in methane and water ice have been found to exhibit different polarisation properties
(Belskaya et al. 2012).

Polarisation-phase curves of four TNOs with diameters in the range of
310 — 670 km (Huya, Ixion, Varuna and 1999 DE9) are shown in Fig. 9. They
exhibit similar polarisation phase-angle behaviour with a rapid increase (in absolute
terms) of negative polarisation from almost zero up to 1.6 % when the phase angle
increases to 2°. It is not possible to determine the exact position of the minimum due
to the limited range of phase angles covered by the ground-based observations, but
most likely, it occurs at oy, ~2 — 3°. The largest methane-ice rich TNOs (Pluto,
Eris, Makemake) and water-ice rich TNOs (Haumea, Quaoar) exhibit very slow
changes in polarisation degree with phase angle with P ~ —0.3% and P ~ —0.6%,
respectively. It is interesting to note that ring systems were discovered around both
above-mentioned water-ice rich TNOs Haumea (Ortiz et al. 2017) and Quaoar
(Morgado et al. 2023; Pereira et al. 2023). As in the case of Centaurs, the possible
influence of ring systems on polarisation properties has not yet been studied.

All published polarimetric observations on Centaurs and TNOs are available in the
database of NASA Planetary Data System (Belskaya 2020).

3.4 Polarimetry of icy moons

Ground-based polarimetric observations of satellites of the distant planets, in addition
to a limited phase angle range, are complicated due to their proximity to the parent
planets. The observation requires very accurate measurements taking into account the
illumination from the planet. One more problem is related to observations of
satellite’s different hemispheres at eastern and western elongations due to the
synchronisation of satellite’s axial and orbital rotations. Different polarisation
properties of hemispheres seen at eastern and western elongations lead to the so-
called longitude effect. Numerous observations are required to separate longitude
dependence of polarisation degree from solar phase angle dependence (e.g.,
Rosenbush 2002).

At present, polarimetric measurements are available only for 14 satellites of the
outer planets, which include 5 satellites of Jupiter, 5 Saturnian, and 4 Uranian
satellites. Saturnian satellite Titan, which has a dense atmosphere, is considered in
Sect. 5.8. The available polarimetric measurements of satellites were compiled in the
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catalogue at NASA PDS (Zaitsev et al. 2020). Most of them were obtained with the
telescopes up to 2.6 m in diameter. The ESO-VLT was used in 2009-2012 to study
Saturn’s moon lapetus (Ejeta et al. 2012, 2013). Observations of Uranian satellites
were carried out at the 6-m BTA telescope (Afanasiev et al. 2014). A detailed review
of the satellite polarimetric data was given by Rosenbush et al. (2015).

In the following, we briefly discuss the main observational features of the
polarisation from largest satellites of Jupiter, Saturn, and Uranus.

3.4.1 Jovian satellites

The four large Galilean satellites of Jupiter (Io, Europa, Ganymede, and Callisto)
have been observed with polarimetric techniques since the 1960s, and up to the
present (see Veverka 1971b; Rosenbush et al. 2015; Kiselev et al. 2022a, 2024a).
Their numerous ground-based observations covered the maximal possible range of
phase angles for ground-based observations from 0.1 — 0.2° to 11.5°. One more
object, irregular satellite Himalia, was measured at three phase angles in the range of
2.3 — 9.5° by Degewij et al. (1980).

The estimated main parameters of the negative branch of polarisation phase curves
are presented in Table 1 together with the satellite’s albedos and diameters. There is a
general trend for darker satellite to have deeper and wider negative branch of
polarisation. Low albedo satellite Himalia revealed a deep negative polarisation,
similar to what exhibited by C-type asteroids (Degewij et al. 1980).

The polarisation-phase behaviour of the moderate-albedo satellite Callisto
resembles those of moderate-albedo asteroids and of the Moon. The brightest
satellite Europa exhibits a branch of negative polarisation highly asymmetric about
its minimum, with polarisation minimum shifted at very small phase angles. The
inversion into positive branch is expected at phase angles as low as 6 — 7°. The
phase curve of Ganymede is also highly asymmetric, but its shape is different from
that of Europa, and the inversion angle reaches 8 — 9° (Kiselev et al. 2024a). One
more bright satellite, lo, is characterised by a shallow wide negative branch, with an
inversion angle o, > 20° (Kiselev et al. 2024a). Note that lo has exceptional surface
composition coated with sulphur compounds (Trumbo et al. 2022), which is very
distinct from other large moons that have icy surfaces.

The longitude variations of polarisation in the studied phase angle range can reach
up to 0.8 % for Callisto (Rosenbush et al. 2002) and up to 0.2 % for Ganymede,
whilst it is found to be very small for Io and Europa (Kiselev et al. 2022a, 2024a).

The wavelength dependence of negative polarisation parameters in the UBVRI
bands is not reliably established yet, because the differences between the
measurements obtained in the various filters are within uncertainties.

Measurements at large-phase angles up to 130° of the largest Jovian satellites were
obtained by the NASA’s Pioneer 10 and 11 space probes with the Galileo
Photopolarimeter Radiometer. Only preliminary results of these data were reported
(Martin et al. 2000) which suggested that Ganymede and Callisto have polarisation
phase curves similar to that of the Moon, with Py, ~4 — 5% at o ~ 100°. For the
bright objects Io and Europa, the polarisation values are small and their uncertainties
are too large to reach any conclusion.
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3.4.2 Saturnian satellites

The brightest Saturnian satellites Enceladus and Rhea have rather similar negative
branch of polarisation with Py, ~ — 0.5% at o ~ 2°. The longitude variations of
polarisation were small and not separated. For Dione, the measurements were
obtained only for the darker trailing side at two phase angles. The polarisation
measured at o =2° is ~ — 0.8 %, which seems to indicate a deeper negative
polarisation branch compared to that for Enceladus and Rhea. The above-mentioned
measurements of Enceladus, Rhea, and Dione were obtained at the 2.6-m telescope
of the Crimean Astrophysical Observatory in the WR spectral band (Zaitsev et al.
2015a, b; Rosenbush et al. 2015). The previous observations on Rhea and Dione
carried out at the 1.56-m Catalina telescope (Bowell and Zellner 1974) generally
agreed with the more recent results. Due to large instrumental polarisation, the
observations of Rhea, Dione, and Tethys obtained at the 2-m Rozhen telescope
(Kulyk 2012) have a large scatter and are not useful (Rosenbush et al. 2015).

The first polarimetric observations of lapetus were obtained with the 1.56-m
Catalina telescope (Zellner 1972), and revealed different polarisation of the leading
and trailing hemispheres, consistently with the albedo dichotomy of this satellite.
Further observations were made by Rosenbush et al. (2015, and references therein) at
the Crimean Astrophysical Observatory, and by Ejeta et al. (2012), Ejeta et al. (2013)
using the FORS2 instrument at ESO VLT. These data agree within uncertainties, and
demonstrate a deep negative branch of polarisation for the dark leading side and
highly asymmetric branch for bright trailing side (see Table 1). Spectropolarimetric
measurements of the bright side of Iapetus shown a small spectral dependence in the
430-900 nm wavelength range (Ejeta et al. 2012).

3.4.3 Uranian satellites

Observations of four large Uranian satellites, Ariel, Umbriel, Titania, and Oberon,
were carried out at the 6-m BTA telescope, in the V band, within the phase angle
range of 0.1 —2.4° (Afanasiev et al. 2014). These observations covered the
maximum possible phase angle range for ground-based observations of Uranian
moons. All measured satellites revealed deep negative branches of polarisation with
Pin from —1.1% to —1.7%.

The position of the polarisation minimum is well determined for Ariel, and occurs
at the phase angle as small as 1°. For Titania and Oberon, the minima occur at phase
angles of 1.4 — 1.8°. For Umbriel, the darkest satellite of this group, the minimum
occurs most likely at 2.4°, or even at a larger phase angle (not covered by the
observations). There is a trend of shifting polarisation minima towards smaller phase
angles as the albedo increases (Afanasiev et al. 2014).

3.5 Comparison of the polarimetric properties
Polarimetric observations were obtained mainly for the largest objects orbiting at

Jupiter’s heliocentric distance and beyond. Although these data covered limited
phase angles close to opposition, they revealed some very interesting features. The
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main finding is the surprising diversity in the polarisation behaviour at small phase
angles.

A wide negative polarisation branch is observed for Jupiter’s Trojans, the irregular
dark Jovian satellite Himalia, and the dark carbon-rich leading hemisphere of Calisto.
The polarisation minima of these objects occur at phase angles of 7 — 10°, and reach
Ppyin from —0.85% to —1.6% resembling the phase-polarisation curves of low-albedo
asteroids and of the Moon. All other distant objects measured with polarimetry reveal
a shift of polarisation minima towards smaller phase angles, with minimum angle
%min < 5°.

The deep negative polarisation branch near opposition can be explained by the
coherent back-scattering mechanism, which is effective for high-albedo surfaces
(e.g., Muinonen et al. 2012, see also Sect. 6). According to theoretical modelling, the
photometric opposition effect should be accompanied by a polarisation opposition
effect of the same angular width (e.g., Mishchenko and Dlugach 1993). The
pronounced negative polarisation measured at o < 1° for the high-albedo Galilean
satellites of Jupiter (Rosenbush et al. 1997) provided observational confirmation of
the existence of a polarisation opposition effect for surfaces of Solar System bodies.
The shape of the polarisation effect due to coherent back-scattering has long been the
subject of debate. The question was whether the effect manifests itself as a sharp
minimum of negative polarisation at small phase angles, superimposed on a regular
wide negative polarisation branch (Rosenbush et al. 1997, 2015), or as a very
asymmetric shape of the negative polarisation branch with Py, shifted towards small
phase angles. Recent detailed observations of Europa (Kiselev et al. 2022a) gave a
definitive answer to this question. They did not confirm a bimodal phase-angle
dependence of Europa, and revealed that its polarisation phase curve has a highly
asymmetric shape with a minimum P, = —0.3% at sub-degree phase angle and an
inversion angle at 6 — 7° (Kiselev et al. 2022a).

An asymmetric shape of polarisation phase curves with a shift of o, towards
small phase angles is inherent not only to bright distant objects, but also to moderate
and low-albedo objects, such as Centaurs Chiron and Pholus, which have albedos of
0.16 and 0.07, respectively (Belskaya et al. 2010). These objects, as well as the
observed moderate-albedo TNOs with diameters of less than 700 km, show a deep
polarisation branch at small phase angles, reaching —1.5 to —2% at o ~ 1.5 — 2°.
The observed Uranian satellites have similar polarisation properties at small phase
angles. Such polarisation phase angle behaviour can be reproduced by assuming two-
component surface media consistent of dark and bright scatterers (e.g., Bagnulo et al.
2006). Laboratory measurements have shown that a mixture of two fine powders of
different albedos sharply enhances the negative polarisation (Shkuratov 1987,
Spadaccia et al. 2022). Moreover, in the negative polarisation branch, the mixing
effect was found to dominate over contribution of particle size and porosity effects
(Spadaccia et al. 2022). Thus, the mixture of various amounts of ices and carbon-rich
dust on surfaces of TNOs, Centaurs, and satellites may be responsible for the
observed diversity of their polarisation phase behaviours.

The dependence of the polarisation parameters of distant objects on albedo is
rather weak. Figure 10 shows the dependence of P, on albedo for all objects
considered in this Section. Note that for TNOs, we plotted the measured maximum of
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the absolute value of polarisation, |Py;,|, which may be smaller than the actual value
Of | Pmin|. The polarisation minima of objects with albedo > 0.4 vary from —0.2 % to
—0.8 %. Different depths of negative polarisation were measured for methane-ice
and water-ice rich TNOs despite their similar albedo (Belskaya et al. 2008c). The
polarisation parameters of the icy Uranian satellites differ significantly from those of
the icy Jovian and Saturnian satellites. For dark objects with albedo <0.08, an
opposite trend is observed in the albedo-P;, relationship, due to the saturation
effect. All this demonstrates that, unlike for asteroids, albedo is not the main factor
responsible for the polarimetric properties.

4 Comets

Comets, conglomerates of dust and ice particles, are one of the least-altered building
blocks of planetesimals left over from the Solar System formation epoch. As comets
travel towards the inner Solar System, ice particles sublimate and drag dust out,
causing cometary activity. The activity is determined by the intrinsic properties of the
nuclei that result from the nature of the environment to which individual comets have
been exposed since formation. Therefore, comets provide us with an easy way to
relate observations to early environmental conditions of our Solar System.

Sunlight incident on a comet is reflected either by its nucleus or by its coma (with
a typical albedo of ~4 % and ~ 10 %, respectively; Lamy et al. 2004; Kolokolova
et al. 2004) and is observed as scattered light in the optical and near-infrared spectral
domains (mostly ~ 0.4 — 2.5 um). This scattered light has been studied using a
variety of techniques, depending on the properties of the electromagnetic field of
interest, and this section focuses exclusively on linear polarimetric aspects of comets.

@ Springer



Polarimetry of Solar System minor bodies and planets Page 31 of 103 7

A key benefit of polarimetry is the ability to provide oscillatory information on the
light, whose direction and magnitude are determined by the characteristics of the
scattering medium. Comets can be theoretically modelled either assuming single
scattering (by dust or gas particles from tails and comae) or multiple scattering (by
nuclei). We will devote most of our attention to the first environment, specifically the
scattering properties of dust particles forming comae and tails.

Since Arago (1820) introduced astronomical polarimetry, this technique has been
used widely to explore the dust environments of comets. A comprehensive summary
of polarimetric research conducted over 150 years can be found in the chapter on
comets by Kiselev et al. (2015) in the book Polarimetry of Stars and Planetary
Systems (Kolokolova et al. 2015). NASA Planetary Data System (PDS) Small Body
Node? (Kiselev et al. 2017) archives data on ~ 65 comets from 1940 to 2017 (mostly
to early 2010). More than 60 papers have been published on comet polarimetry since
then, whilst in situ space missions as well as laboratory experiments and upgraded
numerical modelling techniques have greatly advanced our understanding of comets.
An upcoming European F-class mission, Comet Interceptor (Jones et al. 2024), will
incorporate a polarimeter (Entire Visible Sky camera, EnVisS; Da Deppo et al. 2021)
onboard to map and examine the entire coma environment of a dynamically new
comet from the Oort cloud; hence, it is timely to revisit existing polarimetric
observations of comets, in conjunction with new findings. The following subsections
will present polarimetric observations (Sect. 4.2), discuss current interpretations
(Sect. 4.3), and raise open questions that require independent evaluation (Sect. 4.4).
For an overview of previous work in the field, we refer the readers to Kiselev et al.
(2015).

4.1 Methodology

As with other Solar System bodies discussed in this review, the scattering plane
defines a geometrical basis in comet polarimetry. Appendix A provides detailed
descriptions of the observations, calibrations, and extraction of intrinsic polarimetric
parameters.

Along with the fundamental differences in comets resulting from long-term
differences in the environment during their formation and evolution, cometary
activity and their ejecta properties vary over a relatively short, testable timescale as
they orbit the Sun. This secular evolution of comets can be measured by polarisation
P., which depends on the observation geometry, particularly the phase angle o (angle
of the Sun—comet—FEarth), and often on its location in the cometary coma.
Polarisation also varies with wavelengths, reflecting the wavelength dependence on
the dust’s complex refractive index.

Each method of polarimetric measurement is suitable for studying a certain
polarimetric dependence. Several widely used methodologies are listed here, along
with their benefits and drawbacks. The most widely used method of polarimetry is
aperture polarimetry as it integrates all the signals over a finite aperture, which
alleviates inherent brightness limitations in polarimetry. P, of comets are often

2 https://pdssbn.astro.umd.edu/holdings/ear-c-compil-5-db-comet-polarimetry-v1.0/dataset.shtml
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measured at a particular or restricted range of o (e.g., Fig. 11), and their collective
dependence on « is characterised as the so-called polarisation-phase curves. This
method is useful for quickly comparing bulk properties between different comets
based on the curve shape, but it loses spatial information due to the averaging of
signals across the coma. This limitation can be solved with imaging polarimetry by
measuring local P; values in the coma and mapping their variations as dust is ejected
from the nucleus, correlating the observables to the distribution of distinct dust
populations. This method provides visually compelling information about dust
environments, whilst a special care must be taken to ensure that photocentres are
aligned properly in building P, maps to avoid any misleading results (Sects. 4.2.3
and 4.4). Finally, spectropolarimetry allows the measurement of the wavelength
dependence of P;, allowing simultaneous measurements of P; at a given wavelength
and spectral gradients of P, and intensity. This observing technique has the advantage
of providing multiple characteristics of the scattered light simultaneously, but it
should be kept in mind that, due to the nature of the currently available
spectropolarimeters, it is not efficient at providing spatial information.

4.2 Main observational results in linear polarisation

This section presents the main observations obtained by each observing method,
focussing on the recent publications made since the review of Kiselev et al. (2015).

4.2.1 Polarisation-phase curve

Cometary dust particles with low albedo and porous, irregular aggregate structure
exhibit a bell-shaped polarisation dependence on phase angle P;(x), as shown in
Fig. 11, whose shape can be depicted by six parameters (Fig. 2): minimum degree of
polarisation Py, and its phase angle o, at =~ 10 — 12° marking the geometry of
most negative polarisation, the so-called inversion angle o;,, at ~22° where P,
changes its sign from negative to positive and, thus, P, = 0%, the slope / over +5°
therearound, maximum degree of polarisation Py,,x and its phase angle o,y at ~ 95°.
Phases smaller or larger than a;,, are referred to as the negative polarisation branch
(NPB) and positive polarisation branch (PPB), respectively. The polarisation-phase
curve of a single comet represents the ensemble properties of the ejected dust
particles averaged throughout its apparition, as detailed makeups of cometary dust at
a given phase are likely to evolve as comets orbit the Sun.

We used an empirical trigonometric function (Lumme and Muinonen 1993) to
parameterise polarisation-phase curves of cometary dust (Eq. 7), where 4, B, C, and
oiny are wavelength-dependent parameters (Penttild et al. 2005). A polarisation-phase
curve is commonly created by combining observations of different comets conducted
over a certain o range due to their limited observability from the Earth. For this
reason, the relative excess of P; at a given o compared to the average (interpolated)
trend value of all available comets, fitted by Eq. (7), has been often used to quickly
grasp a comet’s relative dust environment.

Figure 11 illustrates dust polarisation-phase curves in the R (0.62—0.73 pm) and K
(2.00-2.39 um) filter regions, which were chosen for their large number of available
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data points as representative optical and near-infrared bands. There is relatively less
contamination from gas molecules in the R filter region than in the shorter
wavelengths (e.g., C; at 4 < 0.6 um; Meech and Svoren 2004). However, as NH,
would affect the R band significantly (Kiselev et al. 2004; Kwon et al. 2017), we here
only considered 1) datasets acquired with narrow-to-intermediate continuum filters
(full width half-maximum, FWHM, < 0.05 um), 2) datasets showing a strong dust
influence over gas, and/or 3) datasets obtained outside of the inner Solar System (ry
2 2 au) to minimise the gas influence. In the K-filter wavelength, thermal emission
from dust possibly lowers intrinsic P; signals by up to ~ 30 % when observations are
made at ry < 1 au (Oishi et al. 1978a, b). Hence, we only took into account the
datasets obtained outside of 1 au of the Sun.

There is a general similarity in the polarisation-phase curves of dust from comets
of different dynamical groups, whose best-fit parameters are 4 = 0.318 + 0.001, B =
0.742 + 0.003, C = 0.297 £ 0.006, and ajny = 21.36° + 0.03° in the R filter and 4 =
0.314 + 0.003, B =0.968 + 0.033, C = 3.271 + 0.022, and ajpy = 13.36° £ 0.26° in
the K filter. In both bands, 1P/Halley is observed throughout a wide o range, defining
the overall shape of the curves. C/1995 O1 (Hale-Bopp) in the 1997 apparition still
holds the throne in the R filter region (Fig. 11a) for its significantly higher P, values
compared to typical Solar System comets over o ~ 0-40° (Hadamcik and
Levasseur-Regourd 2003a). The first active interstellar comet 2I/Borisov shows
comparably high P, at similar geometry (Bagnulo et al. 2021). Disintegrating comet
C/2019 Y4 (ATLAS) appears to have similarly high P, (Zubko et al. 2020). 2P/Encke
at large phases exhibits abnormally high P;, with its derived Pp,x being nearly 10 %
higher than most comets (Jockers et al. 2005; Kwon et al. 2018). With its large
variation in P, with aperture size, 2P/Encke at high « measures at its highest P, near
the nucleus and drops to the level of diatomic gas molecules at distant radial
distances (Kiselev et al. 2015 and references therein). In contrast, 21P/Giacobini-
Zinner consistently has a lower P, than comets in similar phases (Chornaya et al.
2020). It appears that the K-domain curve exhibits a relatively shallower NPB and
higher Pp.x, allowing C/1995 O1 (Hale-Bopp) to deviate from the average trend less
than it shows at shorter wavelengths. However, the small number of data points in
small and large o (<20° and 2 80°) and large scatter in the measurements require
more observations for accurate estimation of the phase dependence in this
wavelength.

Whilst comets as a whole exhibit broadly similar polarisation-phase patterns,
some discernible differences are present, even after accounting for the instrumen-
tation and aperture sizes used in different observations. We will discuss the possible
causes of this dispersion of comet polarisation in Sect. 4.3.

4.2.2 Polarisation spectra

Spectropolarimetry or (quasi-)simultaneous multi-band aperture polarimetry mea-
surements provide spectral gradients of polarisation P;(4). Here, we introduce the so-
called ‘polarimetric colour (PC)’ in units of % per micrometres (%opt. per pum), which
is expressed as
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Fig. 11 Polarisation-phase curve of cometary dust in the R (left) and K (right) filter regions. The solid lines
and coloured areas represent the trigonometric fit lines (Eq. (7)) with their 1¢ uncertainties. Most data sets
were from NASA/PDS comet polarimetry archives published in 2006 (Kiselev et al. 2005) and 2017
(Kiselev et al. 2017), but new measurements omitted or made after 2017 have also been included: 1P/
Halley (Brooke et al. 1987), 2P/Encke (Kwon et al. 2018), 29P/Schwassmann-Wachmann (Kochergin et al.
2021), 67P/Churyumov-Gerasimenko (Stinson et al. 2016; Rosenbush et al. 2017; Kwon et al. 2022a),
78P/Gehrels (Roy Choudhury et al. 2014), 252P/LINEAR (Kwon et al. 2019), 290P/Jager (Roy
Choudhury et al. 2015; Deb Roy et al. 2015b), C/2001 Q4 (NEAT) (Ganesh et al. 2009), C/2007 N3
(Lulin) (Woodward et al. 2011; Roy Choudhury et al. 2015), C/2011 L4 (PANSTARRS) (Roy Choudhury
et al. 2015), C/2012 L2 (LINEAR) (Deb Roy et al. 2015a), C/2013 US10 (Catalina) (Kwon et al. 2017),
C/2013 V1 (Boattini) (Deb Roy et al. 2015b), C/2017 K2 (PANSTARRS) (Kochergin et al. 2023; Kwon
et al. 2024), and 2I/Borisov (Bagnulo et al. 2021)
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where P, (/) is the polarisation in % measured at wavelength 4 in micrometres (1, >
A1)- Regardless of its sign, PC is labelled as positive (red PC) or negative (blue PC)
when the absolute P, increases or decreases with wavelength, respectively.

PC of cometary dust varies with o, shown as a colour gradient in Fig. 12. The
measurements in the figure were obtained from the NASA/PDS comet polarimetry
archives (Kiselev et al. 2005, 2017) as well as literature published afterwards, whose
references are provided in the figure caption. Data selection was performed according
to the same criteria as for polarisation-phase curves (Fig. 11), to minimise the
depolarising effects of gas molecules below 0.7 um. We used K-band polarisation
degrees of C/1975 V1 (West) corrected for thermal emission instead of the observed
values (Fig. 3 in Oishi et al. 1978a).

Cometary dust polarisation slopes change to naught as the phase approaches the
inversion angle in the NPB and turn back to red as the phase keeps increasing in the
PPB, similar to the trend in asteroids (e.g., Bagnulo et al. 2015; Kwon et al. 2023). In
general, cometary dust exhibits red, broadly linear PC in the visible (up to ~ 0.9 pm,
equivalent to the I-filter wavelength) in the PPB. At wavelengths longward of ~ 1
pum, the red PC flattens or for some comets, which reverses its slope at ~ 1.6 pm
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(equivalent to the J-filter wavelength) in the PPB as shown in C/1995 O1 (Hale-
Bopp) (Brooke et al. 1987; Kikuchi et al. 1987; Hasegawa et al. 1997). This
downturn can be attributed to external factors, such as thermal emission in the K
band (at ~2.2 pm) when comets approach the Sun to <1 au (e.g., Oishi et al.
1978a), and/or reflect dust’s intrinsic properties involving the packing density,
causing multiple scattering and thus depolarisation at longer wavelengths
(Kolokolova and Kimura 2010). In the latter case, individual comets may experience
slope inversion at different wavelengths, whose implications on dust particle
properties are discussed in Sect. 4.3. In addition to typical comets having a largely
similar PC trend and its dependence on «, there are some comets with neutral (or
grey) PC in comparison to the expected values at the given phase, particularly 2P/
Encke (Kwon et al. 2018), or comets with abnormal blue PC in the PPB, such as
fragments of 73P/Schwassmann-Wachmann 3 and 21P/Giacobini-Zinner (Fig. 22.5
in Kiselev et al. (2015) and references therein).

4.2.3 Polarisation mapping

Dust particles in the coma interact with external forces such as gas drag force from
sublimated ice, solar radiation pressure, and solar gravity (Fulle 2004; Agarwal et al.
2024), drawing a unique trajectory based on their intrinsic properties. Imaging
polarimetry allows us to observe dust moving away from the nucleus, with its
observed level of polarimetric homogeneity of the coma providing insight into the
dust environment on the nucleus surface as well as the ensemble properties of dust
ejecta.

Approximately three dozen comets have been observed using imaging polarime-
try. Some active comets show anisotropic coma features with different P; from the
background coma, such as jets, spirals, fans, and circumnucleus halos (e.g., Renard
et al. 1996; Hadamcik and Levasseur-Regourd 2003b). A prime example is C/1995
O1 (Hale-Bopp), which displayed all the above coma features due to its all-time high
activity throughout the apparition (Jones and Gehrz 2000; Hadamcik and Levasseur-
Regourd 2003a). Such variations in P, have been discussed in relation to colour to
suggest dust properties are sorted along the tail of comets (Borisov et al. 2015; Roy
Choudhury et al. 2015; Rosenbush et al. 2017; Ivanova et al. 2017; Kiselev et al.
2020). Meanwhilst, comets occasionally lack distinctive polarimetric features,
allowing one characteristic value to describe their polarimetric state. The first active
interstellar comet 2I/Borisov, whose activity properties are consistent with Solar
System comets (Opitom et al. 2019; Guzik et al. 2020), has a homogeneous coma in
its dust continuum P, (Bagnulo et al. 2021). Polarimetric maps of hyperactive Oort-
cloud comet C/2017 K2 also show a homogeneous coma over a wide range of its
inbound legs (Zhang et al. 2022; Kwon et al. 2024). Likewise, comet 67P/
Chuyrumov-Gerasimenko has shown constant polarisation degrees in the dust coma
region (Kwon et al. 2022a; Gray et al. 2024a), though a discrepancy between
research groups needs to be verified (Sect. 4.4). Such spatial-invariant polarisation
degrees in the coma can be explained by the ejection of highly mobile dust particles
(either due to their small size or equivalently high porosity), which implies that the
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Fig. 12 Spectral gradient of polarisation degree of coma dust particles coloured in a gradient of phase
angle. Measurements of Halley-type comets include 1P/Halley (Brooke et al. 1987; Kikuchi et al. 1987)
and 109P/Swift-Tuttle (Kikuchi 2006). Measurements of C/1995 O1 (Hale-Bopp) came from Hasegawa
et al. (1997), Kikuchi (2006), whilst 2I/Borisov data were from Bagnulo et al. (2021). Measurements of
Long-period comets include C/1975 V1 (West) (Oishi et al. 1978a), C/1985 R1 (Hartley-Good) (Brooke
et al. 1987), C/1987 P1 (Bradfield) (Kikuchi et al. 1989), C/1990 K1 (Levy) (Rosenbush et al. 1994),
C/1996 B2 (Hyakutake) (Kikuchi 2006), C/2000 WM1 (LINEAR) (Joshi et al. 2003; Jockers et al.
Unpublished), C/2009 P1 (Garradd) (Ivanova et al. 2017), C/2013 R1 (Lovejoy) (Borisov et al. 2015), and
C/2020 T2 (Palomar) (Kwon et al. 2022b). Measurements of Jupiter-family comets include 22P/Kopff
(Myers 1985; Chernova et al. 1993) and 252P/LINEAR (Kwon et al. 2019)

nucleus surface (or at least the source region) is relatively primitive (Kolokolova
et al. 2007; Kwon et al. 2021; Bagnulo et al. 2021).

4.2.4 Polarisation by gas molecules

As the nucleus releases complex molecules, they interact with solar photons and
become photo-dissociated. The photo-dissociated products, generally known as
secondary or daughter molecules (e.g., C;, NH,, and CN; Feldman et al. 2004),
produce emission features in the optical domain, particularly foresting at wavelengths
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shorter than 0.65 pum, where most comet studies have been conducted because of its
high S/N (Swamy 2010).

Gas and dust coma species exhibit markedly different polarisation-phase curves
(Ohman 1941; Le Borgne and Crovisier 1987). The major gas species that contribute
to the observed flux in the optical are the Swan system (d*TI— aIT) for C, at ~ 0.51
um (in the ¥ filter), NH, (A; A; — X, By) over 0.56-—0.74 pm (in the R filter), and
CN-red band (4°IT — X2X") at ~0.80 and 0.92 pm (in the I filter). The polarisation-
phase curve of excitation-induced fluorescence anisotropy (or fluorescence polari-
sation) is similar to Rayleigh scattering as

Prmax sin’ () 9)
1 + Pmax c0s2(a)

gas —

scaled by pmax, the maximum polarisation value at « = 90°. In the above list of
optically dominant molecules, C, and C; are the species whose polarisation-phase
curves fairly follow the curve with a theoretical py,, value of ~7.7 % (Mrozowski
1936). Figure 13 illustrates the P, distribution of gas molecules as a function of o,
overlaid with a theoretical phase curve for diatomic molecules (Feofilov 1961). There
appears to be significant dispersion in the P; values of the NH, o and CN-red bands
with respect to the theoretical curve (Rosenbush et al. 2002; Kwon et al. 2018), with
each transition displaying distinct P, values depending on the type of transition
involved (i.e., P and R branches induced by fluorescent excitation of AJ = +1,
respectively, and Q branch induced by resonant transitions of AJ = 0, where J
denotes a rotational quantum number; Feofilov 1961; Le Borgne and Crovisier
1987).

Gas contamination might have negligible effects on observed signals in dust-rich
comets and those made around nuclei (e.g., Zubko et al. 2020; Zheltobryukhov et al.
2020). However, when it comes to observations of active comets with fresh surfaces
having relatively abundant ice particles near the surface layers as Comet Interceptor
mission aims to observe near perihelion (i.e., at large o), the leakage correction
becomes vital as gas flux possibly accounts for up to a few tens of percent of
observed signals at moderate distances from the nucleus (e.g., Kwon et al. 2017;
Kiselev et al. 2020).

4.2.5 Polarisation by comet nuclei

There has been evidence over the past decade that comet nuclei and carbon-rich
primitive asteroids are not distinct populations but rather a continuum. The European
Space Agency’s Rosetta spacecraft on comet 67P/Churyumov-Gerasimenko detected
a clear band of N—H absorption at 3.1 pm (Poch et al. 2020) and a forest of C—H
bands at ~ 3.4 pm on its surface (Raponi et al. 2020). Those bands have also been
observed for several low-albedo asteroids, including (1) Ceres (De Sanctis et al.
2019; Raponi et al. 2019) and Jupiter Trojans (Brown 2016). The observations
strongly suggest that similar ingredients might have been available during the
accretion phases, and hence, that their origins overlapped to some degree.
Furthermore, the James Webb Space Telescope detected water vapour on 238P/
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Fig. 13 Phase-angle dependence of the polarisation degree of gas molecules dominant in the optical
wavelength. Polarisation-phase curves of cometary dust in the R domain (Fig. 11a) and of theoretically
predicted diatomic molecules (Mrozowski 1936; Feofilov 1961) are overlaid for comparison. The
following measurements were used in this plot: C, of 1P/Halley (Le Borgne et al. 1987a, b; Chernova et al.
1993), 2P/Encke (Kwon et al. 2018), 23P/Brorsen-Metcalf, 27P/Crommelin, 67P/Churyumov-
Gerasimenko (Chernova et al. 1993), C/1985 R1 (Hartley-Good) (Le Borgne et al. 1987b), C/1988 Al
(Liller) (Chernova et al. 1993), and C/1989 X1 (Austin) (Joshi et al. 1992; Chernova et al. 1993; Kikuchi
2006); CN of 1P/Halley (Le Borgne et al. 1987b; Chernova et al. 1993), C/1989 X1 (Austin) (Joshi et al.
1992), and 2P/Encke (Kwon et al. 2018); C3 of 1P/Halley (Le Borgne et al. 1987a), C/1985 R1 (Hartley-
Good) (Le Borgne et al. 1987b), and C/1989 X1 (Austin) (Joshi et al. 1992); OH of 1P/Halley (Le Borgne
et al. 1987a); CO+ of C/1989 X1 (Austin) (Joshi et al. 1992); and NH, « bands of 2P/Encke (Kwon et al.
2018) and C/2001 A2 (LINEAR) (Rosenbush et al. 2002)

Read, a main belt comet that displays comet-like dust ejection activity but in
asteroidal orbits, supporting today’s widespread presence of volatile similar to
comets (Kelley et al. 2023).

Comet nuclei scatter in the same way as asteroids’ regolith. However, observing
comet nuclei with polarimetry is often challenging, since they are almost always
surrounded by diffuse, optically sensitive coma dust, and their signal rapidly dims as
comets get further from the Sun. There have been some polarimetric measurements
of primitive small bodies that indicate an affinity between their dust and that found
on comets: the nuclei of comet 2P/Encke and main belt comet 133P/Elst-Pizarro
(Bagnulo et al. 2010) share a similar polarisation-phase curve with each other and
also with those of F or B asteroids, whose thermal properties well match with the
presence of abundant ice mixed with fine-grained dust (e.g., Jiang et al. 2023), in
both the NPB (Belskaya et al. 2005; Cellino et al. 2018; Kwon et al. 2023) and the
PPB (Hadamcik et al. 2023). Further polarimetric observations of comet nuclei are
required for a systematic quantitative analysis of the light-scattering characteristics of
primitive small bodies.

4.3 Insights provided by comet polarimetry
Measurements of the polarimetric behaviour of cometary dust can be related to the

particles’ microscale physical makeups and compositions. The following sections
summarise three key insights gained from polarimetry into comet evolution.
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4.3.1 Phase-angle dependence of linear polarisation

Although dust ejected by different comet populations exhibits similar polarisation-
phase curves in a broad sense (Fig. 11), some comets have large variations in P, with
aperture size (radial P, gradients). This prevents one characteristic P, value from
describing their dust coma environment. Kolokolova et al. (2007) showed a
correlation between the intensity of the silicate emission bands at thermal infrared (an
emission band plateau at ~ 10 pm) and the perihelion distance of comets. Based on
this result, the authors proposed that dust distribution across the coma, primarily
determined by dust mobility related to its porosity, would contribute to the aperture-
size dependence of P; values in cometary dust. Considering that dust of high porosity
can explain prominent 10-pum silicate emission (Wooden 2002), Kolokolova et al.
(2007) found that comets orbiting the Sun closer and for longer times that show
relatively low maximum P; likely accommodate lower porosity, more consolidated
coma dust, and thus tend to show weaker silicate features. Kwon et al. (2021)
elaborated on this idea by showing that relative P, excesses from the average trend
line in the K band (e.g., Fig. 11) would effectively distinguish such dust structural
differences.

Dust having large light-scattering efficiencies (due to higher porosity and/or small
size) is more susceptible to solar radiation pressure pushing them away from the Sun
(Burns et al. 1979; Fulle 2004). A difference in dust mobility leads dust to be sorted
across a coma, affecting local dust-to-gas flux ratios. As a consequence, polarimetry
covering >10° km from the photocentre of comets would be influenced by relatively
low (high) contamination by depolarising gas molecules and characterised by high
(low) porosity dust. The dichotomy in dust environments would be further linked to
the classification of comets as Type I or Type II (Gehrz and Ney 1992): a relatively
steep P; radial dependence is observed in Type I comets due to the dominance of
low-porosity dust particles (i.e., higher gas contamination impacts), whereas Type 11
comets exhibit a relatively constant P, across the coma due to the high-porosity and
thus highly mobile dust particles. Accordingly, Type I and Type II comets are
diagnosed as gas-rich and dust-rich in optical wavelengths (Swamy 2010).

It is not always true that a higher P, corresponds to a smaller/higher-porosity coma
dust. For instance, coma dust particles from C/1995 O1 (Hale-Bopp) and 2P/Encke
both show significant P, excess compared to other comets’ coma dust particles at
similar geometries (Fig. 1la). The 2P/Encke dust environment, however, shows
rather opposite characteristics to C/1995 O1 (Hale-Bopp), with decimetre-sized
chunks dominating the inner coma region and negligible 10-um silicate emission
features (Gehrz et al. 1989; Kelley et al. 2006; Kwon et al. 2018; Kiselev et al. 2020).
These low-albedo large dust chunks (2100 um in size) display optical properties
more similar to comet nuclei than diffuse dust particles and are characterised by high
P, values on account of enhanced single surface scattering (Hadamcik and
Levasseur-Regourd 2009).

Besides the physical aspects, dust may also have various compositions, such as an
abundance of carbon-chain molecules or silicates (A’Hearn et al. 1995; Hanner and
Bradley 2004). Primary elements of cometary dust are silicates (mostly olivine and

@ Springer



7 Page 40 of 103 S. Bagnulo et al.

pyroxene with varying Mg and Fe ratios), carbonaceous materials, sulphides, and ice
(Levasseur-Regourd et al. 2018). Each material has a different total absorptivity of
distinct imaginary parts m; of the complex refractive index m and thus affects the
observed polarimetric properties (Kolokolova and Jockers 1997; Gustafson and
Kolokolova 1999; Zubko et al. 2016). If the observed P, distributions of dust from
different comets purely result from their compositional diversity, transparent (smaller
m;) particles like water ice and silicates enhance multiple scattering, causing the
angles of scattered light to be randomised (depolarisation). In contrast, absorbing
(larger m;) particles like carbonaceous materials increase P, by suppressing multiple
scattering and enhancing single scattering at the surface. Water ice embedded in dust
particles has yet to be detected directly by comet polarimetry, but indirect evidence of
ice sublimation has been proposed based on changes in P, with cometocentric
distance (Jones et al. 2008; Rosenbush et al. 2017).

It must be noted that the polarisation-phase curve alone cannot pinpoint a unique
solution to dust nature. Even though it is possible to reproduce measured P, at a
certain o quite easily by adjusting only one aspect of dust (e.g., varying compositions
with fixed physical properties or vice versa), often multiple solutions exist that can
explain the observations. Finding a scenario compatible with polarimetric results as
well as non-polarimetric observations (e.g., albedo or dust colour) can alleviate the
degeneration.

4.3.2 Wavelength dependence of linear polarisation

Polarisation provides the most sensitive information about scattering media over a
dust scale with sizes similar to or several times the wavelength of light. The widely
accepted structure of cometary dust — hierarchical structure made up of different
scales of dust clusters (Levasseur-Regourd et al. 2018; Giittler et al. 2019)—enables
polarisation in optical and near-infrared wavelengths to examine different scales of
dust units likely having different properties. Near-infrared light (e.g., the K domain at
~ 2.2 um and longer) covers multiple dust grains, where polarimetric colour in this
wavelength can reflect ensemble properties of dust aggregates resulting from the
interaction between the dust constituents, such as the aggregation status (i.e.,
structure and porosity) and bulk composition. Comparatively, dust grains or the so-
called monomers on the order of ~ 0.1—1 pm (Mannel et al. 2019) are the dust units
optical polarimetry most sensitively explores, thereby polarimetric colour at this
wavelength represents more of the characteristics of individual scattering units. As a
consequence, infrared wavelengths can exhibit more electromagnetic interactions
between the monomers compared to shorter wavelengths.

The interaction strength between dipole-like monomers decreases as >, where r
is the distance between the two dipoles (Eq. (1.56) from Jackson 1998), and dust
aggregate geometry is directly influenced by the mechanical properties of dust (such
as its structure and porosity). Compact dust aggregates exhibit stronger interactions
between monomers than less compact dust, since a greater number of monomers are
present at a given wavelength. It is therefore useful to compare wavelength
dependence of P; of dust from various comets to diagnose their relative bulk
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structural differences. Both observations and modelling have corroborated this idea
(Gustafson and Kolokolova 1999; Kolokolova and Kimura 2010; Kwon et al.
2019, 2022b).

Dust composition can also effectively affect the interaction distance. Increasing
(decreasing) dust’s total absorption would suppress (enhance) multiple scattering,
which has an equivalent effect to diminishing (increasing) mutual interactions and
results in redder (bluer) polarimetric colours (Rouleau and Martin 1991; Warren
2019). A depletion of organic molecules in fine-scale dust has been proposed as a
plausible explanation for several comets with blue polarimetric colours in the optical
wavelength (Kiselev et al. 2015 and references therein).

4.3.3 Plausible relationship with comet dynamics

With an increasing number of comet observations, researchers are searching for
macroscopic trends in dust properties between comets with different dynamics.
Comets are classified into two primary groups based on their dynamical properties
(Dones et al. 2015 for a review): Jupiter-family comets (JFCs) and Oort-cloud comets
(OCCs). As a class of short-period (<20 yrs) comets, including Encke types, JFCs
originate from the Scattered disc beyond Neptune, and Jupiter’s motion largely
influences their dynamics (Duncan and Levison 1997; Nesvorny et al. 2017).
Conversely, OCCs, or long-period comets (>200 yrs) that are further divided into
dynamically new and old comets from the Oort cloud, spend most of their time on the
cryogenic (T ~ 10 K) outskirts of the Solar System and pass by the Sun once every
million years or in their lifetime (Vokrouhlicky et al. 2019).

In comets orbiting towards the inner Solar System, grain properties may vary as a
function of nucleus depth, since solar radiation and heating tend to deplete volatiles
near the surface (Prialnik et al. 2004). A frequent visit to the Sun naturally leads JFCs
to develop relatively more altered surface layers compared to OCCs. Accordingly,
OCCs tend to display higher levels of activity (e.g., Garcia et al. 2020) and peacock
various coma features, such as jets, spirals, and circumnucleus haloes, implying that
more abundant fresh particles may reside on the surface or in the near-surface layer
of their nuclei (Hines and Levasseur-Regourd 2016). Dust particles ejected from the
subsurface by active JFCs near the Sun (Gundlach et al. 2020) and shortly after the
Deep Impact experiment on 9P/Tempel 1 are found to have polarimetric properties
similar to those characteristic of OCCs (Hadamcik and Levasseur-Regourd 2009).
Supporting evidence indicates that comets with a small perihelion distance have a
smaller P; at the given phase, ensuring that solar radiation is the primary source of
dust modification (Kolokolova et al. 2007; Kwon et al. 2021).

Recent research has focussed on the diversity of a dynamic population, especially
amongst OCCs. OCCs exhibit a broad range of activity as evidenced by their
brightness, coma morphology, and their evolution as a function of heliocentric
distance (Meech et al. 2016; Licandro et al. 2019; Garcia et al. 2020). A census-wise
systematic approach to linking dust characteristics with comet dynamics in comet
polarimetry is still in its infancy; Nonetheless, recent polarimetric studies have shown
that sub-populations of OCCs may possess distinct dust properties, suggesting a
potential heterogeneity of OCCs that comprise the present-day Oort cloud in their
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formation and/or evolution (e.g., Ivanova et al. 2021; Kwon et al. 2022b; Ivanova
et al. 2023b). In this respect, polarimetry on distant comets (comets with perihelion
distances beyond the sublimation region) is a relatively new field that has revealed
differences from the majority of comet populations in aperture polarimetry
(Sect. 4.2.1). In particular, distant comets tend to exhibit sharp radial dependences
in P, and colour, which, combined with the much redder nucleus colour and
prominent jets, suggests the active fragmentation of icy, organic-rich dust particles in
the coma (e.g., Ivanova et al. 2015; Dlugach et al. 2018; Ivanova et al. 2019, 2023b).
Distant comets are thought to undergo rapid changes in their perihelion as they
journey towards the inner Solar System from the inner Oort cloud (Fouchard et al.
2017). The use of comet polarimetry to link dust characteristics with comet dynamics
in a census-wise systematic approach will provide a deeper understanding of the
evolution of the Solar System.

4.4 Open questions

Several findings in comet polarimetry require further confirmation by independent
research groups before a consensus can be reached.

One example of an open question is measuring circular polarisation (CP) of coma
dust. CP observations have been carried out on a dozen active comets in imaging
polarimetric mode. Most comets show left-handed (negative) circular polarisation at
diverse observing geometries (Kiselev et al. 2015 for a review). In attempts to
explain left-handed CP dominance, several mechanisms (e.g., dust grain alignments)
have been proposed, all with their own limitations. The origin of comet CP is
unknown at the moment. A concern has been raised about the magnitude and
uncertainty of the measurements, often on the order of 0.01 %, which might be
potentially instrumental. Any optical element that precedes the polarimetric optics
can induce cross-talk from linear to circular polarisation, and its intensity appears to
increase with distance from the field of view centre (Keller 2002; Bagnulo et al.
2002). Figures 10 and 11 of Bagnulo et al. (2009) and Fig. 9 of Siebenmorgen et al.
(2014) show examples of the effect of cross-talk from linear to circular polarisation in
the FORS instrument, and propose the observational strategies to minimise its
impact. Admittedly, whilst instrumental effects can explain the observed CP values,
they cannot explain why the majority of comets show negative CP.

Detection of anisotropic coma features in imaging polarimetry is another
discrepancy. Constructing polarimetry maps for dust coma requires meticulous data
reduction handling. In particular, an incorrect photocentre alignment between the
images used for construction can lead to spurious features near the photocenter, often
seen as exceptionally peaked polarised regions (either negative or positive; Fig. 14).
Imperfect corrections for atmospheric effects or tracking errors can produce
misleading features in the extended coma signal (Zhang et al. 2022; Gray et al.
2024a). This issue is more likely to occur in polarimetric optics without a beam
splitter, since atmospheric variations would be introduced during successive
exposures with varying retarder angles.

Independent cross-checks and open discussions between different research groups,
including determining the future direction of collaborations, are needed to resolve
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Fig. 14 Photocentre misalignment experiment performed with VLT/R-filter data (central wavelength:
0.655 pum) of comet 67P/Churyumov-Gerasimenko. The “No Shift* panel (top left) shows the original data
without deliberate misalignment, whilst the remaining panels show the randomly generated three iterations
of the shift experiment. High-contrast regions are found close to the photocentre in misaligned cases.
Image reproduced with permission from Gray et al. (2024a), copyright by the author(s)

several conflicting issues, which is a crucial first step towards a deeper understanding
of comets.

5 Solar System planets, the Moon, and Titan

Sunlight that is reflected by a planet gets polarised, because it is scattered by gas and
aerosol and cloud particles in the atmosphere (see e.g. Hansen and Travis 1974), if
there is any, and/or because it is reflected by the surface, if there is any. The degree of
polarisation of this reflected light (i.e., the polarised flux divided by the total flux)
and its direction are very sensitive to the microphysical properties of the scattering
particles, such as their size distribution, composition (i.e., their refractive index),
shape, and, for non-symmetric particles, their orientation. The polarisation is also
very sensitive to the packing density of the particles on regolith-like surfaces, and to
the refractive index and macroscopic roughness of other types of surfaces, such as ice
caps or liquids.

Through the wavelength dependence of the optical properties of scattering
particles, the polarisation depends on the wavelength 2 of the light, also because light
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of different wavelengths reaches different regions in a planetary atmosphere and
hence different scatterers. Note that thermal radiation that planets emit can also
become polarised when it is scattered by particles in the atmosphere and/or on the
surface. The degree of polarisation of this radiation is, however, usually small
because of symmetry in the emission and scattering processes (for numerical
examples, see Stolker et al. 2017; de Kok et al. 2011, and references therein). The
few available observations of polarised thermal radiation will be discussed below.

Sunlight that is reflected by a planet is predominantly linearly polarised. The
circularly polarised flux is usually very small as it mostly arises when light is
scattered at least once by particles that are large compared to the wavelength of the
light, such as aerosol or cloud particles (Rayleigh scattering alone does not give rise
to circularly polarised light, as can be deduced from the shape of the single-scattering
matrix, see Egs. (2.14) and (2.15) in Hansen and Travis (1974)). Because circular
polarisation usually only arises upon multiple scattering, it holds less information
about the scattering particles than the linear polarisation, as the latter is mostly due to
singly scattered light. In Eq. (1), the degree of linear polarisation, P;, is defined as
(FL —F))/(FL+F)), with F| and F the fluxes polarised, respectively, perpen-
dicular and parallel to the scattering plane. Regarding light that is scattered by
planets, there can also be a flux component that is polarised under an angle of 45° or
135° with respect to the scattering plane (Stokes parameter U in Eq. Al). However,
when the reflecting atmosphere and/or surface are relatively mirror symmetric with
respect to the reference plane, this latter component is usually small enough to
ignore. We will thus use P, when referring to the degree of polarisation unless stated
otherwise.

The linear polarisation is mostly due to singly scattered light. In particular, the
angular variation of P, such as where the polarisation reaches a maximum and where
it is zero (the ’neutral points’), holds the information on the properties of the
scatterers or reflecting materials as it can be related to the characteristic phase curve
of the singly scattered light. Multiple scattered light usually has a low degree of
polarisation, because the polarisation directions have been randomised. This light
dilutes the absolute degree of polarisation of the reflected light without affecting the
relative angular variation.

We will first discuss the illumination and viewing geometries of planets and their
relation with the phase angle and the single scattering angle (Sect. 5.1). Then, we
cover polarimetric data of all Solar System planets, and Titan (Sects. 5.3— 5.10), but,
like Lyot almost a century ago ( Lyot 1929), starting with the Moon in Sect. 5.2.

5.1 Phase angles and scattering angles

The polarisation of light that has been reflected by a planet is very sensitive to the
local illumination and viewing geometries as these determine the local single-
scattering angle. When observing the planet from afar, such as with an Earth-based
telescope, these geometries across the planet are determined by phase angle o: the
angle between the directions to the Sun and the observer, measured from the centre of
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the planet, see Fig. 1. Given phase angle o, the single scattering angle ® is then equal
to 180° — a.

Whilst ® is the same across the planetary disc, the polarisation signal across the
disc will not be the same because of horizontal and vertical variations in the types of
particles that scatter the light (depending on the local illumination and/or viewing
directions, the incident light will reach different layers of scatterers and/or the light
that emerges from the atmosphere has been scattered in different layers). The
contribution of multiple scattered light, with usually a low degree of polarisation, will
also vary across the disc: the smaller the local solar zenith angle (i.e., the higher the
Sun is above the local horizon) and/or the smaller the local viewing angle (i.e., the
higher the observer is above the local horizon), the larger the fraction of observed
light that has been multiply scattered in the denser lower layers of the atmosphere or,
in the absence of a significant atmosphere, by the particles in the deeper regions of
the surface layer.

When a planet is observed from close-by, from a spacecraft that performs a fly-by
or that is in orbit around the planet, the single scattering angle ® of the observations
varies along the orbit (whilst traditionally the term ’phase angle’ has been used for
planets as a whole, it is sometimes also used for local, spatially resolved
observations).

With an Earth-based telescope (on the ground or in space), Mercury and Venus
can be observed at phase angles close to 0° (at 0°, they are precisely behind the Sun)
to 180° (at precisely 180°, they are transiting the Sun), see Fig. 1. For these planets,
and also for the Moon, we can thus measure (almost) complete flux and polarisation
phase curves. Measuring the polarisation of these planets at the smallest and largest
phase angles is, however, extremely challenging because of the Sun’s proximity and
the very small values of P, at these angles. Indeed, at o = 0° P, of a horizontally
homogeneous planet is zero because of symmetry. Near « = 180°, when the planet’s
dark night side is in view, P; also tends to zero.

From the Earth, the outer planets (and any moons and rings) can only be observed
at o’s ranging from close to 0° to a maximum phase angle 0.y & arcsin 1/D, with D
the distance between the planet and the Sun (in au). For example, o ~ 46° for
Mars, and o, = 11° for Jupiter. Only small parts of their phase curves can thus be
measured. For rough surfaces, the branch of negative polarisation at small phase
angles is very sensitive to the surface properties, but for planetary atmospheres,
intermediate phase angles, where the polarisation is usually larger and where there is
a clear distinction between scattering by gas molecules and scattering by aerosol or
cloud particles, are more informative. For the outer planets, polarimetry is thus best
done from an orbiter or a fly-by spacecraft that offer access to a wide range of phase
angles. Below, we will discuss polarimetric data of the various planets, Titan, and the
Moon as obtained using Earth-based telescopes and, when available, spacecraft.

5.2 The Moon
Lyot (1929) presented polarisation curves of the Moon for phase angles ranging from

1° (this lower limit is determined by lunar eclipses) to 160° (the higher limit is
determined by the light of the Earth’s sky when the Moon is visible at those phase
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angles). An important discovery of Lyot was the branch of negative polarisation for o
smaller than approximately 23°, with a minimum value of P; (for the lunar disc as a
whole) of about —1.2% at « = 11°. For o > 23°, the lunar polarisation is positive,
steadily increasing with o until a maximum Py, is reached, and then decreasing
again. An example of a phase curve with such a shape is shown in Fig. 2. Lyot’s
phase curves measured before the full Moon differed from those measured after the
full Moon, with in particular a Py,,x of almost 8.8% near oo = 110° before full Moon,
and a maximum of 6.6% at o = 100° after full Moon. Lyot inferred that this
difference was due to the fact that the lunar surface that is illuminated before full
Moon has a larger coverage by the darker ’seas’, which he found to have a higher
polarisation than the brighter “highlands’. From a comparison with measurements of
various samples in the laboratory, he concluded that the lunar surface is covered by
powder-like material with a composition that would resemble that of terrestrial
volcanic ashes.

An excellent review of lunar observations including polarimetry since Lyot (1929)
is given by Shkuratov et al. (2011). They also discuss the apparent inverse
relationship between in particular the polarisation, P;, and the surface albedo A4,
known as Umov’s law, which is given by P, o« 1/A4. Thus, the brighter the surface,
the lower P,. This is rather straightforward to understand qualitatively: the brighter
the surface, the more multiple scattering between the particles on the surface, and
because multiple scattering randomises the direction of polarisation, multiple
scattered light usually has a low degree of polarisation. The relation between P, and
A can clearly be seen in Fig. 15.

The precise relation between P, and A depends on the characteristic size of the
particles, the definition of which is not very strict, because the lunar surface particles
have very irregular shapes. The typical particle size is 50—100 pum, with the particles
across the highlands having smaller sizes (for a detailed discussion, see Jeong et al.
2015). Figure 16 shows the maximum degree of polarisation P, as a function of the
wavelength 4 as measured by Dollfus and Bowell (1971) for two regions on the
Moon: a sea and a highland. Note that the phase angle at which the polarisation is
maximum increases with decreasing albedo A (for details, see Shkuratov et al. 2011;
Dollfus and Bowell 1971).

The relation between P, and A provides a sensitive tool to detect weak absorption
bands in lunar reflection spectra: the identification of such bands using standard
spectroscopy requires normalising the measured reflected flux spectra by the incident
solar spectrum, a procedure that is prone to introducing uncertainties. The degree of
polarisation, however, is independent of the incident flux as it is a relative measure,
and an absorption band will show up as an ‘emission feature’ in a polarisation
spectrum. A detailed description of this method can be found in Wohler et al. (2024).

The Moon’s circular polarisation is negligible (see e.g. Shkuratov et al. 2011,
and references therein) and is mostly due to multiple scattering in the regolith, with
the degree and direction of circular polarisation mostly being determined by
geometrical effects, similar to those on Mercury (Sect. 5.3), rather than by
the properties of the scattering particles.

@ Springer



Polarimetry of Solar System minor bodies and planets Page 47 of 103 7

log (%}
0.86 1A% 1.44

Fig. 15 Maps of the lunar albedo 4 (on the left), and the maximum degree of polarisation P,y (in %, on the
right) at 0.650 um, illustrating the Umov-effect. Albedo map from Velikodsky et al. (2011), reprinted with
permission from Elsevier, and P, map from Jeong et al. (2015), reprinted with permission from the author
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5.3 Mercury

The apparent diameter of Mercury is only between 4.5 and 11 arcsec and this tiny
planet is only observable close to the Sun, which makes accurate polarimetric
observations very hard. Various attempts were made to use polarimetry to detect an
atmosphere around Mercury (see, e.g., Lyot 1929; Dollfus 1955) but only an upper
limit of 0.2 mbar could be determined (see also Dollfus and Auriere 1974; O’Leary
and Rea 1967), whilst UV measurements during the 1974 fly-by of NASA’s
Mariner 10 spacecraft yielded an upper limit of 2 x 10~ mbar ( Broadfoot et al.
1974). Mercury’s polarisation signal is thus virtually only due to the reflection of
sunlight by its surface.
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Dollfus (1955) presented spatially resolved polarimetric data of Mercury at phase
angles o ranging from 20° to 140° at 540 and 650 nm. It was found that P, had a very
similar smooth phase angle dependence at the two wavelengths with negative
polarisation for o <25°, with a minimum of polarisation equal to —1.4% around
o= 10°, and the highest polarisation (of about 8%, slightly higher at green
wavelengths) around quadrature (o = 90°). From this, it was concluded that
Mercury’s surface should be similarly to that of the Moon, i.e., covered by a regolith-
like, fine material. Dollfus also measured variations in P, that were attributed to
surface spots that rotated in and out of view, with darker spots associated with higher
polarisation, as expected from Umov’s Law. Indeed, using a ground-based telescope,
Kiselev and Lupishko (2004) measured variations in Mercury’s disc-integrated P, of
about 1.5% across the planetocentric longitude range between 265° and 330°.

A comprehensive overview of Mercury polarimetry was presented by Dollfus and
Auriere (1974), including spatially resolved and disc-integrated data at wavelengths
from 330 to 580 nm, and data from Lyot (1929) and Ingersoll (1971). This collection
of data clearly showed that Py,,x occurs around oo = 110°, and that the value of Pyax
polarisation decreases with 4, from 12.3% at 350 nm, to 6.8% at 630 nm. Dollfus and
Auriere (1974) compared the Mercury data against the polarisation of lunar analogue
samples, and concluded that ’the surface material on Mercury is optically identical to
lunar samples of fines from amongst the lightest mare regolith material.’

Kemp and Wolstencroft (1971) presented circular polarisation observations of
Mercury at 680 nm, with a disc-integrated degree of polarisation of 0.012% and with
a remarkable asymmetry between the northern and the southern hemispheres, which
could be explained by second-order scattering by crystal grains on the surface
(Bandermann et al. 1972). Landau (1975) performed observations of Mercury’s
thermal polarisation, at 3.5 pm, which shows dependence on o, as that angle
determines which part of the surface and thus which surface temperatures are in view.
A typical value is 13% near quadrature. Model simulations linked the observations to
a surface material that is loosely packed on cm- and m-scales but compact on um-
scales (Bandermann et al. 1972; Meierhenrich et al. 2002).

5.4 Venus

Venus is the archetypal planet to study with polarimetry as, from the Earth, it can be
observed at a wide range of phase angles, namely from about 5° to about 174°, and
its maximum elongation is about 46°, which enables observations when the planet is
high in the sky compared to Mercury, and when the sky is relatively dark. Its
apparent diameter reaches 21 which also allows spatially resolved observations. As
Lyot (1929) already remarked: the degree and direction of polarisation of Venus is
very different from that of the Moon, Mercury, or Mars. The polarisation changes
sign a few times across the whole phase angle range, and depends strongly on the
wavelength. Because of Venus’s horizontally homogeneous cloud deck, its degree of
polarisation depends mostly on «, and much less on which part of the clouds is
visible to the observer. Figure 17 shows P, of Venus’ whole disc as a function of the
planet’s phase angle o as measured over almost a decade at a range of wavelengths
between 0.34 and 0.9 um (Coffeen and Gehrels 1969). The measurements show a
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Fig. 17 The degree of polarisation P; (in %) of Venus (disc-integrated) as function of the phase angle « for
a range of wavelengths 4 as measured between April 1959 and January 1968. Positive (negative) values
indicate that the direction of polarisation is perpendicular (parallel) to the plane through the Sun and the
planet. Data from Coffeen and Gehrels (1969)

strong wavelength dependence and a strong phase angle dependence. The scatter is
largest at the shortest wavelengths and could indicate a variability in the haze optical
thickness. At the longer wavelengths, P; is mostly determined by the scattering
properties of the particles in the upper cloud layer, which apparently show less
variability over time.

Hansen and Arking (1971) concluded from comparing the data of Lyot (1929) and
Coffeen and Gehrels (1969) with their computations that the cloud particles are
spherical with radii of about 1 pm, and that the refractive index is 1.45 at
A =0.55pum. The clouds could thus not be made of water, which was a very
important insight that could not have been derived from data of the reflected solar
flux. Kattawar et al. (1971) arrived at similar conclusions using the same data whilst
refining the refractive index as being between 1.45 and 1.6. Hansen and Hovenier
(1974) used an extended data set by combining Earth-based polarisation observations
of Venus from Lyot (1929), Coffeen and Gehrels (1969), Dollfus and Coffeen (1970),
and Veverka (1971a), across all phase angles, at wavelengths of 0.365 um, 0.445 pum,
0.55 pm, 0.655 pm, and 0.99 pm (not all combinations of phase angles and
wavelengths were available). From their comparison against numerical simulations,
Hansen and Hovenier (1974) concluded that the cloud particles have a refractive
index of 1.44 at A = 0.55 um to 1.43 at 0.99 um, which is consistent with 75%
sulfuric acid solution (H, SO4). The effective radius of the cloud particles is 1.05 pm
and the effective variance of their size distribution is only 0.07. By modelling the
amount of Rayleigh scattering above the clouds, they derived that the clouds reside
high in the atmosphere: a cloud optical thickness of 1.0 is reached at an altitude of
about 50 mbars.

The above-mentioned data all pertained to Venus’s whole disc or a large region on
the disc. Venus has also been observed by polarimeters in close-up, from a spacecraft.
The Pioneer Venus spacecraft carried the Orbiter Cloud Photopolarimeter (OCPP)
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(Colin and Hunten 1977) that performed polarimetry from 1978 to 1990. Detailed
analyses of the data have been presented by Kawabata et al. (1980), Knibbe et al.
(1997), and Knibbe et al. (1998). They confirmed the sizes and compositions of the
cloud particles derived from Earth-based observations, but from the orbiter data, they
also found that the clouds were overlaid by an extensive haze layer that consists of
particles with an effective radius of 0.23 pum, and a size distribution with an effective
variance of 0.18. These haze particles have a refractive index of 1.45 at 1 = 0.55 pm,
indicative of a sulfuric acid solution. Another finding was that the haze optical
thickness was largest at latitudes above about 55°, with typical values of 0.8 at
A =365 um, whilst at lower latitudes the optical thickness was as small as 0.06.
These values pertained to data from January 1979, and the haze optical thickness
appeared to be highly variable across the planet and in time. A later analysis of the
OCPP data by Braak et al. (2002b) concluded that the haze particle column density
decreased gradually during the Pioneer Venus Orbiter mission, whereas the cloud top
pressure showed little variation.

In 2006, ESA’s Venus Express spacecraft entered its orbit around Venus. SPICAV,
one of the spectrometers onboard, had some polarimetric capabilities (Bertaux et al.
2007), however, without having been calibrated for such measurements, as
polarimetry was not its main goal. This made it difficult to establish the measurement
errors. Rossi et al. (2015) present the available data, obtained between 2006 and
2010, from 0.56 to 1.7 um, mostly across the northern hemisphere. At single
scattering angles ® between 180° and 160°, P, shows a characteristic glory-signature
with negative polarisation. With decreasing ®, P; increases strongly, reaching values
of 0.10 for slant geometries with ® close to 90° at the highest latitudes, due to the
small polar haze particles.

EnVision, ESA’s upcoming Venus spacecraft (launch planned for 2032) carries the
Venspec-H spectrometer that will be outfitted with two linear polarisation filters
covering two near-infrared spectral bands. Besides giving information about the
microscopic properties of atmospheric clouds and hazes, Venspec-H’s future
spectropolarimetric observations of Venus might also be used to study atmospheric
waves that are known to ’roam’ in Venus’s atmosphere (see, e.g., Silva et al. 2024,
Fukuhara et al. 2017, and references therein), as suggested with numerical
simulations by Mahapatra et al. (2021).

5.5 Earth

Despite the obvious advantages of spectropolarimetry for remote sensing of the
Earth, there have been very few polarimetric observations of our planet from space.
Apart from some polarisation observations performed from a space shuttle (Egan
et al. 1991), the POLarisation and Directionality of Earth’s Reflectances (POLDER)
instrument (Deschamps et al. 1994) onboard JAXA’s ADEOS satellites has so far
provided the only data, albeit in a single broadband and with a rather low accuracy of
about 2%. NASA’s recently (February 2024) launched PACE satellite does carry two
polarimeters that will allow us to better study the Earth’s polarisation signal as seen
from space.
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There have been many ground-based polarimetric observations of the Earth’s sky
that show the typical contributions of Rayleigh scattering at short wavelengths, in
particular the high polarisation band at 90° from the Sun, and aerosol scattering at
longer wavelengths. Examples of high-spectral polarisation spectra from the UV to
the near-infrared are presented by Aben et al. (1999) and Aben et al. (2001); a sample
spectrum from their data is shown in Fig. 18, taken with a telescope on the roof of a
building surrounded by greenery. Note that the solar zenith angle for these
observations was about 79°, and as the viewing direction was towards the zenith, the
single-scattering angle was about 100°. The shape of this polarisation spectrum is
determined by: Rayleigh scattering, acrosol scattering and absorption, absorption by
trace gases, and reflection by the surface. Rayleigh scattering contributes most at the
shorter wavelengths: around 320 nm, P; is low because of multiple scattering, and it
increases with increasing wavelength, because multiple Rayleigh scattering
decreases. As the single-scattering angle is close to 90°, P, reaches high values
(up to 65% in the continuum). At longer wavelengths, aerosol scattering becomes
more important (the sky was relatively clear on that day: the aerosol optical thickness
was small), causing P, to decrease. Above about 700 nm, P, sharply decreases,
because at these wavelengths, the surface albedo is high (the so-called ’green edge’
of vegetation), and sunlight that has been reflected upwards by the surface is
scattered back downwards by the atmosphere into the telescope. The polarisation
shows various high-spectral resolution features that are due to absorption by trace
gases: at the shortest wavelengths, ozone absorbs strongly, effectively removing
multiple scattered light and increasing P; to its singly scattered value, and similarly,
absorption by water vapour and oxygen lead to increases in P, across the spectrum
(see Aben et al. 1999; Stam et al. 1999, and references therein). Finally, the
sharp dips in P; at the shorter wavelengths are due to rotational Raman scattering, an
inelastic scattering process that leaves Fraunhofer-line shaped features in the spec-
trum (see Aben et al. 2001; Stam et al. 2002, for numerical
simulations of these lines, and for references).

Whilst we do not yet have polarisation data that cover the Earth seen from space,
there have been observations of the polarisation of Earthshine: sunlight that has first
been reflected by the Earth and then by the Moon. Measuring this light allows one to
get a view of the polarisation of the Earth from afar, albeit with the depolarising
reflection by the lunar surface in between. The first polarimetric observations were
obtained (in a broadband filter) by Dollfus (1957), who measured a fraction of
polarisation of about 10% at a phase angle of the Earth of ~ 90°. With modern
instruments, polarised Earthshine measurements were obtained by, e.g., Sterzik et al.
(2012), Takahashi et al. (2013), Miles-Paez et al. (2014), Sterzik et al. (2019). An
application of these Earthshine observations, and one that has driven the modern
observations, is for Earth-like exoplanet characterisation: because starlight can be
considered to be unpolarised, whilst the starlight that is reflected by a planet is
usually linearly polarised, polarimetry can help to enhance the contrast between the
weak planet signal and the background of light of the parent star, and thus to detect
an exoplanet. In addition, the exoplanet’s polarisation signal could be used to
characterise the planet (see Vaughan et al. 2023, and references therein). Depending
on the planet’s size and albedo, and on the star’s luminosity, the planet’s polarisation
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Fig. 18 The degree of linear polarisation of the cloud-free zenith sky as measured using the breadboard
model (BBM) of the GOME instrument (Burrows et al. 1999) that was onboard ESA’s ERS-2 satellite.
Whilst GOME was sensitive to the polarisation of the incoming light, it could only measure the
polarisation in one direction and in broad bands. For the purpose of these measurements, the GOME BBM
was outfitted with rotating polarisation filters. The measurements were performed on April 7th, 1997. The
solar zenith angle was about 79°. The precision is on the order of 1073, See the text for an explanation of
the spectral features. From the dataset of Aben et al. (1999)

fraction could be anything between 107! and 10~°. Practically, polarimetry of Earth-
like exoplanets is being investigated for future instruments and telescopes. In the
meantime, Earth itself is being used as a benchmark to test how well imaging and
spectropolarimetric measurements may constrain a planet surface, its atmospheric
composition, including bio-signatures, by comparing observations to modelling
results such as those of Stam (2008), Emde et al. (2017), and Trees and Stam (2022).

Dollfus (1957) assumed that the reflection from lunar surface would cause a
depolarisation of a factor ~3.3%, leading to the conclusion that the linear
polarisation of the light scattered by Earth was about 30 — 35%. The interpretation of
all recent spectropolarimetric Earthshine research obviously still suffers from the
difficulty of not knowing the depolarisation of the lunar surface (some empirical
considerations are given by Bazzon et al. 2013). Furthermore, it is very difficult to
separate the weak Earthshine signal from the bright background of scattered
moonlight. Nevertheless, Earthshine spectropolarimetry has detected the presence of
oxygen and water in the Earth’s atmosphere (Sterzik et al. 2012), and it has been
shown that its modelling can even constrain the mean water droplet sizes, the mean
cloud fraction of liquid water clouds, and the mean optical depth of the water clouds
(Sterzik et al. 2020; Vaughan et al. 2023).

Following a previous attempt with observations of Mars by Sparks et al. (2005,
see Sect. 5.6), Earthshine has been also been targeted for circular polarisation
measurements, with the idea that it could be a benchmark for future attempts to detect
biotic material on other astronomical objects (Sterzik and Bagnulo 2009). The
outcome of these FORSI+VLT observations was, however, that the signal was
highly contaminated by cross-talk from linear polarisation (see Sect. A.2.4).
Attempts to measure circular polarisation of Earthshine with the ISIS instrument on
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the William Herschel Telescope (WHT) led to a null result (Bagnulo & Sterzik,
unpublished).

5.6 Mars

From Earth, Mars can be observed at phase angles o up to about 46°. The polarisation
of Mars is determined by the surface reflection, the thin Rayleigh scattering
atmosphere, dust aerosol particles in the atmosphere, the ice caps (when in view), and
the water and carbon dioxide ice clouds. The amount of atmospheric dust and cloud
coverage varies strongly throughout the year. The surface shows both bright and dark
regions that can change their appearance depending on the dust storm activity. Mars
has been observed extensively with polarimetry, starting with Lyot (1929), who
discovered a negative polarisation branch at small phase angles, which is indicative
for regolith-like surfaces covered by small particles. Other observations were
performed by for example Dollfus (1955), Dollfus and Focas (1969), Dollfus
et al. (1969), and Ingersoll (1971). Ebisawa and Dollfus (1993) give an overview of
data gathered over 14 years at Tokyo observatory, and identify the atmospheric dust
particles that contribute to Mars’ polarisation signal: the thin layer of sub-pm sized
background dust with a smallest optical thickness of about 0.1, denser layers of
similar particles with typical optical thicknesses of about 0.4 that can persist for a few
weeks, and really dense storms in which larger particles with sizes of up to a few um
are lifted into the atmosphere.

Shkuratov et al. (2005) give an overview of earlier work and present spatially
resolved polarisation images taken with the High-Resolution Camera (HRC) of the
Advanced Camera for Surveys (ACS) ( Pavlovsky et al. 2002) on the Hubble Space
Telescope in three wide band filters with effective wavelengths of 250, 330, and
435 nm. The polarisation images (see Fig. 19 for an example) agree generally well
with those presented by Ebisawa and Dollfus (1993), albeit that they have a much
higher spatial resolution. Interestingly, Shkuratov et al. (2005) also measure large
negative polarisation values (of up to —2%) at ultraviolet wavelengths that they
suggest could be due to thin ice clouds.

The Mars-5 spacecraft of the USSR has performed the only polarimetric
measurements of Mars at intermediate phase angles, namely at about 90°, with two
polarimeters set under different angles (Ksanfomaliti et al. 1975) measuring in nine
bands from 342 to 749 nm. Unfortunately, the mission survived for only 22 orbits
and the phase angle coverage is very limited, thus limiting the amount of information
that can be retrieved from the polarimetry. An analysis of available data is presented
by Santer et al. (1985) and Santer et al. (1986). They concluded that during the short
Mars-5 mission, the atmosphere was very clear, although in the polarisation signals,
occasional dust veils consisting of irregularly shaped particles, and ice clouds
consisting of non-spherical and, from a comparison with laboratory data, potentially
crystalline particles with sizes of 10-100 um, showed up. From the observations
across the terminator and limb of the planet, thus without the surface below and
capturing a long path through the atmosphere, a polarisation signal of a few percent
indicated the presence of a thin layer of high-altitude (40-60 km) aerosol with a
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Fig. 19 A colour map of the
degree of polarisation (in %) in
filter F435W overlaid on a
brightness picture of Mars, as
both observed with HST on
September 7, 2003. The black
strip and dot on the planet are
instrument artefacts. The bright
region on the north polar region
is a cloud. The polarisation
indicates that especially on the
western side of the disc, there are
several ice clouds. Image
reproduced with permission from
Shkuratov et al. (2005),
copyright by Elsevier

refractive index of about 1.55, which was distributed in size according to a power law
distribution.

A circular polarisation signal could possibly identify homochiral, organic
molecules (see, e.g., Patty et al. 2019, and references therein), and Sparks et al.
(2005) describe circular polarisation measurements of Mars with an Earth-based
telescope to search for traces of life. Laboratory measurements of the circular
polarisation of light that is scattered by organic materials such as photosynthetic
cyanobacteria show wavelength-dependent polarisation features up to 0.05%, whilst
no such signals appear when non-organic materials are illuminated. It has to be kept
in mind that these laboratory measurements were performed on samples consisting of
only bacteria, whilst under natural circumstances, the signal can be expected to be
diluted when the bacteria (or other organisms) are mixed with non-organic materials.
When observing Mars itself, no circular polarisation was detected. However, as also
remarked by Sparks et al. (2012), such a detection or indeed a non-detection requires
a very precise instrument with a high spatial resolution, for example, on a spacecraft
orbiting Mars or on a lander or rover.

5.7 Jupiter

From the Earth, the maximum phase angle under which Jupiter can be observed is
about 11°, which severely limits capturing the phase angle variation of its degree of
polarisation. However, even this small phase angle range offers the possibility to
identify the different contributors to the polarisation signal in spatially resolved
observations. The polarisation signal of Jupiter is due to the scattering of the incident
sunlight by the gaseous atmosphere, by the clouds forming the relatively low-lying
belts and the higher zones, by the clouds in the hurricane-like storms, the most
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famous of which is the Great Red Spot (GRS), by the hazes overlying the clouds, and
by the photochemical hazes covering the polar regions. There are also linearly
polarised auroral emissions by HJ of up to 7% near 4um and circular polarisation up
to about 10%, as reported by Barthelemy et al. (2011).

Early observers like Lyot (Lyot 1929) could already distinguish low polarisation in
the middle of Jupiter’s disc, and high polarisation (5%—7%) over the polar regions.
This was confirmed by later observers, such as Dollfus (1955), Gehrels et al. (1969),
Morozhenko and Yanovitskii (1973), and by Shalygina et al. (2008) and Schmid
et al. (2011). Recent spatially resolved polarimetric observations in the B, V, and R
filters at phase angles from 4° to 10.5° were presented by McLean et al. (2017), an
example of which is shown, together with the mapped total flux, in Fig. 20. Their
observations also show a generally low degree of polarisation near the centre of the
disc, and a significant increase of the polarisation with increasing latitude, up to 20%
near the southern pole and a few percent lower near the northern pole, which can be
attributed to seasonal variations in the polar haze optical thickness (see below). Note
that the measured degree of polarisation will depend strongly on the spatial
resolution of the observations, with a lower resolution (larger pixels) generally
leading to a lower degree of polarisation.

The low polarisation in the centre of Jupiter’s disc compared to the poles is due to
the small phase angle and to the fact that the main scatterers are cloud particles that
are relatively large compared to the wavelength and have a low degree of polarisation
of their singly scattered light at such small phase angles. What can also be seen in the
polarimetric images of McLean et al. (2017), that in the B-filter, thus at the shortest
wavelengths, the belts and zones show up clearly, with lower polarisation in the belts
and higher polarisation in the zones: the lower the clouds, the more gas above them
and the higher P,, as at these angles, Rayleigh scattering yields higher polarisation
than the cloud particles. With increasing wavelength, the difference in P, decreases,
because the contribution of Rayleigh scattering decreases with wavelength.
Interestingly, in the B-band, the Great Red Spot (GRS) shows up as a low
polarisation zone with a higher polarisation region just south of its centre. It is
unlikely that this higher polarisation is due to Rayleigh scattering, because, as
described by Anguiano-Arteaga et al. (2021) and references therein, the GRS has a
higher altitude than its surroundings, and there should thus be less gas above it. In
this case, the high polarisation can however be explained by the absorption of light
with short wavelengths and thus less multiple scattered light, which usually has a
relatively low degree of polarisation. The effect of absorption increasing the
polarisation due to the decrease of multiple scattered light is also observed in the
spectropolarimetric observations by, e.g., Anguiano-Arteaga et al. (2021) and
McLean et al. (2017): P; is generally higher in the methane absorption bands.

As mentioned above, the polarisation of Jupiter has been observed to increase with
increasing latitude, with especially sharp increases at latitudes (north and south)
above 60° at small phase angles. This increase has been attributed to the scattering by
the small, photochemically produced particles that form the polar hazes. A peculiar
polarisation effect, however, is the north—south asymmetry in this increased
polarisation of 1-2%, which was already found by Gehrels et al. (1969). Shalygina
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Fig. 20 Maps of the (normalised) flux (left) and degree of polarisation (right) of Jupiter observed at
o = 10.5°. The spot on the lower left part of the disc (dark in flux and light blue in polarisation) is the
Great Red Spot (GRS). The thin white lines on the polarisation map indicate the local direction of the
polarisation. Image reproduced with permission from McLean et al. (2017), copyright by ESO

et al. (2008) provide an overview of historic data with their own measurements and
analysis. Indeed, they conclude that the asymmetry is a seasonal effect with the
polarisation being higher in the local winter: even though Jupiter’s obliquity is very
small (only about 3°) combined with the ellipticity of Jupiter’s orbit (0.05), the
seasonal variations in the local insolation can influence the local formation of
stratospheric aerosol, with an increase in solar flux leading to a decrease in aerosol
and a decrease in the degree of polarisation. Note that the observations by McLean
et al. (2017) were obtained between the end of 2014 and the end of 2015, whilst the
Sun crossed Jupiter’s equator from the northern to the southern hemisphere in the
beginning of February 2015. These observations thus took place during the end of
the northern summer, and the lower polarisation near the northern pole thus agrees
with the analysis by Shalygina et al. (2008). The polarimetric images taken in March
2003, thus about one Jupiter-year earlier, by Schmid et al. (2011) also show a lower
degree of polarisation near the north polar region than near the south polar region
(6% versus 8%).

There are some polarimetric data at intermediate phase angles as there were
instruments with (linear) polarimetric capabilities on NASA’s Pioneer 10 and 11
spacecraft that performed fly-bys of Jupiter, and on the Galileo orbiter (there was also
a polarimeter on the Voyager spacecraft, see Lillie et al. 1977, but there appears to be
no published analysis of polarimetric data of Jupiter). Coffeen (1974) discussed
observations at oo = 103°, from which they derived that the cloud particles in the
upper layers should be non-spherical. Assuming Rayleigh scattering above a
Lambertian reflecting surface, they derived that the tops of the north tropical zone,
parts of the equatorial zone, and the GRS are approximately 15 kms higher than the
surrounding areas. The lowest parts are the north and south temperate regions. The
main results of Smith and Tomasko (1984) are the strong increase of the polarisation
with increasing latitude above 40° north and below 48° south. These increases are
attributed to an increasingly thick polar haze. The lack of rainbow-like scattering
features leads to the conclusion that the cloud and haze particles are non-spherical,
similar to what was concluded by Coffeen (1974). Tomasko and Doose (1984) find a
thin haze, of probably photochemical origin, over all latitudes, that is mostly visible
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at red wavelengths. They also derive altitude variations in the cloud top altitudes,
with pressures of 150 £ 50 mb in the zones and 270 + 80 mb in the belts. An
overview of the analysis of the Pioneer data has been presented by Braak et al.
(2002a), who also analysed Galileo data. From comparing the data against model
computations, they conclude that the cloud particles should exhibit negative
polarisation (i.e., parallel to the scattering plane) at intermediate scattering angles,
such as has been measured in laboratory set-ups for ammonia ice particles.

Wolstencroft (1976) provides an overview of the circular polarisation measure-
ments of Jupiter, pointing out the observed sign change of the polarisation between
the northern and the southern hemisphere, which according to Hansen (1971) is a
geometrical effect.

5.8 Saturn

The maximum phase angle under which Saturn can be observed from the Earth is
only about 6°. Saturn’s polarisation signal is determined by similar processes at that
of Jupiter, except that the scattering by the ring particles adds a separate signal.
Santer and Dollfus (1981) analysed linear polarisation measurements of Saturn
between 350 and 580 nm, taken over a period of almost 20 years, and explained the
data with a cloud layer of spherical particles with a refractive index of 1.44 that is
covered across the whole planet by a haze layer with submicron-sized, oriented, non-
spherical particles. The optical thickness of this layer was found to vary over time.
Schmid et al. (2011) presented spectropolarimetric data of Saturn and its ring taken in
2003, at « = 3.7°, when the rings were close to their maximum opening angle, and
with the planet’s south pole in view (the rings covered the north polar region). A
striking feature in Saturn’s polarisation is a region of high positive polarisation
(almost 2%) around the equator. North and south of this region, P, approaches zero
before increasing steeply at northern latitudes that are just visible below the ring. The
polarisation also increases towards the southern pole, but only up to about 1%, thus
not as prominently as on Jupiter, which could be due to Saturn’s more homogeneous
haze coverage. As noted by Schmid et al. (2011), they had observed this equatorial
polarisation feature before, in 2002 and in 2003. However, it was not detected by, e.
g., Hall and Riley (1974).

From space, Saturn has been observed using polarimetry by the Voyagers, Pioneer,
and Cassini. West et al. (1983b) discuss the polarimetric data of the Voyager 2
photopolarimetry experiment at 264 nm and 750 nm concluding that above the
clouds, there is a significant amount of UV-absorbing haze particles. In Gehrels et al.
(1980), the results of polarimetric observations by the imaging photopolarimeter
(IPP) aboard the Pioneer 11 are discussed: at a phase angle close to 90°, the
polarisation from the centre of the disc to the limb at blue wavelengths indicates that
the cloud particle density decreases with altitude. A more in-depth study of
Pioneer 11 data was provided by Tomasko and Doose (1984): at blue wavelengths,
the polarisation on the disc rises from close to zero at small phase angles to more than
10% near o = 100° just south of the equatorial region (7° — 11° S) and to more than
20% between 15° and 17° S. At large-phase angles, the polarisation decreases to
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zero, similar as for Rayleigh scattering. At red wavelengths, the polarisation is
negative (parallel to the scattering plane) at intermediate o in the regions mentioned
above, which suggests the presence of relatively large cloud particles. At all latitudes,
and in both colours, the polarisation increases steeply towards the terminator and
limb at oo = 90°.

Swedlund et al. (1972) performed circular polarisation measurements of Saturn
close to the 1971 opposition, and measured values of P, on the order of several times
10~*, with the expected geometrical sign changes. There appeared to be a correlation
between higher circular polarisation in the presence of absorption in the atmosphere
between 400 and 900 nm.

5.9 Titan

Saturn’s largest moon, Titan, is unique, because it has an atmosphere that is thicker
than the Earth’s. Earth-based polarimetry of Titan suffers from the same small phase
angle range as that of Saturn; the maximum phase angle is only about 6°. However,
polarimetry in a broadband from 0.3 to 0.8 um led Veverka (1973) to suggest that
Saturn’s largest moon had a cloudy atmosphere overlaid by a Rayleigh scattering
layer, because of the positive polarisation (i.e., perpendicular to Titan’s light equator)
across the (small) phase angle range at which the observations took place.

Tomasko (1980) reached a similar conclusion from polarimetric disc-integrated
measurements at blue and red wavelengths by the Imaging Photopolarimeter (IPP)
aboard Pioneer 11 at a phase angle range from 15° to 97°: the high polarisation in the
blue and the lower values in the red suggest very small haze particles above an
effectively depolarizing lower layer. The size of the haze particles appears to increase
with decreasing altitude. A refinement of the data reduction and analysis was
presented by Tomasko and Smith (1982), and they found that the degree of
polarisation of Titan at o = 96° and at blue wavelengths was 56.1% in the blue and
48.5% in the red IPP channel. They report problems fitting both the high single
scattering polarisation and the strong forward scattering that the particles in the upper
atmosphere should exhibit to fit both the polarimetric and the photometric data, and
suggest that including bimodal size distributions or non-spherical particles in the
model atmospheres might improve the fitting. Lane et al. (1982) report on
polarimetry during Voyager 2’s fly-by: Titan’s polarisation was measured as positive
along a broad phase angle range that could not be fitted with a single size haze
particle. West et al. (1983a) also analysed Voyager 2 data and stumbled onto the same
problem as that identified from the Pioneer 11 data (Tomasko and Smith 1982), and
they conclude that non-spherical particles are needed to fit the data. West and Smith
(1991) were able to explain the observations by the presence of aggregate particles
with a mean projected area equal to that of a sphere with a radius of 0.14 pm,
consisting of monomers with mean radii near 0.06 pm. They note that aggregate
particles could also account for the observed optical properties of Jupiter’s high-
altitude haze.

Bazzon et al. (2014), finally, analysed polarimetric imaging data of Titan by ACS
HRC and the NICMOS instruments on HST, in seven filters covering wavelengths
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from 0.25 and 2 pum. The accompanying intensity images had already been analysed
by Lorenz et al. (2004), Lorenz et al. (2006), who found a hemispherical asymmetry
that was indicative of a seasonal effect in the thickness of the stratospheric haze. The
polarimetric images do not show such an asymmetry. Whilst the polarisation at the
centre of Titan’s disc is virtually zero, it increases towards the limb, with the degree
of polarisation reaching about 10% in the NIC1 band, around 1 pm. The limb
polarisation is due to second-order Rayleigh scattered light (the direction is
perpendicular to the limb).

5.10 Uranus and Neptune

There are little polarimetric data on the ice giants Uranus and Neptune. Seen from
Earth, they span only, respectively, about 3.5 and 2 arcsec on the sky and reach
maximum phase angles o of only about 3° and 2°, respectively, severely limiting the
use of polarimetry for atmospheric characterisation. NASA’s Voyager 2 has been the
only spacecraft to visit them and that thus allowed for a better spatial resolution and
access to larger phase angles. It appears, however, that Voyager 2’s photopolarimeter
PPS ( Lillie et al. 1977) acquired only photometric data during its 1985 Uranus fly-by
(see, e.g., Lane et al. 1986; Pryor et al. 1997; Pryor and Hord 1991), although there
are some polarimetric data from its 1989 Neptune fly-by (Pryor et al. 1992). We will
first discuss this fly-by data of Neptune and then the available Earth-based
polarimetric observations of these two planets.

Voyager 2’s PPS measured only the total flux and the linearly polarised fluxes [see
Eq. (1)]. The spacecraft’s orientation precluded the acquisition of polarimetric data at
intermediate phase angles: only the data in the range of 13°~14° could be used. The
polarimetric data pertain to scans across latitudes from —80° to +30° in spectral
bands with effective wavelengths of 265 nm and 750 nm. At 265 nm, the highest
values of P; [see Eq. (1)], of about 5%, are found near the South pole, and P,
decreases towards zero with increasing latitude (recall that o is only between
13° and 14°). According to the analysis by Pryor et al. (1992), this is consistent with
Rayleigh scattering in the gas above the hazes and clouds. At 750 nm, deeper
atmospheric layers are being probed, and /I shows more variation with latitude, yet
mostly between 0% and 2.5%, which would indicate scattering by aerosol particles
with low single-scattering polarisation signatures at these phase angles. Pryor et al.
(1992) provide no further analysis of this data.

There has been some Earth-based polarimetry of Uranus and Neptune. Michalsky
and Stokes (1977) presented disc-integrated polarimetry (Q/]) of Uranus at effective
wavelengths of 450 nm, 645 and 665 nm (with half-maximum bandwidths of about
100 nm), taken at subsolar latitudes of about —45° to —50° (Uranus’ south pole was
thus in view), at o’s up to about 3°. At o ~ 0°, the polarisation at all wavelengths is
zero within the errors, indicating a mostly horizontally homogeneous atmosphere. At
larger o’s and the red wavelengths, the polarisation remained consistent with zero,
except at o == 3°, where it increased slightly to about 3 x 107%. At the blue
wavelength, P, showed negative values up till —1.5-10~* around o = 0.6° and
increased to about 6 - 10~* at o ~ 3°. From a comparison with numerical simulations
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of Rayleigh scattering atmospheres by Kattawar and Adams (1971), Michalsky and
Stokes (1977) conclude that their observations are not consistent with a Rayleigh
scattering atmosphere, but instead indicate the presence of high altitude hazes or thin
clouds.

Schmid et al. (2006) obtained disc-resolved polarimetric measurements of Uranus
(at « = 2.8°) and Neptune (at o = 1.7°) in spectral bands around 650, 800, and
900 nm (disc-integrated, Uranus’ 650 nm data agree well with those of Michalsky
and Stokes (1977)). As expected, both Uranus and Neptune show virtually zero
polarisation in the central regions of their discs, and the polarisation increases
towards the limb, with a maximum P, of about 1.3% for Uranus at 800 nm, and about
1.6% for Neptune at 650 nm (at 800 nm, Neptune’s P, is about 1.2%). The
polarisation across the discs is strongly symmetric around the centres of the discs,
indicating an absence of horizontal inhomogeneities. At the time of these
observations, in 2003, the subsolar latitudes on Uranus and Neptune were about
—20° and —30°: polar hazes would thus have revealed their presence in the
polarisation along the limbs, like they do at Jupiter and Saturn. The direction of
polarisation is perpendicular to the limbs which is indicative of second-order
Rayleigh scattering. Indeed, the disc-resolved pattern of polarisation as measured by
Schmid et al. (2006) can be explained by scattering by gas or small particles above
deep cloud decks.

Joos and Schmid (2007) show spectropolarimetric data from 530 to 930 nm for
specific regions on Uranus’ and Neptune’s discs. This spectral region includes
several absorption bands of methane, which show up as emission features in the
polarisation (up to about 3%) mostly because of the increased contribution of low-
order scattering, with generally higher polarisation, in the presence of absorption
(see, e.g., Stam et al. 2004). At the time of these observations, in 2007, Uranus was
close to equinox; thus, both hemispheres were into view. Indeed, whilst the
polarisation spectra of the various regions on the planets’ discs have very similar
behaviours, i.e., decreasing continuum polarisation with increasing wavelength with
superimposed methane bands in emission, the bands are less pronounced in Uranus’
northern limb polarisation spectra, which could indicate larger amounts of aerosol
particles in the northern polar region, which had just started to being illuminated
again after the long polar night.

6 Dusty laboratory measurements and modelling

Characterisation of dust particles in the Solar System is a crucial aspect of planetary
science and astrophysics. They can be found in the atmospheres of planets and
satellites (Sect. 5), comets (Sect. 4), or covering the surfaces of planets, satellites, and
asteroids (Sects. 5, 2, and 3). These particles not only provide insights into the
history and composition of Solar System bodies but also have practical implications
for space exploration and the design of spacecraft and equipment. Furthermore, dust
particles by scattering and absorbing solar radiation may play a key role in the
radiative balance of planetary atmospheres.
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Dust particles in the Solar System consist of irregular refractory materials
spanning over a broad range of composition and morphologies (compact and/or
porous). Further, they are distributed in size from the submicron region up to tens of
microns in planetary/cometary atmospheres or even mm-cm-sizes if they are
covering solid surfaces. The analysis of the morphology of the observed polarisation
phase curves provides information on the physical characteristics of the scattering
dust particles.

The development of advanced numerical algorithms for computing electromag-
netic scattering by irregular particles has made significant progress in recent decades
(see, e.g., Draine and Flatau 1994; Muinonen and Saarinen 2000; Mishchenko et al.
1996; Mackowski and Mishchenko 2011; Petrov et al. 2011, 2012; Mackowski
2022). Despite this, simulating the scattering of light by realistic dust particles
remains challenging, due to the diverse range of shapes and sizes observed in Solar
System objects. An interesting approach is to use available databases that provide
pre-calculated single-scattering properties for a broad range of dust sizes and
refractive indices. Those databases have been developed to provide reliable optical
properties for terrestrial aerosol particles. It is widely known that the accurate
estimation of aerosol impact on the atmospheric radiative balance requests for aerosol
optical properties based on realistic model particles (see, e.g., Kahn et al. 1997,
Mishchenko et al. 2003; Dubovik et al. 2006), and references therein). Even when
the databases are devoted to terrestrial atmospheric studies, they might be extremely
useful for astronomical applications. We refer to Meng et al. (2010) for a database
consisting of tri-axial ellipsoidal particles and Saito et al. (2021) for hexahedral dust
particles.

The case of atmosphere-less Solar System objects is even more complicated. That
is the case of Mercury, the Moon, most of the satellites of planets and asteroids.
These bodies are characterised by their regolith-covered surfaces, which are
composed of touching solid particles and ice. Regolith surfaces belong to the class
of closely packed media. Scattering by such macroscopic particulate medium is not
fully solved yet. We refer to Stankevich et al. (1999), Mackowski and Mishchenko
(2011), Tishkovets and Jockers (2006), Tishkovets and Petrova (2020), Muinonen
et al. (2015), Grynko et al. (2020), Grynko et al. (2022), Viisénen et al. (2020), and
Mackowski (2022) for recent developments of multiple light scattering by discrete
particulate media.

All in all, experimental polarisation phase curves for well-characterised dust
particles in air or covering a surface remain a valuable tool for proper interpretation
of polarisation observations of dusty objects in the Solar System. Additionally, they
can be used for validating advanced computational techniques developed to simulate
scattering by clouds of particles under single scattering conditions or dense scattering
media. In this section, we review experimental data aimed at disentangling the effect
of dust physical parameters—size, composition, and morphology—on the main
features of the polarisation curve, specifically (Pmin, %min> %inv> %> Prmax> %max)-

It should be noted that the dust scattering properties and consequently the
polarisation-phase curves do not depend on particle size, but on the ratio of the size
to the wavelength, i.e., on the so-called size parameter (x = 27r/ 1), where r denotes
the particle radius and / is the wavelength of the incident radiation. This relationship
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underscores a fundamental principle of electromagnetic light scattering known as the
scale invariance rule (SIR), as outlined in Mishchenko (2006). According to the size
relative to the wavelength, the following size scattering regimes are defined: Rayleigh
regime (| mx |< 1, where m is the complex refractive index) e.g., scattering of
visible light off gas molecules; resonance regime (r = /); and geometric-optics
regime (r > 1). Note that the resonance regime is often known also as Mie regime.
However, Lorenz—Mie theory refers to scattering by spherical particles regardless of
their size. To avoid confusion, we refer to the resonance scattering regime when
throughout the manuscript dealing with sizes of particles of the order of the
wavelength of the illuminating source.

Further, when characterising a cloud of dust particles, its size distribution is
typically described by two parameters: the effective radius (res), and the effective
variance (vesr) defined as Hansen and Travis (1974)

_f(;m rrrn(r) dr

=4y 7 10
Feft Jo mrn(r)dr’ (10)

fooo (r— reff)znrzn(r) dr
2 fo mrPn(r) dr

Veff = (11)
The effective radius is an area weighted mean radius of the dust size distribution,
whereas the effective variance provides a measure of the width of the size distri-
bution. From the effective radius value, we can obtain the corresponding effective
size parameter (xeir = 27resr/A), at the experiments/observations wavelengths.

Dust composition is characterised by its complex refractive index (m = n + ik) as
a function of wavelength. The complex refractive index is a measure of how light is
refracted and absorbed as it propagates within the material. The real component (») is
the ratio of the speed of light in a vacuum to the phase speed of the light in the
material. The imaginary component (k) describes the attenuation of the light as it
propagates within the material.

In Sect. 6.1, we present a brief summary of laboratory techniques dedicated to
producing polarisation curves of cosmic dust particles. Section 6.2 introduces the
scattering matrix formalism. Experimental polarisation curves for (clouds of) dust
grains in air and regoliths are presented in Sects. 6.3 and 6.4, respectively.

6.1 Light-scattering techniques

Several approaches can be considered for obtaining the polarisation phase curves for
clouds of small dust particles. For instance, the microwave analogue experiment is
based on the SIR rule. For microwave analogue measurements, a millimetre- or
centimetre-sized scattering target with the desired refractive index and shape is
manufactured. Microwave radiation scatters off this object, and the results are
extrapolated to other wavelengths by maintaining a fixed ratio of size to wavelength
(Zerull et al. 1993; Gustafson 1996; Vaillon et al. 2011). New developments in 3D
printing open new vistas for manufacturing dust analogue particles with full control
over particle shape and refractive index (Vaillon and Geffrin 2014).
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Measurements on a single small dust particle can also be conducted at shorter
wavelengths by combining light-scattering measurements with electrostatic, acoustic,
and optical techniques to capture and levitate particles (see, e.g., Weiss-Wrana 1983;
Maconi et al. 2020; Arnold et al. 2022). An interesting review on particle levitation
and laboratory scattering is provided by Reid (2009). The main advantage of
measuring isolated particles lies in the precise control over the shape, size, and
refractive index of the particle of interest. However, a notable drawback is that these
measurements can only be carried out for one particle with a specific size, shape, and
orientation at a time.

An alternative approach involves using visible light scattered by an ensemble of
randomly oriented particles. This method allows for working with realistic cosmic
dust analogue samples with sizes ranging from submicron up to several hundreds of
microns (e.g., Pope et al. 1992; Volten et al. 2001; Levasseur-Regourd et al. 1998;
Muiioz et al. 2011). In those cases, the scattered light is collected by either a detector
located on a moving arm or a set of detectors spanning over a fixed phase angle
range. Whilst measurements of the degree of linear polarisation phase curve are a
valuable tool for characterising dust particles in the Solar System, the full scattering
matrix is needed to perform multiple scattering calculations in scattering media such
as planetary atmospheres (see Sect. 5). It has been proved that neglecting the
polarised nature of light in radiative modelling of planetary atmospheres leads to
significant errors in the determination of the scattered contribution to the measured
flux and atmospheric optical thickness with direct impact in the retrieved atmospheric
gaseous mixing ratio (Stam and Hovenier 2005; Moreno et al. 2007). The
Amsterdam (Volten et al. 2001), [AA-CODULAB (Muioz et al. 2011), and Fresnel
laboratories (Vaillon et al. 2011) provide complete experimental scattering matrices
at visible and microwave wavelengths, respectively. Section 6.2 provides a brief
summary of the scattering matrix formalism.

As in the case of light-scattering simulations, open access to experimental
scattering databases provides an interesting tool for, e.g., direct comparison with
astronomical observations or for testing light-scattering numerical techniques. We
refer to the Granada-Amsterdam Light Scattering database (Mufioz et al. 2025) and
PROGRA? database Renard et al. (2024) for the full or one or two elements of the
scattering matrix at visible wavelengths, respectively, and Geffrin and Sabouroux
(2009) for the Fresnel ElectroMagnetic Scattering with COntrolled Particules
(EMSCOP) Database based on the microwave analogue experiment.

As mentioned in previous sections, ground-based polarimetric observations of
small Solar System objects are in many cases limited to a narrow phase angle range
in the backward direction, i.e., the so-called negative polarisation branch (NPB). This
characteristic has been extensively explored through laboratory experiments
(Shkuratov et al. 2006; Hadamcik et al. 2006; Nelson et al. 2018; Mufioz et al.
2021; Spadaccia et al. 2022, 2023; Martikainen et al. 2023) and theoretical
simulations (Petrova et al. 2007; Muinonen et al. 2012; Tishkovets and Petrova 2013;
Escobar-Cerezo et al. 2017). The NPB is produced by the spatial asymmetry of the
internal fields of an irregular wavelength-scale single particle (the single-particle
mechanism) (Muinonen et al. 2011) and by the coherent back-scattering mechanism
(CBM). The CBM is a phenomenon where radiation attains a maximum in the
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backward direction due to the interference of scattered light beams produced by the
individual particles of a cloud (Muinonen et al. 1989; Shkuratov 1989; Muinonen
1990; Muinonen et al. 2012). In a dense scattering media as is the case of planetary
regoliths, the back-scattering response is a combination of single scattering from
individual particles and multiple coherent and incoherent scattering in the bulk
medium. We refer to Shkuratov (1989), Muinonen et al. (1989, 2015), Grynko et al.
(2020, 2022) for a comprehensive description of the back-scattering phenomena.

A traditional limitation of laboratory polarimeters is the lack of data at very small
phase angles. When approaching the backward direction, the detector blocks the light
source. Several experimental devices have been specially designed for measuring the
NPB of particulate surfaces up to near exact backward direction (¢ = 0). In those
cases, either the detector is located at a long distance from the sample, or the back-
scattered light is collected by a mirror (Gautam and Sorensen 2021) or lenses
(Ovcharenko and Shkuratov 2000) and sent to the detector located at a fixed position.
Such is the case of the Minipol Instrument (0.05° <« < 5°) at the Lunar and
Planetary Laboratory at the University of Arizona, USA (Geake and Geake 1990),
the goniometric photopolarimeter (GPP) formerly located at the Jet Propulsion
Laboratory, Pasadena CA (0.05° <o <5°, Nelson et al. 2000) and updated and re-
located at Mount San Antonio College, Walnut CA, USA (0.05° <a < 15°, Nelson
et al. 2018), the Kharkov’s short- (0.2° <« < 17° Shkuratov et al. 2002) and large-
phase angle (2° <a < 160°, Ovcharenko et al. 2006) photopolarimeters located at
the Astronomical Institute of Kharkov National University, Ukraine, or the
polarimeter POLICES (0.8° <« < 30°, Poch et al. 2018) at the University of Bern,
Switzerland. In these cases, the powder of interest is located in a sufficiently large
and deep sample holder, so that the semi-infinite medium approximation can be
assumed.

6.2 Scattering matrix formalism

Solar light scattered by a dust particle (or cloud of dust particles) can be fully
described by the 4x4 scattering matrix, S (Hovenier et al. 2004). The scattering
matrix transforms the Stokes parameters of the incident light ({f;, 0;, U;, V;}) into
those of the scattered light ({, Oy, Us, V;}). Here, we assume the scattering plane
(the plane containing the incident and scattering beams) as the plane of reference for
the Stokes parameters. The elements of the scattering matrix, S, are dimensionless
and depend on the wavelength, dust physical properties, and direction of scattering
defined by the angle between the directions of propagation of the incident and
scattered beams, i.e., the phase angle (0° <o <), and an azimuth angle, ¢, that
ranges from O to 2zn. If the cloud of interest consists of particles in random
orientation, all scattering planes are equivalent and the scattering direction is fully
described by means of the phase angle. Further, if the number of particles is high
enough so that mirror symmetry in the particle ensemble can be safely assumed, we
have
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We refer to van de Hulst (1957), Bohren and Huffman (1998), Mishchenko et al.
(2000), and Hovenier et al. (2004) for a comprehensive description of the scattering
matrix formalism.

In general, the incident light may be considered unpolarised (e.g., the Sun that
illuminates ~ Solar ~ System bodies, or a star with exoplanets)
({4, 01, Ui, Vi} = {1,0,0,0}). In that case, Eq. (2) can be defined in terms of the
scattering matrix elements as follows:

o Su

r=-=

= _ . 13
I Shi (13)

Note that the sign difference as compared to Eq. (2) is simply due to a different frame
of reference for defining the Stokes vector.

6.3 Experimental polarisation curves under single-scattering conditions

In this section, we present experimental polarisation phase curves of clouds of
randomly oriented dust particles under single scattering conditions. The goal is to
disentangle the effect of dust particle size, composition and morphology (poros-
ity/compactness) on the polarisation phase curve features in the regions of maximum
(Prmax, %max), inversion, (4, ajyy), and minimum polarisation (Ppin, %min)-

6.3.1 Size effect

Figure 21 displays the experimental polarisation curves for four magnesium-rich
olivine samples (Mufioz et al. 2021; Frattin et al. 2022) representative of low-
absorbing dust particles. The experimental data have been obtained at the TAA
Cosmic Dust Laboratory (Mufioz et al. 2011). The top panels and bottom left panel
present the polarisation curve for three forsterite powders consisting of particle-size
distributions belonging to the transition region Rayleigh-resonance, resonance, and
geometric optics domains, respectively. The bottom right panel shows the
polarisation curve of a mm-sized forsterite pebble.

Table 2 displays the ref, vegr, and corresponding x.; at the measurements
wavelength along with information on the complex refractive index for the forsterite
samples. We refer to Mufioz et al. (2021) and Frattin et al. (2022) for detailed sample
characterisation.

The P; (o) for the four low-absorbing samples presents a bell shape with a
maximum in the [75°-95°] phase angle range. Further, the three powdered samples
show a negative branch at small phase angles. Table 3 lists the main parameters of the
P, (o) curves in the region of minimum and maximum polarisation, and polarimetric
slope at inversion angle. As shown in Fig. 21, the trends for the maximum value of
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the polarisation curve are highly dependent on the size scattering regime. For very
small particles (sizes smaller than or of the order of the wavelength of the incident
light), Prnax tends to decrease as the particle size increases into the resonance regime
(Mishchenko et al. 2000). That is the case of the forsterite XS and S samples.
Forsterite XS, the sample consisting of particles with sizes in the Rayleigh-resonance
transition regime shows a maximum value of 20.3 %. Pp.x decreases as patrticle size
increases with a value of 12.9% for forsterite S. However, the tendency of decreasing
values of Py.x when increasing the size parameter is reversed as the size parameter
increases into the geometric-optics domain (Muinonen et al. 1996). In the case of
r > A, Pmax increases with particle size. As presented in Table 3, P, for forsterite
XL is equal to 15.9 % increasing up to 28.2% for the millimetre-sized olivine pebble.
Further, as particle size increases into the geometric-optics regime, the position of the
maximum value of P; is shifted towards larger phase angles (see, e.g., Muinonen
et al. 1996; Liu et al. 2015; Escobar-Cerezo et al. 2017).

The behaviour of particles of different sizes differs also in the NPB, as clearly
shown in Fig. 21. Its magnitude and the inversion angle location are highly
dependent on particle size. The deepest NPB (—4.4 %) is observed for sample S,
consisting of particles with sizes of the order of the wavelength of the incident light
(xef = 17). As the dust grain size parameter increases (forsterite M), the NBP
becomes shallower. Remarkably, the NPB vanishes within the error bars for the
powder sample containing particles within the geometric-optics domain (forsterite
XL and pebble). The dependence of the NPB on particle size parameter is also
supported by the results presented by Escobar-Cerezo et al. (2018). In that work, it
was shown that the removal of particles with sizes of the order of wavelength (x.g <
12) from a cloud of micron-sized lunar dust analogue sample results in a decrease (in
absolute values) of the measured NPB.

It is worth mentioning that mm-sized grains can also generate NPB at visible
wavelengths. Figure 22, left panel, illustrates P; () for three mm-sized pebbles:
charcoal, spinel, and MgFeAlSi (Muiioz et al. 2020; Frattin et al. 2019). The right
panel depicts the back-scattering region. Both MgFeAlSi and spinel pebbles exhibit
shallow NPBs, whilst charcoal tends towards negative values at phase angles smaller
than 10°. The main physical characteristics and polarisation features for the pebbles
are provided in Tables 2 and 3, respectively. In this case, macroscopic grain structure,
micron-sized surface roughness, and/or internal structures are likely responsible for
the observed negative branch.

6.3.2 Composition effect

To test the effect of dust composition on the polarisation phase curve, we have
selected two sets of samples with similar effective size parameters and particle
morphology but significant differences in their refractive index at the measurements
wavelength. Figures 23 and 24 display the polarisation phase curves for three sets of
powdered samples with sizes in the Rayleigh-resonance, resonance, and geometric-
optics regimes (Martikainen et al. 2023), and 2 mm-sized pebbles, respectively
(Muioz et al. 2020). As presented in Table 2, the imaginary part of the refractive
index for the JSC Mars 1 sample is nearly two orders of magnitude higher than the

@ Springer



Polarimetry of Solar System minor bodies and planets Page 67 of 103 7

35

304 [Forsterite X5 |

25 1

—512/511 (%)

al
-10
35 5
304 Forsterite XL : | [Olivine Pebble
)
>
0¥
-
=
w
=~
~
=
%3]
|
1l
s

=10 T T T T T T T T T T 2 T T -
1] 20 40 &0 B0 100 120 140 160 1BOO 20 40 &0 80 100 120 140 160 180

Phase angle a (°) Phase angle a (")

Fig. 21 Measured degree of linear polarisation curves in percentage as functions of the phase angle for
samples forsterite XS (top left), S (top right), forsterite XL (bottom left), and mm-sized olivine (forsterite)
pebble (bottom right)

value for the forsterite samples at the measured wavelengths. In the case of samples
with sizes belonging to the resonance and geometric-optics regimes (Fig. 23, right
panel, and Fig. 24, left and right panels), a higher absorption increases the value of
Ppax- Indeed, the larger the particle size parameter, the stronger the differences in
P between low- and high-absorbing samples (Fig. 24, right panel). We do not find
significant differences in the maximum of the P,-curve for the samples consisting of
particles in the Rayleigh-resonance transition size regime (Fig. 23, left panel). In all
three size scattering regimes, for similar particle sizes, a higher absorption produces
deeper negative polarisation branches.

As mentioned in Sect. 4.3.2, multi-wavelength aperture polarimetry is a widely
observational technique for cometary characterisation. As shown in Fig. 25, dust
polarisation colour is highly dependent on particle composition. The olivine sample
(Mutfioz et al. (2000), Frattin et al. (2019)) that shows a flat dependence of the
refractive index at the measurement wavelengths shows a red polarisation colour, i.e.,
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Table 2 Main physical properties of the dust samples presented in Figs. 21-22. Refractive index data from
(1) Henning et al. (1999), PMartikainen et al. (2023), ®) Tropf and Thomas (1998), and (¥} Duley (1984)

Sample Fer (M) Vet Xegr m=n+ik Reference

Forsterite XS 0.36 0.42 4 (640 nm) 1.65 + i1E-05 ' Muiloz et al. (2021)

JSC1 S 0.4 0.03 5 (480 nm) 1.6 + i9.5E-04 2 Martikainen et al.
(2023)

Forsterite S 1.4 1.06 14 (640 nm) 1.65 + i1E-05 ' Muiioz et al. (2021)

Forsterite M 2.6 0.55 26 (640 nm) 1.65 + i1E-05 ' Muiioz et al. (2021)

JSC1 M 2.7 0.27 35(480 nm) 1.6 + i9.5E-04 2 Martikainen et al.
(2023)

JSC1 L 16.5 0.1 216 (480nm) 1.6 + i9.5E-04 2 Martikainen et al.
(2023)

Forsterite XL 47 0.12 461 (640 nm) 1.65 4 i1E-05 ' Muiioz et al. (2021)

Olivine Pebble 3.8 - 46 x10* 1.65 4 i1E-05 ' Frattin et al. (2022)

Charcoal 2.2 - 26 x10* [1.8—2.3] 4+ i[0.5—0.9] Muioz et al. (2020)

Pebble ’
Spinel Pebble 3.4 - 41 x10* 1.72 + 3E-03 * Frattin et al. (2022)
Sample r(mm) - Xeff m=n+ik

Table 3 Measured main parameters of the degree of linear polarisation curves. Data from (') Mufioz et al.
(2021), @ Martikainen et al. (2023), @) Frattin et al. (2022), ) Mufioz et al. (2020)

Sample Xeft Prin (%) tmin () inv(®)  Pmax (%) omax (°) /1 (%/deg)
Forsterite XS! 4 —4.1+06 13+1 25+1 203+£06 80&£5 0.53
Jsc1 §? 5 —6+4 11+£1 27+1 21+6. 75+5 0.67
Forsterite S' 14 —444+07 12+1 25+1 129+04 75&£5 0.62
Forsterite M' 26 —26+13 10+1 202 124+£2.1 90+£5 0.37
Jsc1 M? 35 —33+02 11+£2 23+£3 1544+03 80k5

Jsc1 L? 216 -32+12 942 211 244+£04 9545
Forsterite XL! 461 —-1.24+20 14+1 171 159+£15 90+5 0.28
Olivine Pebble® ~46 x 104 - - 24+1 334 115£5 -
Charcoal Pebble®  ~26 x 104 - - 101 79.6 90+5 0.76
Spinel Pebble? ~41 x 104 — - 24+1 334 115+£5 -

the measured differences in the polarisation phase curves are mainly due to the
decreasing effective size parameter with wavelength (x.¢ = 42 at 488 nm, x.¢ = 33 at
633 nm). By contrast in the case of the JSC Mars 1 sample (Fig. 25, right panel), the
effect of decreasing size parameter at 640 nm is compensated by a higher absorption
at 488 nm producing a blue polarisation colour (Table 4).
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Fig. 22 Measured degree of linear polarisation phase curves at a wavelength of 520 nm for mm-sized
pebbles (left pane). The right panel displays the negative polarisation branch region

6.3.3 Morphology effect

Porous dust particles (aggregates/agglomerates) are present in, e.g., cometary dust
tails (Gittler et al. 2019) or the atmospheres of planets and satellites (West and Smith
1991). An aggregate particle is described by its fractal dimension, D¢, and the
number, N, and size of the constituent particles (monomers) as follows:

N o (Rg/r)™", (14)

where R, is the gyration radius (mean-squared of the distance from the aggregate
centre of mass and each of the constituent particles centre), and 7 is the monomer
radius. Dy takes values from 1 (chain-like) to 3 (porous spheroidal shape) (Blum
2006). In Eq. (14), we assume the same radius » for all constituent particles. The
aggregate size parameter is defined as X,y = 2R /A Where Ry, is the radius of the
sphere enclosing the aggregate. Vaillon and Geffrin (2014) presented a novel tech-
nique for aggregate production with full control over the aggregate parameters, the
so-called stereolithography 3D printing method. This technique has been success-
fully used by Tobon Valencia et al. (2022) to produce a set of well-characterised mm-
sized aggregate particles devoted to studying the effect of Dy, R,, and monomer size
on the measured polarisation phase curve at microwave wavelengths. The experi-
mental data have been obtained at the microwave scattering facility in Marseille at
wavelengths spanning from 100 mm (3 GHz) to 16 mm (18 GHz) (Geffrin et al.
2012). The complex refractive index of the resin used for printing the aggregates
(m = 1.7 4 i0.03) is similar to the values for astronomical silicates in the wavelength
range from 0.2 to 3 um (Draine and Lee 1984). As an example Fig. 26, left panel,
displays the degree of linear polarisation curve for an aggregate with Dy = 2, R, =
17.03 and R, = 26 as a function of monomer size. As suggested by the previous
computations (e.g., West and Smith 1991; Liu and Mishchenko 2018; Tazaki and
Dominik 2022), in the case of porous aggregates, the maximum degree of linear
polarisation is dependent on the monomers size parameter. As shown in Fig. 26, the
polarisation phase curve displays a Rayleigh-like behaviour, i.e., for incident
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Fig. 23 Measured degree of linear polarisation curves in percentage as functions of the phase angle for
forsterite XS and JSC Mars1S (left), and forsterite S and JSC Marsl M (right)
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Fig. 24 Measured degree of linear polarisation curves in percentage as functions of the phase angle for
samples forsterite XL and JSC Marsl L (left) and Olivine and Charcoal pebbles (right)

unpolarised light, the scattered light is 100 % polarised at 90 degrees. As the
monomer size parameter increases, the maximum P, decreases (Volten et al. 2001;
Hadamcik et al. 2006; Gomez Martin et al. 2024). Further, an increasing value of the
fractal dimension (i.e., decreasing porosity) has a significant effect on the maximum
value of the degree of linear polarisation. As shown in Fig. 27, Py,.x decreases for an
increasing value of Dy and the maximum value location is shifted towards smaller
phase angles. Light multiple scattered within the particle serves to decrease polari-
sation (see, e.g., Mishchenko et al. 2006). An extreme case was studied by Mufioz
et al. (2020) with a mm-size cotton ball. Light scattered many times within the
porous low-absorbing ball becomes largely unpolarised. However, adding internal
inhomogeneities on large (x > 1) low-absorbing host particles results in an increase
in polarisation (Escobar-Cerezo et al. 2017).
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Fig. 25 Measured degree of linear polarisation curves in percentage as functions of the phase angle for
Olivine S (left panel) and JSC1 (right panel) at 422 nm, 633 nm, and 488 nm, and 640 nm, respectively

Table 4 Measured main parameters of the P, curves for fractal aggregates as function of monomer size
parameter (Xmon), fractal dimension Dy, gyration radius (Rg), and radio of the sphere enclosing the
aggregate Ry, and aggregate size parameter X,q,. In all cases, the number of monomer particles (V) is equal
to 74. (Tobon Valencia et al. 2022)

Sample Xmon  Dr Ry Ry (mm)  Xug Prax (%) omax ()
Ag_DLA_Df2.0_NT4_3 0.5 20  17.03  26.00 163 96 88
Ag_DLA_Df2.0_N74_3 031 20  17.03  26.00 327 97 94
Ag_DLA_Df2.0_N74_.3 046 2.0  17.03  26.00 474 97 92
Ag_DLA _Df2.0_N743 063 20 1703  26.00 653 89 1)
Ag_DLA Df2.0_N743 094 20 1703  26.00 981 73 90
Ag_DLA_Df2.5_N74 063 25 1160  18.19 457 59 90
Ag_DLA_Df2.8_N74 063 28 983 15.49 389 58 78

6.4 Experimental polarisation curves under multiple scattering effects:
negative polarisation branch of regoliths

In this section, we review experimental data devoted to studying the effect of the
physical properties of the constituent particles of the reflecting surface (grain
composition, size, and compactness) on the measured NPB. In a dense scattering
media, the back-scattering response is a combination of single scattering from
individual particles and multiple coherent and incoherent scattering in the bulk
medium. We refer to Shkuratov (1989), Muinonen et al. (1989, 2015), Grynko et al.
(2020, 2022) for a comprehensive description of the back-scattering phenomena.
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Fig. 26 Left: effect of monomer size (Xmon spanning from 0.15 to 0.94) on the polarisation phase curve
for a single aggregate Dr =2, Ry = 17.03 and Ry, = 26. Right panel: effect of fractal dimension for
Xmon = 0.63 (after Tobon Valencia et al. (2022))

6.4.1 Regolith grains’ composition effect

Figure 28, left panel, displays the measured NPBs of particulate surfaces consisting
of micron-size fayalite, forsterite, and spinel dust grains. The experimental data are
obtained at the POLarimeter and ICE samples (POLICES) at the University of Bern
(Spadaccia et al. 2022). Table 5 displays the main characteristics of the constituent
particles and DLP features. As shown, the NPB becomes shallower as particulate
reflectance increases as is the case for the spinel surface. By contrast, fayalite, the
surface consisting of darker grains at the experiment wavelength, shows a deeper and
narrower NPB. Multiple scattering by a surface consisting of large absorbing grains
is limited to the first few orders. In that case, the NPB is mainly produced by the
coherent double-scattering mechanism (see, e.g., Shkuratov 1989; Muinonen et al.
1989; Videen 2002; Grynko et al. 2022). Low-absorbing particulate surfaces produce
a shallower NPB and higher inversion angle. Incoherent multiple scattering within
the high-albedo media suppresses features of single scattering. The effect of surface
reflectance is also presented by Shkuratov et al. (2004), as shown in Fig. 28, right
panel. The particulate surface consisting of red clay particles produces a deeper
negative polarisation branch as the albedo gets lower values (blue light).

6.4.2 Regolith grains size effect

It is known that the polarisation phase curve of particulate surfaces is up to some
extent a remnant of the NPB produced by the constituent particles under single-
scattering conditions (Shkuratov et al. 2006; Levasseur-Regourd et al. 2015). As
presented in the previous sections, the polarisation phase curve under single-
scattering conditions is highly dependent on the scattering size regime. Ovcharenko
et al. (2006) and Nelson et al. (2018) present a detailed study on the grain size effect
on the negative polarisation branch of particulate surfaces. They use powder samples
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Fig. 27 3D-printed aggregates with N = 74 monomers, each with radius » = 2.5 mm. Fractal dimension
values equal to 2, 2.5, and 2.8 in the left, centre, and right panels, respectively

spanning over a broad size range. In Fig. 29, we present the P, («) curves for
particulate surfaces consisting of very absorbing (boron carbide) and very bright
(alumina) dust grains. The experimental data were obtained with the small phase
angle and large phase-angle photopolarimetres located at the Astronomical Institute
of Kharkov National University. They used an incandescent light with a wide-band
filter centred at 0.63 pum as a light source. Left, middle, and right panels display
three-grain size ranges. In the case of bright powders with size parameter 27/ ~ 10
(alumina, left panel), the NPB is broad and shallow (P, ~ 0.15 %). The dark boron
carbide exhibits a deeper NPB (P, ~ 0.7 %) and a smaller inversion angle. As
powder particle size increases (middle and right panels), the NPB for the dark Boron
Carbide surface becomes narrower and deeper, whereas the corresponding NPB for
the alumina powder becomes shallower. As explained in the previous section, in the
case of large absorbing constituent particles, the CBM plays an important role, whilst
in the case of bright large particles, incoherent multiple (diffuse) scattering
dominates.

6.4.3 Particulate media morphology effect: compact vs porous regoliths

The effect of various degrees on compression of the particulate surface is studied by
Shkuratov et al. (2006). The powder samples are located on free fall on a 20 mm-
diameter sample cup. The sample thickness (3—4 mm) must be high enough to
consider the sample as a semi-infinitive layer. In the second step, the samples are
compacted with a glass plate decreasing the sample porosity by a factor of two. The
measured polarisation curves for the uncompressed and compressed surfaces are
compared with those of the same samples in aerosol form obtained at the Amsterdam
light-scattering instrument (Hovenier 2000; Volten et al. 2001). The polarisation
phase curves for uncompressed surfaces (open symbols) show similar shapes as the
corresponding samples under single-scattering conditions (filled symbols). This
seems to indicate that Py,,x for uncompressed particulate surfaces could be dominated
by single-particle scattering. The bright uncompressed surface (Fig. 30, left panel)
shows a nearly zero Py,,. Light that is multiply scattered within the porous surface
becomes nearly unpolarized. After compression, Py, significantly increases and it is
shifted towards larger phase angles. The effect is even stronger in the case of the dark
surface (Fig. 30, right panel). Powder compression produces smooth surfaces. Under
some conditions, the compressed surface may scatter light as a nearly plane surface
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Fig. 28 Left panel: experimental negative polarisation branch for three particulate surfaces consisting of
fayalite, forsterite, and spinel at 530 nm (Spadaccia et al. 2022). Right panel: degree of linear polarisation
curves for red clay at blue and red wavelengths. Large and small symbols correspond to experimental data
under single scattering conditions and particulate surfaces, respectively. A small figure at the bottom right
corner zooms in on the measured NPB for the particulate surface shown in the SEM image (top left corner).
Figure adapted from Shkuratov et al. (2004)

Table 5 Measured main parameters of the P, curves for fractal particulate surfaces as a function of
particulate size, colour, and packing density. Data from Shkuratov et al. (2004), Ovcharenko et al. (2006),
Shkuratov et al. (2006), and Spadaccia et al. (2022)

Sample Grain Size Reflectance/albedo Prin (%) Omin () Uiny (%)
Fayalite <15um 0.158 £+ 0.004 —0.70 2.5 12
Forsterite <15pum 0.758 £0.014 —0.53 3 17
Spinel <15um 0.822 +0.03 —0.20 8 24
Boron Carbide 1.5 um A=6.8% -0.7 4 14
Boron Carbide 8.5 um A =6.6% —-1.0 1

Boron Carbide 15 pm A=17.1% —-1.3 0.5

Alumina 1.5 um A =99% —0.15 10 19
Alumina 6 um A=95% —0.15 10 19
Alumina 11.5 pm A=91% —0.15 2 13
Red clay (blue) 1.5 um A=17% -0.7 6 16
Red clay (red) 1.5 pm A=47% —-0.4 7 16

(Shkuratov et al. 2007). If that is the case, the polarised reflected light is described by
the Fresnel equations for reflection.
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Fig. 29 Polarisation-phase curves for three particle-size ranges: left: 3pum; middle 17pm-23pum, and right:
30 um. Open symbols correspond to Alumina and filled symbols to Boron Carbide. The corresponding
sample Albedo is included in the figures. Figures adapted from Ovcharenko et al. (2006)
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Fig. 30 Polarisation-phase curves for aerosol particles (filled symbols) and particulate surfaces
uncompressed (open symbols) and compressed (crossed symbols). Triangles and circles correspond to
the measured data at 442 nm and 633 nm, respectively. Figures adapted from Shkuratov et al. (2007)

Appendix A: Observing techniques

In Sect. 1, we highlighted that understanding the significance of observational data
simply requires keeping in mind the definition of the quantity P, given by Eq. (1).
However, to carry out polarimetric observations, to estimate their associated errors,
or simply to critically evaluate the reliability of a result, one needs a more in-depth
understanding of the observation and data reduction techniques. In this section, we
provide some basic concepts.

A.1: Definitions

The definition of the Stokes parameters requires the choice of a reference direction in
the plane perpendicular to the direction of propagation of the radiation. Figure 31
illustrates the operational definitions that we adopt in this paper, according to
which (e.g., Landi Degl’Innocenti et al. 2007)
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I = k(So+ So)

O = k(So— Sw) (A1)
U = k(S5 —Sis)

V. = k(Sru — Stu),

where £ is a constant, S is the flux measured behind a linear polariser rotated over an
angle f# with respect to the reference direction; i is measured positive counter-
clockwise from the reference direction to the acceptance axis of the polariser, looking
towards the source. Sgry (Spp) is the flux measured by a detector behind a filter
transparent only to the right-handed (left-handed) circularly polarised light. Light is
called right-handed (left-handed) circularly polarised when the tip of the radiation’s
electric field vector rotates clockwise (counterclockwise), looking towards the
source. We nearly always use the relative quantities

Py =X/I (A2)

(X =0,U,V), so that the calibration of the constant k& becomes irrelevant. The
quantities Py are often called ‘reduced Stokes parameters’. As an alternative to Py
and Py, linear polarisation can also be described in terms of the fraction of linear
polarisation P, and the angle of maximum polarisation ®, such that

1/2
P = (Pé + P%/)
Py = Prcos(20) (A3)
PU = PL Sil’l(2®),

where ® is measured positive rotating counterclockwise from the reference direction
to the direction of maximum polarisation, looking towards the source. We note that
the definitions of Stokes parameters, including the sign convention as defined above,
are not universal; comments on this confusing situation can be found in various
articles (e.g., Clarke 1974; Landi Degl’Innocenti et al. 2007; di Serego Alighieri
2019; Bagnulo and Landstreet 2020), but at least the definition of P, given by Eq. (1)
is widely accepted.

Stellar astronomers generally adopt the great circle through the observed object
and the North Celestial Pole as the reference direction. However, for observations of
Solar System objects (except the Sun), the adopted reference direction is usually the
one perpendicular to the scattering plane. The position angle ® of the scattering plane
(measured by rotating counterclockwise from the great circle passing through the
object and the North Celestial Pole to the great circle passing through the object and
the Sun) can be found from the ephemeris, or obtained from the relation

1

L A4
tan® ’ (A4)

sin ot cos(ae — o) = cos Ot tan i, — sin(ae — ar)

where (o, d7) are the object (target) RA and DEC coordinates in the equatorial
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system, and (o, d¢) the Sun coordinates in the same system. When the polarisation
is measured with an instrument that is not aligned with the direction perpendicular to
the scattering plane, one can rotate the measured Stokes parameters to that direction
using

Po = Ppcos(20) + Py sin(20)

Py = —Plsin(20) + P} cos(20), (A3)

where P’Q and P}, are measured in the instrument reference system, and 6 is the angle
by which the old reference system must rotate (counterclockwise looking at the
source) to coincide with the new reference system; hence, 0 = —y + ® + 7/2; where
% 1s the angle of the instrument reference direction measured rotating counter-
clockwise from the great circle through the target and the north celestial pole.’

After this rotation, P = Py represents the flux perpendicular to the scattering
plane minus the flux parallel to that plane, divided by the sum of the two fluxes (see
Eq. 1), and, for symmetry reasons, for a point source Py = 0. In the new reference
system, we also have

P = P

A6
® = 0 -0, (A6)

where P] and @’ are, respectively, the fraction of linear polarisation and its position
angle measured in the instrument reference system. If Py = 0, then we expect
P, = £P], depending on the value of ®: the sign is positive when ® = 0°, and
negative when ©® = 90°. When using P instead of Py, one should bear in mind that
the distribution of its estimate is not Gaussian, and that a bias is introduced unless
0, < Pp. There are formulas that can be used to correct for this bias, for instance
(Wardle and Kronberg 1974)

1
op\2|?
Py _P{l = (FP> } : (A7)
where P is the measured value of the fraction of linear polarisation.

A.2: How polarisation is measured
Comprehensive reviews of various instrument configurations and hardware solutions

can be found in, e.g., Serkowski (1974) and Keller et al. (2015). Here, we will only
discuss the basic concepts and explain how instrumental effects can be minimised.

A.2.1: Polarimetry with linear polarisers only

The signal received by a detector behind a polarising filter with acceptance axis
rotated by an angle f with respect to the reference direction is given by

3 The instrument position angle is usually recorded in the image fits-headers, but not necessarily following
this sign convention.
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Fig. 31 The operational definitions of the Stokes parameters. The observer is looking towards the source
of the radiation. Image adapted from Landi Degl’Innocenti et al. (2007)

Sp = %k[l + Qcos(2p) + Usin(2p)] (A8)

(e.g., Serkowski 1974; Hansen and Travis 1974). A simple method for perform-
ing astronomical polarimetry is to obtain a series of observations using a linear
polariser with its acceptance axis set at four different position angles f§ as per defi-
nition of Eq. (A3). If it is necessary to minimise the number of exposures, or the
number of rotations of optical elements, three position angles can be used instead.
Maximum efficiency is achieved by separating these positions by 60°. The reduced
Stokes parameters are then derived from

2
=5 (So + Seo + S120) (A9)
2850 — S60 — S120
Py=""_"" "~ A10
@7 S0 + Seo + Siao (A10)
Seo — S
Py =130 "0 (Al1)

So + Seo + Si20

This optical scheme is employed on the Hubble Space Telescope, and discussed in
detail by Sparks and Axon (1999). From ground-based measurements, the major
drawback of using a temporal sequence with a rotating polariser is that even small
changes in sky transparency between subsequent observations may create a spurious
polarisation signal. This problem can be minimised only if the instrument field of
view is sufficiently wide to capture a number of nearby (and presumably unpolarised)
stars, which can be used as calibrators.

An alternative, and most commonly adopted solution, is to employ a beam-
splitting device, such as a Wollaston prism, which is capable of splitting the
incoming radiation into two beams that are polarised perpendicularly to each other.
With such a device, the fluxes that one has to measure to determine a Stokes
parameter are captured simultaneously, and changes in the sky transparency can be
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removed from the polarisation measurement. For instance, an instrument can record
simultaneously S(f=0) =74+ Q and S(f =90°) =1 — Q. Then, after a 45°
rotation, it can measure S(f = 45°) =1+ U and S(f = 135°) = I — U. Instrument
rotation may be avoided by adopting a double-wedged Wollaston (Oliva 1997), a
device made of two Wollaston prisms glued together that splits the incoming
radiation into four beams, containing the light polarised at 0°, 45°, 90°, and 135°
with respect to its principal axis. The possibility to measure simultaneously Py and
Py is useful for polarimetry of rapidly transient phenomena, or whenever it is
preferable to avoid rotations of the instrument, or of parts of it.

We note that when a beam-splitting device is used for polarimetry of spatially
extended objects, it is necessary to employ a mask to prevent the two beams from
overlapping, as proposed, for instance, by Scarrott et al. (1983), and adopted in the
FORS instrument (Appenzeller et al. 1998) on the VLT/ESO.

A.2.2: The beam-swapping technique

The optical designs described above require that observations come with accurate
flat-fielding calibrations; experience shows that, because accurate flat-fielding
calibration is difficult to achieve, it is generally not possible to reach an accuracy
better than ~0.1% on objects that are intrinsically polarised at about 1-2% level
(e.g. Bendjoya et al. 2022). The measurement accuracy may be substantially
improved by adopting the so-called beam-swapping technique. Using the same part
of a detector to measure opposite polarisation signals, this technique eliminates
various potential systematic effects arising from the detector and the polarimetric
optics. What is needed for its implementation is a modulator placed in front of a
beam-splitting device. A modulator, such as a retarder waveplate, is an optical device
that introduces a phase-shift y between the two perpendicular components of the
radiation’s electric field. Most commonly used are a 1/2 retarder waveplate, that
introduces a 180° phase shift, and a 1/4 retarder waveplate, that introduces a 90°
phase shift.

A /2 retarder rotates the polarisation plane of the incoming radiation by an angle
20, where ¢ defines the orientation of the retarder’s fast axis with respect to a given
direction, and it is often used to measure linear polarisation. A 1/4 retarder
transforms circular polarisation into linear polarisation, and may be used to measure
circular polarisation. It can be demonstrated (Serkowski 1974; Landi Degl’Innocenti
and Landolfi 2004) that the signal S measured by a detector behind a retarder and a
polariser is given by
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88, B,7)

1
2%#[Qwﬂ5+Umﬂﬂcm@ﬁM)

[Q sin20 — U cos 25} sin(2ff — 20) cosy+ (A12)
Vsin(2f — 20) siny} .
It is trivial to see that, in the ideal case, by defining
000 = 5.5 5650 ) i

one can measure the Stokes parameters by giving the retarders various orientations,
for example

Pp = GO=0,y=n) = -G(0=45,y=n) G(6=90°y=m)

Py = G=225p=1 = —-G6=675y=1 = GO=11257y=mn) =

(A14)

In a real polarimeter, various factors can influence the measurements. For instance,
the position angle ¢ and the retardation y depend on wavelength 4, and the detector
is often not calibrated well enough to ensure that the two beams are recorded with
identical efficiency. Fortunately, a technique based on rotating the waveplate helps
cancel most of these spurious effects. When the 1/2 retarder waveplate is rotated by
45°, the measured polarisation changes sign, whilst most instrumental effects remain
unaffected. These effects cancel out if the reduced Stokes parameters are derived
from the double differences

Py ==[G(6=0,y=m)— G(6 =45y =)

N —

(A15)

1
Py = E[G(é =225%y=mn)—G(d =67.5,y=mn).

Alternative observational strategies involve setting the retarder waveplate at addi-
tional position angles, or even having it continuously rotating. An alternative method
to recombine fluxes, practically equivalent to Eq. (A15), is by applying the formulas
of the double ratio method, for which we refer to Sect. 4.2 and App. A.2 of Bagnulo
et al. (2009).

In the following, we discuss some important residual effects not corrected by the
beam-swapping technique.
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A.2.3: Chromatism of the retarder waveplate

The position angle d of a modulator may depend on the wavelength A, and its effects
are not cancelled out by the beam-swapping technique (see Sect. 7.2 of Bagnulo et al.
2009, and Patat and Taubenberger 2011). Without calibrating for chromatism, the
measured polarisation angle will be offset from its true value; for instance, a constant
polarisation position angle may appear to vary with A. Calibration can be
performed using either laboratory measurements or observations of a celestial object
with a constant position angle (e.g., an asteroid). This calibration is not necessary if
the quantity of interest is the fraction of linear polarisation P of Eq. (A3), because
the chromatism effect influences both Py and Py, and cancels out in the expression
Py + P

A.2.4: Cross-talk from linear to circular polarisation

Compared to linear polarisation, only a very small fraction of circular polarisation is
produced by scattering from particles or surfaces, and only in very specific, but
interesting circumstances. For example, due to homochirality, light diffused by
organic material is expected to produce circular polarisation, and this has indeed
been observed in laboratory measurements (Wolstencroft 1974; Sparks et al. 2009;
Sterzik et al. 2010). Attempts to search for bio-signatures with circular polarisation
on celestial bodies have been made (e.g., Sparks et al. 2005), but the predicted signal
is small (~10~* or less), and astronomical observations may not reach the S/N
necessary to detect it. Systematic errors may be caused by cross-talk from linear to
circular polarisation if the target bodies for the circular polarisation measurements are
linearly polarised, because the telescope and/or instrument optics may transform part
of the linear polarisation signal into circular polarisation. This effect was noted
in FORSI data (Bagnulo et al. 2009), and was further analysed using FORS?2 data by
Siebenmorgen et al. (2014).

A.3: Observing techniques and data reduction

Hereafter, we will consider the optical scheme proposed by Appenzeller (1967), that
was adopted in the FORS instrument on the VLT/ESO. This scheme consists of a
retarder waveplate that can be set to fixed position angles, followed by a Wollaston
prism, and a CCD. Most of the following considerations can be applied to other
instrument configurations.

A.3.1: Broadband polarimetry

With ’broadband polarimetry’, we refer to the measurement of the polarisation of a
source integrated over the wavelength range of a filter passband. This technique
relies on photometry of images obtained in opposite polarisation directions, which are
then combined using for instance Eqs. (A15). There is a rich literature about the best
techniques to estimate the flux of a point source in a CCD image, but simple aperture
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photometry is usually well suited for polarimetric measurements. Basically, the
quantities Py and Py are plotted as functions of the aperture size. The best Py and
Py are then selected as the plateau values. The plateau is generally reached at
aperture values for which the fluxes are still increasing (see Fig. 32). Visual
inspection of these curves can help to determine whether background objects are
affecting the measurement at specific apertures (for more details, see Bagnulo et al.
2016).

A.3.2: Polarimetric maps

For spatially extended objects like planets or cometary comae, it may be interesting
to obtain polarimetric maps, and to correlate them with intensity and colour maps.
Instead of combining the fluxes measured in relatively large apertures as described in
Sect. A.3, one can combine the flux from one or a few pixels, associating the
resulting polarisation values to positions in space. Background subtraction may
require special attention if the object occupies a significant fraction of the field of
view, and if the instrument suffers from instrumental polarisation that is variable
across the field of view, as in the case of the FORS instrument (Patat and Romaniello
2006; Gonzélez-Gaitan et al. 2020). In addition, polarimetric maps may well be
affected by systematics due to changes in seeing between exposures, differences in
the PSF of the two beams, and centring issues. These issues are discussed in detail by
Gray et al. (2024a) (see also Sect. 4.4).

A.3.3: Spectropolarimetry

Spectra may be combined using the same formulae employed for broadband
polarimetry. The main difference is that the (wavelength-dependent) background can
only be estimated from strips parallel to the beams, rather than in extended regions
around the source, as is possible in imaging mode. Background subtraction can be
challenging if a Wollaston mask restricts the size of the strips used for estimating its
contribution, and if the instrumental polarisation varies across the instrument’s field
of view. A detailed discussion of this issue (for the case of circular polarisation
spectra) is presented in Sect. 6 of Bagnulo and Landstreet (2020). Another
complication is that it is often impractical to determine how the polarisation spectra
change with increasing extraction aperture (see Fig. 32). Consequently, it is
more difficult to estimate the best choice for the aperture size than it is in the case
of imaging polarimetry of point sources. This limitation may affect the accuracy of
the measurements.

A.4: Quality checks

If there is confidence that the polarisation of an object is either parallel or
perpendicular to the scattering plane, and if the instrument can be conveniently
rotated, telescope time can be concentrated on measuring only one Stokes parameter.
A small misalignment between the instrument’s position angle and the scattering
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Fig. 32 In the left panel, the blue empty circles show Py as a function of the aperture used for the flux
measurement, with their error bars calculated from photon noise and background subtraction, and offset to
the adopted value. The solid symbols show the value finally adopted to estimated Stokes Py (1.2%) and its
null parameters parameter, offset to —0.5% for display purpose. The black solid line shows the logarithm
of the total flux expressed in arbitrary units, demonstrating that polarimetric measurements converge at
smaller aperture values than photometric measurements. The right panel refers to Py

plane may reduce the S/N, but will not introduce a systematic offset, as long as the
misalignment is known, as we can apply the following correction:

Po=— P Al6
" cos(2¢)" @ (A16)

where £ is the offset of the instrument’s position angle with respect to the direction
perpendicular to the scattering plane and P’Q is the value measured in the instrument
reference system. This strategy can either save half of the telescope time or increase
the S/N by a factor of ~ /2 assuming all shutter time is used to measure only one
Stokes parameter. Vice versa, when both Stokes parameters are measured, the Py
value can serve as a quality check, if for symmetry reasons it is expected to be zero.
For example, the results of a survey could be supported by a plot showing the
distribution of Py /oy, which should resemble a Gaussian centred about zero with
g =1 (see, e.g., Fig. 1 of Bagnulo et al. 2008).

Another quality check can be performed if a Stokes parameter is obtained
from two or more pairs of exposures. When a Stokes parameter is measured
from numerous pairs of exposures, it is natural to compute the external error (the
mean quadratic error), which provides a more realistic estimate than the internal error
derived from an a priori propagation. If a Stokes parameter is obtained as the average
of only two pairs of exposures, then it is still possible to consider the difference
between the estimates from each of the two pairs, which should be zero within the
uncertainties. In case of broadband polarimetric measurements, this difference may
be called null parameter (see Fig. 32). In case of spectropolarimetric observations,
the difference between two spectra is called the ‘null profile’ (e.g., Donati et al.
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1997). The distribution of the difference between the Py values for each wavelength
bin, normalised by the uncertainties, should be similar to a Gaussian centred about
zero, and with o = 1.

These types of quality checks are also useful when calculating polarimetric maps.
Both Py maps and null maps should appear as random noise centred about zero.
However, it must be taken into account that whilst systematic deviations from zero
may indicate potential issues with the observations (or source variability), the
consistency of the null parameters with zero does not necessarily guarantee that the
measurement results are correct.
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