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Abstract. The photometric phenomenon in the form of a nonlinear increase of 
brightness at small phase angles and a negative branch of polarization are typical 
of the majority of Solar System bodies. In addition, some high-albedo objects re-
veal a backscattering polarization feature in the form of a spike-like negative-
polarization minimum called the polarization opposition effect. These optical phe-
nomena are important tests of our theoretical descriptions of light scattering by re-
golith planetary surfaces. In this chapter we review the recent progress in the study 
of optical opposition phenomena in planetary astrophysics. We primarily focus on 
the results of polarimetric observations of asteroids, the Galilean satellites of Jupi-
ter, the Saturnian satellite Iapetus, Centaurs, and trans-Neptunian objects at back-
scattering geometries including phase angles approaching zero. 
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objects 

1.  Introduction 

Polarimetry and photometry are especially sensitive diagnostic tools helping 
to infer the physical properties of bodies whose observational characteristics are 
governed by small scatterers, e.g., dust and regolith grains. It is these methods that 
have provided convincing indications of the presence of regolith on planetary sur-
faces long before the advent of space missions. Measurements of the intensity and 
polarization of scattered light as functions of the phase angle and wavelength have 
been used to gain an improved understanding of the microphysical properties of 
the surfaces of many Solar System bodies. The phase curves of brightness and po-
larization and their spectral dependences are controlled by the fundamental phe-
nomenon of light scattering and are intimately related to the physical properties of 
the scattering media such as the size, morphology, composition, and packing of 
the constituent particles. These characteristics can often be inferred by solving 
theoretically the inverse remote-sensing problem. 
–––––––––––––––––––– 
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Much attention is currently paid to the behavior of the radiation scattered at 
small phase angles, α < ~20°. Two interesting optical phenomena are observed for 
many bodies of quite varying nature, such as atmosphereless planets, planetary 
satellites and rings, and asteroids as well as cometary and interplanetary dust. The 
first phenomenon is a nonlinear increase in brightness at phase angles approaching 
zero, i.e., the brightness opposition effect (BOE). Figure 1 illustrates phase-angle 
dependences of brightness for asteroids of different types and albedos and major 
satellites of Uranus. It is seen that there can be a sharp surge of brightness at phase 
angles less than 2° (e.g., for 44 Nysa, 64 Angelina, and Ariel) or a rather smooth 
angular variation. The second phenomenon is negative linear polarization at small 
phase angles (meaning that the electric field vector component parallel to the scat-
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Fig. 1. Phase-angle dependences of brightness for asteroids of different types and albedos 
and major satellites of Uranus (after Rosenbush et al. 2006 and Avramchuk et al. 2007). 
Solid curves represent the best fits to the data with an exponential– linear function (Rosen-
bush et al. 2002). 
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tering plane dominates the perpendicular component), first discovered through lu-
nar observations by Lyot (1929). The angular dependence of negative polarization 
for different Solar System bodies and laboratory samples can exhibit a wide, al-
most parabolically shaped negative polarization branch (NPB) with a minimum 
near 5°−12° (as, e.g., for asteroids in Fig. 2), and/or a sharp asymmetric mini-
mum of polarization centered at about 0.5°−2°, called the polarization opposition 
effect (POE). There are different opinions as to the shape of the polarization phase 
dependence at small phase angles, ranging from a sharply asymmetric NPB to a 
secondary minimum of negative polarization distinctly separated from the main 
NPB minimum. The secondary minimum has been detected for Saturn’s rings 
(Dollfus 1984; see also Rosenbush et al. 1997), E-type asteroids (Rosenbush et al. 
2005, 2009), and bright Galilean satellites (Rosenbush and Kiselev 2005). A very 
asymmetric phase-angle curve is detected for some Centaurs and trans-Neptunian 
objects (TNOs) (Boehnhardt et al. 2004; Rousselot et al. 2005; Bagnulo et al. 
2006, 2008; Belskaya et al. 2010). The parameters of the NPB, namely the degree 
of polarization at the minimum Pmin, the corresponding phase angle αmin, and the 
inversion angle αinv at which polarization changes sign from negative to positive, 
can differ significantly even for members of the same class of objects, which is 
clearly seen in Fig. 2.  

Bernard Lyot was the first to measure in the laboratory an extremely narrow 
backscattering polarization minimum for a particulate MgO surface (Lyot 1929). 
Subsequently, both types of negative polarization and a narrow backscattering in-
tensity peak have also been detected for many particulate laboratory samples (e.g., 
Geake and Geake 1990; Shkuratov et al. 2002). 

The specific “physical explanations” of the opposition effects and the NPB 
have not been completely agreed upon. Whatever their actual practical worth is 
(cf. Mishchenko et al. 2011), a number of optical “mechanisms” have been pro-
posed to explain the BOE and negative polarization resulting from the interaction 
of light with porous, powder-like surface layers or rough surfaces of atmosphere-
less Solar System bodies (ASSBs) (Hapke 1993; Shkuratov et al. 1994; Muinonen 
et al. 2002; Mishchenko et al. 2002, 2006a, 2009a,b, 2010). Presently, the inter-
ference effect of coherent backscattering (CB), the purely geometric effect of mu-
tual shadowing (MS), and the single-particle scattering are mentioned as the pri-
mary candidates to “explain” the observed opposition phenomena. Some features 
of the polarization and brightness phase dependences are also predicted by the so-
called near-field theory (Petrova et al. 2007; Tishkovets 2008; Mishchenko et al. 
2010, and references therein). CB is caused by the constructive interference of re-
ciprocal trajectories of light multiply scattered by a particulate surface at small 
phase angles. This interference can contribute to the BOE as well as to the POE. 
CB is more pronounced for bright objects, whereas the single-particle scattering 
can cause a NPB for objects with different albedos. MS is more effective in the 
formation of the BOE for low-albedo bodies. However, this mechanism does not 
yield negative polarization. From comparisons of observational data and the re-
sults of theoretical modeling and laboratory measurements, the most likely size, 
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composition, and structure of dust particles and some other properties of ASSB 
surfaces can be inferred. Such comparisons, however, require sufficiently com-
plete phase curves of brightness and polarization covering wide ranges of phase 
angles and wavelengths. 
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Fig. 2. NPB for different types of asteroids. The polarimetric data are taken from APD, 
Rosenbush et al. (2005), Kiselev et al. (2002), Belskaya et al. (2005), and Zellner and Gra-
die (1976). The curves show approximations of the NPB data with a trigonometric polyno-
mial introduced by Lumme and Muinonen (1993). 
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Currently, photometric and polarimetric data for various objects at the small-
est phase angles (α < 2°) and in different spectral bands are rare, and the behavior 
of the negative polarization is still unknown in detail. This is due to the fact that 
the absolute value of polarization at these angles is often small (several tenths of a 
percent), thereby necessitating very high measurement accuracy and making most 
of the available data poorly suitable for studies of the opposition effects. Because 
polarimeters are available at only a handful of telescopes, the visibility of ASSBs 
is typically limited, and poor weather often reduces the already limited allocation 
of observation time, detailed sampling of the polarization curve at the smallest 
phase angles becomes extremely difficult. As a consequence, despite the signifi-
cant recent progress in theoretical and modeling studies (e.g., Mishchenko et al. 
2009a,b, 2010, and references therein), the cumulative polarimetric data for 
ASSBs are still limited.  

To replenish the polarimetric database, we have been carrying out a special-
ized program of polarimetric observations near opposition of selected ASSBs 
since 1995. The main purpose of this program is obtaining measurements of po-
larization at the smallest accessible phase angles with the highest achievable accu-
racy. The ultimate objective is to study in detail the behavior of polarization near 
opposition and record the shape of the secondary polarization minimum initially 
predicted by the theory of CB (Mishchenko 1993) and subsequently discovered 
experimentally by Rosenbush et al. (1995, 1997). The list of targets includes high-
albedo bodies, such as the Galilean satellites Io, Europa, Ganymede, and Callisto, 
Saturnian satellites Iapetus and Enceladus, E-type asteroids, including 44 Nysa 
and 64 Angelina, and several other objects.  

In this chapter we summarize the results of photopolarimetric observations of 
different ASSBs at small phase angles. In particular, we compare polarimetric 
properties of objects located in the inner part of the Solar System with those ob-
served recently with the largest ground-based telescopes for objects residing in the 
outer part of the Solar System (such as Centaurs and trans-Neptunian objects).  

 
2. Telescopes, polarimeters, and data reduction 

To measure the linear polarization and intensity of light scattered by selected 
ASSBs, we use the 2.6-m and 1.25-m telescopes of the Crimean Astrophysical 
Observatory (CrAO) and the 0.7-m telescope of the Chuguev Observation Station 
of the Institute of Astronomy of the Kharkiv National University (KhNU). All 
three telescopes are equipped with aperture photopolarimeters (see chapter 2 of 
Mishchenko et al. 2010 for details). 

Two single-channel polarimeters with rapidly rotating polarizers (~33 rota-
tions per second) are mounted at the 2.6-m and 0.7-m telescopes. The polarizer in 
the former instrument is an achromatic quarter-wave phase plate (followed by a 
fixed Polaroid; see Shakhovskoy et al. 2001), whereas that of the latter instrument 
is a simple (rotating) Polaroid (Kiselev and Velichko 1997). Usually the meas-
urements are taken in the standard B, V, and R bands (central wavelengths 0.44, 
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0.53, and 0.69 μm, respectively) or in the broadband red filter WR (0.69 – 0.93 
μm). The corresponding passbands are close to those of the standard BV (John-
son) and R (Cousins) systems, thereby allowing an accurate conversion of the 
photometric data from the instrumental to the standard system. 

A calcite prism serves as the analyzer and splits the incoming beam into two 
components with orthogonal linear polarizations in the UBVRI photopolarimeter 
mounted at the 1.25-m CrAO telescope (Piirola 1988; Berdyugin and Shakhov-
skoy 1993). The corresponding images are formed inside two diaphragms in the 
focal plane. The intensities of two images are measured by a single photomulti-
plier using a chopping technique. For the measurement of linear polarization, the 
signals are modulated using a rotating half-wave phase plate. During the course of 
the measurement, the phase plate rotates with 22.5° steps in front of a fixed calcite 
plate, which allows one to detect the intensities of the two orthogonal states of po-
larization corresponding to the eight position angles of the retarder. One meas-
urement consists of the integration over eight different orientations of the retarder. 
Using four dichroic filters, the instrument yields measurements of the intensity 
and polarization for the object in the standard U, B, V, R, and I bands (with the 
corresponding effective wavelengths 0.36, 0.44, 0.53, 0.69, and 0.83 μm) simulta-
neously. The method of synchronic detections is used in all three polarimeters. 
This technique ensures a quasi-simultaneous measurement of the normalized 
Stokes parameters q and u. Subsequently, the degree of linear polarization and the 
position angle of the polarization plane are determined using the following stan-
dard expressions: 

,22 uqP +=    .arctg
2
1

q
u=θ  

The respective errors 

2)( 22
uqP σσσ +=    and   

P
Pσ

σθ 65.28=  

are calculated using the mean square errors of the individual measurements of pa-
rameters q and u which, in turn, are estimated using both the statistics of recorded 
photoelectrons and their internal dispersion (Shakhovskoy and Efimov 1972). The 
greater of these two errors is adopted as an accuracy measure of the weighted 
mean values of the polarization parameters P and θ for each set of measurements 
during the night. The errors of the parameters P and θ averaged over the entire 
night are determined using the variance of the individual values. Typical errors in 
the degree of linear polarization in the R filter vary from 0.03% to 0.07%. 

The weakness of polarization at very small phase angles (|P | ~ 0.1% − 0.3%) 
necessitates measurement accuracies better than ~ 0.03%, which means that the 
instrumental polarization must be known to better than 0.02%. In fact, the errors 
in the parameters of instrumental polarization determined from observations of 
unpolarized standard stars did not exceed 0.01%, as was the case during our po-
larimetric observations of the Galilean satellites (Rosenbush and Kiselev 2005). 
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The calibration of the position angle of the polarization plane is performed using 
observations of standard stars with well-known large interstellar polarization. The 
zero-point of position angles is determined with an accuracy of ±0.7°. All po-
larimetric standard stars are usually taken from the database compiled in Heiles 
(2000) and references therein. The cumulative error in our measurements of the 
degree of linear polarization includes the mean square error averaged over each 
night and the error of the instrumental system. In most cases the cumulative error 
did not exceed 0.03% − 0.07%. The zero-point of position angles was stable to 
within ~1°.  
 
3.  Polarimetric data for asteroids near opposition 

Lyot (1934) was the first to discover polarization of light scattered by aster-
oids. He found that asteroids 1 Ceres and 4 Vesta exhibit negative polarization at 
small phase angles, similarly to the Moon, Mars, and Mercury. An extensive pro-
gram of polarimetric observations has been carried out by Zellner, Gradie, and 
Gehrels (Zellner et al. 1974; Zellner and Gradie 1976), and the results were sum-
marized by Dollfus and Zellner (1979). In the subsequent years, polarimetric ob-
servations of asteroids have been actively pursued, and a large volume of data 
(mostly UBVRI polarimetry) has been archived in the Asteroid Polarimetric Data-
base (APD; Lupishko and Vasil’ev 2008, http://sbn.psi.edu/pds/resource/apd. 
html). As a result, the NPB for many asteroids has been studied in detail, and their 
polarimetric albedos were estimated. The parameters ,minP  ,minα  and invα  have 
been found to be different for the main compositional types of asteroids (F, C, M, 
S, A, and E types) and, therefore, have been widely used for the classification of 
asteroids (Mishchenko et al. 2010, and references therein). 

Currently, the APD contains all published and the majority of unpublished re-
sults of polarimetric observations of about 280 asteroids. However, only for six as-
teroids the behavior of polarization has been investigated in detail near opposition, 
at very small phase angles (< 2°). Among them are the high-albedo E-type aster-
oids 64 Angelina (Rosenbush et al. 2005) and 44 Nysa (Rosenbush et al. 2009), V-
type 4 Vesta (Rosenbush 2006), S-type 20 Massalia (Belskaya et al. 2003), and F-
type 1021 Flammario and 419 Aurelia (Fornasier et al. 2006b).  

 
3.1.  High-albedo E-type asteroids  

Harris et al. (1989) found that the phase curve of brightness for the high-
albedo asteroids 64 Angelina and 44 Nysa exhibits a strong and unusually narrow 
opposition spike, or brightening, of about 0.25m at small phase angles. Rosenbush 
et al. (2002) estimated the half-width at half-maximum (HWHM) of the opposi-
tion surge to be 0.85° in the V band. According to the theoretical prediction by 
Mishchenko (1993), the sharp opposition effect of brightness should be accompa-
nied by the POE at very small phase angles provided that the BOE is caused by a 
fine-grained regolith surface. If so, both effects could be spectacular manifesta-
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tions of the same light-scattering phenomenon, namely, CB. Therefore, our obser-
vational program has been designed to capture minimal achievable phase angles in 
search of the POE. 

Asteroids 44 Nysa and 64 Angelina. Asteroid 44 Nysa is the largest member of the 
class of high-albedo E-type asteroids; its albedo and diameter, estimated from 
IRAS data, are 0.55 and 70.6 km, respectively (Tedesco et al. 2002). The geomet-
ric albedo and effective size of 64 Angelina estimated from radiometric data are 
0.43 and 60 km, respectively. The albedo derived from polarimetric data is 0.48 
(Lupishko and Mohamed 1996), which is greater than that estimated from radi-
ometry. 

Zellner and Gradie (1976) were the first to carry out polarimetric observations 
of 44 Nysa and 64 Angelina in the B and G (V) spectral bands within the range of 
phase angles 3.7°–24°. During the 1987 apparition, Kiselev and Lupishko meas-
ured polarization of 44 Nysa in the U, B, V, R, and I filters at phase angles 7.6° –
11° (see APD). Thus, the existence of the NPB for 44 Nysa and 64 Angelina had 
been a well-known fact. However, no polarimetric observations had been per-
formed at phase angles smaller than 3.7°. 

The first near-opposition polarimetric observations at phase angles from 0.43° 
to 13.02° were carried out for 64 Angelina in the U, B, V, R, and I filters with the 
1.25-m CrAO telescope during the oppositions of 1995, 1999, 2000/01 (Rosen-
bush et al. 2005), and 2008 (unpublished data). These observations have shown 
that in all the spectral bands, there is a secondary minimum of negative polariza-
tion (i.e., the POE) with an amplitude of about 0.4% in the R band centered at a 
phase angle αmin ~ 1.8°. This minimum along with a regular NPB forms a bimodal 
phase curve of polarization. The amplitude of the POE appears to be apparition-
dependent. The POE as well as the regular NPB depend on the wavelength, but in 
different ways. As an example, Fig. 3 shows the phase dependence of polarization 
for 64 Angelina observed in the R filter; these measurements have the highest ac-
curacy (~ 0.03% – 0.07%).  

The first V-filter polarimetric observations of 44 Nysa were carried out at 
phase angles ranging from 0.41° to 7.49° on 10 − 14 August 2005 (Rosenbush et 
al. 2009). The most important result of these observations was the detection of a 
bimodal phase-angle dependence of polarization, which consists of a POE with 
parameters αmin,РОЕ ~ 0.8° and %04.0%31.0POEmin, ±−≈P  superposed on a much 
broader NPB with %30.0NPBmin, −≈P  at αmin, NPB ~ 5.8° (Fig. 4). Polarimetric ob-
servations of 44 Nysa near opposition in February 2011 with the 2.6-m CrAO tele-
scope and the 0.7-m KhNU telescope (unpublished data) confirmed the previously 
established existence of the POE (see Fig. 4).  

Near-opposition photometric observations of 64 Angelina and 44 Nysa in dif-
ferent spectral bands were also carried out during the 1999 and 2005 apparitions, 
respectively (Rosenbush et al. 2005, 2009). Our photometric data confirmed the 
earlier detection by Harris et al. (1989) of a very strong and unusually narrow op-
position spike, i.e., the BOE, for both asteroids in the B, V, R, and I spectral 
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bands. The composite phase curves obtained in the B and V bands for both aster-
oids showed that the parameters of the BOE for 44 Nysa are similar to that for 64 
Angelina within the measurement accuracy at comparable phase angles. It appears 
that all color indices increase as the phase angle decreases from ~2° to zero. Al-
though the amplitude of this increase for 44 Nysa is only 0.03m, there may be 
some evidence of the wavelength dependence of the BOE. 

Asteroid 214 Aschera. This rather faint E-type asteroid has an estimated diameter 
of 23 km and a geometric albedo of 0.52 (Tedesco et al. 2002). Near-opposition 
polarimetric observations of this object were performed during the 1996–98 appa-
ritions using the 1.25-m CrAO telescope equipped with the UBVRI photopo-
larimeter (Beskaya et al. 2003). The measurements were taken at phase angles 
0.72°, 5.3°, and 11.5°. Substantial measurement errors for Aschera, comparable to 
its own polarization, in combination with poor phase-angle sampling do not allow 
one to record the NPB minimum and identify a secondary polarization minimum 
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Fig. 3. (a) BOE and (b) POE for asteroid 64 Angelina. Polarization measurements in the R 
filter were obtained during four apparitions: 1995, 1999, 2000/01 (Rosenbush et al. 2005), 
and 2008 (unpublished data by Kiselev, Rosenbush, and Zaitsev). The solid curves repre-
sent the best fits to the data. 
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in individual spectral bands or to characterize the spectral variability of polariza-
tion. Therefore, in order to determine the phase-angle dependence of polarization 
for Aschera more accurately, we averaged data for this asteroid in the B, V, R, and 
I filters using the respective errors σP as weights. As a result, we have found that 
Aschera exhibits a rather significant degree of polarization, P = −0.38% ± 0.09%, 
at a phase angle α = 0.72°.  

 
3.2.  Comparison of opposition effects for E-type asteroids 

Comparison of the photometric phase curves and the NPBs for 44 Nysa and 
64 Angelina (Mishchenko et al. 2010) reveals certain differences potentially at-
tributable to differences in the morphology and/or composition of the reflecting 
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Fig. 4. The composite phase curves of (a) brightness and (b) polarization for asteroid 44 
Nysa. In the top panel, triangles, asterisks, diamonds, squares, and circles represent the data 
obtained during the 1979 (Birch et al. 1983), 1982 (Tupieva 2003), 1986 (Harris et al. 
1989), 1987 (Shevchenko et al. 1992), and 2005 apparitions, respectively. Unpublished po-
larization data obtained by Kiselev, Rosenbush, Velichko, and Zaitsev during the 2011 ap-
parition are depicted by open circles in panel (b). The solid curves represent the best fits to 
the data. 
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surfaces. In particular, Nysa exhibits a significantly narrower POE than Angelina. 
The difference between the measured polarization and extrapolated NPB value in 
the minimum of POE is ∼0.12% – 0.25% for Angelina and ∼ 0.12% for Nysa. 
One can also notice differences between the respective NPBs: Pmin = −0.30%  
± 0 .02% and αmin = 5.8° ± 0.1° for Nysa and Pmin = −0.26% ± 0.02% and αmin =  
6.9° ± 0.1° for Angelina.  

Figure 5 summarizes all polarization measurements for E-type asteroids in the 
V/G and R filters for different oppositions (APD; Zellner and Gradie 1976; Bel-
skaya et al. 2003; Fornasier et al. 2006a,b; Rosenbush et al. 2005, 2009; Cellino, 
private communication). In addition to our results, polarimetric data for the E-type 
asteroids 214 Aschera, 1251 Hedera, and 2867 Steins (Fornasier et al. 2006a,b) as 
well as NEA 33342 WT24 (Kiselev et al. 2002) are shown. The polarization val-
ues measured for these asteroids are characteristic of the E type. Moreover, one 
can see that the value of negative polarization for 214 Ashera at a phase angle 
~0.8° coincides with the secondary minimum of negative polarization for Nysa 
and is close to that for Angelina. Thus, the composite phase-angle dependence of 
polarization for high-albedo asteroids reliably establishes the presence of the POE 
in the form of a sharp minimum of negative polarization centered at a phase angle 
of ~1° and having an amplitude of ~ 0.35%. Of course, additional high-accuracy 
polarimetric observations of E-type asteroids are required to confirm these conclu-
sions, because there remains a non-zero probability that the phase-angle depend-
ence of polarization for Ashera has a very asymmetrical shape of the NPB. It is 
important, however, that for at least two asteroids the characteristic angular widths 
of the respective BOEs and POEs are essentially the same, which is consistent 
with a common CB origin of these opposition phenomena. Unfortunately, we have 
no reliable and detailed data for other asteroids. 

0 5 10 15 20 25 30

Phase angle, deg

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

P
o
la

ri
z
a
ti
o
n

, 
%

E-type asteroids

44 Nysa
64 Angelina
214 Aschera
1251 Hedera
2867 Steins
33342 WT 24

 

Fig. 5. Composite phase-angle dependence of polarization for E-type asteroids based on all 
available data (Zellner and Gradie 1976; Kiselev et al. 2002; Belskaya et al. 2003; Rosen-
bush et al. 2005, 2009; Fornasier et al. 2006a,b; data by Kiselev and Lupishko from APD; 
Cellino, personal communication). 
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3.3.  Near-opposition polarimetric observations of other types of asteroids 

V-type asteroid 4 Vesta. According to the IRAS data, the albedo of this object is 
pV = 0.423 (Tedesko et al. 2002), i.e., is quite comparable to those of E-type aster-
oids. However, using polarimetric data, Lupishko and Mohamed (1996) inferred a 
much lower value, pV = 0.255. To resolve this discrepancy, and also since all pre-
vious polarimetric observations of 4 Vesta had been performed at phase angles 
α > 5.13° and all photometric observations at phase angles α > 1°, the obvious ob-
jective of our observations was to measure Vesta’s brightness and polarization at 
very small phase angles, analyze the potential opposition effects, and determine 
the albedo of this asteroid. Therefore during the 2005–06 apparition, photopo-
larimetric observations in the U, B, V, R, and I filters were performed using the 
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Fig. 6. Phase-angle dependence of (a) brightness and (b) polarization for asteroid Vesta in 
the V filter. The data obtained during the 2005−06 apparition are depicted by filled circles 
(Rosenbush 2006). Open symbols depict APD data. The approximation of the phase-angle 
dependence of brightness in panel (a) is defined by the empirical function for E-type aster-
oid 64 Angelina and two S-type asteroids 20 Massalia and 29 Amphitrite (Rosenbush et al. 
2002). The curve in panel (b) shows the approximation of the NPB data with a trigonomet-
ric polynomial according to Lumme and Muinonen (1993).  
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1.25-m CrAO telescope. The resulting range of phase angles was from 0.6° to 
5.0°, which yielded a more detailed and accurate polarization phase dependence 
(Rosenbush 2006).  

One can see from Fig. 6a that within the measurement errors (± 0.02% −
0.04%) , the V-filter polarimetry of Vesta shows no secondary minimum at oppo-
sition. The absence of this feature may actually imply that Vesta is not a high-
albedo asteroid. We have compiled a detailed polarization phase curve from all 
observations of Vesta during several previous oppositions (Zellner and Gradie 
1976; APD) along with our more recent observations to obtain improved estimates 
of the parameter Pmin and polarimetric slope h at the inversion phase angle, which 
usually correlate with the surface albedo. The values Pmin = −0.66% ± 0.05% and 
h = 0.066 ± 0.002 were used to estimate the geometric albedo of Vesta at          
pV = 0.24, which is smaller than the IRAS-based albedo by a factor of almost two. 
This low albedo is indirectly confirmed by photometric data. It can be seen from 
Fig. 6a that the average phase-angle curve of brightness for Vesta is distinctly dif-
ferent from that for E-type asteroid 64 Angelina, which shows a very strong and 
narrow BOE. Obviously, the photometric data for Vesta are consistent with those 
for typical moderate-albedo S-type asteroids 20 Massalia and 29 Amphitrite. Thus, 
the absence of a POE for asteroid 4 Vesta may not, after all, be surprising. 

S-type asteroid 20 Massalia. Gehrels (1956) was the first to discover the BOE for 
asteroids, specifically, for the S-type asteroid 20 Massalia, from photometric ob-
servations near opposition at phase angles down to 0.5°. This asteroid has been es-
timated to have a diameter of 145 km and a geometric albedo of 0.21 (Tedesco et 
al. 2002). As one can see in Fig. 7a, Massalia shows a pronounced opposition ef-
fect at small phase angles, with a rather large amplitude (Rosenbush et al. 2002).  

Polarimetric observations of Massalia at extremely small phase angles (down 
to 0.08°) were carried out during the 1998 apparition by Belskaya et al. (2003). 
The phase-angle dependence of polarization is shown in Fig. 7b. Here, the degree 
of polarization in each of the B, V, R, and I filters as well as filter-averaged values 
are given. The measurement errors are within 0.02% − 0.05%. One can see that 
this asteroid has a significant scatter of data points at a phase angle of 0.6° which 
is close to the phase angle of the secondary minimum of negative polarization for 
E-type asteroids. This scatter, along with a strong BOE, precludes a reliable con-
clusion regarding the presence or absence of a secondary minimum of polarization 
for Massalia near the opposition. Further detailed observations of this asteroid as 
well as other asteroids of the S type at different wavelengths are needed to derive 
a definitive conclusion. 

F-type asteroids 419 Aurelia and 1021 Flammario.  According to the IRAS data, 
the geometric albedo of 419 Aurelia is 0.046 and that of 1021 Flammario is 
0.0458 (Tedesco et al. 2002). Belskaya et al. (2005) and Fornasier et al. (2006b) 
measured the degree of polarization for these asteroids at extremely small phase 
angles, down to 0.1°, in different spectral bands. These were the first detailed po-
larimetric observations near opposition for dark asteroids. Measured values of po-
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larization are shown in Fig. 8. Small positive polarization at phase angles α < 1° 
was observed for Flammario in all filters, while negative polarization was ob-
served for Aurelia. Given the rather high accuracy of polarization measurements 
(0.04% − 0.05%) for Flammario and large deviations of the polarization plane 
from the scattering plane (approximately from 14° to 40°), these authors proposed 
that positive polarization in the phase angle range 0.1° − 0.6° can be related to 
nonstandard scattering geometry caused by the surface structure of the asteroid, 
e.g., an anisotropy caused by grooves, such as the Phobos grooves. Certain labora-
tory measurements (e.g., Geake and Dollfus 1986; Shkuratov et al. 2002) imply 
that such an explanation is physically sound. However, it is obvious that these ef-
fects can not be caused by multiple scattering of light.  
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Fig. 7. S-type asteroid 20 Massalia. (a) Phase-angle dependence of brightness in the V filter 
according to data taken from Gehrels (1956); the solid curve shows the approximation of 
data according to Rosenbush et al. (2002). (b) Phase-angle dependence of polarization 
based on data taken from Belskaya et al. (2003), Zellner and Gradie (1976), and Kiselev 
(APD). Open circles depict the data separately in the B, V, R, and I filters, while the filled 
squares show the respective average values. The filled circles in panel (b) depict the data by 
Zellner and Gradie (1976). The solid curves represent the best fits to the data. 
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4. Opposition effects for planetary satellites 

Systematic polarimetric observations of the Galilean satellites of Jupiter in the 
U, B, V, and R filters and in the entire accessible range of phase angels from 
~11.8° down to almost zero as well as sparse polarization measurements for three 
Saturnian satellites Dione, Rhea, and Iapetus have been carried out by different 
authors (see Rosenbush et al. 2002, and references therein). The phase-angle, or-
bital, and spectral dependencies of polarization have been studied. There are cer-
tain systematic differences in the depth of the NPB for Io, Europa, Ganymede, and 
Callisto. Large orbital variations in the degree of polarization were found for Cal-
listo and Io, whereas smaller longitudinal effects have been detected for Gany-
mede and Europa.  

For the first time, during the 1988 − 91 oppositions, the presence of a POE 
centered at a very small phase angle of α ≈ 0.5° − 0.7° and superposed on a regular 
NPB was detected for Io, Europa, and Ganymede (Rosenbush et al. 1997). This 
phase angle is comparable to the width of the brightness peak observed for Europa 
(Thompson and Lockwood 1992), thereby indicating that both opposition phe-
nomena are likely to be caused by CB (Mishchenko 1993). 

However, the previous polarimetric data were often obtained with low accu-
racy even for the bright satellites of Jupiter; they were rather limited and even mu-
tually inconsistent. Furthermore, up until then there were no sufficient and reliable 
polarization data at phase angles smaller than 2°. Stimulated by the theoretical 
prediction of the POE by Mishchenko (1993), we initiated a long-term program of 
low-phase-angle observations of the Galilean satellites of Jupiter and the Saturnian 
satellite Iapetus in order to investigate in detail the behavior of polarization near 
opposition. In this section, we present and analyze the most recent results.  

Galilean satellites. For the first time, the polarization phase dependence for the 
Galilean satellites near opposition was studied in detail and with high accuracy 
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Fig. 8. Degree of linear polarization for low-albedo F-type asteroids 419 Aurelia and 1021 
Flammario as measured by Belskaya et al. (2005) and Fornasier et al. (2006b).  
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(about ±0.02%) during the 2000 opposition (Rosenbush and Kiselev 2005). The 
minimal phase angle reached was as small as 0.20°. Also, high-accuracy po-
larimetric observations were carried out during 2007 − 08 in different spectral 
bands (Kiselev et al. 2009; Mishchenko et al. 2009a). The results of these observa-
tions fully confirmed our previous conclusion (Rosenbush et al. 1997) that Io, Eu-
ropa, and Ganymede exhibit a pronounced and narrow POE at very small phase 
angles (0.4°− 0.7°) superposed on a regular NPB. We have also established that 
Callisto exhibits only the regular NPB for both the leading and the trailing hemi-
sphere, with no traces of a POE (Rosenbush 2002). 

Figure 9 summarizes the results of observations of Europa, which is believed 
to be covered by almost pure particulate water ice. The top panel shows the 
photometric results from Thompson and Lockwood (1992), while the bottom 
panel depicts the results of the 2000, 2007, and 2008 polarimetric observations 
(Rosenbush and Kiselev 2005; Kiselev et al. 2009). The 2000 and 2008 polarimet-
ric data obtained with several spectral filters are averaged according to the proce-
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Fig. 9. (a) BOE and (b) POE for Europa in the V band. The brightness data are fitted with 
an exponential– linear function according to Rosenbush et al. (2002), while the polarization 
data are fitted with a trigonometric polynomial according to Lumme and Muinonen (1993).  
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dure described in Rosenbush et al. (2009). It is quite remarkable that Europa ex-
hibits a strong BOE (see also Helfenstein et al. 1998) as well as a pronounced and 
asymmetric POE with an amplitude of about 0.35% at a phase angle of ~0.2°. The 
latter is superposed on a wide, nearly parabolic NPB typical of most ASSBs 
(Muinonen et al. 2002). Furthermore, the phase angle of the POE is comparable to 
the angular semi-width of the BOE, in agreement with the theory of CB 
(Mishchenko 1993; Mishchenko et al. 2000, 2006b).  

Figures 10a and 10b illustrate the behavior of polarization for Io and Gany-
mede near opposition. By comparing these figures with Fig. 9 we can identify sig-
nificant differences between the POEs for the three Galilean satellites. The POE 
for Europa has the shape of a sharp and asymmetric minimum with a depth of 
~0.3% centered at αmin,POE ≈ 0.2°. The POE for Ganymede is wider (αmin,POE  
≈ 0.6°), and, apparently, slightly deeper (Pmin,РOE ≈ −0.4%). The POE for Io ap-
pears to be more symmetric and shallow (Pmin,РOE ≈ −0.2%) and is centered at 
αmin,POE ≈ 0.5°. In addition, the POEs for Europa and Ganymede deepen with de-
creasing wavelength. 
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Fig. 10. POE for the Galilean satellites Io and Ganymede. The respective NPBs are shown 
schematically for the leading and trailing hemispheres of Io and the whole disk of Gany-
mede. 
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In summary, multiple polarimetric observations of the Galilean satellites con-
firm unambiguously the existence of the POE.  

Saturnian satellite Iapetus. The two thoroughly different hemispheres of Iapetus 
are of exceptional interest from the standpoint of microphysical diagnostics of its 
surface as well as the study of pertinent scattering effects. The leading hemisphere 
of the satellite is dominated by dark materials consisting of organic PAH and ali-
phatic compounds and has an albedo of ~4%, whereas the bright trailing side is 
covered with water ice and has a geometric albedo exceeding 60% (Goguen et al. 
1983; Squyres et al. 1984). High-resolution images of Iapetus suggest the presence 
of fine-grained and porous surface materials.  

A nonlinear surge of brightness was found for both sides of the satellite 
(Franklin and Cook 1974; Noland et al. 1974). Prior to our observations, there 
were only several sparse polarization measurements for Iapetus by Zellner (Zell-
ner 1972; Veverka 1977), which were sufficient to estimate the depth of the NPB, 
but the detailed phase-angle dependence of polarization could not be determined. 
It was found that the NPB for Iapetus is much deeper for the dark leading hemi-
sphere (Pmin ≈ –1.3%) than for the bright trailing side (Pmin ≈ –0.2%). 

We have been carrying out UBVRI polarimetric observations of Iapetus since 
1998 using the 2.6-m and 1.25-m CrAO telescopes and the 2-m telescope of the 
Pick Terskol Observatory (Northern Caucasus, Russia). The minimal phase angle 
reached is as small as 0.3°. The results of these observations in the R filter, for 
which the measurement accuracy is the best, along with the V-filter data by Zell-
ner (1972) are shown in Fig. 11. The observed phase-angle dependences of polari-
zation (Fig. 11a) for the leading dark side (0° ≤ L ≤ 180°) and the trailing bright 
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Fig. 11. Degree of linear polarization versus (a) phase angle and (b) longitude for Iapetus in 
the R filter. The respective NPBs are shown schematically for the leading (1 – filled sym-
bols) and trailing (2 – open symbols) hemispheres. Triangles show polarization data in the 
V filter taken from Zellner (1972) and Veverka (1977).  
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side (180° ≤ L ≤ 360°) of Iapetus as well as the longitudinal dependence of polari-
zation (Fig. 11b) are depicted. It is seen that the observed absolute value of polari-
zation reaches a maximum at L ≈ 130° for the leading hemisphere and at L ≈ 250° 
for the trailing hemisphere, thereby indicating that the dark and bright sides of Ia-
petus do not coincide precisely with its leading and trailing hemispheres, respec-
tively. It should be noted that the correction for the orbital latitudinal variations 
was not taken into account in plotting the NPBs for either hemisphere.  

One can readily see significant NPB differences between the two hemispheres. 
The leading-hemisphere polarization (Fig. 11a, curve 1) changes abruptly from 
about –0.4% to about –0.8% within the phase-angle range from ~0.3° to ~1°. At 
α ≈ 6° the polarization is close to that at α ≈ 1°. Therefore, the NPB for the lead-
ing hemisphere of Iapetus in the phase-angle range 0.3° – 6.1° can be represented 
by an asymmetric parabola with a minimum at α ≈ 3° – 4° without any hint of a 
secondary minimum. It is worth noticing that asteroids with albedos as low as that 
of the leading hemisphere of Iapetus have minimal polarization at αmin ≈ 10°. 

The bright-side polarization of Iapetus measured at phase angles 5°– 6° is 
close to −0.2%, which is a typical value for the regular NPB of high-albedo aster-
oids such as 64 Angelina and 44 Nysa or ice-covered satellites such as Europa and 
Ganymede at the corresponding phase angles. On the other hand, within the phase 
angle range 1.5° to 0.3°, the phase dependence of polarization for the bright side 
of Iapetus shows strong negative polarization, about −0.7% at α ≈ 1°. Taking into 
account the value of polarization P = −0.5% measured in April 2010 at the phase 
angle ~3° ,  we cannot exclude a strongly asymmetric polarization phase curve 
with a ~0.7% minimum at ~1.5° similar to those observed in the laboratory meas-
urements for particulate MgO (Lyot 1929) and Al2O3 (Geake and Geake 1990) 
surfaces.  

Further polarimetric observations of Iapetus are obviously needed, especially 
within the phase-angle range 2°–5°, to understand whether the POE for the bright 
hemisphere has the shape of a strongly asymmetric curve or is a separate secon-
dary minimum of polarization near opposition. 

 

5. Trans-Neptunian objects and Centaurs 

TNOs and Centaurs are believed to represent one of the oldest and possibly 
most primitive populations of Solar System bodies. For observations of these dis-
tant and faint (~20m) bodies, large telescopes with mirrors in the 8 – 10-m diame-
ter range are required. Because of the geometric conditions of ground-based ob-
servations, the maximal possible phase angle that can be reached for Centaurs is 
7° – 8°, while that for the TNOs is less than 2°. Nevertheless, even at such small 
phase angles the measured polarization, especially when combined with results 
from other observations, can yield valuable information about the optical and 
physical properties of the most primitive surface materials preserved from early 
stages of evolution of the Solar System.  
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The first polarimetric observations of TNOs, with the exception of (134340) 
Pluto, were carried out in 2002 (Boehnhardt et al. 2004). At present, the list of 
TNOs and Centaurs, for which polarimetric observations have been carried out, 
includes eight TNOs [(28978) Ixion, (29981) 1999 TD10, (50000) Quaoar, 
(136199) Eris, (26375) 1999 DE9, (38628) Huya, (136108) Haumea, and (20000) 
Varuna)] and three Centaurs [(2060) Chiron, (5145) Pholus, and (1019) Chariklo] 
(Bagnulo et al. 2011, and references therein). There are also polarimetric data for 
Pluto, which is now classified as a TNO (Fix and Kelsey 1973; Breger and Coch-
ran 1982; Avramchuk et al. 1992). 

Summarizing the studies by Boehnhardt et al. (2004), Rousselot et al. (2005), 
Bagnulo et al. (2006, 2008), and Belskaya et al. (2010), one can conclude that the 
main observational results of polarimetry of the selected Centaurs and TNOs are 
the following (see Fig. 12): 

• the degree of polarization varies from −0.3% to −2% in the phase angle 
range from 0.1° to 4.4°. The strong polarization observed for some Cen-
taurs and TNOs at a phase angle of 1° is unique among ASSBs;  

• there are two classes of TNOs with different polarimetric behavior: (i) 
TNOs with diameters smaller than 1000 km (Ixion, Huya, DE9, Varuna, 
and TD10) exhibit negative polarization which rapidly increases (in absolute 
value) with phase angle, reaching about −1% at a phase angle of 1°, and    
(ii) larger TNOs (Eris, Haumea, Quaoar, and Pluto) exhibiting relatively 
weak negative polarization (≤ 0.7% in absolute value) which is nearly con-
stant in the observed phase-angle range;  

• the Centaurs observed (Chiron, Pholus, and Chariklo) exhibit different 
phase-angle dependences of polarization with a minimum value varying 
from about −1% to about −2.1% at phase angles of 1.5° – 2.0°. It appears 
that the polarization minima are shifted toward the smallest angles as com-
pared to any other ASSB observed so far. Unlike the TNOs, all three Cen-
taurs show a noticeable diversity in the behavior of the polarization phase-
angle dependence.  

As one can see from Fig. 12, the behavior of the polarization phase depend-
ence for objects residing in the inner part of the Solar System (i.e., at distances 
from the Sun limited by radius of the Saturnian orbit) differs significantly from 
that exhibited by more distant objects. All high-albedo objects in the left-hand 
panel (E-type asteroids and the Galilean satellites) show similar polarization phase 
curves: there is a secondary polarization minimum (POE) at phase angles of 
0.2° – 0.7° superposed on a shallow NPB. There is, however, a considerable dis-
tinction between the POEs exhibited by silicate asteroids and water-ice-covered 
satellites. At the same time, much greater differences in the polarization phase de-
pendences are observed among TNOs and Centaurs. In particular, there is no dis-
tinct secondary minimum of polarization for these distant objects. However, deep 
and very asymmetric phase curves with minima at phase angles of about 1° – 2° 
are observed for some dark (e.g., Chiron, Huya, and DE9) and bright (e.g., the 
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trailing side of Iapetus) objects as well as moderate-albedo bodies (e.g., Ixion and 
Varuna). It is obvious that this great diversity in the observed polarization phase 
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Fig. 12. The degree of linear polarization versus phase angle for different objects. Secon-
dary local minima of polarization near opposition are observed for the E-type asteroids and 
Jovian satellite Io, Europa, and Ganymede. The polarization data for Io, Europa, and Gany-
mede at phase angles greater than 1° were obtained by averaging data from Dollfus (1975), 
Rosenbush et al. (1997), and Rosenbush and Kiselev (2005) over 1° intervals with equal 
weights assigned to all observations. The solid curves represent the best fits to the data. 
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curves cannot be explained as resulting solely from differences in the respective 
surface albedos.  

 
6. Summary 

The photometric and polarimetric behavior of different ASSBs near opposi-
tion is highly variable, as illustrated in Fig. 13 (as well as in other figures, e.g., 
Figs. 1, 2, and 12). Here, the results of photometric and polarimetric observations 
of several objects are summarized in order to demonstrate the following features. 
Certain high-albedo objects (e.g., asteroid 64 Angelina and the Jovian satellite Eu-
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Fig. 13. Comparison of (а) photometric phase curves after the subtraction of the linear part 
and (b) polarization phase curves for different objects. A second local minimum of polari-
zation near opposition is shown for the Jovian satellite Europa and asteroid 64 Angelina. 
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ropa) exhibit a very narrow opposition brightness peak (see Figs. 3, 4, 9, and 13). 
For some objects (e. g., for the low-albedo Deimos and comet Halley), the curva-
ture of the photometric phase curve changes rather slowly over a broad range of 
phase angles, which does not allow one to separate a linear part (see Fig. 13). 
Some dark objects (e.g., C- and P-type asteroids) show a very weak increase of in-
tensity at phase angles approaching zero, and one can identify only a linear part of 
the brightness phase curve (see Fig. 1). At the same time, the backscattering inten-
sity peaks are extremely narrow for moderate-albedo major satellites of Uranus 
(e.g., the darkest satellite Umbriel with an albedo of pV = 0.19 and the brightest 
satellite Ariel with pV = 0.35; see Fig. 1 and Avramchuk et al. 2007). According to 
our studies (Rosenbush et al. 2002), the amplitude (i.e., the brightness increase 
relative to the background intensity) of the BOE lies in the range 1.1 – 5.4, the 
HWHM of the BOE varies from 0.08° to 6.1°, the phase angle at which the 
nonlinear BOE begins varies from 0.4° to ~ 30°, and the phase coefficient varies 
from 0.0005 to 0.06 mag/deg.  

The shape of the polarization phase curve is also quite variable (see Figs. 3, 
12, and 13). For certain high-albedo objects, for which a spike-like BOE has been 
detected, the phase-angle curves of polarization consist of a POE in the form of a 
separate peak of negative polarization at phase angles α < 2° and a shallow regular 
NPB. Our most recent observations confirm the existence of a class of high-albedo 
ASSBs (including asteroids 44 Nysa and 64 Angelina, the Jovian satellites Io, Eu-
ropa, and Ganymede, and the A and B rings of Saturn) with unique opposition 
properties: a spike-like BOE is accompanied by an equally narrow POE. These 
observational results are in a reasonable quantitative agreement with the existing 
theory (Mishchenko et al. 2006a,b, 2009a,b, 2010). 

For dark objects (e.g., C- and P-type asteroids and Martian satellites), deep 
regular NPBs are observed. An especially deep NPB with a minimum of              
Pmin ≈ 2.1% at αmin ≈ 9.5° is found for asteroid Fortuna (APD). However, no po-
larization feature at small phase angles has been observed for moderate- and low-
albedo objects. The corresponding NPB parameters typically vary within the fol-
lowing ranges: 0.2% − 2.1% for |Pmin|, 2°− 12° for αmin, and ~ 7°− 29° for α inv.  

As one can see from Figs. 12 and 13, the phase dependences of polarization 
for objects belonging to the inner part of the Solar System (within the Saturnian 
orbit) differ considerably from those for objects residing in the outer part. Unex-
pectedly asymmetric and deep phase curves of polarization with very small inver-
sion angles are observed for the bright hemisphere of Iapetus (about −0.7% at 
α ≈ 1.1°), Chiron (about −1.4% at α ≈ 1.5°), and Pholus (about −2.3% at α ≈ 2.5°) 
(Belskaya et al. 2010). Extremely sharp and deep negative polarization features 
are exhibited by some TNOs (such as Ixion, Huya, DE9, and Varuna), although 
other TNOs (Eris and Pluto) show much smaller absolute polarization values at 
the same phase angles, only 0.1% − 0.2% (Bagnulo et al. 2008; Mishchenko et al. 
2010, and references therein; Bagnullo et al. 2011). Even though the range of 
phase angles covered does not allow one to determine unambiguously the full 
shape of the respective NPBs, we can conclude that the NPBs for objects in the 
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inner and outer parts of the Solar System are very different. It appears that the ob-
served polarization of objects from the inner part is generally related to their al-
bedos, whereas the polarization observed for distant objects cannot be explained 
as being controlled solely by the brightness of the surface material. 

This conclusion may be confirmed by Fig. 14, in which the degree of polariza-
tion at the phase angle 1° versus the distance from the Sun (semi-major orbital 
axis) is shown for different objects. Despite the small sample of objects, there is a 
rather significant correlation with a correlation coefficient of −0.737. It is quite 
natural to associate different types of behavior of polarization phase dependences 
with different compositions and/or morphologies of ASSB surfaces. In particular, 
one can expect a more pronounced evolution of the surface owing to greater inso-
lation for objects residing closer to the Sun. 

Large-amplitude BOEs and an unusually strong polarization for TNOs are in-
dicative of a specific composition and/or microstructure of their surfaces. These 
special properties can be caused by a relatively weak insolation of primitive mate-
rials typical of the outer regions of the Solar System. An example would be irradi-
ated ices enriched by organic matter. It is natural to assume increasingly primitive 
and unprocessed surface materials with increasing distance from the Sun. In other 
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Fig. 14. The degree of polarization at the phase angle 1° for different objects as a function 
of the distance from the Sun. Triangles show TNOs with shallow NPBs, while the other 
TNOs are depicted by squares. Centaurs are shown by diamonds. Notation: M – the Moon; 
H – comet 1P/Halley; A – asteroids; J – Jovian satellites; S – Saturnian salellites and rings; 
C – Centaurs (diamonds); TNO – trans-Neptunian objects (squares and triangles). 



 Opposition optical phenomena in planetary astrophysics 433 

words, the composition and structure of the surfaces of small bodies should vary 
with their distance from the Sun rather than being determined solely by the bod-
ies’ evolutionary history. 

A more detailed quantitative analysis of the observational data in terms of spe-
cific physical parameters of the regolith layer is hardly possible at this time given 
the limited nature of the observational dataset, the constrained theoretical ability to 
compute all photometric and polarimetric characteristics of the opposition phe-
nomena for realistic polydisperse particle models, and the extreme morphological 
complexity and heterogeneity of the surfaces of the ASSBs. 
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