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We present results of polarimetric observations of Saturn's moon Enceladus carried out from April 14, 2010 to
April 13, 2013 in WR spectral band (550�750 nm). We used 2.6-m telescope equipped with a one-channel photo-
electric photometer-polarimeter (Crimean Astrophysical Observatory). The measurements were performed at phase
angles ranging from 1.65◦ to 5.71◦. The phase-angle dependence of linear polarization of Enceladus was obtained
using the results of our observations. Results obtained are discussed in terms of existing models of light scattering
by regolith surfaces.
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introduction

Enceladus is one of the most interesting planetary
satellites in the Solar System. Its diameter is 504 km
and its average density is approximately 1.61 g/cm3

[19]. The geometrical albedos of its leading and trail-
ing hemispheres at 900 nm are 1 and 1.06 [18], re-
spectively, which are the highest geometrical albedos
in the Solar System. Enceladus orbits Saturn at a
distance of 3.95 saturnian radii and is embedded in
the large di�use E-ring which has the highest den-
sity near Enceladus' orbit. Photometric and spectro-
scopic observations established that Enceladus' sur-
face is nearly pure water ice [3, 4, 5, 25], but a pos-
sible detection of surface NH3 ice and ammonia has
also been reported [9, 12, 26]. The satellite exhibits
both cryovolcanic and tectonic activity across its geo-
logically young South Polar Terrain [19, 24, 28]. The
discovery of jets of water vapour and ice grains ema-
nating from Enceladus' south pole is one of the major
highlights of the Cassini-Huygens mission [7, 27].

The photometric phase dependence of Enceladus
exhibits a nonlinear enhancement of brightness at
low solar phase angles [18, 25]. This low phase angle
phenomenon is known as brightness opposition ef-
fect. According to [16], brightness opposition e�ect
for high-albedo atmosphereless Solar System bodies
should be accompanied by sharp peak of negative
linear polarization of the same angular width cen-
tred at a very small phase angle superimposed on
the regular negative polarization branch. It is so-
called polarization opposition e�ect (POE) [13, 16].
Its angular width and depth depend on the sizes and
albedo of the re�ecting surface's particles, their re-
fractive index and packing density. A narrow and
sharp peak of negative polarization at nearly zero

phase angles was �rst measured in [10, 15] for a par-
ticulate surface composed of microscopic MgO and
Al2O3 grains, during a laboratory study of the de-
pendence of the polarization phase curve on the size
of the grains forming a re�ecting surface.

Polarization opposition e�ect in a form of nar-
row secondary minimum of negative polarization at
small phase angles was detected for high-albedo Jo-
vian satellites Io, Europa, Ganymede [20, 21, 30],
and for E-type asteroids 44 Nysa [22] and 64 An-
gelina [22, 29]. For Saturnian satellites Rhea [31]
and bright side of Iapetus [8] POE was detected in a
form of asymmetrical negative polarization branch.

Despite the long history of observations and
unique characteristics of Enceladus, polarimetrical
observations of the satellite have not been carried
out. The reason is that Enceladus is a very di�cult
object to observe due to its close proximity to Sat-
urn's disc. It can only be observed near the greatest
eastern and western elongations, when it is approxi-
mately 40 arcsec far from Saturn's centre.

Studying the phase-angle dependence of linear
polarization of Saturn's high-albedo satellite Ence-
ladus is very important for discerning the physical
characteristics of its surface. We present the results
of the �rst polarimetric observations of Enceladus.

observations

Polarimetric observations of Enceladus were car-
ried out over a period of seven nights from April 14,
2010 through April 13, 2013. We used 2.6-m Shain
telescope equipped with a one-channel photoelectric
photometer-polarimeter [29] (Crimean Astrophysi-
cal Observatory). The photopolarimeter is based
on modulation principle with a rapidly rotating re-
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tarder. It consists of a motionless Glan prism in-
stalled immediately behind an achromatic quarter-
wave phase plate rotating with a frequency of ap-
proximately 33Hz. The principle of synchronous de-
tection is used. The intensity components used to
compute the Stokes parameters Q, U , V are selected
by eight virtual counters (one physical counter),
which are switched on sequentially and accumulate
the signal for 8 × 2 position angles of each rotation
of the phase plate (0◦�22◦.5, 22◦.5�45◦, . . . , 337◦.5�
360◦). The observations were carried out at phase
angles ranging from 1.65◦ to 5.71◦ in the WR spec-
tral band (550�750 nm). The measurements were
performed in the mode of linear polarization.

The sky's background intensity was measured be-
fore and after each set of Enceladus measurements.
These values were interpolated and reduced from
each measurement of the satellite in each of eight
virtual counters. In order to take into account the
variation of the sky's background intensity and po-
larization (because of close Saturn's disc and rings),
the background intensity was measured in two places
equally spaced away from the satellite in the plane
perpendicular to the orbital plane. We used 10 and
15 arcsec diaphragms depending on the observational
circumstances.

The normalized Stokes parameters of linear po-
larization for the satellite were computed as:

u = uo − ūinst,

q = qo − q̄inst,

where uo, qo are the average values of measured nor-
malized Stokes parameters of linear polarization of
Enceladus for each night, and ūinst, q̄inst are the in-
strumental polarization parameters determined from
observations of unpolarized standard stars taken
from [11].

The degree of linear polarization P was calculated
using the Stokes parameters u and q received from
observations:

P =
√

u2 + q2.

The position angle of the polarization plane θ of the
satellite was calculated using the expression:

θ =
1

2
arctan

(
u

q

)
+∆θ,

where∆θ is the requisite correction for the zero point
of the position angle of the polarization plane. It was
calculated as the average value of the di�erences be-
tween the measured position angles of the polariza-
tion plane θo of the standard stars with well-known
large interstellar polarization and their position an-
gles θcat taken from the polarimetrical catalogue [11]:

∆θ = θo − θcat.

The zero-point of the position angle of the polar-
ization plane was stable within 2◦.

The random errors of u and q were calculated in
two ways. One way was by the statistics of recorded
photons from the object according to the expression:

σst
u = σst

q =
π100

2

√
1

N(1 + 1+τ
R )

,

where N =
8∑

i=1
Ni is the sum of the object photons

recorded in eight counters, τ is a ratio of times of
measurements of object and the sky background, and
R is a ratio of the recorded photons from the object
and from the sky background for the same time [23].
The other way was using the mean square errors σd

u

and σd
q of the individual measurements of parameters

u and q [23]. The larger of these two sets of errors
was adopted as the random errors σur

and σqr for
each night. The �nal errors σu and σq were calcu-
lated from the expressions

σ2
u = σ2

ur
+ σ2

uinst
,

σ2
q = σ2

qr + σ2
qinst ,

where σuinst
and σqinst are the standard errors of

the mean instrumental polarization parameters ūinst,
q̄inst and did not exceed 0.03%.

The errors σp in polarization degree and σθ in the
position angle measurements were determined using
the relations [23]:

σp =

√
1

2
(σ2

u + σ2
q ),

σθ = 28.65
σp
P

.

The degree of linear polarization Pr with respect
to the scattering plane ϕ and the angle θr between
the polarization plane and the plane perpendicular
to the scattering plane ϕ were calculated according
to the expressions [32]:

Pr = P cos 2θr,

θr = θ − (ϕ± 90◦).

discussion

Fig. 1 shows the phase-angle dependence of lin-
ear polarization for Enceladus in WR band according
to this work (�lled circles and diamonds). The solid
line is the best �t by a trigonometric polynomial [14].
Also the phase-angle dependence of linear polariza-
tion for high-albedo Saturnian satellite Rhea in WR
band [31] is shown (open circles and diamonds). Cir-
cles represent the data for leading hemispheres, and
diamonds for trailing hemispheres. Small squares
are the laboratory measurements of the phase-angle
dependence of the polarization for MgO [15]. As one
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can see, the phase-angle dependence of linear polar-
ization for Enceladus is fairly asymmetrical with the
minimal polarization Pmin ≈ −0.51% at the phase
angle αmin ≈ 2.4◦. The polarimetric observations
of Enceladus were made at the larger phase angles
compared to the angle where the brightness opposi-
tion e�ect was observed [18, 25].

Fig. 1: Phase-angle dependence of polarization for Ence-
ladus (�lled circles and diamonds), Rhea (open circles
and diamonds), and MgO powder (small squares).

Fig. 2 shows the longitude dependence of polar-
ization of Enceladus for the interval of phase angles
1◦�6◦ obtained using deviations ∆Pr of the observed
polarization from the best �t curve. The di�erences
between the data for leading (L ≈ 90◦) and trail-
ing (L ≈ 270◦) hemispheres are within the measure-
ments errors. It can be tentatively concluded that
there are no di�erences in polarimetric properties be-
tween the leading and trailing hemispheres.

The form of the phase-angle dependence of lin-
ear polarization for Enceladus and its parameters are
very close to those obtained for Rhea (Pmin ≈ −0.6%
and αmin ≈ 2.2◦). Meanwhile, geometrical albe-
dos of Rhea's leading and trailing side are 0.87 and
0.74 [18], respectively, which are di�erent from that
of Enceladus. At the same time, the phase-angle
dependence of polarization for Enceladus di�ers sig-
ni�cantly from those measured for MgO despite their
similar albedos.

The phase-angle dependencies of linear polar-
ization for Enceladus and Rhea di�ers consider-
ably from those for high-albedo Jovian satellites Io,
Europa, Ganymede [20, 21, 30], E-type asteroids
44 Nysa [22] and 64 Angelina [22, 29] which demon-
strate polarization opposition e�ect in a form of nar-

row secondary minimum of negative polarization at
small phase angles. In comparison with the trailing
hemisphere of Iapetus [8] having albedo 0.55 in visi-
ble light, the icy satellites Rhea and Enceladus show
lower asymmetry and less depth of the phase-angle
dependence of polarization. Also, Rhea and Ence-
ladus show less depth of the phase-angle dependence
of polarization in comparison with large transneptu-
nian objects with icy surfaces [1, 2].

Fig. 2: Longitude dependence of polarization for Ence-
ladus.

Thus, polarimetrical observations of high-albedo
Saturnian satellites Enceladus, Rhea, bright side of
Iapetus, Jovian satellites Io, Europa, Ganymede, E-
type asteroids 44 Nysa and 64 Angelina demonstrate
a great diversity in the characteristics of the phase-
angle dependence of linear polarization. It can be
concluded that these distinctions in the polarization
behaviour cannot be explained only by its association
with the surface albedo. It is known that the nega-
tive polarization branch can be induced by both sin-
gle scattering by non-spherical grains of the surface
regolith layer and near-�eld e�ects [17]. The latter
mechanism is more e�ective for low-albedo surfaces
with closely packed regolith particles. On the other
hand, it was concluded in [6] that both the brightness
and polarization opposition e�ects can be caused by
coherent backscattering of solar light even in case of
densely packed scattering media like regolith surface
layers of high-albedo atmosphereless bodies of the
Solar system. To estimate the relative contributions
of the mentioned mechanisms to the forming of the
phase-angle dependencies of linear polarization and
brightness for bodies like Enceladus and Rhea, ad-
ditional observations in wide range of phase angles
and wavelengths are needed.
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conclusions

In this paper, the �rst polarimetrical observations
of Saturnian satellite Enceladus were presented. The
phase-angle dependence of linear polarization of the
satellite is fairly asymmetrical with the minimal po-
larization Pmin ≈ −0.51% at the phase angle αmin ≈
2.4◦. Its characteristics are very similar to those of
the high-albedo Saturnian satellite Rhea. The high-
albedo Saturnian satellites Enceladus and Rhea, the
bright side of Iapetus, the Jovian satellites Io, Eu-
ropa, Ganymede, and E-type asteroids 44 Nysa and
64 Angelina demonstrate a great diversity in the
characteristics of the phase-angle dependence of lin-
ear polarization. It con�rms that the polarization
behaviour depends not only on albedo but also on the
sizes of the re�ecting surface's particles and packing
density.
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