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[1] We analyze Cassini magnetic field observations from the only two polar flybys of
Saturn’s largest icy satellite Rhea (R2 on 02 March 2010 and R3 on 11 January 2011)
which are scheduled between Saturn Orbit Insertion and the end of the mission in 2017. For
the interpretation of these data, we apply estimations from simple analytical models as well
as results from numerical hybrid simulations (kinetic ions, fluid electrons) of Rhea’s
interaction with the incident magnetospheric plasma. In-situ observations of exospheric
neutral gas and pick-up ions suggest Rhea to be embedded in a tenuous gas envelope.
However, the interaction of this gas with the magnetospheric flow does not make any
measurable contributions to the magnetic field perturbations detected above the poles of the
moon. Instead, the field perturbations observed in these regions mainly arise from the
absorption of magnetospheric particles with large field-aligned velocities, impinging on the
north and south polar surface of Rhea. In addition to numerous interaction features
known from preceding Cassini flybys of Saturn’s plasma-absorbing moons, the
magnetic field data acquired above Rhea’s poles reveal perturbations of the flow-aligned
field component, corresponding to a draping/Alfvén wing pattern. Based on our hybrid
simulations, we suggest that these signatures arise from the finite extension of Rhea’s
wakeside plasma void along the corotational flow direction, yielding a density gradient in
corotation direction, and thereby generating a diamagnetic current from the Saturn-facing
into the Saturn-averted hemisphere of the moon. This transverse current is
responsible for generating a weak Alfvén wing pattern at Rhea which has been
detected by the Cassini spacecraft during the R2 and R3 flybys. Due to the large
gyroradii of the incident magnetospheric ions, this structure features a pronounced
asymmetry with respect to the direction of the convective electric field. Results of our
simulation, considering only plasma absorption on the moon, are in good agreement
with Cassini magnetometer data from both flybys. At Saturn’s icy satellites Tethys and
Dione, the low value of the magnetospheric plasma beta most likely prevents the
formation of similar currents and measurable flow-aligned magnetic field distortions.
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1. Introduction

[2] Since its arrival at Saturn in 2004, the Cassini
spacecraft has paid numerous visits to the giant planet’s
multifaceted family of icy satellites. At the time of this
writing, more than 160 orbits around the planet had
already been accomplished by Cassini. During these orbits,
the spacecraft has made 20 close flybys of Enceladus. This
small icy moon was identified as the major source of
magnetospheric plasma and neutral particles during the
first year of Cassini’s tour in the Saturnian system [e.g.,
Dougherty et al., 2006]. In addition, the spacecraft has
paid visits to several of the other icy satellites in the inner
and middle magnetosphere: Dione –which was recently
found to possess a tenuous, sputtering-induced exosphere
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[Simon et al., 2011a; Tokar et al., 2012]–, Tethys, and
Saturn’s largest icy satellite Rhea.
[3] Rhea (radius Rrh = 764 km) orbits its parent planet on

an equatorial and circular orbit at an L shell value of 8.74.
Despite a number of highly puzzling observations during the
first Rhea flybys –such as the identification of a ring system
around the moon in energetic electron data [Jones et al.,
2008] which was not confirmed by optical observations
[Tiscareno et al., 2010]–, only four targeted Rhea encoun-
ters have been scheduled during Cassini’s mission. Three of
these encounters (termed R1, R2 and R3) have already taken
place at the time of this writing.
[4] During the first close Rhea flyby (R1 on 26 November

2005), Cassini passed through the plasma wake downstream
of the moon at a distance of about 0.7 Rrh. Observations
made by the Cassini magnetometer (MAG) [Dougherty et al.,
2004] during this encounter suggested Rhea to be an elec-
tromagnetically inert object that interacts with the impinging
magnetospheric plasma mainly by absorbing the particles
incident upon its surface. Subsequently, Cassini accom-
plished two polar flybys of Rhea in 2010 and 2011 (R2 on 02
March 2010 at 23.3 Saturnian Local Time and R3 on 11
January 2011 at 13.3 Saturnian Local Time). When passing
above Rhea’s north pole during R2, Cassini’s Ion and Neutral
Mass Spectrometer (INMS) detected the presence of a tenu-
ous exosphere around the moon [Teolis et al., 2010]. This
exosphere, consisting mainly of molecular oxygen and a
minor contribution of carbon dioxide, was found to be sus-
tained by chemical decomposition of the surface water ice
due to sputtering by Saturn’s magnetospheric plasma. The
detection of a dilute, sputtering-induced atmosphere around
Rhea is consistent with the predictions of Saur and Strobel
[2005] who had explored the possible existence of atmo-
spheres around Saturn’s icy satellites before the first Cassini
flybys took place. The question of whether the existence of
this atmosphere is confirmed by INMS observations from the
subsequent, south-polar R3 encounter has so far not been
addressed in the peer-reviewed literature.
[5] During both polar flybys, the Cassini MAG instrument

detected significant magnetic field perturbations inside the
Rhea flux tube, the surface of which is defined by the bundle
of field lines tangential to the solid body of the moon. While
Santolík et al. [2011] applied Cassini particle and magnetic
field observations to demonstrate the presence of intense
plasma wave emissions at the time of the R2 encounter, the
origin of the large-scale magnetic field perturbations seen
during R2 and R3 has so far not been addressed in the lit-
erature. Especially, MAG data from both flybys contain
strong perturbations of the flow-aligned magnetic field
component (“draping”). At first glance, this seems untypical
for the plasma interaction of an obstacle that affects the
incident magnetospheric plasma mainly by absorbing it [see,
e.g., Khurana et al., 2008; Roussos et al., 2008a; Simon
et al., 2009].
[6] In this paper, we present a detailed analysis of the

Cassini magnetic field observations acquired during the two
polar Rhea flybys R2 and R3. The origin of the observed
field perturbations is discussed, on the one hand, by apply-
ing simple analytical models of the interaction between an
inert moon and the incident flow. On the other hand, we
continue the work of Roussos et al. [2008a] and present new
hybrid (kinetic ions, fluid electrons) simulations of Rhea’s

interaction with the magnetospheric plasma, taking into
account the upstream flow conditions observed during R2
and R3.
[7] This paper is organized as follows: in section 2, we

classify the interaction between Rhea and the incident
magnetospheric flow. After providing a brief overview of
the ambient magnetospheric plasma parameters at Rhea’s L
shell (section 2.1), we derive an upper limit for the contri-
bution of Rhea’s exosphere to the observed magnetic field
perturbations (section 2.2). In section 3, we focus on the
interpretation of MAG data from R2 and R3. A brief dis-
cussion of the two flyby trajectories (section 3.1) is followed
by an analysis of MAG data from the south polar R3 flyby in
section 3.2 and results from complementary hybrid simula-
tion runs in section 3.3. Our analysis of MAG data from the
north-polar R2 encounter is provided in section 3.4. The
paper concludes with a brief summary of our major findings
(section 4).
[8] In the following sections, the spacecraft trajectories

and the magnetic field components are always shown with
respect to the Rhea Interaction System (RHIS). The (+x) axis
of this Cartesian coordinate frame is aligned with the direc-
tion of ideal corotation, whereas the (+y) axis is directed
from the center of Rhea toward Saturn. The (+z) axis com-
pletes the right-handed coordinate system, pointing north-
ward, i.e. it is with good precision antiparallel to the ambient
magnetospheric field B0 near Rhea’s orbit. The origin of the
RHIS coincides with the center of Rhea. The unit vectors of
the RHIS will be referred to as {ex, ey, ez}.

2. Key Parameters of Rhea’s Magnetospheric
Interaction

[9] This section focuses on the incident magnetospheric
flow conditions near Rhea’s orbit. Besides, we assess a
possible influence of Rhea’s dilute exosphere on the moon’s
magnetic environment.

2.1. Upstream Flow Conditions

[10] Near Rhea’s orbit, the magnetospheric plasma mainly
consists of water group ions (mass mi = 17 amu) with a
number density of about n0 = 6 cm�3 and a temperature
of kTi = 200 eV [cf. Khurana et al., 2008, Table 1;
Wilson et al., 2010, Table 2]. Measurements of thermal ion
properties from the R1 encounter and a more distant, non-
targeted flyby on 30 August 2007 (sometimes termed
“R1.5”) suggest the incident magnetospheric flow to sub-
corotate, with its bulk velocity u0 relative to Rhea being
about 30% smaller than the full corotation speed of 57 km/s,
hence u0 = 40 km/s [Wilson et al., 2010]. During R2 and R3,
the background magnetic field possessed a magnitude of
about B0 = 21 nT (see also section 3), which is slightly
smaller than observed during the initial R1 flyby in 2005 [see
Khurana et al., 2008, Figure 6]. The background field near
Rhea’s orbit points mainly in (�z) direction, i.e. it is with
good precision antiparallel to Saturn’s spin axis/magnetic
moment. Based on data from the Cassini Plasmaspectrometer
CAPS, Sittler et al. [2006, 2007] derived a temperature of
kTe = 10 eV for the thermal electrons at Rhea’s L shell, i.e.
more than an order of magnitude smaller than the value for
the ions. The corresponding plasma betas are be =

2m0n0kTe
B2
0

=
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0.05 (electrons) and bi =
2m0n0kTi

B2
0

= 20 be = 1.10 (ions),

respectively. A possible contribution of the hot magneto-
spheric plasma component to the total pressure [Sergis et al.,
2010] is not taken into account here.
[11] Thus, Rhea is exposed to a sub-Alfvénic, subsonic and

sub-magnetosonic magnetospheric plasma flow (Alfvénic
Mach number MA = 0.9, sonic Mach number MS = 0.8,
magnetosonic Mach number MMS = 0.6), i.e. the incident
flow conditions are qualitatively similar to those at the other
large icy satellites Enceladus [Saur et al., 2008;Kriegel et al.,
2009], Tethys [Simon et al., 2009] and Dione [Simon et al.,
2011a].
[12] However, it should also be noted that Rhea’s

magnetospheric environment features a rather high level
of variability. For instance, the magnitude of the back-
ground magnetospheric field observed during R1 was
about 3 nT larger than during R2 and R3 [Khurana et al.,
2008]. The ambient plasma density observed during indi-
vidual flybys may also differ from the above value by up to
30% (E. Roussos et al., Energetic electron observations of
Rhea’s magnetospheric interaction, submitted to Icarus,
2012). Due to this variability, Rhea may occasionally be
exposed to a super-alfvénic plasma flow [Roussos et al.,
2008a], similar to the upstream situation at Titan [Neubauer
et al., 1984].
[13] A peculiar feature of Rhea’s magnetospheric interac-

tion stems from the large gyroradii of the magnetospheric
upstream ions: the parameters provided above yield a value
of rg = mivth/(eB0) = 491 km for the gyroradius (vth =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kTi=mi

p
= 58 km/s = 1.45 u0: thermal ion velocity), i.e.

about 64% of the radius of Rhea. Therefore, the absorption
of magnetospheric particles at the moon’s surface is expec-
ted to possess a pronounced asymmetry with respect to the
direction of the convective electric field. At Enceladus (rg =
10.8 km = 0.04 RE), Tethys (rg = 30.9 km = 0.06 RT) and
Dione (rg = 92.3 km = 0.16 RD), asymmetries due to finite
gyroradius effects are expected to play a far less important
role (where Rj, j = E, T, D, denotes the respective satellite
radius, values of rg derived from Table 1 in Khurana et al.
[2008]).

2.2. Magnetic Visibility of Rhea’s Exosphere

[14] Based on data from Cassini’s Ion and Neutral Mass
Spectrometer (INMS) collected during R2, Teolis et al.
[2010] recently identified a tenuous, sputtering-induced
atmosphere around Rhea, consisting mainly of molecular
oxygen and a minor contribution of carbon dioxide. Simul-
taneously, the Cassini Plasmaspectrometer (CAPS) observed
outflowing positive and negative pick-up ions. However,
Khurana et al. [2008] as well as Roussos et al. [2008a]
succeeded in explaining MAG data from the first close
Rhea encounter (R1) by considering Rhea an electromag-
netically inert object that does not possess an atmosphere.
[15] One reason for this apparent discrepancy is that the

trajectory of the R1 encounter was not suitable for identi-
fying signatures of a possible gas envelope around Rhea in
the magnetic field data. During R1, Cassini passed through
Rhea’s plasma wake, with the spacecraft trajectory being
confined to the (z = 0) plane. If a flyby above or below
Rhea’s equatorial plane had been available, the orientation
of the measured By perturbations could have been employed

to clearly discriminate between a mainly plasma-absorbing
obstacle and an interaction scenario that is dominated by
mass/momentum loading (see Figure 10 in Khurana et al.
[2008] and Figure 1 in Simon et al. [2009]). However, for
a flyby like R1 that occurred in Rhea’s orbital plane, the By

perturbation is almost zero in both cases (assuming that a
possible atmosphere does not possess a pronounced north-
south asymmetry).
[16] Thus, if Rhea’s atmosphere caused any measurable

magnetic field perturbations, the polar flybys R2 and R3
would have been suitable to identify such signatures. How-
ever, based on the parameters provided by Teolis et al.
[2010], we expect the gas envelope around Rhea to be
magnetically invisible even during these close encounters.
To decide whether Rhea’s exosphere/ionosphere could
generate any noticeable magnetic field perturbations, one
has to compare the Alfvén conductance SA of the ambient
magnetospheric plasma,

SA ¼ 1

m0vA
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þM2

A

p for u0 ? B0 ð1Þ

(where vA ≡ vA
�� �� ≡ B0ffiffiffiffiffiffiffiffiffiffim0n0mi

p
��� ���: Alfvén velocity), against the

Pedersen conductance of the moon’s ionosphere. These two
quantities define the interaction strength parameter

a ≡
SP

SP þ 2SA
0 ≤ a ≤ 1ð Þ; ð2Þ

where SP denotes the Pedersen conductance [Saur et al.,
1999; Saur and Strobel, 2005].
[17] If a = 0, the atmosphere does not make any contri-

bution at all to the plasma interaction, while in the other
extreme case of a = 1, the magnetic field perturbations
caused by the presence of the atmosphere reach their maxi-
mum possible value and the plasma flow within the wing
tubes is decelerated to complete stagnation.
[18] Based on the upstream flow parameters provided in

section 2.1, we obtain a value of SA = 13.2 S for the Alfvén
conductance in the Rhea scenario. An order-of-magnitude
estimate for the Pedersen conductance SP can be obtained
from the atmospheric parameters of Teolis et al. [2010] who
derived a total atmospheric O2 content of Ntot = 2.5 � 1029
molecules. For our estimate, we assume the spatial distri-
bution of the neutral gas around Rhea to be spherically
symmetric and to be prescribed by equation 1 in the work of
Saur and Strobel [2005], i.e.

nn rð Þ ¼ nn;0
Rrh

r

� �2

exp
Rrh � r

D

� �
; ð3Þ

where r denotes the distance to the center of Rhea. From the
work of Saur and Strobel [2005], we adopt a value of D =
100 km for the depletion length scale, while the base density
n0 can be derived from the total gas content of the atmo-
sphere Ntot according to

nn;0 ¼ Ntot

4pR2
rhD

: ð4Þ

[19] From the work of Simon et al. [2011a], we adopt a
value of k = 1 � 10�8 cm3/s for the reaction rate between
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magnetospheric water group ions and oxygen molecules at a
relative velocity of u0 = 40 km/s, considering charge-
exchange reactions and elastic collisions. This allows to
compute the (effective) ion-neutral collision frequency
according to n(r) = knn(r). The ratio of the ion gyrofre-
quency Wi =

eB0
mi

and the collision frequency is then applied to
compute the local Pedersen conductivity according to

sP rð Þ ¼ en0
B0

�
Wi
n rð Þ

Wi
n rð Þ

� �2
þ 1

; ð5Þ

see equation (27) in the work of Saur et al. [1999].
[20] By numerically integrating equation (5), we now

compute the Pedersen conductance SP along a magnetic
field line that intersects Rhea at the north pole, i.e.

SP;1 ¼
Z ∞

r¼Rrh

sP rð Þdr; ð6Þ

and along a magnetic field line that is tangential to the solid
body of the moon:

SP;2 ¼
Z ∞

z¼0
sP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ R2

rh

q� �
dz: ð7Þ

[21] These two values constitute a lower (SP,1) and an
upper (SP,2) limit for the Pedersen conductance in the Rhea
scenario; see Figure 6 in the work of Neubauer [1998] for
illustration. The estimated values of the Pedersen conduc-
tance range between SP,1 = 0.11 S and SP,2 = 0.43 S,
respectively, corresponding to an interaction strength of
4.2 � 10�3 ≤ a ≤ 1.6 � 10�2. Thus, the contribution of
Rhea’s atmosphere to the magnetic field signatures arising
from the moon’s interaction with the upstream flow can be
considered negligible. The pick-up ions generated at Rhea
can be treated as test particles that are inserted in a pre-
defined electromagnetic field configuration. For compari-
son, the parameters provided by Saur et al. [2007] suggest
an interaction strength of a = 0.6 for Enceladus’ magneto-
spheric interaction. Besides, as will be shown in section 3,
the key features of the magnetic field observations made
during the R2 and R3 flybys can be explained by means of a
numerical model that considers only the plasma-absorbing
body of Rhea, but not its exosphere. Apart from the esti-
mations provided above, the analysis of the magnetic field
data therefore provides independent evidence that Rhea’s
exosphere was indeed “magnetically invisible” at the times
of the R2 and R3 encounters.
[22] We would briefly like to note that Rhea’s exosphere

might exhibit some degree of time variability, similar to
what Simon et al. [2011a] found at Dione due to the
time-dependency of energetic particle fluxes in Saturn’s
radiation belts. If at certain time periods Rhea’s energetic
particle environment is similar to what Voyager 1 saw,
then both the atmospheric particle content and the asso-
ciated magnetic field perturbations will be significantly
stronger [Saur and Strobel, 2005]. For the conditions of
the Voyager 1 flyby, these authors derived an interaction
strength of a = 0.4. Voyager 1 estimates for the energetic
particle influx to Saturn’s icy satellites showed to be con-
sistently much higher than what has been measured by
Cassini [e.g., Roussos et al., 2008b], thereby possibly

generating an atmosphere around Rhea that was “magneti-
cally visible” at that time.

3. Rhea Flybys R2 and R3

[23] In this section, we shall present the Cassini magnetic
field observations from the two polar Rhea encounters. For
the interpretation of the data, both analytical estimations and
plasma simulations with the hybrid code AIKEF [Müller
et al., 2011] will be applied.

3.1. Flyby Trajectories

[24] Figure 1 displays the trajectories of the R2 and R3
encounters. As can be seen, Cassini passed above Rhea’s
north pole during R2, approaching the moon from the Saturn-
averted side. Within the interval shown in the figure, the
flyby trajectory was nearly parallel to the (z = 0) plane and
only slightly inclined with respect to the y axis: in the
inbound region of R2 (i.e. for y < 0), Cassini was located in
the downstream half-space (i.e. at x > 0), whereas in the
outbound segment (y > 0), the spacecraft traveled through the
upstream half-space (x < 0). The subsequent R3 encounter
occurred below Rhea’s south pole and featured a strong
similarity to the geometry of R2. Again, the spacecraft tra-
jectory was nearly parallel to the (z = 0) plane and possessed
only a small inclination against the y axis. However, dur-
ing R3 Cassini was located downstream of Rhea (x > 0)
in the Saturn-facing half-space (y > 0), whereas the seg-
ment of the flyby trajectory in the Saturn-averted half-
space (y < 0) lead through the (x < 0) half-space. As can
also be seen from Figure 1, closest approach of both
flybys was located at a distance of about only 0.1 Rrh

above the surface of Rhea.
[25] We would like to note that only one additional close

flyby of Rhea is scheduled for the remaining five years of
the Cassini mission: during the northbound R4 encounter on
09 March 2013, the spacecraft is anticipated to achieve a
closest approach altitude of 1000 km (=1.3 Rrh), i.e. about an
entire order of magnitude larger than during R2 and R3.
[26] In the following sections, we shall discuss the obser-

vations made by the Cassini magnetometer during R2 and
R3, as displayed in Figure 2. We will commence our dis-
cussion with the R3 flyby, since the data acquired during this
passage allow for a much easier depiction of the key features
of the interaction than the R2 data set.

3.2. Flyby R3: MAG Data

[27] The magnetic field signatures observed during R3 are
displayed in Figure 2 (right). The vertical magenta lines
indicate Cassini’s passages through the surface of the Rhea
flux tube

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
= Rrh. Although the R3 trajectory was

located below the south pole and did not intersect the
moon’s geometric plasma shadow, the magnetic field
observations reveal several features immediately indicative
of a plasma-absorbing obstacle. The Bz component exhibits a
compression signature inside the Rhea flux tube, i.e. |Bz| is
enhanced. Similar enhancements of |Bz| have also been
observed in the plasma wakes of Tethys and Dione as well as
during the R1 flyby of Rhea [Khurana et al., 2008; Roussos
et al., 2008a; Simon et al., 2009, 2011a]. Such signatures
arise from a void in the magnetospheric plasma density due
to the absorption of the incident flow at the moon’s surface.
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The resulting deficit of plasma pressure is then compen-
sated by an enhanced magnetic pressure, i.e. the field
lines are dragged into the density cavity [see, e.g., Simon
et al., 2009, Figure 1]. While for the interaction between
the Terrestrial moon and the supersonic solar wind, such
field compression signatures occur only in the down-
stream region [Kallio, 2005], they expand to above and
below the poles, if the flow incident upon the obstacle is
subsonic. In this case, the bulk speed of the plasma is
exceeded by its thermal speed, i.e. a significant number
of particles possess large field-aligned velocities. There-
fore, particles which were initially located north or south
of Rhea can be absorbed as well, yielding an expansion
of the density depletion region to the polar regions of the
moon.
[28] The compression signature seen in Bz possesses a

magnitude of about 2 nT. This value can be compared to the
maximum field compression expected for the void region of
the central wake which is (almost) completely evacuated
[see Khurana et al., 2008, Figure 3]. Based on the pressure
balance equation

n0k Ti þ Teð Þ þ B2
0

2m0
¼ B0 þ dBð Þ2

2m0
ð8Þ

and the upstream parameters provided in section 2.1, we find
that a peak field perturbation dB of

dB
B0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bi þ be þ 1

p
� 1 ≈ 0:47; ð9Þ

i.e. dB ≈ 9.8 nT, can be achieved in Rhea’s central wake.
Thus, the perturbation observed below the south pole is about
a factor of 5 smaller. This finding is consistent with the idea
of the plasma in the south polar region being only partially
depleted: only particles that impinge on Rhea’s northern
hemisphere with large field-aligned velocities are “missing”
there. It should also be noted that additional Bz perturbations
of nearly the same magnitude as in the central wake were
observed outside the Rhea flux tube near y = �2.1 Rrh,
y = +3.0 Rrh and y = +9.0 Rrh. These signatures may
possibly arise from fresh plasma injections in Saturn’s
equatorial plane, which may have occurred coincidentally
[see, e.g., Burch et al., 2007]. Similar events were found to
“contaminate” the interaction signatures observed during a
recent wakeside flyby of Dione [Simon et al., 2011a].
[29] Equation (8) also illustrates why the magnitude of the

Bz perturbations observed over the poles of Rhea (compared
to the background field strength) is much larger than the
compression signatures detected in the wake of Tethys

Figure 1. Cassini’s trajectories during Rhea flybys R2 (red) and R3 (blue) in RHIS coordinates. Closest
approach of both flybys occurred near y = 0. During R2, Cassini achieved its closest approach altitude of
0.13 Rrh on 02 March 2010 at 17:40:35. Closest approach of R3 occurred on 11 January 2011 (04:53:25)
at an altitude of 0.09 Rrh. The green lines denote the outer boundaries of Rhea’s geometric plasma shadow,
i.e. the cylinder

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
= Rrh for x ≥ Rrh.
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during the only targeted flyby [Khurana et al., 2008; Simon
et al., 2009]. The above expression can be rewritten as

B0 þ dB
B0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ bi þ be

p
: ð10Þ

[30] Hence, the relative magnitude of the maximum field
perturbation is determined by the total plasma beta of the
ambient magnetospheric flow. The more important the
impact of flow dynamics, the larger are the compression
signatures in the magnetic field. While at Rhea, the value of
bi + be is of the order of one, the by far stronger magneto-
spheric field near Tethys’ orbit (B0 = 167 nT) yields a value
of bi + be = 0.02, thereby allowing for a peak field per-
turbation of only 1% of the background field [see also
Simon et al., 2009].
[31] The slight enhancement of By observed within the

Rhea flux tube (see Figure 2) arises from the aforementioned
field compression due to plasma absorption. In the (z < 0)
half-space, the field compression yields a region of By < 0 for
y < 0 and a region of By > 0 for y > 0 [see Simon et al., 2009].
[32] As can be seen from the (x, y) projection in Figure 1,

Cassini crossed regions of both (y < 0) and (y > 0) while

being located inside the Rhea flux tube. Therefore, one
would expect the spacecraft to pass through both the (By > 0)
and the (By < 0) perturbation region. The fact that only the
(By > 0) distortion was detected is consistent with CAPS
observations from R1 and R1.5 [Wilson et al., 2010], sug-
gesting a slight tilt of the ambient bulk speed away from
Saturn. Such a tilt would rotate the interaction signatures
around the z axis in clockwise direction, thereby shifting the
region of positive By further into the Rhea flux tube. The
region of (By < 0) was then probably missed by Cassini due
to the slight tilt of the trajectory. We will address this feature
again when discussing our hybrid simulation results in
section 3.3.
[33] It is very important to note that Cassini also observed

a non-vanishing, positive Bx perturbation below Rhea’s
south pole, possessing nearly the same magnitude as the
perturbation seen in Bz. In general, one would expect such a
Bx distortion to arise from field line draping, i.e. from the
formation of an Alfvén wing due to an interaction between
the obstacle’s ionosphere or intrinsic magnetic field and the
incident plasma [Neubauer, 1980, 1998]. However, as
inferred in section 2.2, Rhea’s gas envelope is far too dilute
to cause such strong perturbations of the magnetospheric

Figure 2. Cassini MAG observations during Rhea flybys (left) R2 and (right) R3 in RHIS coordinates.
The magnetic field components are shown in red (Bx), green (By) and blue (Bz), respectively. The vertical
magenta lines denote Cassini’s passages through the surface of the Rhea flux tube

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
= Rrh. Despite

the slight deviations of B0 from being aligned with the negative z axis, this expression provides a very
good approximation for the surface of the flux tube.
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field, and the moon was also found to be devoid of an
internal magnetic field by Khurana et al. [2008]. Nonethe-
less, the observations shown here suggest that the interaction
gives rise to a draping-like broad enhancement in Bx, being

comparable to or even stronger than the distortions detected
in the Bz and By components. As will be shown in the fol-
lowing, this Bx enhancement arises from the finite extension
of Rhea’s plasma wake along the corotational flow direction.
[34] In contrast to the Terrestrial moon –the wake of

which is nearly devoid of plasma even at distances of
several satellite radii [Kallio, 2005]–, the wake of a
plasma-absorbing moon embedded in a submagnetosonic
flow is refilled at rather short distances to the obstacle. As
demonstrated by preceding hybrid simulations of Rhea’s
plasma interaction during the R1 flyby (for slightly dif-
ferent upstream parameters than provided in section 2.1,
cf. Roussos et al. [2008a]), the number density of the
plasma in Rhea’s wake has already returned to 75% of
the background value at a distance (in x direction) of
only 1 Rrh to the surface of the obstacle. The resulting
pressure gradient rp = ∂p

∂x ex along the corotation direction
gives rise to a diamagnetic current jdia in (�y) direction,

j
dia

¼ B �rp

B2
≈

B0 �rp

B2
0

¼ � 1

B0

∂p
∂x

ey; ð11Þ

where B in the first expression denotes the locally per-
turbed field in the interaction region. As a first approxi-
mation, we have assumed the magnetic field B in the
expression for jdia to be equal to the background mag-
netic field B0 outside the interaction region. As discussed
above, a peak field strength of about 1.5 B0 may locally
be achieved in Rhea’s central wake. In the central wake,
this would yield an additional factor of 1/1.5 in equation
(11). However, this deviation from the background field
strength and the associated bending of the field lines
toward the (y = 0) plane are neglected for the order-of-
magnitude estimate of the diamagnetic current provided
below. The diamagnetic current jdia is thus parallel to the
convective electric field E0 = �u0 � B0 = �u0B0ey of the
undisturbed flow.
[35] The orientation of the density gradient as well as the

current jdia in the wake and the associated magnetic field
perturbations are illustrated in Figure 3. This figure shows
that below the south pole, the Bx perturbation arising from
the diamagnetic current in Rhea’s central wake is parallel to
the positive x axis, whereas above the north pole, the asso-
ciated Bx perturbation points in negative x direction. Thus,
the diamagnetic current arising from the finite length of
Rhea’s wake produces field perturbations above the northern
and southern poles that are qualitatively similar to what
would be expected for field line draping around a conduct-
ing obstacle (cf. red dashed circles in Figure 3).
[36] To demonstrate that the proposed current jdia ∝ �ey

can produce a sufficiently strong magnetic field below the
south pole to explain the Bx enhancement observed during
R3, let us assume that the thermal pressure p(x) in the
wake (note that the contributions of ram and magnetic
pressure do not enter the pressure gradient term in the
momentum equation of MHD and thus equation (11))
increases linearly from p(x = 1 Rrh) = 0 at the surface of
Rhea to p(x = 4 Rrh) = p0 = n0k(Ti + Te) at a distance of
3 Rrh to the surface. This estimate for the length of the
wake is in good agreement with new hybrid modeling
results for Rhea discussed in section 3.3. We also verified

Figure 3. Diamagnetic currents arising from the finite
length of Rhea’s plasma wake along the corotational flow
direction. For the (y = 0) plane of the RHIS (containing the
background magnetic field B 0 and the (co)rotational flow
speed u 0), the figure provides a schematic illustration of
the magnetic field perturbations that arise from the refilling
of Rhea’s wake by magnetospheric particles with large
field-aligned velocities. The void region of nearly zero
plasma density is denoted in dark green, while the area
shaded in light green depicts the rarefaction cone where
the number density of the magnetospheric ions gradually
increases with increasing distance to the moon in x direction.
Within Rhea’s geometric shadow (denoted by the cylinderffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
< Rrh, dashed blue lines) the resulting density gra-

dient along the positive x axis (magenta arrows) gives rise to
a system of diamagnetic currents jdia, pointing out of the
paper plane. By applying the right-hand rule to jdia, one veri-
fies that above the north pole, the Bx component of the mag-
netic field generated by this current is negative, whereas
below the south pole, it assumes a positive value. This field
orientation is similar to what would be expected for the drap-
ing of the magnetic field around a conducting obstacle, as
observed e.g. at Dione [Simon et al., 2011a] and the plume
of Enceladus [Dougherty et al., 2005; Kriegel et al., 2009].
The dashed circles and the arrows along them illustrate the
magnetic field that would arise from jdia alone. Outside
Rhea’s geometric shadow, the effect of the density gradient
in (+x) direction is partially attenuated by the density gradi-
ent in (�x) direction along the outer flanks of the wake
(boundaries of light green region), producing a diamagnetic
current in (+y) direction. However, these perpendicular cur-
rent systems do not fulfill r � j? = 0 by themselves. As
revealed by our hybrid simulations, the diamagnetic currents
in Rhea’s wake are connected to the currents along the char-
acteristics of an Alfvén wing.
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from the simulations that the pressure gradient term and
the Lorentz term indeed make up the dominant con-
tributions in the momentum equation of the hybrid model
within Rhea’s wake.
[37] To obtain a simple analytical estimate for the mag-

netic field associated with the current jdia, let us further
assume that jdia is constant within a cylinder of Radius 1 Rrh

in y direction whose axis intersects the x axis at x = 2.5 Rrh.
The circular intersection area of this wire with the (x, z)
plane covers a large fraction of the density depletion region
downstream of Rhea [cf. Roussos et al., 2008a]. The mag-
nitude dBdia of the magnetic field perturbation outside the
current-carrying region is then given by

dBdia ¼ m0R
2
rh

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� 2:5Rrhð Þ2 þ z2

q � p0
3B0Rrh

: ð12Þ

This equation follows directly from Ampère’s law by inte-
grating along the circular magnetic field lines around the
cylinder’s axis (along which |dBdia| is constant), yielding

dBdia ¼ m0jdiapR2
rh

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� 2:5Rrhð Þ2 þ z2

q : ð13Þ

[38] In this expression,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� 2:5Rrhð Þ2 þ z2

q
denotes the

distance from the observer at point (x, y, z) to the axis of the
cylinder and

jdia ¼ p0
3B0Rrh

ð14Þ

is the diamagnetic current according to equation (11).
[39] Below the south pole (x = 0, z = �1 Rrh), this yields a

perturbation field of about dBdia ≈ 0.75 nT, which is of the
same order of magnitude as the enhancement of Bx observed
within the Rhea flux tube during R3. Hence, we suggest that
the Bx perturbations observed below Rhea’s south pole
mainly arise from currents in the moon’s intermediate wake.
The question of how these diamagnetic currents are closed
by field-aligned currents will be addressed in the discussion
of our hybrid simulation results in section 3.3.
[40] However, we would like to point out that this esti-

mation is only meant to demonstrate that a diamagnetic
current arising from the finite length of Rhea’s wake is able
to produce a measurable Bx perturbation below the south
pole that can in principle explain the observed increase of Bx.
In reality, the geometry of the diamagnetic currents is far
more complex than assumed here. Fully self-consistent
hybrid simulations, as discussed in section 3.3, are required
to determine the precise shape of the current systems in
Rhea’s wake and the field perturbations generated by them.
[41] The Rhea interaction scenario is particularly suitable

for observing the magnetic field perturbations that arise from
the finite length of the obstacle’s wake. Although hybrid
simulations suggest the extension of Tethys’ plasma wake to
be comparable to or even smaller than the length of Rhea’s
wake [Simon et al., 2009], one would not expect to observe
any strong perturbations of the flow-aligned field component
at Tethys. As can be seen from equation (11), the magnitude
of the diamagnetic current is inversely proportional to the

magnetospheric field strength, which at Tethys is almost
8 times larger than at Rhea, yielding a plasma beta of only
0.02 [Khurana et al., 2008; Simon et al., 2009]. Thus, the
current jdia is not expected to make any measurable con-
tributions to the magnetic field distortions at Tethys. One
should therefore keep in mind that the extension of the wake
is not the only controlling parameter for the magnitude of the
diamagnetic current, but the magnetic field plays a key role
as well.
[42] As demonstrated above, the finite extent of Rhea’s

wake along the corotation direction allows for a considerable
flow-aligned field perturbation. However, as can also be
seen from Figure 3, such a flow-aligned perturbation may
occur only outside the (z = 0) plane. Within the (z = 0) plane,
it leads to a field-aligned perturbation (i.e. dB ∝ e z) that
strengthens the field upstream and decreases it downstream.
The downstream decrease is probably obscured by the
enhancement due to reduced plasma pressure. Upstream, the
perturbation is without “competition” and should show an
enhancement signature, as it would also be caused by mass/
momentum loading [e.g., Kriegel et al., 2009; Simon et al.,
2011a]).
[43] As can also be seen from Figure 3, the density gra-

dient along the outer flanks of the interaction region
(boundaries of the light green cone) possesses a component
in negative x direction. Thus, it generates a diamagnetic
current in positive y direction and a magnetic field that
counteracts the effects of the finite wake extension along the
corotation direction. In order for the Bx perturbation below
the south pole to become positive (as observed during R3),
the effect caused by the currents at the outer flanks of the
wake must be overcompensated by the field arising from the
density gradient in (+x) direction in the central wake. This is
especially important in the polar regions where the wake
flanks “touch” the solid body of the moon, cf. Figure 3.
While outside Rhea’s geometric shadow

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
< Rrh

(and x > 1 Rrh), density gradients in (+x) and (�x) direction
occur, the density gradient inside the shadow region points
exclusively in (+x) direction. The reason for this is that along
the outer flanks of the density depletion region (light green
cone), diamagnetic currents in (+y) direction are required
to prevent the wake structure from collapsing, while inside
the geometric shadow, the pressure gradient is stabilized by
the shielding effect of Rhea’s plasma-absorbing body. Thus,
the currents in the shadow region (and the associated mag-
netic fields) do not experience an attenuation from nearby
density gradients in (�x) direction and may even cause
strong field perturbations above Rhea’s poles. Numerical
simulations (see section 3.3) are required to understand the
magnetic field distortions caused by this complex system of
wakeside currents.
[44] Finally, we would briefly like to note that the field

perturbations seen in By and Bz are also caused by a dia-
magnetic current system, arising from the finite extension of
the density cavity in y direction [Colburn et al., 1967]. In the
(y > 0) half-space, the pressure gradient points in (+y)
direction, i.e. the resulting diamagnetic current is parallel to
ex. In the (y < 0) half-space, the directions of both the density
gradient and the resulting current are reversed. By applying
the right-hand rule to these two current systems, one can
easily verify that they are responsible for enhancing |Bz| in
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the central wake and depressing the field at the flanks of
the interaction region. They are also responsible for gen-
erating the quadrupolar pattern of different By orientations
illustrated in Figure 1 of Simon et al. [2009]. The dia-
magnetic currents in x direction are closed within a current
loop around the ramside of the satellite [see Mauk et al.,
2009, Figure 11.8].

3.3. Flyby R3: Hybrid Simulations

[45] So far, our analysis of the R3 magnetic field obser-
vations is mainly based on analytical estimates of the effects
generating the perturbation signatures. In this way, we have
been able to explain numerous features seen in the data set.
However, to confirm that our interpretation is quantitatively
realistic and to gain further insights into the current systems
arising from the finite length of the wake –especially how
jdia is closed–, the interaction needs to be treated within the
framework of a fully self-consistent plasma simulation. In
addition, there is one feature in the R3 data set which has not
yet been addressed: coincident with Cassini’s outbound
passage (y < 0) through the surface of the Rhea flux tube, the
magnetometer detected a sharply pronounced dip in the Bx

component with a magnitude of dBx ≈ �2.1 nT, i.e. com-
parable to the strength of the Bx enhancement seen within the
Rhea flux tube.
[46] To clarify these remaining issues, we have applied

the hybrid (kinetic ions, fluid electrons) simulation code
AIKEF [Müller et al., 2011] to carry out new simulations of
Rhea’s magnetospheric interaction, amplifying the pilot
study by Roussos et al. [2008a]. Since the hybrid code treats
the ions as individual particles, it is particularly suitable for
reproducing effects associated with finite ion gyroradii,
especially asymmetries in the flow deflection pattern and
non-Maxwellian particle distribution functions (e.g., the ring
distributions associated with ion pick-up or the counter-
stream distribution in the wake of an inert moon [cf. Simon
et al., 2009]).
[47] Since the key features and basic equations of this

code have been elaborated on in detail by Kriegel et al.
[2009, 2011] and Müller et al. [2010], we shall provide
only a brief discussion of how this simulation code is
adapted to the Rhea scenario.
3.3.1. Model Description and Input Parameters
[48] The magnetospheric upstream conditions applied in

the simulations are provided in section 2.1. For the simula-
tion of R3, however, three slight adjustments have been
included: first, the weak tilt of the background magnetic
field with respect to the z axis (see Figure 2, top right) has
been taken into account and we set B0 = (1.8, 0.6,�20.8) nT,
i.e. the magnitude is again B0 ≈ 21 nT. Second, the upstream

plasma density observed during R3 was also slightly larger
than the value of n0 = 6 cm�3 derived by Wilson et al.
[2010] for R1 and R1.5. Measurements of Cassini’s
Radio and Plasma Wave Science Instrument suggest a
value of n0 = 7 cm�3 (E. Roussos et al., submitted, 2012),
which we adopt as input parameter for our model. Third,
while data from the R1 flyby [Wilson et al., 2010] suggest
an ion temperature of about kTi = 200 eV, we achieved
better agreement between simulation and MAG data for
R3 by applying a value of kTi = 100 eV, as proposed by
Roussos et al. [2008a]. At the time of this writing, no
measurements of the ion temperature were available for
the R3 encounter. For this reason, we have used the ion
temperature as a free parameter (within the range of values
provided by Wilson et al. [2010], Khurana et al. [2008]
and Roussos et al. [2008a]) to achieve best possible
agreement between simulation and magnetic field data.
[49] The applied value of kTi yields an ion gyroradius of

rg = 0.45 Rrh. The modified upstream conditions yield an
only slightly increased Alfvénic Mach number of MA =
0.95 and a magnetosonic Mach number of MMS = 0.73.
While these changes have negligible qualitative influence on
the overall structures seen in the simulations, they may
nonetheless strongly affect the magnitudes of the signatures.
The minor hydrogen component identified in CAPS ion data
from R1 and R1.5 by Wilson et al. [2010] is not included in
our simulations.
[50] In our hybrid simulations, Rhea is treated as an elec-

tromagnetically inert and plasma-absorbing body, i.e. the
tenuous atmosphere described by Teolis et al. [2010] is not
included. As discussed in our preceding publications
[Roussos et al., 2008a; Kriegel et al., 2009, 2011], the
AIKEF code does not impose any artificial boundary con-
ditions on the electromagnetic fields in the obstacle’s inte-
rior, but it solves Maxwell’s equations for an Ohmic
conductor in the inner region and realizes a self-consistent
coupling to the electromagnetic fields in the adjacent plasma
flow. The Ohmic conductivity of Rhea’s interior is set to
s = 5 � 10�7 S/m [see also Kriegel et al., 2009]. This value is
small enough to prevent any noticeable currents from flow-
ing through the non-conducting icy crust of the moon. Thus,
the boundary condition for an icy satellite j � e r = 0
[Neubauer, 1998] –where j denotes the current density and
er is the local radial unit vector– is fulfilled at Rhea’s surface
in good approximation. The simulation applies a hierarchical
Cartesian grid with three different refinement levels, achiev-
ing a peak resolution of 0.05 Rrh near the surface of the moon.
The resolution in the other two levels is two/four times larger.
The simulation domain is cubic, possessing an extension of
�5 Rrh ≤ x ≤ +10 Rrh and �7.5 Rrh ≤ y, z ≤ +7.5 Rrh.

Figure 4. Hybrid simulation of Rhea’s magnetospheric interaction for the conditions of the R3 encounter. The figure dis-
plays (a) the magnetospheric plasma density in the (y = 0) plane, (b) the magnetic Bx component in the (y = 0) plane, (c) the
Bx component downstream of Rhea at x = 2 Rrh and (d) By at x = 2 Rrh. Figures 4e and 4f show the results of a test simulation
where the radius of Rhea has been artificially increased by a factor of 3 to investigate the influence of finite ion gyroradii on
the interaction. In these two panels, the symbol ~R refers to 3 � 764 km. The (e) Bx and (f) By components in the (x = 2 ~R)
plane are shown. In Figures 4b–4f, only the perturbations of the magnetic field are shown, i.e. the background magnetic field
B0 has been subtracted. The cutting planes shown in Figures 4c, 4d, 4e and 4f are intersected by Rhea’s geometric shadowffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
= Rrh along the black circles. The outer, circle-like boundary visible in Figures 4e and 4f arises from different res-

olution levels of the simulation grid on either side.
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3.3.2. Discussion of Simulation Results
[51] The results of our hybrid simulations can be seen in

Figures 4, 5 and 6, respectively. Figures 4a and 4b display
the magnetospheric plasma density and the corresponding Bx

perturbation in the (z = 0) plane of the RHIS. For a down-
stream cut through the wake at x = 2 Rrh, Figures 4c and 4d
show the distortions of the Bx and By components.
[52] To explore the influence of the large ion gyroradii on

the signatures seen in Figures 4c and 4d, Figures 4e and 4f
display results from a test simulation where the radius of
Rhea has been artificially increased by a factor of 3, while
the incident flow parameters were left unchanged. Thus, the
ion gyroradius is now rg = 0.15 ~R, where ~R is the radius of
the artificially enlarged obstacle. The purpose of this test
scenario is to isolate the influence of finite gyroradius
effects (i.e., highly asymmetric plasma absorption) on the
structure of the magnetic field perturbations: while in the
real Rhea scenario (Figures 4c and 4d, large gyroradii),
the absorption process and the associated magnetic field
perturbations feature a prominent asymmetry between the

Saturn-facing (y > 0) and the Saturn-averted (y < 0)
hemisphere, these signatures are nearly symmetric in the
case of small ion gyroradii (Figures 4e and 4f).
[53] Figures 5d–5f display the perturbation magnetic

field components in the plane of the R3 encounter (i.e. at
z = �1.1 Rrh), while Figure 6 shows a comparison
between our model results and MAG data from R3 along
the flyby trajectory. For the run illustrated by the solid
red, green and blue lines (the results of this run are also
shown in Figures 4 and 5), the upstream particle popu-
lation is represented by a drifting Maxwellian distribution,
i.e. the temperature is assumed to be isotropic and has a
value of kTi = 100 eV.
[54] In addition, the dashed lines illustrate the results of a

test scenario where an anisotropic ion temperature has been
included (kTi,? = 150 eV, kTi,k = 50 eV). The applied values
of the temperature components are similar to those shown in
Figures 5 and 6 of Wilson et al. [2010] for the conditions of
the R1 and R1.5 encounters. However, the results of this
simulation obviously overestimate the magnitude of the
observed Bz perturbation (indicative of the “strength” of the

Figure 5. Perturbation magnetic field components (background field B0 subtracted) in the planes of the
(a, b, c) R2 (z = +1.1 Rrh) and (d, e, f) R3 (z = �1.1 Rrh) flybys. The flyby trajectory is denoted by the
black line, while the black circle

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
= Rrh marks the projection of Rhea on the cutting planes.
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interaction) and are only meant to illustrate the general effect
of an anisotropic temperature on the sharpness and depth of
the simulated dip in the Bx component. Therefore, these
results will only be briefly discussed at the end of the sec-
tion. If not stated otherwise, the following discussion always
refers to the case of an isotropic temperature, as illustrated
by the solid red, green and blue lines in Figure 6.
[55] Figure 7 illustrates the number density of the mag-

netospheric plasma in the (z = 0) plane for both the real Rhea
scenario (Figure 7a) and for the case of an artificially
enlarged obstacle (Figure 7b). The influence of large ion
gyroradii on the plasma absorption is also illustrated sche-
matically in Figure 8.
[56] In accordance with preceding hybrid simulation

results by Roussos et al. [2008a], Figure 4a illustrates that
the region of depleted plasma density expands far north and
south of Rhea along the magnetic field lines. With the
initial conditions described by Mach numbers MA = 0.95
and MMS = 0.73, there are no real fast magnetosonic
characteristics (see Neubauer [1998] for details), thereby
implying continuous fast magnetosonic rarefaction flow
everywhere, i.e. without fast mode discontinuities. Impor-
tantly a slow magnetosonic rarefaction wave is super-
imposed with a first order discontinuity at its front. This
discontinuity connects tangentially to the Rhea surface and
is characterized by an asymptotic slow mode Mach angle of
35�. The associated region of reduced density is visible in
yellow and green in Figure 4a. Although not shown here
again, the corresponding magnetic field enhancement in this
region is similar to Figure 1(D) in the work of Roussos et al.
[2008a]. The cone-like void region in Rhea’s geometric
shadow (denoted in blue) is clearly visible in the simulated
density profile as well. We note that the expected discon-
tinuous MHD structures are smeared out in the more accu-
rate kinetic/hybrid description.
[57] In addition to the aforementioned structures, the

simulation reveals two prominent regions of a reduced (for

Figure 6. Cassini magnetic field observations (black) ver-
sus hybrid simulation results (Bx: red, By: green, Bz: blue)
along the R3 trajectory. The solid lines show the results of
the model run that yielded best agreement with MAG data.
The dashed lines illustrate the results of a test scenario with
an anisotropic temperature in the upstream flow. The vertical
magenta lines denote Cassini’s passages through the surface
of the Rhea flux tube

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
= Rrh. Similar to Figure 2,

the data are shown from negative to positive y values (i.e.
the time axis is reversed).

Figure 7. Number density of the magnetospheric plasma in the (z = 0) plane for the upstream conditions
of the R3 flyby: (a) real Rhea scenario; (b) test scenario with artificially enlarged obstacle.
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z > 0) or enhanced (for z < 0) Bx component, connecting
to the near-Rhea region between the poles (x = 0) and x ≈
4 Rrh, cf. Figure 4b. The sign of Bx corresponds to that of
a magnetic draping pattern or an Alfvén wing, as it also
arises from the interaction between the plume of Encela-
dus and the ambient magnetospheric flow [see, e.g.,
Dougherty et al., 2006; Simon et al., 2011b]. Indeed, the
tilt angle of the simulated wings against the ambient
magnetic field direction (≈ez) corresponds well to a value
of arctan MA ≈ 44�, as suggested by Neubauer [1980]. It
should be noted that the Alfvénic field perturbation within
these wings is rather weak, i.e. only about 10% of the
magnetospheric background field.
[58] In order for an Alfvén wing to be formed, the currents

along the wing characteristics need to be closed by trans-
verse currents in the local interaction region. In the case of
Enceladus, this closure is mediated by the Pedersen and Hall
currents in the plume [Saur et al., 2007; Simon et al.,
2011b]. At Rhea, however, we encounter a scenario where
the current system of the wing is not closed within the
obstacle’s ionosphere, but by the diamagnetic current in
(�y) direction that arises from the finite extension of the
moon’s wake along the corotational flow direction.
[59] The hybrid simulation revealed this Alfvénic inter-

action signature that was not considered in our original dis-
cussion of j dia. The formation of this Alfvén wing also
implies that the diamagnetic currents in (+y) direction at the

outer flanks of the wake are not strong enough to close the
entire current system in (�y) direction, but the additional
inclusion of the currents along the wing characteristics is
required to fulfill the r � j = 0 condition. In general, an
Alfvén wing can form when the transverse currents j? do
not fulfill r � j? = 0, no matter whether the satellite pos-
sesses an atmosphere or not. It should be noted that in the
scenario considered here, gradient and curvature drifts may
also make a minor contribution to the perpendicular currents.
Only for particles with energies in the keV range, these drift
motions start to take major influence on particle dynamics,
cf. Table 1 and section 7 in the work of Khurana et al.
[2008].
[60] To further understand this peculiar structure, let us

at first have a look at the simulated magnetic field con-
figuration in a cut through the intermediate wake region at
x = 2 Rrh, see Figures 4c and 4d for the asymmetric case
(large gyroradii) and Figures 4e and 4f where the gyroradii
are small with respect to the artificially enlarged obstacle.
In Figure 4e, one can recognize the magnetic field features
typical for an Alfvén wing (see also Neubauer [1980] and
Figure 8 in Simon et al. [2011b]). In planes perpendicular
to the wing characteristics, the magnetic field configura-
tion corresponds to a two-dimensional dipole whose
magnetic moment has a component parallel (southern
wing) or antiparallel (northern wing) to the positive x axis

Figure 8. Asymmetric particle absorption at Rhea’s surface. For the (z = 0) plane of the RHIS, the figure
illustrates the trajectories of several representative magnetospheric ions in the vicinity of Rhea. In each x =
const plane upstream of the moon, the two red, cyan and brown particles possess the same gyrophase.
However, in the (y > 0) half-space only the red particle “survives” the passage through the interaction
region, while for y < 0 the cyan particle is the only one that does not get absorbed. Thus, the particle pop-
ulation reaching the downstream region in the Saturn-averted half-space possesses different gyrophases
than the “surviving” particles in the Saturn-facing half-space. In the Saturn-averted half-space, particles
which travel close to Rhea’s surface (since the moon is located within a “bulge” of their trajectory) can
reach the moon’s wakeside, causing an asymmetry in the refilling of the density cavity. The cyan particle
in the (y < 0) half-space possesses such a trajectory.
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of the RHIS. Correspondingly, a region of negative Bx is
encountered within the center of the northern wing tube
(dark blue region above Rhea in Figure 4e), while at the
flanks of the northern wing tube, the field changes its
orientation and points in positive x direction. In the
southern hemisphere, the orientation of Bx is reversed
inside and outside the wing. The quadrupolar pattern in
the By component (see Figure 4f) corresponds to the field
compression/plasma absorption pattern discussed in the
preceding section.
[61] It is most important to note that if the gyroradii are

small compared to the size of the obstacle, the magnitudes of
the Bx and By perturbations are symmetric with respect to the
(x = 0) plane, as illustrated by Figures 4e and 4f. In the real
Rhea scenario, however, the large gyroradii of the magne-
tospheric upstream ions give rise to an asymmetrization of
the Bx and By patterns with respect to the direction of the
convective electric field E0 ≈ �u0B0ey. As can be seen from
Figure 4c, the draping pattern is clearly shifted in the (y < 0)
half-space where the electric field points away from Rhea.
The regions of perturbed Bx outside the Rhea flux tube
become more prominent in the (y < 0) half-space, whereas
for y > 0, both the magnitude and the extent of the Bx per-
turbations are reduced. In a similar way, the absorption
pattern in the By component exhibits a slight asymmetry with
respect to the direction of the convective electric field as
well (see Figure 4d).
[62] A similar asymmetrization of the magnetic draping

pattern with respect to the direction of the convective electric
field occurs at Titan, where the gyroradii of both magneto-
spheric upstream ions and exospheric pick-up ions exceed
the radius of the obstacle to the flow. By applying a hybrid
simulation, Simon et al. [2007, 2008] showed that in this
case, both the ramside magnetic pile-up region and the
wakeside magnetotail structure are shifted in the direction of
the convective electric field. These authors also found evi-
dence for the asymmetric structure of Titan’s interaction
region in Cassini magnetic field observations.
[63] As can be seen from Figure 4c, the two wings near

Rhea are not aligned with the direction of the background
magnetic field, but they are both tilted away from Saturn.
Since in the far field, an Alfvén wing exhibits translation
symmetry along its characteristics u 0 � vA [Neubauer,
1980], this feature clearly illustrates that the Bx perturba-
tions shown in Figure 4c cannot be exclusively ascribed to
the current systems in the wing. In the rather small region
around Rhea investigated here the transverse currents in
the local interaction region make a noteworthy contribu-
tion that needs to be superimposed.
[64] While the asymmetries of Rhea’s plasma interaction

are clearly visible in the magnetic field (after subtraction of
B 0), they appear less prominent in the simulated plasma
density near the moon. Overall, Figure 7 shows that in the
real Rhea scenario, the wake is refilled at shorter distances to
the moon than in the test scenario. This is best visible in the
extension of the green density depletion region along the
corotational flow direction. An explanation for this behavior
is provided in Figure 8, showing that in the case of large
gyroradii, the ions can refill the wake more easily by
avoiding collisions with the moon on their spiral trajectories.
Even in the case of small gyroradii, the density depletion

region features a slight asymmetry. The occurrence of this
effect is consistent with our preceding simulations of Tethys’
magnetospheric interaction and arises from the Hall term
[Simon et al., 2009]. In the real Rhea scenario, this effect is
still present (visible in the outer boundary of the green
region in Figure 7a), although the outer flanks of the wake
are more blurred. However, comparing the locations of the
central density void downstream of the moon (dark blue
region) between the real Rhea scenario (cf. Figure 7a) and
the case of an artificially enlarged obstacle (cf. Figure 7b)
also shows that in the real scenario, the central density void
is more prominent in the Saturn-averted half-space where the
convective electric field points away from Rhea. This effect
may give rise to a slightly steeper density profile (along the
corotation direction) for y < 0 than in the test scenario,
generating a stronger diamagnetic current in the Saturn-
averted half-space and thereby contributing to the asymme-
try in the magnetic field pattern. Given the weakness of these
visible modifications in the density profile (compared to the
background density), it is also important to notice that the
change in the magnitude of the Bx perturbation in the (y < 0)
half-space between asymmetric and symmetric case
(Figure 4c versus 4e) is on the order of only 1 nT, i.e. less
than 5% of the background field.
[65] Based on these results, we can now investigate the

origin of the spikey dip in Bx detected by Cassini when
leaving the Rhea flux tube (y < 0). As can be seen from
Figure 5d, Cassini only grazed the weakly pronounced
region of reduced Bx in the inbound region of R3 (y > 0).
However, after leaving the Rhea flux tube where Bx was
enhanced, the spacecraft passed through the more prominent
region of reduced Bx in the (y < 0) half-space. A comparison
between measured and simulated Bx component (see
Figure 6, top) shows that our simulation result is in good
agreement with the measured Bx signature. Especially, both
the magnitude and the width of the Bx enhancement inside
the Rhea flux tube are quantitatively reproduced by the
simulation. The location of the Bx dip at the (y < 0) surface of
the Rhea flux tube is reproduced by the simulation as well,
but its magnitude and sharpness are underestimated. A pos-
sible reason for this may be the finite level of numerical
diffusion in the simulations or the occurrence of effects on
electron scales which are not covered by the hybrid model.
However, it is important to notice that our model qualita-
tively reproduces this dip by considering plasma-absorption
at the moon’s surface alone.
[66] To further illustrate that the effect producing the Bx

spike seems to be reproduced by the hybrid simulation, let us
have a brief look at the results of the test scenario with an
anisotropic temperature (dashed red, green and blue lines in
Figure 6). This run overestimates the width of the enhance-
ment in By and especially the compression signature in Bz.
Due to the increased perpendicular temperature (150 eV
versus 100 eV), the pressure loss at Rhea’s surface is larger
than in the first simulation run, therefore requiring a stronger
magnetic field enhancement.
[67] However, this run also produces a more prominent

spike at the (y < 0) flank of the Rhea flux tube. These results
illustrate that although the global features of the interaction
remain qualitatively unaffected by the modified temperature,
the magnitudes of the simulated magnetic field signatures
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are highly sensitive to the incident magnetospheric flow
conditions. To a high degree, the discrepancy between sim-
ulation and measurement near the (y < 0) passage through
the Rhea flux tube may probably be ascribed to uncertainties
in the ambient flow conditions. Of course, we cannot defi-
nitely exclude that additional effects which are not taken into
account by the model –such as currents due to non-zero
surface potentials [Roussos et al., 2010; Santolík et al.,
2011]– might also play a role in causing the spikey
shape of the observed signature. We would also like to
point out that –based on the available data and modeling
results– the question of why these spikes coincide almost
precisely with Cassini’s passage through the surface of the
Rhea flux tube cannot be answered.
[68] As can be seen from Figure 6, the simulation also

reasonably reproduces the positions and magnitudes of the
perturbations seen in By and Bz. The contour plots in
Figures 5d–5f place these spacecraft observations within
the context of the three-dimensional interaction scenario.
As discussed in section 3.2, the spacecraft only passed
through the region of enhanced By during its south polar
flyby. The simulation illustrates that this is not only a
result of the inclination of the R3 trajectory against the y
axis, but due to the large ion gyroradii, the By perturba-
tions also exhibit a slight asymmetry between the (y > 0)
and the (y < 0) half-spaces. Figure 5c illustrates that the
maximum perturbation in Bz is indeed not achieved below
the south pole where R3 took place, but further down-
stream in the central void region.

3.4. Flyby R2: MAG Observations and Hybrid
Simulations

[69] In this section, we shall focus on Cassini’s magnetic
field observations during the north polar R2 encounter, as
shown in Figure 2 (left). At first glance, the By and Bz per-
turbations are familiar to what is expected for the plasma
interaction of an electromagnetically inert moon. Again, the
magnetic field along the trajectory is compressed (i.e. |Bz| is
enhanced) within the Rhea flux tube, this time due to the
depletion of magnetospheric particles incident upon Rhea’s
south pole. Even far outside the Rhea flux tube, the observed
By component was highly perturbed. Although a slight
enhancement of about 1 nT was detected within the Rhea
flux tube, the magnitude of this perturbation is comparable
to the By perturbations observed e.g., at y = �5 Rrh or at
y = +7 Rrh. The slight enhancement of By observed within
the Rhea flux tube possibly arises from plasma absorption at
Rhea’s surface. The presence of a corresponding region of
negative By (see upper sectors in Figure 1(ii) of Simon et al.
[2009]) might have been obscured by the rather high fluctu-
ation level that was present in the By component at the time of
R2 (cf. Figure 2).
[70] At first glance, the Bx signature observed during R2

looks unusual. As can be seen from Figure 2, the magne-
tometer detected a bipolar perturbation in this component,
with the positions of the maximum and the minimum coin-
ciding with Cassini’s passages through the surface of the
Rhea flux tube. Considering that the spacecraft was moving
mainly in y direction, the perturbation seen in Bx is similar to
the magnetic field of a straight, infinitely long wire with the
same diameter as the Rhea flux tube, carrying a homoge-
neous current in (+z) direction [see also Santolík et al.,
2011]. However, the occurrence of such an unidirectional
current would be inconsistent with our interpretation of
MAG data from the R3 flyby, involving a bipolar current
system toward and away from Rhea in each of the two
Alfvén wings. Note also that the variation in the observed Bx

component outside the Rhea flux tube disagrees with the
model of a cylindrical homogeneous current in z direction
particularly before entering the flux tube [see Santolík et al.,
2011, Figure 3]. Also the model of a homogeneous wire
predicts only weak variations in By, contrary to observations.
[71] To shed light on the origin of these puzzling Bx

perturbations, we have carried out an additional hybrid
simulation run for the R2 flyby. Again, the upstream flow
conditions in the model differ slightly from the “average”
set of parameters provided in section 2.1. First, the back-
ground magnetospheric field has been set to B0 = (4.5, 1.7,
�0.2y/Rrh � 20)nT, accounting for the spatial inhomoge-
neity of the observed Bz component (see Figure 2, bottom
left). The fundamental r � B0 = 0 condition is of course
fulfilled by this setting. Second, the number density of the
incident flow has been set to n0 = 4 cm�3, in agreement
with Cassini observations (E. Roussos et al., submitted,
2012). However, these modifications of the upstream flow
conditions again do not change the overall picture of the
interaction, but only have quantitative impact on the
magnitudes of the simulated field perturbations.
[72] As can be seen from Figure 9, both the width and the

magnitude of the compression signature in Bz are well
reproduced by the hybrid simulation. The model magnetic

Figure 9. Cassini magnetic field observations (black) ver-
sus hybrid simulation results (Bx: red, By: green, Bz: blue)
along the R2 trajectory. The vertical magenta lines denote
Cassini’s passages through the surface of the Rhea flux tubeffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
= Rrh.
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field also shows a slight enhancement of By within the Rhea
flux tube, in agreement with our expectations and Cassini
MAG data. The simulated Bx signature exhibits a bipolar
perturbation which is at least in rough qualitative agreement
with Cassini observations. Although the magnitude of the
peak field perturbation is quantitatively consistent with the
observations as well, the sharpness of the two spikes is
clearly underestimated by the model. Especially within the
Rhea flux tube, the simulated Bx component decreases much
steeper than the observed one. Overall, the simulated bipolar
Bx perturbation is shifted against the measured one in neg-
ative y direction, with the displacement of the minimum
being stronger than that of the maximum.
[73] A possible reason for this discrepancy may stem from

non-stationarities in the incident magnetospheric flow con-
ditions, as clearly visible in the By component. Additionally,
Cassini Plasma Spectrometer data from preceding (close and
non-targeted) Rhea encounters indicate that the ambient
magnetospheric flow direction may possess a slight asym-
metry between the Saturn-facing and the Saturn-averted
half-space. Wilson et al. [2010] showed that during both, R1
and the non-targeted R1.5 encounter, the ambient flow
possessed a radial component of about 10 km/s outward on
the Saturn-averted side of Rhea, while no radial component
was observed in the Saturn-facing hemisphere. Such asym-
metric upstream flow conditions, which certainly impose
additional deformations on the magnetic field lines in the
interaction region, are not included in our hybrid simulation.
Whether the varying radial flow profile derived by Wilson
et al. [2010] is a result of Rhea’s interaction with the
magnetospheric flow or indeed a feature already present in
the undisturbed upstream plasma is not yet clarified.
[74] However, it is also possible that there is still an

important component missing in our understanding of
Rhea’s magnetospheric interaction during R2. Numerous
unexplained features in particle data from R2 –such as the
detection of dropouts in energetic particle fluxes outside
the wake and the lack of a void region in the electron den-
sity downstream of Rhea– are in favor of this hypothesis
(E. Roussos et al., submitted, 2012).
[75] Nevertheless, it is remarkable to notice that –in anal-

ogy to R3– by considering the plasma-absorbing body of
Rhea alone, the hybrid model is able to qualitatively repro-
duce the bipolar nature of the observed Bx signature.
[76] The two-dimensional contour plots of the simulated

magnetic field components in the plane of the R2 flyby (cf.
Figures 5a–5c) illustrate the origin of the simulated Bx per-
turbation. Again, the spacecraft passed through the Alfvénic
perturbation region that arises from the finite length of
Rhea’s wake. In the northern hemisphere where R2 took
place, the Bx perturbation within the Rhea flux tube is
negative, while Bx reverses its sign along the Saturn-facing
and Saturn-averted flanks of the interaction region (see
Figure 5a). Again, the large gyroradii of the incident ions
make the perturbation features appear more prominent in
the (y < 0) half-space.
[77] In analogy to R3, the combined influence of the slight

tilt in the R2 flyby trajectory and the asymmetry of the field
perturbation gave rise to the bipolar nature of the observed
Bx signatures. When approaching Rhea from the Saturn-
averted half-space, Cassini first intersected the region of
positive Bx. Subsequently, the spacecraft penetrated the

“core” of the Alfvénic flux tube, where the Bx perturbation
possesses a negative sign. In the Saturn-facing half-space,
the spacecraft missed the region of enhanced Bx at the flank
of the interaction region for two reasons: on the one hand,
the spacecraft moved into the undisturbed upstream hemi-
sphere after closest approach to Rhea. On the other hand, the
asymmetry of the Alfvénic perturbations between Saturn-
facing and Saturn-averted hemisphere makes the Bx pertur-
bation nearly vanish in the outbound region (y > 0) of the R2
flyby. In this sense, we propose that the Bx perturbations
observed during R2 arise at least partially from the same
mechanism as suggested for R3.
[78] It should be noted that only if a Rhea flyby occurred

outside of the (z = 0) plane and downstream of about x = 1
Rrh, the spacecraft could potentially intersect the region of
positive/negative Bx perturbation inside the southern/north-
ern Alfvénic flux tube as well as both regions of negative/
positive Bx perturbation along its flanks. However, neither
the trajectories of R2 and R3 nor the preceding R1 flyby (at z
= 0) meet this criterion. During the upcoming R4 encounter,
Cassini will travel mainly in z direction along Rhea’s Saturn-
averted side with a closest approach altitude of 1.3 Rrh,
thereby making it most likely impossible to collect further
evidence for our interpretation. Available and scheduled
flybys of Saturn’s icy moons Tethys and Dione do not pos-
sess suitable trajectories for the detection of this effect either.
In addition, the magnetic field arising from the diamagnetic
currents may be much weaker at these moons. However, the
idea of a weak, asymmetric Alfvén wing –arising from the
finite length of Rhea’s wake and the large gyroradii of
the incident magnetospheric ions– can consistently explain
Cassini MAG observations from the R2 and R3 flybys.
Probably, these two encounters constitute the only icy sat-
ellite flybys of the entire Cassini mission whose trajectories
were suitable to detect these peculiar features of an inert
moon’s plasma interaction.
[79] Finally, we would briefly like to dwell on an intrinsic

limitation of the hybrid approach: while this type of model
self-consistently encompasses non-Maxwellian ion distri-
bution functions and the wave modes associated with their
decay, it is not able to cover similar effects for the electrons.
The decay of non-Maxwellian electron distributions (e.g.
loss cones) may give rise to local inhomogeneities of the
plasma temperature, affecting both the flow pattern and the
magnetic field. Assessing the influence of these effects on
Rhea’s magnetospheric interaction would require the appli-
cation of a full-particle model [Birch and Chapman, 2001],
which –due to limited computing resources– is so far not
available in three spatial dimensions. However, since we
succeeded in explaining the key features of the magnetic
field observations without inclusion of a self-consistent
description of the electrons, we are confident that these
effects will exert only weak influence on the structure of the
interaction region. This assessment is further supported by
magnetic field observations from the more distant R1 flyby,
which could also be fully reproduced by a hybrid simulation
that applies a simple adiabatic law to the electrons [Roussos
et al., 2008a].
[80] In their study of Tethys’ magnetospheric interaction,

Simon et al. [2009] explored the impact of changes in the
(spatially homogeneous) electron temperature on the plasma
flow and magnetic field pattern in the wake. These authors
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showed that even an increase of the electron temperature
by a factor of 4 had only minor quantitative influence on
the magnetic field signatures and the density pattern (see
especially Figure 3 in that work). Hence, it is reasonable
to expect that spatial inhomogeneities of the electron
temperature will not introduce additional new features in
the large-scale magnetic field environment of Saturn’s
plasma-absorbing moons.

4. Summary and Concluding Remarks

[81] In this study, we have presented an analysis of
Cassini magnetic field data acquired during the only two
polar Rhea flybys of the entire Cassini mission. During the
R2 flyby on 02 March 2010, Cassini passed through the
Rhea flux tube

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
= Rrh above the north pole while

moving from the Saturn-averted into the Saturn-facing
half-space. The trajectory of the subsequent R3 encounter
on 11 January 2011 led through the Rhea flux tube below
the moon’s south pole. During R3, Cassini moved from
the Saturn-facing into the Saturn-averted half-space. The
trajectories of both flybys were nearly parallel to Rhea’s
equatorial plane (z = 0) and slightly inclined with respect
to the y axis. During the entire Cassini mission, there will
be no further Rhea flybys that possess similar trajectories.
Magnetic field observations from both flybys revealed
perturbation signatures inside the Rhea flux tube with a
magnitude of about 10–15% of the background field.
[82] To interpret these magnetic field observations, we

have applied estimations from simple analytical models as
well as output from a hybrid plasma simulation (kinetic ions,
fluid electrons). Our major results can be summarized as
follows:
[83] Even though data from Cassini’s Ion and Neutral

Mass Spectrometer suggest Rhea to be embedded in a ten-
uous exosphere [Teolis et al., 2010], the interaction between
this gas envelope and the incident magnetospheric flow is
not expected to produce any measurable perturbations of the
ambient magnetic field. Since the Pedersen conductance of
Rhea’s exosphere is about two orders of magnitude smaller
than the Alfvén conductance of the ambient flow, the weak
Alfvén wing arising from the presence of the atmosphere is
completely obscured by the magnetic field signatures caused
by plasma absorption at the surface.
[84] Although Cassini did not pass through the wake

downstream of Rhea, the magnetometer detected compres-
sion signatures in Bz during both flybys. These field pertur-
bations arise from the absorption of magnetospheric particles
with large field-aligned velocity components at the surface
of the icy moon: particle absorption in the south polar region
leads to a partial depletion of the magnetospheric flow above
the north pole. On the other hand, absorption of particles
impinging with pitch angles near 0� (remember that B 0

points southward) on the north pole causes a plasma void
below the south pole. The resulting pressure deficit within
the Rhea flux tube is compensated by an enhanced magnetic
field strength. The magnitude of the observed Bz perturba-
tions is consistent with a simple pressure balance calcula-
tion. The signatures seen in By during both flybys are also
consistent with a compression of the magnetic field lines
inside the Rhea flux tube and a depression along the flanks
of the interaction region. This picture agrees well with

Cassini MAG observations during flybys of Dione and
Tethys as well as during an earlier wakeside Rhea encounter
[e.g., Roussos et al., 2008a; Simon et al., 2009, 2011a].
[85] Due to the high thermal velocity of the incident

magnetospheric flow, the density void downstream and
over the poles of Rhea is refilled at rather short distances
of 2–3 moon radii along the corotational flow direction.
The resulting density gradient in (+x) direction gives rise
to a diamagnetic current in (�y) direction, i.e. parallel to
the undisturbed convective electric field. This diamagnetic
current is connected to the currents along the character-
istics of a weak Alfvén wing, arising from the finite length
of Rhea’s plasma wake in (+x) direction. The presence of
this wing corresponds to a negative Bx perturbation above
the north pole and to a positive Bx perturbation below the
south pole of Rhea. Thus, the finite length of Rhea’s plasma
wake produces a qualitatively similar perturbation as field
line draping around a conducting exosphere/ionosphere. A
minor part of the diamagnetic currents is closed at the outer
boundaries of Rhea’s plasma wake. In these regions, the
density gradient points in negative x direction, corresponding
to a diamagnetic current in positive y direction.
[86] The intensity of the flow-aligned magnetic field

perturbations is not only proportional to the pressure gra-
dient in the wake, but it also decreases with increasing
strength of the ambient magnetospheric field. The plasma
environment of Rhea, featuring a rather large beta value of
bi + be ≈ 1, is therefore particularly suitable for observing
these signatures. Even if flybys of Tethys or Dione possessed
suitable trajectories to detect this effect, the stronger back-
ground magnetospheric field near the orbits of these satellites
(bi + be ≪ 1) would most probably prevent the formation of
any measurable flow-aligned field perturbations.
[87] At Rhea, the ion gyroradii in the incident magneto-

spheric flow are comparable to the size of the obstacle,
thereby making plasma absorption at the surface of the moon
asymmetric with respect to the direction of the convective
electric field. This effect also causes an asymmetry in the
structure of the Alfvén wing: in the Saturn-averted hemi-
sphere where the convective electric field points away from
Rhea, the magnetic field perturbations are more intense than
in the Saturn-facing hemisphere. Magnetic field observa-
tions from both R2 and R3 are qualitatively consistent with
the presence of this asymmetric Alfvén wing structure,
generated by the finite length of Rhea’s wake. Additional
close flybys of Rhea are required to further strengthen this
prediction of our hybrid simulation model. However, at least
during the Cassini mission, no additional Rhea flybys with a
suitable trajectory will take place.
[88] Regarding the exploration of Saturn’s icy satellites

(except for Enceladus), the Cassini mission has already
passed its summit. Only one additional targeted flyby of
Rhea (R4) is scheduled for 09 March 2013. Two additional
close flybys of Dione (D4 on 16 June 2015 and D5 on 17
August 2015) then finally denote the end of Cassini’s visits
to Saturn’s family of inactive icy moons. However, the
findings of this study (among others) clearly demonstrate
that our understanding of the interaction between Saturn’s
icy satellites and their magnetospheric environment is far
from complete. The scientific community could strongly
benefit from the inclusion of additional visits to these fas-
cinating solar system objects in the Cassini tour.
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