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[11 We apply the hybrid simulation code AIKEF (adaptive ion kinetic electron fluid) to the
interaction between Enceladus’ plume and Saturn’s magnetospheric plasma. For the first
time, the influence of the electron-absorbing dust grains in the plume on the plasma
structures and magnetic field perturbation, the Alfvén wing, is taken into account within the
framework of a global simulation. Our work continues the analytical calculations by
Simon et al. (2011), who showed that electron absorption within the plume leads to a
negative sign of the Hall conductivity. The resulting twist of the magnetic field, referred
to as the Anti-Hall effect, has been observed during all targeted Enceladus flybys
between 2005 and 2010. We show that (1) applying a plume model that considers both,

the neutral gas and the dust allow us to quantitatively explain Cassini Magnetometer
(MAG) data, (2) dust enhances the anti-Saturnward deflection of the ions, causing
asymmetries which are evident in the MAG data, and (3) the ions in the plume are
slowed down below 1 km s '; and we compare our results to MAG data in order to
systematically analyze variations in the plume activity and orientation for selected pairs

of similar flybys: (ES, E6), (E7, E9) and (ES8, E11).

Citation: Kriegel, H., S. Simon, U. Motschmann, J. Saur, F. M. Neubauer, A. M. Persoon, M. K. Dougherty, and D. A. Gurnett
(2011), Influence of negatively charged plume grains on the structure of Enceladus’ Alfvén wings: Hybrid simulations versus
Cassini Magnetometer data, J. Geophys. Res., 116, A10223, doi:10.1029/2011JA016842.

1. Introduction

[2] Six yearsago, Saturn’s small icy moon Enceladus (R =
252.1 km) was found to be highly active due to the extensive
plume of water vapor and dust below its south pole
[Dougherty et al., 2006; Spencer et al., 2006; Tokar et al.,
2006; Spahn et al., 2006; Waite et al., 2006, Hansen et al.,
2006]. The plume consists of several collimated jets, which
originate from hot spots within the “tiger stripes” [Spitale and
Porco, 2007]. The gaseous part of the plume was measured
by Cassini’s Ion and Neutral Mass Spectrometer (INMS) to
consist of about 90% H,O [Waite et al., 2006, 2009],
which leaves the surface vents at supersonic speeds (Mach
number of M = 1.5 or even higher) [Hansen et al., 2008,
2010]. Simulations and modeling of INMS and UVIS data
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yield a plume source strength of 10*’—10?® H,O s, that is
30-300 kg s ! [Tian et al., 2007; Smith et al., 2010; Tenishev
et al., 2010].

[3] The neutral gas of the plume is partially ionized and
Saturn’s magnetospheric plasma is slowed down by the
interaction with the plume due to charge exchange (momen-
tum loading) and mass loading via photoionization and elec-
tron impact ionization. The deceleration and deflection of the
impinging magnetospheric plasma near the plume of Ence-
ladus leaves a measurable imprint on the magnetic field
topology [see, e.g., Dougherty et al., 2006]. Specifically, the
interaction generates a system of Alfvén wings, which have
already been studied extensively through theoretical modeling
and observations [see, e.g., Neubauer, 1980, 1998; Saur et al.,
1999; Khurana et al., 2007, and references therein]. The
theory of the sub-Alfvénic interaction has been extended
with respect to the asymmetry caused by Enceladus’ south
polar plume by Saur et al. [2007]. They propose an addi-
tional hemisphere-coupling current system to be present at
Enceladus due to the partial blockage of the field-aligned
currents by the solid body of the moon. These currents cause
discontinuities in the magnetic field which were recently
identified in the Cassini Magnetometer (MAG) data by
Simon et al. [2011].

[4] Enceladus’ plasma interaction has already been stud-
ied through several global numerical simulations: by using a
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multifluid model, Saur et al. [2008] found evidence for a
temporal variability of the plume source strength between
Cassini flybys EO, E1 and E2. They determined the neutral
production rate to be as high as 7 x 10*” =5 x 10** H,0 s .
Their study as well as our previous hybrid simulation study
[Kriegel et al., 2009] show reasonable agreement with
MAG data and indicate a different tilt of the plume for the
El and E2 flybys. By comparison of hybrid simulations
with Cassini Plasma Spectrometer (CAPS) data from the E3
encounter, Omidi et al. [2010] found that the 8plume density
at the south pole is of the order of 5 x 10* cm >, corre-
sponding to a production rate of ~4 kgs ™' of new ions. Jia
et al. [2010b, 2010c] systematically analyzed the influence
of the different ionization mechanisms on Enceladus’
plasma interaction by applying an MHD model. They
determined the production rate for E0-E6 to be in the
range of (2.2-3.2) x 10*® H,0 s\,

[5] Recently, a significant imbalance between the number
densities of free electrons and ions (n, < 0.1n,;) has been
observed within the plume [Farrell et al., 2009] and during
E-ring crossings [Wahlund et al., 2009]. This void in the
electron density has shown to be associated with electron
absorption by submicron dust grains [Yaroshenko et al.,
2009]. This dust population can be considered another
plasma species since its Debye length is large compared to
the average distance between the grains [Shafiq et al.,
2011].

[6] Simon et al. [2011] extended the analytical theory of
the Alfvén wing with respect to the presence of negatively
charged dust. They showed that electron absorption by
submicron dust grains within the plume has a drastic
influence on the magnetic field configuration in Enceladus’
Alfvén wings. If the density of the free and mobile electrons
drops below a certain threshold, the Hall conductivity
assumes a negative sign. Saur et al. [1999, 2002] demon-
strated that the Hall effect in sub-Alfvénic plasma interac-
tion rotates the electric and magnetic field and other plasma
properties. The presence of electron-absorbing dust reverses
this direction of rotation as shown by Simon et al. [2011],
who referred to it as “Anti-Hall effect”. The impact of the
Anti-Hall effect manifests in the orientation of the magnetic
field perturbation perpendicular to the background field and
the corotation direction. By approximating the plume by a
cylinder with constant height-integrated conductivities, they
succeeded in qualitatively reproducing magnetic field data
obtained by Cassini during flybys E3—E9.

[7] In contrast to what is claimed in recent literature [Jia
et al., 2010a, 2010b, 2010c], it is therefore not necessary to
account for the large-scale, centrifugally driven dynamics of
the flux tubes in Saturn’s magnetosphere in order to
understand magnetic field observations within the Encela-
dus plume. However, for a realistic description of Encela-
dus’ magnetospheric interaction, (at least) three plasma
species need to be taken into account: electrons, water group
ions, and the dust grains, where the dust grains include a
wide distribution of charge-to-mass ratios.

[8] In the present paper, we therefore continue the work of
Simon et al. [2011] and present the first simulation study of
the influence of charged dust on the structure of Enceladus’
Alfvén wings. In particular, we extend our previous hybrid
model of Enceladus’ plasma interaction [Kriegel et al.,
2009] such that we now include momentum loading via
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charge exchange as well as the electron absorption by dust.
The following problems are addressed:

[9] 1. We analyze the asymmetric ion flow deflection
caused by the presence of negatively charged dust, since
Simon et al. [2011] studied only the influence of electron
absorption on the magnetic field.

[10] 2. We compare Cassini magnetometer data with our
simulation results for a realistic neutral plume model and
including negative dust.

[11] 3. Based on this comparison, we estimate variations
in plume activity and possible tilt for flybys ES—E9 and E11.

[12] The paper is organized as follows: in section 2, we
give an overview of the theoretically expected magnetic
field structures, Cassini flybys at Enceladus and MAG data
obtained during them. In section 3, we present our model
and explain how electron absorption by dust can be included
in the hybrid approach. In section 4, the model is validated
by comparing a simplified test scenario against the analyt-
ical calculations of Saur et al. [1999] and Simon et al.
[2011]. Moreover, the asymmetric flow deflection due to
Hall- and Anti-Hall effect is discussed. In section 5, the 3D
structures of Enceladus’ plasma interaction are discussed
along with an analysis of Cassini MAG data for selected
pairs of similar flybys: (ES, E6), (E7, E9) and (E8, E11).
Finally, we provide a summary in section 6.

2. Enceladus’ Alfvén Wings and MAG Data

[13] The coordinate system used for the flybys and the
simulations is the Enceladus Interaction System (ENIS). Its
(+x) axis is aligned with the direction uq of ideal corotation,
whereas the (+z) axis points northward, thereby being
approximately antiparallel to the ambient magnetospheric
field By. The (+y) axis completes the right-handed coordi-
nate system and points toward Saturn, antiparallel to the
convective electric field Eq = —ug X By of the upstream
plasma. The origin of the ENIS system coincides with the
center of Enceladus.

2.1.

[14] The sub-Alfvénic interaction of a conducting obsta-
cle, such as Enceladus’ plume, can be illustrated as follows:
ion-neutral collisions and mass loading within the plume
give rise to Pedersen and Hall currents within the local
interaction region. These currents are closed by a system of
currents which form the Alfvén wing. These currents flow at
an angle 6, to the background field B, toward Saturn’s
northern and southern ionosphere, where 6, is measured
from B, in corotation (+x) direction. The corresponding
bending of the field lines yields a negative B, component in
the northern and a positive one in the southern wing. In
addition, the Hall current within the plume gives rise to a
component along the Saturn-Enceladus-line (B)). In the far
field (i.e., where the magnetic field arising from Pedersen
and Hall currents can be neglected), the wing current system
and the associated magnetic field perturbations exhibit
translation symmetry along the wing characteristics. This
also implies that the orientation of the B, component, even
at large distances to Enceladus, is determined by the value
of the Hall conductivity in the local interaction region. An
illustration of the wing will be presented together with the
results in Figure 2.

Enceladus’ Alfvén Wings
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Figure 1. Trajectories of Enceladus flybys addressed in this paper.

[15] Based on the work of Neubauer [1980], Simon et al.
[2011] give the magnetic field perturbations as a function of
the electric potential (see Simon et al.’s equations (6)—(8)).
For constant height-integrated conductivities inside a
cylindrical plume, the magnetic field inside the Alfvénic
flux tube can be computed as a function of the height-
integrated Pedersen and Hall conductivities Xp and X
(equations (9)—(10)). Away from the obstacle (far-field
solution) the B,, perturbation is then given by

_ Aok Y%y
VI M2+ (Sp 4 4%4)

where ¥, denotes the Alfvén conductance, M, the Alfvénic
Mach number and E, the convective electric field in the
upstream plasma. Here, the upper sign and lower sign cor-
respond to the northern and southern wing, respectively.
Obviously, the sign of the B, component is determined by
the sign of the Hall conductance:

B,

(1)

Xp>0 — y20, (2)
Yp<0 — By§0.

Simon et al. [2011] showed that the Hall conductance X
becomes negative, if the dust grains of number density np
are charged with ¢ electrons and fulfill

2

Vin
S 3)

n

&np > n;

with n;, v, and €Q; being the ion density, the ion-neutral
collision frequency and the ion gyrofrequency, respectively.

With the ENIS system being the frame of reference, the Hall
current is then carried almost exclusively by the ions,
reversing its direction and thereby the corresponding sign of
the Hall conductivity. Thus, strong electron absorption by
dust grains reverses the orientation of the B, component
within the Alfvén wings.

[16] In that work, the perpendicular currents were
assumed to be distributed uniformly in z direction. In reality,
however, the neutral density and thus, the collision fre-
quency decrease with distance to Enceladus’ south pole.
Therefore, the model of Simon et al. [2011] does not include
a realistic description of the magnetic pile-up in front of the
plume, as visible in the B, component. Moreover, their
model can only handle a plume geometry that exhibits
cylindrical symmetry around the z axis. Therefore, com-
paring the magnetic field signatures obtained from that
model to observations does not allow constraint of the
shape, density or especially a possible tilt of the plume, as
indicated by Kriegel et al. [2009]. These gaps are filled by
the present study.

2.2. Cassini Flybys and MAG Data

[17] Since a detailed description of most of the flybys and
the MAG data has been provided by Khurana et al. [2007],
Jia et al. [2010a] and Simon et al. [2011], we will only give
a brief summary here.

[18] Until the end of 2010, Cassini had accomplished 14
targeted flybys of Enceladus. The first of these encounters
(EO, E1 and E2 in 2005) occurred upstream of the moon,
i.e., the spacecraft did not pass through the center of the
Alfvénic flux tube. The second sequence of encounters
(E3-E6 in 2008) were downstream flybys, with Cassini
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traveling through the near-Enceladus region steep from
north to south. During a third sequence of encounters
(E7-E9), Cassini passed again through the plume from
downstream to upstream while moving parallel to the
moon’s orbital plane at z = —1.5 Rz (E7 and E9) and z =
—7.5 Rg (E8), respectively. E10 had a similar trajectory as
El. The E11 encounter was similar to E8, but had a small
northward tilt of about 15° against the equatorial plane
and was even further south (z = —11 Rg). The two most
recent encounters, E12 and E13 at the end of 2010, were
both north polar flybys parallel to the equatorial plane.
For the reader’s convenience, the trajectories of all flybys
used in this paper (E5-E9, E11) are shown in Figure 1.
[19] For all flybys except for E8 and El1, Cassini
observed a negative B, perturbation, indicating that the
spacecraft passed through the center of the northern Alfvén
wing although it was located below the south pole for many
of the flybys. This means that Cassini crossed the interaction
region between the south pole of Enceladus and the region
where the momentum loading rate achieved its peak value.
During all these flybys, the B, perturbation exhibited a
negative sign. During E8 and El1, the spacecraft flew
through the southern Alfvén wing and the measured mag-
netic field perturbation was positive for both, B, and B,. As
stated above, the measured orientation of B, is therefore
indicative of strong electron absorption by dust. Surpris-
ingly, for the component in the direction of the background
field (B,), only a negative perturbation was measured
during all flybys so far. Since the background field has
always B, < 0, Cassini passed only through regions of
enhanced |BI. In other words, the spacecraft intersected the
magnetic pile-up region, but did not penetrate the corre-
sponding magnetic cavity in the downstream region.

3. Hybrid Model

[20] In this work, we study the plasma interaction of
Enceladus by applying a three-dimensional, quasi-neutral
hybrid model. The hybrid approach treats the electrons as a
massless, charge-neutralizing fluid. Since the ions are
represented by individual particles, the model can handle
multiple ion species and does not need to make any
assumptions on the velocity distribution of the ions. Our
simulation code AIKEF (Adaptive Ion Kinetic Electron
Fluid) [Miiller et al., 2011] is the successor of the
“Braunschweig Code” which has been applied to the plasma
interaction of various objects in the solar system, e. g.
comets [Bagdonat and Motschmann, 2002; Motschmann
and Kiihrt, 2006], Mars [Bofwetter et al., 2004] and the
Saturnian satellites Titan [Simon et al., 2006, 2007], Rhea
[Roussos et al., 2008] and Tethys [Simon et al., 2009].
Recently, AIKEF has also been used for real-time simula-
tions of Titan’smagnetopause crossing during the T32 flyby
[Miiller et al., 2010] as well as the lunar ARTEMIS flyby
[Wiehle et al., 2011].

[21] The simulation code used in our previous study of
Enceladus’ plasma interaction [Kriegel et al., 2009] has now
been extended to a parallelized version, using a hierarchical
grid. In contrast to that study, we now include negatively
charged dust and momentum loading via charge exchange in
addition to mass loading. Since the basics of the code have
been described in detail in the aforementioned studies, we
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will only give a brief overview and focus on the modifica-
tions and parameters which are necessary to describe the
plasma interaction of Enceladus.

3.1.

[22] We will quickly review the general derivation of the
equation for the electric field to show how a negatively
charged dust/ion species is treated within the framework of
the hybrid model.

[23] We consider a plasma consisting of electrons and
a =1, .., n ion and dust species. Charge neutrality then
reads

Field Equations and Basic Assumptions

an”a = €N, (4)
o

with ¢, being the charge and n, being the number
density of species a. Using the definition of the current j
and rearranging for the electron velocity u, yields

- = 5
e en, Y qana ®)
«

Z qun(vﬂa - )ﬂ Z qunnﬂa _J
o a

where u, denotes the bulk velocity of species «. This
expression can be inserted into the electron momentum
equation for zero electron mass in order to get the
generalized equation for the electric field in the hybrid
model:

Il
|
<
X
o
|

VP,
E +nj
= T en, K

Z qalal,
__ _«
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«

(VxB)xB
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X B+
Ho Z qalla
a

. V xB
— + 7]
§ dalla Ho
(o3

(6)

where B denotes the magnetic field and P, the electron
pressure. In the derivation of the latter equation, we also
used Ampere’s law and neglected the displacement cur-
rent. The last term describes the diffusion of the elec-
tromagnetic fields through a medium of finite resistivity,
such as the moon’s solid body, where n = 1/0 (o, electric
conductivity) [see Kriegel et al., 2009]. The time evolution
of the magnetic field can be obtained by applying Faraday’s
law to equation (6). The set of equations is completed by an
adiabatic law for the electron pressure.

[24] In this study, we consider one single-charged water
group ion species and dust charged with ¢ electrons: ¢, = e,
q>» = —e€. The electric field then finally writes as

g i — Enpuy (VxB)xB VP,
- n; —&np poe(n; — &np)  e(n; — &np)
V xB
+n —. (7)
Ko

Thus, the hybrid model is capable of describing a negatively
charged ion/dust species. We only have to ensure that the
electron density is always larger than zero (i.e., {np < n;).
For numerical stability, we set a minimum electron density
of n, = n; — &np > 10% ngy, where nq is the upstream ion
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density. We would like to note that if one includes only one
single-charged ion species (i.e., {&np = 0), the first term
simplifies to £ = —u; X B.

3.2.

[25] The motion of the ions is governed by the Lorentz
force. In addition, an ion of species a could react with a
neutral molecule A of the plume, producing an ion of spe-
cies J and a neutral of species B according to

Ion Motion and Charge Exchange

at +A—p3" +B. (8)

3" and B can have arbitrary velocities consistent with
momentum and energy conservation after the encounter.
The occurrence of the ion-neutral reactions is described
statistically by a Poisson distribution. Therefore, the prob-
ability that an ion survives a time ¢ without a reaction is
given by

P() =exp(-2), 9)
T

where 7 is the average time between reactions, depending on
the cross section o(v,,) for the respective reaction, the
neutral density n,(x) at the particle’s position x and its
velocity v,.; relative to the neutral. Instead of the cross
section, often the reaction rate coefficient kg = 0(Vyer) Vyer 18
used for a given velocity range. The probability that an ion
undergoes a reaction in the next time interval dt is then
given by p dt with

p=20—PW)| == olumea =kuym(), (10)

1
=0 T
where P(t = 0) = 1, since the particle “lives” at the beginning
of the time interval. The corresponding quantity used in the
description of the Alfvén wing in section 2.1 is the ion-
neutral collision frequency v;, = 71

[26] These statistical reactions are implemented in AIKEF
by calculating the reaction probability p A¢ for each particle
within the next numerical time step At and comparing it
against a random number » € [0; 1]. If p Az > r, the ion
undergoes a reaction and is deleted, while a new one of
species [ is created. The initial velocity of the new particle
is set to the velocity u,, of the neutrals.

[27] At Enceladus, the upstream plasma consists mainly of
0", OH', H,O" and H;0" [Tokar et al., 2006, 2008]. In the
present study, however, we consider only a single species of
water group ions (a" = S" = W"), which reacts with the
neutral water molecules of the plume (4 = H,0). Assuming
that all upstream ion species have roughly equal abundances
[Tokar et al., 2006], the major reactions listed in the aux-
iliary material of Fleshman et al. [2010] yield an average
rate of ko = ky~ = 2.2 % 107 em® s,

[28] We would like to note that the net effect of the
reactions between the water group ions and water is a
deceleration of the plasma in the rest frame of Enceladus,
since lu,l < lu;l, but no change in the total mass of the
plasma occurs, as all reaction partners have a similar mass.
Therefore, the reactions and charge exchange processes at
Enceladus can be referred to as momentum loading in
contrast to photoionization and electron impact ionization
(mass loading), which are included in our model as well.
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[29] According to the neutral density and the ionization
rate, new ions are inserted into the simulation. The photo-
ionization rate for water iS V04 = 4.4 X 107 s at9.5 AU
for quiet solar conditions [Burger et al., 2007]. This rate is
kept spatially constant, since none of the flybys discussed
here occurred in Saturn’s geometric shadow and the plume
is assumed to be optically thin. The electron impact ioni-
zation is mainly carried by a warm (kgT, ~ 100 eV) electron
population with a rate coefficient of 7, = 4.5 x 10 cm® s~
[Fleshman et al., 2010]. In agreement with Fleshman et al.,
we set the fraction of the warm electrons in the upstream
flow to 0.5% of the total electron density. This population
also contributes to the electron pressure (equation (7)). We
neglect any variations in the local ionization rate due to the
energy loss of the electrons when moving through the
plume.

3.3. Modeling the Plume

[30] We model the neutral density according to the single-
plume model given by Saur et al. [2008]. The density
profile is given by

(0.0 = o (%) exp |- (1) Jexp[ 2=
np(r,v,¥) = Nuo - eXp Hﬁ eXp Hd

| an

where 7, o denotes the base density on Enceladus’ surface.
The parameters » and ¢ are the radial distance from the
center of Enceladus and the polar angle, respectively. Hy
denotes the angular width of the plume. The third term
arises from the gravitation of Enceladus. We set H, equal to
the Hill radius of 948 km.

[31] Simulations based on Cassini UVIS measurements
suggest that the neutrals ejected from the south polar regions
have a surface density on the order of 10'°~10"" ¢cm™ [Tian
et al., 2007]. This base density is related to the plume
production rate Q according to

(12)

Hy 0 *Au”Rﬁv
where 4 = 0.054 is an integration constant due to the
opening angle of the plume [see Jia et al, 2010c].
Assuming a neutral speed of u, = 1 km s ™', a surface density
of 10" cm™ corresponds to a plume production rate of
3 x 10*® H,0 s\

[32] Measurements and simulations indicate a variation in
the activities of the jets [Saur et al., 2008; Kriegel et al., 2009;
Teolis et al., 2010; Tenishev et al., 2010; Smith et al., 2010].
Therefore, n,( is treated as a free parameter to model the
source strength for the individual flybys. We vary n,,
between different simulation runs in steps of 1 x 10'° cm™>.

[33] Spitale and Porco [2007] showed that the plume
consists of at least eight jets. However, Saur et al. [2008]
showed that a multiplume model might not be necessary
to reproduce MAG data. The effect of the single jets on the
global shape of the plume is mainly given by variations in
the location of active regions, which may yield a global tilt
of the plume. For each flyby, we therefore tested different
tilts of the plume in order to achieve best possible agreement
with MAG data. In the ENIS system, the symmetry axis of
the plume has the direction (cospy sindy, sing, sindy,
costly), with ¢y € [0° 360°] and ¥y € [90°; 180°]. These
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angles correspond to planetographic latitude (Lat) and lon-
gitude (Lon) on Enceladus’ surface as follows: 90° — ¥, =
Lat(°) and the correlation between ¢, and Lon is given by
(0° = 90°W, 90° = 0°W, 180° = 270°W, 270° = 180°W).
Please note that the angle ¢, is measured in counter-
clockwise direction (with respect to the ENIS system),
whereas the value of Lon increases when moving clockwise
around Enceladus. Since these additional parameters
strongly increase the number of necessary simulations, we at
first checked, if a tilt of the symmetry axis toward planetary
latitudes of —80° along the +x and +y axis yielded any
notable improvement when comparing our results with
Cassini MAG data. If that was the case, we further varied
the latitude in steps of 9y = 5° and the longitude in steps of
wo = 22.5° to find the optimal set of parameters.

[34] From UVIS observations during a star occultation on
24 October 2007, Hansen et al. [2008] obtained a Mach
number of the gas of about M = 1.5, which is in agreement
with simulations [Tian et al., 2007; Smith et al., 2010;
Tenishev et al., 2010]. Assumlng a gas temperature of 150 K
(that is a thermal speed of vy, = 455 m s '), this yields an
outgassing velocity of u, = 680 m s '. More recent data
suggest a even higher velocity of M = 4 [Hansen et al.,
2010]. A Mach number in the range of 1.5—4 corresponds
to opening angles of the individual jets of arctan(v,,/u,) =
30° — 15°. However, as we use a single-plume model, the
opening angle Hy includes both, ejection speed and location
of the vents. We found that our simulations yield a con-
siderably better agreement with a more confined plume and
therefore set Hy = 7.5° (see also section 5.2). With regard to
the dynamics of the ions, however we found that a neutral
velocity on the order of 1 kms™' does not have a noteworthy
influence on the outcome of the simulation. For simplicity,
we therefore neglect the neutrals’ velocity in the ionization
processes, i.c., the newly generated ions start with initial
velocity zero.

3.4. Dusty Plasma Parameters

[35] According to Farrell et al. [2010] and Shafiq et al.
[2011], the charged submicron-sized dust grains in the
Enceladus plume may be considered an additional plasma
constituent, since the inter-grain distance for dust densities of
np > 107" cm™ is smaller than the effective dusty plasma
Debye length of Aggp~1m. Assumlng spherical grains with a
mass density of p = 10° kg m™ (Water 1ce) and an average
number of £ = 50 electrons for a grain size of 0.03 pm and
& = 8000 for a grain size of 1 pum, the charge-to- mass ratlo
ranges from gp/mp=3 x 10" Ckg ' to gp/mp=7x10' Ckg ™'
[Shafiq et al., 2011]. Therefore, we consider the charged dust
as an additional plasma species with a charge-to-mass ratio
of gp/mp=5.5Ckg ' =107° gy~ my~. These parameters are
consistent with the estimations of Simon et al. [2011]. Due to
this small charge-to-mass ratio, this averaged dust species
does practically not move during the simulation runtime,
which is on the order of a few minutes. We would like to note
that this would still be true for nanometer-sized grains with a
s1gn1ﬁcant1y 1arger charge-to-mass ratio of qp ym/Mp m ~
10~* gy+/my-, since the accelerating electric field is strongly
reduced within the center of the plume (see section 5).
Moreover, the resulting dust charge density can also be
interpreted to include a fraction of positively charged grains
as reported by Jones et al. [2009], because only the total dust
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charge density is taken into account by our simulations. The
presence of positively charged grains would then just mean
that the density of the negative grains is even larger.

[36] The source strength of the dusty part of the plume is
characterized analogously to the gas plume by the density
&np,o of charged dust at the south pole, which is varied in
steps of 50 cm . We would like to note that we only
describe a stationary density profile of the charged dust in
our model, while a self-consistent model of the electron
absorption is out of the scope of this paper and will be
addressed in future work. The implications of this approxi-
mation are discussed in section 4.3 of Simon et al. [2011].
The spatial density profile of the dust is similar to the neutral
density profile (equation (11)). However, due to the ejection
speeds of the dust grains being comparable to the escape
velocity of Enceladus, the influence of gravitation and
inertia forces is larger for the dust grains than for the gas,
leading to complicated trajectories around Enceladus
[Kempfet al., 2010]. We account for that by setting Hy = 15°
for the dust. Moreover, the charging time depends on grain
size and the ambient plasma conditions. Therefore, the
spatial profile of the dust charge density in the plume may
be different from the profile of the dust number density. We
find that our results are in better agreement with Cassini
MAG data, if we replace the geometric 7 2 decrease (see
equation (11)) by . The resulting profile does not claim to
be a quantitatively realistic image of the charged dust pop-
ulation at Enceladus. That would require a much more
sophisticated model of the grain-size-distribution of the
dust, the dust motion in the three-body-problem and the dust
charging process, which is by far out of the scope of this

paper.

3.5. Simulation Parameters and Geometry

[37] The physical background conditions are similar to the
parameters used in our previous study [Kriegel et al., 2009]:
the upstream plasma is assumed to consist of water group
ions with an average mass of m; = 17.5 amu, flowing at the
ideal corotation velocity of uy = (26.4,0,0) km s ! relative to
Enceladus. We would like to note that recent data [ Wahlund
et al., 2005, 2009; Wilson et al., 2009] show evidence for a
sub-corotation of the upstream flow, whereas our assump-
tion of ideal corotation was mainly made to improve
numerical stability. However, this does not affect our con-
clusions, since we are interested in the general plasma
structures and relative variations of the plume.

[38] The ion temperature has been set to kgl; = 35 eV
[Sittler et al., 2006]. Wahlund et al. [2009] also reported on
the detection of a cold ion population that is nearly sta-
tionary compared to Enceladus. This population has not yet
been included in the model. The electron pressure includes
contributions from two electron populations: a warm pop-
ulation with kgT,,, = 100 eV, which makes up a fraction of
0.5% of the total electron density and a cold population.
Measured values for the temperature kz7,. of the cold
electron population range from 1.35 eV [Sittler et al., 2006]
to 2.3 eV [Gustafsson and Wahlund, 2010]. In agreement
with our previous work we choose kzT,. = 1.35 eV. The
background magnetic field is approximated by a dipole field
which is fitted to the unperturbed upstream field of the
respective flyby. At the center of Enceladus, the field is
approximately given by By = (0, 0, =325 nT). Since the
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Table 1. Physical and Numerical Parameters Used in the
Simulations

Parameter Symbol Value
Plasma velocity U 264 km s
Plasma number density noy 4590 cm >
Magnetic field at (0, 0, 0) By (0, 0, =325) nT
Ton mass m; 17.5 amu
Alfvénic Mach number My 0.1-0.15
Ton temperature kg T; 35 eV
Cold electron temperature kg Tee 1.35 eV
Hot electron temperature kg T, 100 eV
Density fraction of hot electrons 0.5% ng
Opening angle (gas plume) Hy 7.5°
Opening angle (dust plume) Hy 15°
Charge exchange rate coefficient k- 22x 107 ecm’® 7!
Photoionization rate Vpp 44 %107 s7!
Electron impact rate coefficient 1, 45x 108 em’ 7!
Mesh spacing L, AL? 53 km = 0.21 Rg
Mesh spacing L, AV S TAV 13 km = 0.05 Ry
Box size (x and y) L,L, 20 Ry
Box size (z) L, 70 R

number density of the plasma varies with SKR longitude
[Gurnett et al., 2007] from 45 to 90 cm >, it is set indi-
vidually for each flyby. For E5/E6 and ES8, the upstream
densities measured by Cassini’s Radio and Plasma Wave
Science Instrument (RPWS) are given by Jia et al. [2010b]
and Gurnett et al. [2011], respectively. The upstream den-
sities of the other flybys were also obtained by taking
averages of RPWS electron densities. The applied values are
listed in Table 2.

[39] The size of our simulation box is 20 x 20 x 70 Rp.
Because of the south-polar plume and the associated
structures, Enceladus is not placed at the center of the box,
but at 4/7 of the box height. We use a hierarchical mesh that
is adaptive in space but static in time, with up to three levels
of refinement: Lo, L;, L,. At the coarsest level (L), the
resolution is Ay =53 km =0.21 Rg, whileitis A, =3A; =
13 km = 0.05 Rg in the highest level. The spatial extension
of the refinement levels is illustrated by the plots of our
mesh in Figures 4a and 4d. Due to limited computational
resources, we were not able to perform every simulation
with the highest resolution, but only the final (best fit) runs.
All other runs are carried out using a mesh with only two
levels of refinement (Ly, L), since we did not notice a
remarkable dependency of our results on the grid resolution.
The ions and the dust are represented by macroparticles,
possessing the same mass-to-charge-ratio as the real parti-
cles [Bagdonat, 2004]. In each cell we have 100 macro-
particles per species, yielding a total of more than one
billion macroparticles in the simulation. To improve the
numerical stability without any smoothing procedure, we
also set a value of = 1.4 x 10° m S™" in the plasma outside
the obstacle. At all outer boundaries of the simulation box,
new particles are continuously inserted into the simulation
according to a drifting Maxwellian velocity distribution
(inflow boundaries for particles), while the fields are
extrapolated from neighbor cells (outflow boundaries for
fields). In order to prevent the Alfvén wings from being
reflected back at the £z boundaries (as reported by Omidi
et al. [2010]), we damp the wings distant from the interaction
region. This is done by setting a higher n near the bound-
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aries above z = +20 Rz and below z = —30 Rg. The interior of
Enceladus is modeled self-consistently without any inner
boundary condition for the electromagnetic fields by a
resistivity of =2 x 10°m S™', as described by Kriegel et al.
[2009]. This high value of the resistivity enforces the radial
component of the current at the surface of Enceladus to
almost vanish, as demanded by equation (27) of Neubauer
[1998]. The physical and numerical parameters are summa-
rized in Table 1. For further numerical details, the reader is
referred to Miiller et al. [2010, 2011].

4. The Influence of Negatively Charged Dust on
the Structure of the Alfvén Wings

[40] In this section, we demonstrate that our hybrid model
is able to reproduce the correlation between the signs of B,
and B,, as observed in the Alfvén wings of Enceladus. In
order to show the principle effect of the electron-absorbing
dust, we keep the interaction scenario as simple as possible:
a plasma of water group ions undergoes collisions with a
constant collision frequency v;, = 0.5 €; within a cylindrical
volume, where €; is the ion gyrofrequency. The upstream
conditions are identical to the “real” Enceladus scenario
(see Table 1). The cylinder with height 4 Rg and radius
3 Ry is centered at the origin of the ENIS system, while
the solid body of Enceladus is not included in this test
scenario. Furthermore, the cylinder is filled with a uniform
density ¢ np of negative dust, which is treated as an addi-
tional plasma species. From equation (3), we expect the
Anti-Hall effect to occur for dust charge densities of £np >
0.2n;. Therefore, we consider two different cases: &np = 0
(case 1) and &np = 2n,/3 (case 2).

[41] Figure 2 shows the results without any dust (case 1)
in Figures 2a, 2c, and 2e compared to those with &np = 2/3n;
(case 2, Figures 2b, 2d, and 2f). Figures 2a and 2b show the
B, component of the Alfvén wings generated by the cylin-
drical obstacle. One can clearly see the small inclination
angle of the Alfvén wing against the background field of
arctan M, = 7°. The effect of the dust is best illustrated by
the currents parallel to the Alfvén characteristics (=) in a
plane perpendicular to the wings, shown here at z =+7.5 Rg
(compare Figures 2e and 2f). With zero Hall effect, i.e., for
&np = 0.2n;, the maximum of these currents would be located
at the y axis [Saur et al., 1999]. For &np = 0, the Hall effect
rotates these currents clockwise, while a dust charge density
of énp = 2n,/3 causes a rotation counterclockwise (Anti-Hall
effect) [Simon et al., 2011]. The resulting B, component is
displayed for both cases in the same plane (see Figures 2¢
and 2d). It can clearly be seen from Figures 2a—2d that in
the interior of the northern Alfvén flux tube, B, is positive
without and negative with dust. Within the southern wing,
the opposite situation occurs. Outside the flux tube, the wing-
aligned currents yield a quadrupole-like structure of the B,
component.

[42] For this simple scenario, we can quantitatively
compare the hybrid model results with the theory discussed
by Simon et al. [2011]: Their equations (29) and (32) allow
calculation of the conductivities, and using their equations
(6)—(10), the corresponding constant magnetic field per-
turbations in the far field inside the flux tube. In case 1, we
get a Pedersen conductance of ¥p = 14 S, a Hall con-
ductance of Xy = 7 S and B, = £5 nT (positive: north,
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Figure 2. Results from hybrid simulations in order to show the principle effect of negatively charged
dust grains on the plasma interaction. Figures 2a and 2b illustrate the scenario: the plasma, which flows
in (+x) direction, undergoes collisions within a cylindrical volume (denoted by the black rectangle),
leading to the generation of Alfvén wings, as illustrated by B,. (a, c, e) The results without any dust
and (b, d, f) the results with the cylindrical volume filled with a constant density of £ np = 2n;/3 (illus-
trated by the green area in Figure 2). Figures 2c—2f display a plane roughly perpendicular to the Alfvén
wings (indicated by the black lines in Figures 2a and 2b). The circle of radius 3 Rz shows the approx-
imate position of the Alfvén tube. Due to the small angle between the wings and the background mag-
netic field of about only arctan M, = 7° (also visible in Figures 2a and 2b), these currents are mainly
given by j, (compare Figures 2e and 2f). Without any dust, the Hall effect rotates these currents clock-
wise, while the dust-associated Anti-Hall effect causes a counter-clockwise rotation. This explains the
different signs of the B, component in Figures 2a-2d.
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Figure 3. The directions of the electric field (red), the perpendicular current (orange), the electron veloc-
ity (given by E x B, grey) and the ion velocity (blue) for the same uniform cylinder filled with neutral gas
as discussed in Figure 2. We consider two different cases: no dust (énp = 0) and a uniform dust density of
&np = 2n/3. Without dust, all quantities are twisted around the z axis due to the Hall effect [see also Saur
et al., 1999, Figure 9], while the electron absorption by dust (Figure 3b) yields an Anti-Hall effect, which
reverses the directions of the twist of electron velocity, electric field and current due to the negative sign
of the Hall conductivity. The ions, however, are deflected away from Saturn in both cases. The dust even

enhances their deflection.

negative: south). Case 2 ({énp = 2/3 n;) yields Xp = 14 S,
Yy = —16 S and B, = ¥9 nT. This is in good agreement
with what can be obtained from Figure 2. For &np = 0.2n;
one gets Yy = 0 and therefore, a B, perturbation of
approximately zero (not shown here, but confirmed by
simulation). Thus, we have shown that the reversal of the
Hall current due to dust is not only an effect of the analytical,
first-order perturbation theory applied by Simon et al.
[2011], but can also be reproduced by our self-consistent
simulation.

[43] Simon et al. [2011] only presented results for the
magnetic field perturbations, while our model automatically
also calculates currents and ion velocity. For a better
understanding of the flow perturbations and currents asso-
ciated with Hall and Anti-Hall effect, we compare our
simulations with analytical results derived by Saur et al.
[1999] for the same cylindrical geometry. For the electric
field E, the electron velocity u, and the perpendicular cur-
rent j, inside the cylinder, Saur et al. derived

_ sin ©p
E7E0+EP< COS@P) (13)
_ COS O ppist
Ee e( Sin@t\«f{.\t ) (14)
and
_ sin (:")p
L= e ). (15)
where the angles are given by
AP
tan Op = — el (16)
EH + EP(EP + ZEA)
and
X
t wist — @ Aw ! 17
an © s Sp+ 2%, ( )

respectively. X, denotes the Alfvén conductance. Note that
in the above expressions, the height-integrated conductivi-
ties have to be calculated from z = 0 to the top of the cyl-
inder and therefore have half the values given earlier.

[44] All these equations are still valid when including dust
in the cylinder. For the derivation of the ion velocity, how-
ever, Saur et al. [1999] used the explicit definition of Hall
and Pedersen conductivities, depending on collision and
gyration frequency. If the electron gyrofrequency clearly
exceeds the effective electron collision frequency, the Hall
conductivity is modified by the dust according to

2
en;, U, e en;
=— ——=&np = oy ——k 18
Ry L (18)

oH

(see equation (29) of Simon et al. [2011] with k = Enp/n;).
Thus, we have to modify the expression for the ion velocity
[Saur et al., 1999, equation (A16)]. The symbol o; denotes
the Hall conductivity in an electron-ion plasma without dust,
the corresponding conductance is >;. Analogous to Saur
et al. [1999], we obtain for the ion velocity

_ cos Op p
w=lul( e ). (19)

with

255y + kSpY

, 20
25,5 4+ (1= k) (33, +53) (20)

tan eP,D =

and the abbreviation

- PIF 3
Y=L P 21
& i @n
One can easily verify that for £k — 0 also ©pp — Op.
To understand the implications of the above equations,
Figure 3 shows our simulation results for the directions
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of fields, currents and velocities in the (z = 0) plane. For
case 1, i.e., without dust, our results are shown in Figure 3a.
One can clearly see the deflection of electric field,
electron velocity, current and ion velocity with the angles
Op and O, From equations (16) and (17) we get
Ouiss = Op = 13°, which is in good agreement with our
simulation results.

[45] The situation gets different with dust. In an electron-
ion plasma without dust, a vanishing Hall conductance ¥ =
0 implies v;, =~ 0 and therefore no deflection of electric field,
electron velocity, current and ion velocity. With dust,
however, the modified quasi-neutrality condition (n; = n, +
&np) yields ¥y = 0, but Xy # 0 and therefore ©pp # 0.
Thus, what we can learn from equations (16), (17) and (20)
is that only the ions should undergo a deflection. Physically
this deflection is a result of the Pedersen current, where in
the case of electrons attached to dust only the ions but not
the charged dust particles move with respect to Enceladus.

[46] In case 2, the direction of rotation of electric field, cur-
rent, and electron velocity reverses, since the Hall current
reverses its sign. The ion flow, however, does not change its
flow direction from —y to +y, but the deflection away from
Saturn gets even stronger, since it can be seen from equation (20)
that ©p p > Op for k > 0. This has the remarkable conse-
quence that for the ions, the dust enhances the asymmetries,
while for electrons, electric field and current the direction of
rotation is reversed. The angles for case 2 are O,,;,; = —28°,
Op=-20° and Op p = 54°, which match well with Figure 3b.

5. Results for Selected Enceladus Flybys

[47] In section 4 we have shown that our hybrid model is
in quantitative agreement with the analytical theory of
Alfvén wing and Anti-Hall effect for a simplified test sce-
nario. In this section, we are therefore going to discuss
the effect of the negatively charged dust population on the
plasma flow and magnetic field at Enceladus, i.e., for the
realistic plume model and interaction scenario described in
section 3.

[48] In order to understand the magnetic field measure-
ments and model calculations along Cassini’s 1D-trajecto-
ries, we present the results of our 3D simulations together
with 1D comparisons between model and observations. We
show that considering the electron absorption is necessary to
quantitatively explain the observations. However, before we
can understand the magnetic field structures, we have to
consider the corresponding structures of plasma density and
velocity.

[49] Since upstream and plume parameters are different
for each flyby discussed here, we arbitrarily choose the E9
best fit case with an upstream density of 7y = 75 cm > and a
base density of n,, o = 6 X 10" cm 2 for all color plots shown
in this section. The simulation including dust has an addi-

tional dust base density of &npy = 5.5 X 10% cm 2.

5.1. Density and Velocity

[so] Figure 4 displays the densities of ions and charged
dust in the (y = 0) and (z = —4 Rg) planes. Figures 4b and 4e
visualize the gas plume as the region where the ion density
is enhanced due to the creation of new ions by electron
impacts and photoionization (mass loading). Near the south
pole, the ion density is about an order of magnitude larger
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than upstream. The slightly enhanced density downstream
of the plume results from pick-up of the newly created
ions [Kriegel et al., 2009]. The dust charge density &np
(Figures 4c and 4e) has a maximum of &np > 100 cm >
near the south pole and assumes a value of about énp =
50 cm > at z = —4 Rj. Thus, the dropout in the electron
density due to electron absorption by dust, which is
required by our model to achieve agreement with MAG
data (see sections 5.3-5.5), is on the order of 10% — —20%
in the center of the plume. It is therefore possible to have a
noteable difference in electron and ion densities while both
are larger than the background density. This finding is in
agreement with results from RPWS presented by [Shafig
et al., 2011]. Since we can only provide dust charge
densities, it is not easily possible to compare our results
with dust measurements (for example by CDA). In order
to relate our model densities of the charged dust to
number densities, one would need to consider the number
of electrons on grains of different sizes and the grain-size
distribution of the dust which is by far out of the scope
of this paper.

[s1] Ton velocity and electric field are presented in
Figures 4g—4i. In Figure 4g, one can see the deflection of
the ion flow in (—y) direction (away from Saturn), as
discussed in section 4. The twist of the electric field in
(—x) direction in Figure 4h results from the Anti-Hall
effect. As can be seen from Figures 4g and 4h, the pickup
tail and the associated decrease in the electric field strength
are essentially confined to the (Iyl <1 Rg)-region, i.e., the tail
exhibits a two-dimensional shape. This finding is in agree-
ment with previous hybrid simulation results by Kriegel et al.
[2009], who showed that the small gyroradii of the pick-up
ions (on the order of 10 km) prevent the tail from a signifi-
cant expansion in y direction. Within the plume, ion velocity
and electric field decrease to approximately zero, in agree-
ment with observations of flow stagnation by CAPS [Tokar
et al., 2009]. To further illustrate the effect of flow stagna-
tion, Figure 4i displays the ion velocity in the (z = —4 Rp)
plane along the corotation axis (y = 0 line): the ion velocity
decreases sharply below 1 km s from x = =1 Rz to x =
0.5 Rg, before it assumes a value of u; = 17 km s =60%
ug in the pick-up tail.

5.2. Magnetic Field: ES and E6

[s2] All Enceladus flybys in 2008 had trajectories basi-
cally in the (x, z) plane. For a better understanding of the
perturbations visible in the MAG data, Figures 5a—5f show
the results for the components of the magnetic field in that
plane. For clarity, Figures 5a—5f only show the magnetic
field perturbations (AB,, AB,, AB.); the background field
has been subtracted by fitting a dipole field. The black lines
represent the projections of Cassini’s trajectories during ES
and E6 on the (x, z) plane. Figures 5a—5c show the results
for a pure gas plume without dust. In Figure 5a, the Alfvén
wing can clearly be seen in the AB, component. AB,
(Figure 5b) assumes positive and negative signs in both, the
northern and the southern wing, which results from the
clockwise rotation of the quadrupole-like structure of AB,
due to the Hall effect. The positive sign of AB,, in the center
of the northern wing as well as the negative sign in the
center of the southern wing are consistent with the results
for the test scenario (see Figure 2). We would like to note
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Figure 4. Simulation grid and dusty plasma near Enceladus: (a and d) the simulation mesh with the dif-
ferent levels of refinement. (b and e) The ion number density, which is enhanced in the plume by about an
order of magnitude due to electron impact and photoionization. (c and f) The dust charge density is com-
parable to the upstream plasma density. (g—i) lon velocity and electric field along the y = 0 line and in two
dimensions. The ion velocity decreases to stagnation within the plume.

that an ideal MHD model (i.e., without Hall effect) would
yield AB, = 0 at y = 0. The AB, component in Figure 5c
assumes a negative value in the magnetic pile-up region
in front of the plume and a positive value at the downstream
side (since it is B, < 0 for the background field). These
structures have already been described in detail in our pre-
vious study [Kriegel et al., 2009] as well as by Jia et al.
[2010c].

[53] Figures 5d—5f show the results of a simulation with
dust included. As expected, the AB, component inside the
Alfvén flux tube has reversed its sign. On the other hand, no
modification of AB, is visible. Note that the condition for
the occurrence of the Anti-Hall effect (inequality (3)) is not
fulfilled in the center of the plume, since there, the ion

density n; strongly exceeds the dust charge density &np (see
Figure 4) and the ion-neutral collision frequency v;, is larger
than the ion gyro frequency (2,. In the outer regions of the
plume, however, ion and neutral density decrease stronger
than the dust charge density, which allows inequality (3) to
be fulfilled. Since the Alfvén wings are determined by the
height-integrated conductivities X5 and Xp, the sign of X
(and AB,) reverses, although in the center of the plume the
local Hall conductivity o assumes a positive value. This is
an a posteriori justification of our difference in the models of
the neutral gas and the charged dust, since only the weaker
radial decrease and the larger opening angle of the dust
plume allow us fulfill inequality (3) in the outer regions of
the plume. The most important result, especially with
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Figure 5. (a—f) Simulated magnetic field components in the (x, z) plane together with the trajectories of
ES5 and E6. Figures 5a—5c display the results without dust, while Figures 5d—5f show the reversal of the B,
component when the presence of the negatively charged dust is considered. (g and h) A comparison of
simulation results with Cassini MAG data (black) for E5 (Figure 5g) and E6 (Figure 5h) for a simulation
without dust (green), with dust (blue) and the best fit including dust and a tilted plume (red).

respect to the work of Simon et al. [2011], is that the
reversal of AB, due to electron absorption by dust also
occurs for a more realistic, inhomogeneous plume model.
[54] We would also like to point out that our results show
that the northern wing (negative AB,) does not begin at
Enceladus’ south pole, but about 2 Rz below. Thus, our

simulation confirms that the draping or momentum loading
center is shifted about 2 Ry downward from the south pole,
in agreement with the findings of Khurana et al. [2007] for
EO0-E2. It is remarkable that our simulation succeeds in
reproducing this aspect of the interaction without reducing
the neutral density near the south pole to account for a
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Table 2. Upstream Density 1y (From RPWS Electron Densities) and Best Fit Parameters for Each Flyby®

Flyby Date ng (cm ) N0 (cm™) Enpo (ecm™) Lat Lon (West)
E5 9 Oct 2008 90 11 x 10" 8.5 x 107 -85° 270°
E6 31 Oct 2008 45 7 x 10'° 5.5 x 10° —85° 90°

E7 2 Nov 2009 60 7 x 10'° 5.5 x 10° - -

E8 21 Nov 2009 45 2 x 10%° 2.0 x 10? -80° 67.5°
E9 28 Apr 2009 75 6 x 10'° 5.5 x 10° - -

Ell 13 Aug 2010 60 5x 10" 4.0 x 10 - -

“n, and &np o denote the base densities of neutral H,O molecules and charged dust, respectively. Some flybys (E5, E6, E8)
match better with the data when a tilt of the plume is considered. The plume is then centered at the respective planetographic

latitudes (Lat) and longitudes (Lon) on Enceladus’ surface.

reduced ionization efficiency in that region, as proposed by
Jia et al. [2010c]. By comparing the AB, components in
Figures 5c and 5f, one can see that the magnetic cavity
region is shifted downward, if dust is considered.

[55] A quantitative comparison between MAG data from
E5 and E6 and simulation results is provided in Figures 5g
and Sh. MAG data are black, and the colors indicate dif-
ferent simulation setups: no dust (green), with dust (blue)
and the best fit with dust and a tilted plume (red). By
comparison of the observations from both flybys it is evi-
dent that the perturbation is stronger for ES (up to 30 nT)
than for E6 (less than 20 nT) [see also Jia et al., 2010a].
This might not only be an effect of a variable plume activity,
but also of the different upstream densities for these flybys:
for strong perturbations (as the observed flow stagnation)
and a symmetric interaction geometry, the bending of the
magnetic field lines is identical to the inclination of the
Alfvén wing (M, = tan ©, = AB./By) [Neubauer, 1980],
which yields

AB, =2 M,By ~ \/}’—l(; (22)
Thus, a higher upstream density yields a stronger pertur-
bation. For E5 and E6, the densities were no = 90 cm > and
ny =45 cm >, respectively [Jia et al., 2010b]. Based on the
densities alone, one would expect the B, perturbation during
E5 to be about a factor of /2 stronger than during E6,
which matches well with the observed field perturbation
(30 nT/20 nT = 1.5 = v/2). However, in order to reproduce
the strength of the measured perturbations (in particular
AB,), different source strengths of the Plume of n,0=1x
10" em™ (E5) and n,o = 7 x 10" cm™ (E6) were
required. Thus, the stronger perturbation measured during
ES5 is not only an effect of the higher upstream density as
suggested by equation (22), but also of a stronger plume
activity by a factor of 1.5. This also implies that equation (22)
is not strictly applicable. The reason is that the wing-aligned
currents flowing toward Saturn’s northern hemisphere are
partially blocked by the solid body of Enceladus [Saur et al.,
2007]. According to equation (12), the plume densities cor-
respond to production rates of about O = 3.7 x 10* H,0 s
(E5)and 0=2.4 x 10* H,O s ' (E6). The absolute values are
about an order of magnitude larger than those derived by
other authors [Saur et al., 2008; Omidi et al., 2010; Jia et al.,
2010b]. This mainly results from our narrow plume, since
for a larger opening angle (e.g., Hy = 15°), equation (12)
yields a production rate that is an order of magnitude
lower for the same neutral base density. A summary of the
best fit parameters is given in Table 2.

[56] Data from both flybys (black) show a steep decrease
of the B, component at the downstream side (x > 0,
inbound), which is not seen in the simulation results (in
particular for E6). This has also been found by Simon et al.
[2011]. Both models have in common that they assume the
collision frequency to be the same upstream and down-
stream. However, in reality the ion composition and there-
fore also reaction rate and collision frequency vary due to
changes in the ion composition when moving through the
plume from upstream to downstream. This is confirmed by
the fact that downstream mainly H;O" is present [Cravens
et al., 2009]. Thus, this discrepancy could be due to the
rough description of the ion-neutral chemistry in these two
models. Including a more sophisticated model of the chem-
istry will be subject to future studies. At the upstream side
(x < 0, outbound), the simulations reproduce the sharp
increase in B, during E6, while it is smoother for ES. This can
also be seen in Figure 5d, where the upper trajectory (ES)
passes through a region of negative AB, upstream of the
plume. In contrast, the lower trajectory (E6) passes along the
uppermost end of the southern wing (positive AB,).

[57] Figures 5a—5f also show that the dust does not have
any influence on the B, and B, components along E5 and E6
when comparing the simulations with (blue) and without
dust (green). In the B, component, it can be seen that the
dust not only qualitatively reverses the sign of AB,, but also
quantitatively explains the magnitude of the measured B,
perturbation. The base densities of the charged dust particles
in the simulations are &npy = 8.5 X 10° cm ® for E5 and
Enpo = 5.5 X 10?> cm > for E6. The variation of the dust
base densities is about a factor 1.5, and therefore, the
variability of gas and dust plume is the same. However, for
both flybys our simulations are not able to reproduce the
extension widths of the B,, perturbation: for E5, our modeled
B,, only matches the location of the decrease (downstream),
while for E6, only the position of the increase to the back-
ground value in the upstream region is reproduced. This may
result from a larger extend of the dust plume near the sur-
face. Furthermore, in Figure Se it appears as if the trajec-
tories pass through the southern Alfvén wing with AB), > 0,
while the 1D comparisons only exhibit negative B), pertur-
bations. This striking difference only results from Cassini’s
motion in y direction and can be understood when the 3D
geometry of the flyby is taken into account: upstream of the
plume (x < 0), Cassini is located at y > 0. There, the B,
perturbation is negative, while it is positive along the pro-
jection on y = 0.

[58] For B., simulations and data match very well. As the
modeled perturbation in the B, component is negative along
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Figure 6. Simulated magnetic field components in the (z = —1.5 Rg) plane together with the pro-

jected trajectories of E7 and E9 (Figures 6a—6f). (a—c) the results without dust and (d—f) the
counter-clockwise rotation of the magnetic field structures due to the Anti-Hall effect when electron
absorption by dust is considered. (g and h) A comparison of simulation results with Cassini MAG data
(black) for E7 (Figure 6g) and E9 (Figure 6h) for a simulation without (green) and with dust (blue).

the entire trajectories, our simulations are also successful in ~ dips before or during the main perturbations around
reproducing that Cassini only penetrated through the mag- 19:07:20 UTC in B, and B, in contrast to the data. A reason
netic pile-up region, but did not intersect the magnetic for this might be that the trajectory of ES was so close to the
cavity. The location of the flyby trajectories with respect to  south pole (C/A distance of only 25 km) that these structures
the magnetic pile-up region and cavity is also illustrated in are caused by single jets which are not resolved by our
Figure 5f. For ES, our simulations do not show any further —plume model.
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Figure 7. Simulated magnetic field components in the (z = —7.3 Rp)-plane together with the projected
trajectories of E8 and E11 (Figures 7a—7c¢). The symbols mark the positions of features visible in the data.
(d and e) A comparison of simulation results with Cassini MAG data (black) for E8 (Figure 7d) and E11
(Figure 7e) for a simulation without dust (green), with dust (blue) and the best fit including dust and a

tilted plume (red, only ES).

[59] The red curves show that for both flybys, a tilt of the
plume improves the agreement between data and simulation.
In particular, the positions of the outbound flank of the
region with reduced B,, the entry into the pile-up region in
B, and its magnitude match observations better when
introducing a tilt of the plume. However, the tilt applied for
E5 (Lat = —85°, Lon = 270°, upstream) has the opposite
direction as for E6 (Lat = —85°, Lon = 90°, downstream).
These different tilts correspond to different plume activities.
We therefore propose that during ES, other and possibly
stronger jets were active than during E6. For a further
investigation of this finding, a multijet gas and dust plume
model within a plasma simulation is required.

5.3. Magnetic Field: E7 and E9

[60] The second group of flybys on which we focus are
E7 and E9. The upstream densities are ny = 60 cm ° for
E7 and ny = 75 cm > for E9. Figure 6 displays the com-
ponents of the magnetic field perturbation in the plane of
these flybys (z = —1.5 Rg) together with the flyby trajec-

tories. Analogous to Figure 5, Figures 6a—6c¢c display the
results without dust, while dust is included in the results
shown in Figures 6d—6f. In AB, and AB,, the Alfvénic
structures caused by the wing-aligned currents are clearly
visible: within the northern Alfvén flux tube, AB, is
negative. At the flanks at about y = +Ry, AB, sharply
assumes a small positive value, while along the x-axis, it
smoothly gets to zero. Again our simulation therefore con-
firms that the draping center is located below z = —1.5 R.
AB,, exhibits a quadrupole-like structure, slightly rotated
around the z axis due to Hall or Anti-Hall effect. As discussed
in section 4, the direction of this rotation depends on the sign
of Xz clockwise without dust and counter-clockwise for the
Anti-Hall effect. When comparing the AB,, component of the
simulations with and without dust (Figures 6¢ and 6b), it is
also evident that the symmetric quadrupole-like structure is
stretched in y direction by the influence of the dust, yielding a
larger region with negative AB, (compare Figure 6e). In B.,
the magnitude of the perturbation is less than 5 nT = 1.5%B,
in this plane. This is because the strongest magnetic pile-up is
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located ahead of the momentum loading center, which can be
found south of this plane (see also Figure 5). Moreover,
Figure 6f shows that pile-up and cavity region are also twisted
by the Anti-Hall effect, such that the two flybys did not pass
through the center of either of them.

[61] The comparison between data and simulations is
shown in Figures 6g and 6h. Again, MAG data are colored
in black, the other colors indicate different simulation set-
ups: no dust (green) and the best fit with dust (blue). We
achieve very good agreement for the perturbations in B,.
The magnitude and the sharpness of the jumps in B, match
exactly for both flybys. It is AB, = 20-25 nT for E7 and
AB, ~ 20 nT for E9. Since the upstream density is smaller,
but the perturbation is stronger for E7 than for E9, we expect
the plume activity to be slightly stronger for E7 according to
the discussion in section 5.2. This is confirmed by our
results: in order to reproduce the strength of the B pertur—
bation, a neutral base density of n,, o = 7 X 10 ¢m 2 and
Ry = 6 X 10" ¢cm™ was required for E7 and E9 respec-
tlvely The correspondmg production rates are Q = 2 4 x
10¥ H,0 s (E7) and Q = 2.1 x 10 H,0 s ' (E9).
Therefore, the variability of the plume activity between E7
and E9 of about a factor of 1.2 is smaller than between ES
and E6 (factor 1.5). The strong positive spikes seen by the
model of Simon et al. [2011] inbound and outbound of the
Alfvénic flux tube are only weak in our simulation results
(<5 nT versus >10 nT). Therefore, these spikes can be
regarded an effect of the simplified plume model used by
Simon et al., which concentrates the field-aligned currents
on the surface of a cylindrical plume.

[62] Again, the B, perturbation clearly shows the effect of
the electron-absorbing dust on the outcome of the simula-
tion (blue), compared to a scenario without dust (green).
Without dust, the sign of the B,, perturbation in our simulation
is completely different from the observations, while we
achieve very good agreement with the data when dust is
included. The base densities of the char§ed dust particles in
the simulations are anO =55 x 10> em® for E7 and
Enpo = 5.5 x 10> cm > for E9. Therefore, our simula-
tions reveal no change in the activity of the dust plume
from E7 to E9, in agreement with the small variability in
the gaseous part of the plume. The smooth increase to
zero in the B, component for y < 0 during E9 is in good
agreement with MAG data, while the simulations (blue)
show a sharper decrease for y > 0 than the data (in particular
for E7). We suppose this to be due to the geometry of our dust
plume, since in reality most dust particles fall back onto the
surface, leading to a wider plume close to the moon [Kempf
et al., 2010].

[63] Despite the good agreement in B, and B,, our simu-
lation is not able to reproduce the observed small pile-up in
B.. In our simulations (blue, green), Cassini only passed at
the edge of the cavity region (positive AB,), without inter-
secting the region of enhanced IB.l. The stair-case in the
observed B, for E7 is due to a range switch of the instru-
ment. We do not present a best fit simulation with a tilted
plume here, since any tilt we tested did not yield a sub-
stantial improvement of the fit.

5.4. Magnetic Field: E8 and E11

[64] The last pair of flybys that we discuss in this paper is
E8 and E11. Both occurred far below the moon’s orbital
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plane. So far, E8 and E11 are the only flybys which inter-
sected the southern Alfvén wing. Since the trajectory of E8
was nearly parallel to the equatorial plane at z=—7.3 Rz, we
show our 2D results in that plane in Figure 7. The black
lines indicate the projected trajectories of E8 and El1, the
symbols mark the positions of features visible in the data.
The magnetic field perturbations in the southern Alfvén
wing (AB, and AB,)) reveal the same structures as seen in
Figure 6 for the northern Alfvén wing (when including
dust), but with opposite signs: AB, is positive inside the flux
tube and negative at the flanks at y = £Rg. In addition, AB,
assumes small positive values in the (x, y > 0) region and
decreases with increasing distance to the Alfvén flux tube.
In AB,, the positive perturbation is stretched in y direction.
The B, perturbation in Figure 7c is similar to Figure 6f, but
the magnitude of AB, at z = —7.3 Ry is a little stronger
than at z = —1.5 Rz (=5 nT compared to =2 nT). This
means that the location of pile-up region and cavity does
not change when moving from z = —1.5 Rz (E7, E9) to z =
—7.3 Ry along the z axis. We do not show 2D results for
the simulation without dust, as Figure 6 contains no new
information.

[65] The comparison between data and simulations for E8
is shown in Figure 7d. Similar to Figures 5 and 6, MAG data
are black, and the three simulation setups are as follows:
without dust (green), with dust (blue), best fit with dust and
a tilted plume (red). The measured B, component shows a
narrow and sharp decrease from —4 nT to —8 nT at about
(0.8, 0.9, =7.3)Rg (02:09:32 UTC, diamond in Figure 7a)
Wthh Joccurs within 30 km centered around (x — M,lzI)* +
y* = R%, that is around the Enceladus flux tube [Simon et al.,
2011]. Such a discontinuity-like jump in the magnetic ﬁeld
is likely caused by a very confined or even surface current
tangential to the body of Enceladus. This current is sup-
posed to be part of the hemisphere-coupling current system
proposed by Saur et al. [2007], which arises from the partial
blockage of the Alfvénic currents by the body of the moon.
As a northward current, it produces auroral hiss observed by
the Cassini Radio and Plasma Wave Science (RPWS)
instrument [Gurnett et al., 2011]. The subsequent increase
of the B, component to a sharply peaked maximum of 15 nT
at (1.1, —0.1, =7.3)Rg (rectangle in Figure 7a) and the fol-
lowing decrease are associated with nearly field-aligned
southward and northward Alfvénic currents. The latter could
also in principle contribute to the southward field-aligned
electron beams generating auroral hiss. An outbound
southward hemisphere coupling current cannot be distin-
guished from the Alfvénic current in the magnetic field data.
It would also be invisible in the hiss observation because of
the wrong electron beam direction.

[66] Both, the simulation with (blue) and without dust
(green) succeed in reproducing the structure of the pertur-
bation as well as the magnitude of the positive peak, while the
magnitude of the negative B, perturbation in our simulation is
stronger than measured. Furthermore, in our simulation the B,
perturbation starts earlier, that is at smaller y than observed by
Cassini. This can also been seen in Figure 7a, where the
diamond is located above the edge of the negative AB,. The
measured B), perturbation during E8 shows a steady increase
to a maximum of 29 nT at (1.4,0.8, =7.3)R; (02:10:31 UTC,
circle in Figure 7b), which is interrupted by a small negative
dip of 3 nT at (1.0, —=0.2, =7.3)Rg (02:09:58 UTC, cross in
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Figure 7b). By comparing with Figure 7b, these structures
can be explained as follows: inbound, Cassini passed
through the outer positive part of the warped quadrupole-like
B, structure, where the perturbation increased as the space-
craft approached the flux tube. At (1.0, —0.2, —=7.3)Rg (cross
in Figure 7b), Cassini was located at the edge of the flux tube
where the negative part of the warped quadrupole-structure
begins. Thus, B, decreases, before the spacecraft enters the
opposite region of positive B, This has already been described
by Simon et al. [2011]. These structures are different in our
simulation without dust (green), since the direction of rotation
as well as the stretching of the quadrupole-like B,, is not seen
without dust (see Figure 6b). With dust (blue), our simulation
reveals a similar structure as visible in the data. Similar to B,,
the location of the perturbation is slightly displaced.

[67] The simulation with dust and a tilted plume (red)
shows that the locations of the features in B, and B, match
better with the data when the plume is tilted downstream
and a little toward Saturn, i.e., the plume center is located at
Lat = —80° and Lon = 67.5°. The base densities used to
reproduce the magnitude of the perturbations measured dur-
ing E8 are n,, o =2 x 10" cm ™ and € npo=2.0x 10% cm >,

[68] For the B, component, the data show a small decrease
of 3 nT around (1.1, —0.1, =7.3)Rg (02:10 UTC), which
means that even 1 Ry downstream, |BI is enhanced. This is
neither expected nor reproduced by our simulations, since
any magnetic pile-up is thought to occur at the upstream
side of the plume. As mentioned above, we think that the
measured locations of pile-up and cavity region might be
reproduced when considering the different reaction rates of
the water group ions.

[69] For the E11 encounter, the comparison between data
and simulations is shown in Figure 7f. MAG data from E11
have already been presented by Gurnett et al. [2011] within
the context of auroral hiss observations. Since any tilt of the
plume yielded no better match with the data, we only show
the results for simulations without (green) and with dust
(blue). The observed B, component (black) shows a strong
but steady increase with a sharp dip of =7 nT at (0.4, 0.4,
—11.3)R; near the maximum perturbation of 23 nT. In the
outbound region at (1.0, 1.4, —11.3)R another sharp dip to a
minimum value of —1 nT was observed, before B, returns to
its background value. Since the trajectory of E11 is located
about 1 Ry upstream of E8 in the interval considered here,
Cassini did not pass through the region of negative AB,
inbound, but outbound (see Figure 7a). Similar to the
inbound increase during ES8, the outbound decrease by 18 nT
during E11 is located in a region of 90 km centered around
(x — M,lzI)* + y* = R%. Again we suppose this to be
caused by the hemisphere-coupling surface currents. The
steep flanks of the major peak in B, are well reproduced
by both simulation setups. However, the sharp dip at the
top of the enhancement is not seen in our high-resolution
simulations. The outbound dip is reproduced by our
simulations, but appears much broader and deeper.

[70] B, exhibits a similar structure as B,, but the dip
imposed on the maximum perturbation of 15 nT is broad-
ened to an “M”-like structure and is with —8 nT also deeper
than in the data. The outbound dip in B, is located at the
same position as the second maximum (14 nT) of the M in
B, (ie., (1.0, 1.4, —11.3)Ry at 22:30:30 UTC). Without dust
(green), our results reveal a similar M-like pattern, but
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centered around AB, = 0 nT, whereas the simulation with
dust (blue) matches well with the data.

[71] In the B, component, MAG data show a small
bipolar signature of 1 nT magnitude at (0.3, 0.3, —11.3)Rz
(22:29:44 UTC), while in our simulations, Cassini passes
through a region with reduced magnetic field of 2 nT
according to Figure 7c.

[72] The base densities used to match the magnitude of the
perturbations measured during E11 are n,, o = 5 x 10 cm™
and &np o =4.0 x 10? cm . Thus, gas and dust plume seem
to have been between a factor of 2-3 times more active
during E11 than during E8. Similar as for E7 and E9, any tilt
of the plume yielded no improvement of the fit.

5.5. Variability of the Plume

[73] Table 2 summarizes the parameters used for the best
fit simulations presented in sections 5.1-5.4. We would like
to point out that we do not intend to provide absolute
numbers for the neutral density or amount of dust in reality.
That would require a more sophisticated model of the plume.
Based on our results, we can instead analyze the relative
variations of the gas production rate between the flybys
studied in this paper and use the absolute numbers only as an
estimate for the order of magnitude of these quantities.

[74] We find that the variability of the gas production rate
lies within a factor of two (with E5 having the strongest and E8
the weakest plume activity). During all analyzed pairs of
similar flybys, gas and dust plume have a similar variability: a
factor of about 1.5 between ES and E6 as well as a factor of 2-3
for E§ and E11 and an even smaller variation when comparing
E7 and E9. Between ES and ES, the activity even varies by a
factor of five. However, the degree to which the results are
affected by our model assumptions may differ between flybys
of different geometry. Therefore, we only would like to
underline the variability between similar flybys by a factor
of 2 or less, but not the variability between all flybys.

[75] This variability of the plume intensity is consistent
with the different tilts which improved the agreement
between MAG data and simulations for some of the flybys
(ES, E6, ES8). Any tilt of our single-plume model means that
different jets or active regions contribute to the plume. If we
assume that the jets have a small inclination against the
surface normal, our results imply a stronger activity of the
“Damascus” tiger stripe for ES, while during E6 “Alexandria”
was more active. For E8, our simulations reveal a tilt
direction similar to E6, but even stronger.

[76] We would like to close this section with a cautionary
remark: our model includes a high number of parameters
(140, Np, Hy, Ha, Vo, o) which characterize the plume,
while our results show that the measured magnetic field
signatures are strongly affected by even minor changes in
the plume geometry. We therefore cannot rule out the pos-
sibility that there are other sets of parameters which also
explain the observed magnetic field perturbations or that a
multiplume model is able to match the data for all flybys
without using different jets and tilts.

6. Summary

[77] In the present study, we have applied the hybrid sim-
ulation code AIKEF to the plasma interaction of Enceladus.
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We extended our previous model [Kriegel et al., 2009] such
that we do not only describe mass loading via photoioni-
zation and electron impacts but also momentum loading due
to charge exchange. By using an analytical model, Simon
et al. [2011] recently showed that electron absorption by
dust grains may yield a reversal of the sign of the Hall con-
ductivity (Anti-Hall effect), thereby changing the sign of
the B, component in Enceladus’ Alfvén wings. This effect
has been observed during all Enceladus flybys so far. The
second major improvement therefore was the inclusion of a
negatively charged dust population in the hybrid model.

[78] The purpose of this study was to analyze the influ-
ence of electron absorption by dust on the structure of
Enceladus’ Alfvén wings. In the first part, the Anti-Hall
effect in the hybrid model was analyzed for a simple test
scenario with a cylindrical, homogeneous obstacle, for
which our results could be compared to analytical calcula-
tions of Saur et al. [1999]. In the second part, we compared
our simulation results against Cassini MAG data for selected
pairs of similar Enceladus flybys: (E5, E6), (E7, E9) and
(E8, E11).

[79] Our main results are as follows:

[so] 1. The hybrid simulations confirm that electron
absorption by dust reverses the Hall current (Anti-Hall
effect). This implies a change in the sign of the magnetic B,,
perturbation, which is quantitatively reproduced by our
simulations for a simplified test scenario.

[81] 2. The deflection of the magnetospheric ion flow in
the anti-Saturnward direction within the neutral gas cloud is
enhanced by the presence of dust. In contrast to that, the
direction of rotation reverses for electric field, electron flow
and perpendicularcurrent. The resulting directions are in
quantitative agreement with analytical theory.

[s2] 3. Within the plume, the ion flow is slowed down
below 1 km s '

[83] 4. Our results are in good quantitative agreement
with MAG data for all flybys studied in this paper (ES—E9
and E11).

[84] 5. The hemisphere-coupling current system proposed
by Saur et al. [2007] and found to be present in MAG data
by Simon et al. [2011] is also evident in our simulation
results.

[s5s] 6. We find a small variability in the activity of the
plume during all analyzed pairs of similar flybys by about a
factor of two.

[s6] 7. For some flybys (ES, E6 and E8) simulations and
MAG data match better if a (different) tilt of the plume is
considered.

[87] For a further interpretation of magnetic field data
obtained near Enceladus as well as for a meaningful com-
parison of our results with data from other instruments, it
will be necessary to include a more detailed model of the
ion-neutral chemistry in the plume. Moreover, the analysis
of data from above Enceladus’ north pole obtained during
the E12 and E13 encounters will require a sophisticated
(multijet) plume model for gas and dust.
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