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Abstract The Jovian moon, Europa, hosts a thin neutral gas atmosphere, which is tightly coupled to
Jupiter’s magnetosphere. Magnetospheric ions impacting the surface sputter off neutral atoms, which,
upon ionization, carry currents that modify the magnetic field around the moon. The magnetic field in the
plasma is also affected by Europa’s induced magnetic field. In this paper we investigate the environment of
Europa using our multifluid MHD model and focus on the effects introduced by both the magnetospheric
and the pickup ion populations. The model self-consistently derives the electron temperature that governs
the electron impact ionization process, which is the major source of ionization in this environment. The
resulting magnetic field is compared to measurements performed by the Galileo magnetometer, the
bulk properties of the modeled thermal plasma population is compared to the Galileo Plasma Subsystem
observations, and the modeled surface precipitation fluxes are compared to Galileo Ultraviolet Spectrometer
observations. The model shows good agreement with the measured magnetic field and reproduces the basic
features of the plasma interaction observed at the moon for both the E4 and the E26 flybys of the Galileo
spacecraft. The simulation also produces perturbations asymmetric about the flow direction that account for
observed asymmetries.

1. Introduction

The interaction between the moons of Jupiter and its magnetosphere has been the subject of various studies
during the last three decades. Europa hosts a thin neutral gas atmosphere, which is tightly coupled to
Jupiter’s magnetosphere. Magnetospheric ions impacting the surface sputter off neutral atoms and
molecules. Upon ionization, these particles drive currents that, along with Europa’s induced magnetic field,
modify the magnetic field near the moon.

Both theoretical and numerical analyses have been performed to understand the plasma and field
environment of Europa. The neutral atmosphere has been modeled with a Monte Carlo technique by, e.g.,
Shematovich et al. [2005], Smyth and Marconi [2006], Cassidy et al. [2007, 2008, 2009], and Plainaki et al.
[2010, 2012]. MHD simulations of Europa’s plasma interaction were performed by, e.g., Kabin et al. [1999],
Liu et al. [2000], Saur et al. [1998], and Schilling et al. [2008]. The interaction of the Jovian magnetosphere
with Europa has further been studied by Wolff and Mendis [1983], Schreier et al. [1993], Johnson et al.
[1998], Volwerk et al. [2001], Paranicas et al. [1998], Cooper et al. [2001], Ip [1996], Ip et al. [1998], and
Kivelson et al. [1999]. Lipatov et al. [2010] used a hybrid kinetic model to simulate the magnetospheric
interaction [see also Lipatov and Combi, 2006]. Ion fluxes impinging on the surface were modeled by, e.g.,
Pospieszalska and Johnson [1989] and recently by Truscott et al. [2011].

Here we use our multifluid MHD model to study the interaction of Jupiter’s magnetospheric plasma with
Europa’s neutral and plasma environment. Multifluid MHD reproduces some of the basic features
otherwise only accessible to kinetic approaches that track individual ions in the E and B fields. A new
aspect of the present work is that it separates the dynamics of the different ion populations, i.e., the
magnetospheric and pickup ion populations in a fluid model. Furthermore, we improved the calculation of
the electron temperature, which we include in the computation of the electron impact ionization rate and
electron heat conduction along the magnetic field lines. Compared with kinetic approaches, the
computational cost of a multifluid simulation is significantly lower, which in turn allows us to resolve the
thermal distribution of Europa’s neutral atmosphere with short-scale lengths of a few tens of kilometers
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above the surface. It should bemade clear, however, that details of the particles’ velocity distribution function
and kinetic nature still require adaptive hybrid or fluid/kinetic approaches with a nonuniform mesh.

Our simulation uses as input properties of particles and fields near Europa. In the following subsections, we
review relevant properties of Europa and its magnetospheric environment. Section 2 describes the model
and input parameters. Section 3 addresses some numerical details of the model. Section 4 summarizes the
results. Section 5 reviews our main findings that are found largely to be in good accord with observations.

1.1. Europa’s Ionosphere

Jupiter’s moon Europa is surrounded by a thin surface-bound neutral exosphere. The neutral species in Europa’s
atmosphere are mostly provided by ion sputtering of the water ice surface. Energetic ions and electrons from
the Jovian magnetosphere produce molecular oxygen O2, the dominant species in Europa’s atmosphere, by
radiolytic decomposition of water ice [Johnson, 1990] and will be discussed in the next section.

Very close to the moon’s surface, the probability for collisional interaction between the gaseous species is close to
the limit for a surface-bound exosphere [Hall et al., 1995;McGrath et al., 2004]. Hall et al. [1995] used the Goddard
High-Resolution Spectrograph of the Hubble Space Telescope to observe the Oxygen I atomic emissions 1304Å
and 1356Å in the exosphere to derive amolecular oxygen column density of (1.5 ±0.5) � 1019 m� 2. The observed

atomic oxygen emission line intensity ratios were interpreted as evidence of the electron impact dissociation of O2

as the dominant excitation mechanism. These results are consistent with later ultraviolet measurements taken by
Hall et al. [1998] and Cassini Ultraviolet Imaging Spectrograph (UVIS) observations by Hansen et al. [2005]. Saur
et al. [2011] report a lower limit of the O2 column density of 1018 m� 2 on the leading side of Europa derived
from the Hubble Space Telescope campaign on 29 June 2008. Further observations and models thereof have
been presented by Cassidy et al. [2008]. An extended sodium atmosphere was detected with a ground-based
telescope by Brown and Hill [1996]. Impacting ions and electrons are responsible for the sputtered atoms and
molecules in Europa’s atmosphere and solar heat flux accounts for the water sublimation at the subsolar point.
Recently, a transient water plume, possibly tied to tidal stresses on Europa’s surface, has been detected [Roth
et al., 2014], implying an additional, localized source of neutrals. Some of the observed, less abundant species
in the atmosphere of Europa originate from implantation of magnetospheric ions, such as sulfur, into the ice
matrix on the surface or through the decomposition of hydrated minerals from a possible subsurface ocean or
exposed from the ice layer [Cooper et al., 2001].

Neutral particles can also be released thermally. The temperature of the surface has been determined by Spencer
et al. [1999] from measurements of the thermal radiation with the PhotoPolarimeter-Radiometer on the Galileo
spacecraft. Because of the low surface temperature (T≤ 120K), the ice sublimation rate is very low at Europa and
the corresponding scale height of the thermal population is of the order of only a few tens of kilometers.

The main loss mechanisms for neutral atmospheric particles are electron impact ionization [Saur et al., 1998],
photoionization, as well as escape when neutral particles leave Europa’s Hill sphere at roughly 8.7 Europa
radii. The ionization produces an ionosphere around Europa and also an ion tail of new exospheric
molecular ions. This ionosphere has been observed during five (of six) radio occultations performed by the
Galileo spacecraft [Kliore et al., 1997]. The measurements revealed a maximum electron density of nearly
104 per cubic centimeter near the surface. Further away, the electron energy distribution at Europa’s
orbital distance has been presented by Paranicas et al. [2001].

1.2. Irradiation and Sputtering Processes on Europa’s Surface

The Galilean satellites are subject to continuous irradiation by ions and electrons [Paranicas et al., 2009; Kivelson
et al., 2009]. The collisional impact of the magnetospheric ions is the main source for Europa’s tenuous,
gravitationally bound atmosphere [Saur et al., 1998]. The ions originate from the solar wind and from volcanic
release on Jupiter’s moon Io. The latter form a neutral gas and plasma torus in the vicinity of the orbit of Io.
Upon ionization they are picked-up by the Jovian magnetosphere, accelerated, and ultimately some of these
ions hit Europa, which orbits just outside of Io’s plasma torus at a radial distance of about 9 Jovan radii.
Furthermore, neutral atoms andmolecules in Europa’s exosphere can be ionized and then impact themoon again.

According to Bagenal [1994] the total number density of thermal ions at the centrifugal equatorial plane near
Europa’s orbit is on the order of ni≈ 80 cm

�3 with a composition of 50% O+, 25% O++, and 8% each S++ and
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S+++. Bulk corotating ions, electrons, and pickup ions with small gyroradii first impact the trailing hemisphere,
whereas the faster and more energetic ions including those of solar wind origin are more uniformly
distributed as shown by the Galileo Energetic Particle Detector (EPD) experiment [Williams et al., 1992].

Measured andmodeled sputtering yields by impacting O+, S+, and H+ on water ice are strongly depending on
the impactor energy, ice temperature, and atomic number and have been presented by Shi et al. [1995], Famá
et al. [2008], and Cassidy et al. [2010] [cf. Johnson, 1989]. The surface erosion effect of sputtering is probably
not spatially uniform [Ip et al., 1998]. The directional sputtering by the thermal atomic oxygen and sulfur ions
and the exospheric pickup of the molecular oxygen ions can locally enhance surface erosion. Also, the
implantation of sulfur ions into the ice surface seems to be enhanced on the trailing hemisphere,
consistent with the observations of SO2 on Europa’s surface by the International Ultraviolet Explorer [Lane
et al., 1981] and the Hubble Space Telescope [Noll et al., 1995]. This nonuniform distribution is also
supported by the recent work by Hendrix et al. [2011] who used high-resolution observations of the SO2

absorption band from the Galileo Ultraviolet Spectrometer.

Energetic electrons (and their bremsstrahlung) are responsible for the radiolysis taking place within the first
meter of the surface [Paranicas et al., 2002]. O2 and H2 are formed in the surface ice through radiolytic
decomposition of water by the impinging electrons as well as the ions. Given their small gyroradii, these
electrons impact predominantly the trailing hemisphere as shown by Paranicas et al. [2001] who used
measurements from Galileo’s Near-Infrared Mapping Spectrometer to compare Europa’s hydrate
distribution (possibly radiolytically produced sulfuric acid hydrates) to the distribution of surface impinging
electrons. Paranicas et al. [2001] also present energy spectra of these electrons from the Galileo EPD and
Voyager 1 Low-Energy Charged Particle Experiment instruments.

1.3. Magnetic Field Perturbations in the Vicinity of Europa

Clear evidence of moon-magnetosphere interaction is found in the measured magnetic field perturbations
presented in Kivelson et al. [1999, 2009]. The interaction is dominated by the perturbations associated with
the presence of an Alfvén wing [Neubauer, 1998] and additional contributions from an induced dipole
moment [Kivelson et al., 1997]. Fits of dipole field models to these measurements are consistent with an
induced dipole field with surface strength, Bequatorial< 120 nT, which is smaller than the ambient Jovian
magnetic field BJovian ~ 450 nT, but on the order of the time-varying component of the Jovian magnetic
field at Europa [Kivelson et al., 1997]. A recent study by Khurana et al. [2011] gives evidence of
electromagnetic induction also at Io but the induced current at Io flows in a global conducting magma
ocean, whereas the induced current at Europa flows in a putative subsurface water ocean. Therefore, two
separate current systems can form that close either through the conductive interior or through the
permanently bound ionosphere and thereby alter the electric and magnetic field topology around Europa,
and in the latter case, by formation of a pair of Alfvén wings [Neubauer, 1998, 1999].

Ions created in the atmosphere perform cycloidal motions in the local electric and magnetic fields on a spatial
scale that displaces their gyrocenters away from their source location, whereas the new electrons, given their
small gyroradii, are only marginally displaced from to the magnetic field line on which they are created. This
charge separation produces a pickup current channeled to the Jovian ionosphere by a pair of field-aligned
currents of the sort observed at Io by Voyager 1 [Ness et al., 1979] and at the other Galilean moons including
Europa [Kivelson et al., 2009]. This effect further alters the electric and magnetic field topology around Europa.

The influence of the induced dipole on the Alfvén current system is further discussed in, e.g., Volwerk et al.
[2007], Schilling et al. [2008], and Zimmer et al. [2000]. When Galileo flew by the moon in 1996, picked-up
ions from the ionosphere were detected by the plasma instrument [Paterson et al., 1999] and clear marks
of the mass loading process, in addition to an induced magnetic field, have been observed by the Galileo
magnetometer [Kivelson et al., 2009].

2. Model Description

The simulation model is based on the Block-Adaptive Tree Solar wind Roe-type Upwind Scheme (BATS-R-US)
component of the Space Weather Modeling Framework described in more detail in Powell et al. [1999] and
Tóth et al. [2005, 2012]. The multifluid model has also been successfully used in the case of comets [Rubin
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et al., 2014a], Earth [Glocer et al., 2009], and Mars [Najib et al., 2011]. First, we discuss the model parameters
and the choice of model species, and then we discuss the model equations that are solved and how we
adapted them to Europa.

2.1. Model Input Parameters

We analyze the environment of Europa using a multifluid magnetohydrodynamic (MHD) model. As a result of
Jupiter’s sidereal rotation period of about 10 h and the tilt of the dipole by approximately 10° the plasma and
magnetic field environment at the location of Europa is continually changing. Therefore, the simulation
results are snapshots for the time of the E4 and E26 flybys. Table 1 summarizes the included plasma
populations. Furthermore, it shows their corresponding dominant source and loss processes, although
these can change with location. Ion-electron recombination is generally of minor importance; the major
loss inside the domain is impact on the surface of Europa. The first fluid consists of the oxygen ions,
mostly magnetospheric oxygen and some contribution of picked-up oxygen from dissociative electron
impact ionization. The second fluid represents the molecular oxygen pickup ions originating from mass
loading through electron impact ionization, photoionization, and charge exchange with the neutral
exosphere. The third component represents the electrons, treated as a charge-neutralizing fluid. In this
first approach we assume that the charge state of the involved species is unity. In the future we plan to
include protons and also magnetospheric ions at higher charge state.

The magnetospheric oxygen ions are injected into the system at the upstream boundary of the simulation
domain. The loss processes included in our model are charge exchange with Europa’s neutral gas and
ion-electron recombination. In the close vicinity of the moon these ions are also coupled to the other
neutral and plasma species through elastic collisions by which they transfer momentum. Given the low
collision rates, however, the coupling is rather limited. Our equations do not treat the magnetospheric ion
population and the pickup ion population separately. Instead, we treat all ions of the same mass and
charge as a single fluid independent of their source. The plasma around Europa, however, is dominated by
molecular oxygen ions, O2

+, and mostly produced by electron impact ionization of the neutral gas. A basic
assumption of our approach is that the plasma is charge neutral, so the charge density of electrons is
consistent with the total charge density of the ions.

Paranicas et al. [2009] provide the energy spectra of the upstream ions measured by the Energetic Particle
Detector experiment on the Galileo orbiter [cf. Paranicas et al., 2002]. Sampling times and locations were
chosen to avoid the region of direct satellite sweeping to obtain a representative upstream environment. On
the basis of these results and the magnetic field observations [Khurana et al., 2009; Kivelson et al., 1999] we
have chosen the upstream plasma parameters shown in Table 2 as boundary conditions for our simulations.

The model includes a magnetic dipole field arising from induced currents inside Europa’s conducting water
ocean due to the time-varying external field. For this we assume that the moon is a highly conductive sphere
with Europa’s radius. In such a case, induced currents produce a dipole whose polar field at the surface of the
sphere precisely cancels the instantaneous time-varying B field components of the background field [Kivelson
et al., 1999]. We furthermore assume that the external Bz component diffused through the moon, i.e., by
ignoring small periodic variations of Bz, and the induced magnetic field opposes the change of the Bx and
By components of the external field. The induced dipole field is fixed for the time of the closest approach.
The strength and orientation of the induced dipole for the two flybys can be found in Table 2.
2.1.1. Model Equations
In this section we start with a general discussion of the applied multifluid equations, and we adapt the
equations to Europa later. The multifluid equations include the ion continuity equation

∂ρs
∂t

þ ∇ � ρsusð Þ ¼ δρs
δt

(1)

Table 1. Model Species With Dominant Production and Loss Processes

Name Major Production Process Major Loss Process

O+ magnetospheric and pickup ions O2 + e�→O+ +O + 2e� O+ + e�→O
Oþ
2 pickup ions O2 þ e�→Oþ

2 þ 2e� Oþ
2 þ e�→O2 and Oþ

2 þ e�→Oþ O
Electrons O2 þ e�→Oþ

2 þ 2e� Oþ
2 þ e�→O2 and Oþ

2 þ e�→Oþ O
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with ρs and us the mass density and center of mass velocity for ion species s. The right-hand side contains the
source and loss terms (δρs/δt) and will be discussed later on. The momentum equation

∂ ρsusð Þ
∂t

þ ∇ � ρsusus þ Ipsð Þ � Zse
ρs
ms

E þ us�Bð Þ � ρsg ¼ δ ρsusð Þ
δt

(2)

with the identity matrix I implying isotropic pressure, g the gravitational acceleration vector, and ms, ps,
and Zs the mass, pressure, and charge state of ion species s, respectively. It includes finite ion gyroradii
effects due to the difference in the bulk velocities (but not the thermal velocities) of the fluids. The
right-hand side (δ(ρsus)/δt) are the source and loss terms. The electric field can be obtained from the
generalized Ohm’s law:

E ¼ �ue�B� 1
nee

∇pe þ ηj (3)

where j stands for the electric current density derived from Ampère’s law and η is the resistivity, respectively.
Therefore, a force is exerted on fluids with a velocity difference with respect to the electron velocity (term
proportional to (us� ue) ×B), hereafter called drift gyration term. The definition of ue follows below.

The electron number density, assuming charge neutrality, satisfies

ne ¼
X
s¼ions

Zsns (4)

and is used to calculate the average velocity of the positive current carriers which differs from the mass-
averaged velocities

uþ¼
X

s¼ions
Zsnsus

ne
(5)

from which we calculate the electron velocity, ue:

ue ¼ uþþ uH ¼ uþ� j
nee

(6)

The Hall velocity, uH=� j/nee, in equation (6) serves as a source for whistler waves and describes the
velocity difference between the positive and negative charge carriers. It is derived from the net electric
current density

j ¼
X
s¼ions

Zsensus � neeue (7)

The pressure equation for the individual fluids is

∂ps
∂t

þ us � ∇ð Þps þ γps ∇ � usð Þ ¼ δps
δt

(8)

Table 2. Boundary Conditions for the E4 and E26 Flybys [Kivelson et al., 1999, 2009]a

E4 E26

Closest approach (CA) 19-Dec-1999 06:52:58 UTC 03-Jan-2000 17:59:43 UTC
CA EPhiOx 0.84 RE �0.83 RE
CA EPhiOy 1.17 RE 0.08 RE
CA EPhiOz �0.03 RE �0.89 RE
CA distance from center 1.45 RE 1.22 RE
Magnetospheric plasma bulk velocity ux component 100 km/s 100 km/s
Magnetospheric plasma bulk velocity uy component 0 km/s 0 km/s
Magnetospheric plasma bulk velocity uz component 0 km/s 0 km/s
Magnetospheric plasma density 20 cm�3 20 cm�3

Magnetospheric electron temperature 1.5 · 106 K 1.5 · 106 K
Magnetospheric O+ temperature 1.5 · 106 K 1.5 · 106 K
Jovian magnetic field Bx component 55 nT �22 nT
Jovian magnetic field By component �173 nT 205 nT
Jovian magnetic field Bz component �412 nT �379 nT
Europa’s induced magnetic field dipole strength 92 nT 103 nT
Europa’s induced magnetic field dipole longitude 17° East 174° West
Europa’s induced magnetic field dipole latitude 0° 0°

aBy convention, the origin of longitude is at the Jupiter-facing meridian plane (cf. Figure 6).
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with γ the adiabatic index and δps/δt are the source and loss terms. The electron pressure equation is
given by

∂pe
∂t

þ ue � ∇ð Þpe þ γpe ∇ � ueð Þ þ γ� 1ð Þ∇ � hej∥B ¼ δpe
δt

(9)

with pe the electron pressure and he|∥ B the field-aligned electron heat flow vector and δpe/δt stands for the
source and loss terms. In our current approach we use a single electron pressure equation and do not
distinguish between the electron populations of magnetospheric and electron impact (pickup) origin. The
right-hand sides of equations (8) and (9) are the source terms to be discussed in the next section.

Faraday’s law of induction is
∂B
∂t

¼ �∇�E (10)

Using equations (3) and (6) the magnetic induction equation can be written in the form [cf. Ma et al., 2007]

∂B
∂t

¼ ∇� uþ� B� j
nee

� Bþ 1
nee

∇pe � ηj
� �

(11)

The terms on the right side of the equation are the convection term, the Hall term, the electron pressure
gradient term, and the resistivity term. Given the high computational cost of solving for whistler waves, we
did not include the Hall term. Accordingly, in equation (6) we used ue=u+ with uH= 0 but accounted for
the different bulk speeds of ions and electrons in the source terms discussed in section 2.4.

2.2. Resistivity

We include in Ohm’s law (equation (3) cf. equation (10)) the effect of resistivity due to collisions of electrons
with neutrals and ions. The resistivity, η, is calculated from

η ¼ 1
σe

¼ 1
σen

þ 1
σei

(12)

with σe the electron conductivity, which is derived from the collision rates of the electrons with neutrals and ions:

σen ¼ e2neX
n′¼neutrals

ven′me

σei ¼ e2neX
s′¼ions

ves′me

(13)

The individual rates for the corresponding species will follow later in this paper.

2.3. Electron Heat Conduction

Electron impact ionization is the major ionization process in Europa’s environment [Saur et al., 1998] and, as
will be discussed later, the electron temperature and ionization rate are tightly coupled. Electrons can
transport heat along the magnetic field line they are tied to and thus, as described by van der Holst et al.
[2011], we separately solve the electron internal energy density Ee accounting for the thermal electron
heat flux with heat conductivity, Ce:

∂Ee
∂t

þ ∇ � Eeueð Þ þ pe∇ � ue ¼ ∇ � hej∥B ¼ ∇ � Ce∇Tej∥B
� �

(14)

The value for Ce (in Wm�1 K�1) is tied to the resistivity of the electrons discussed above, i.e., inversely
proportional to the resistivity, η, from equation (12), and is given by

Ce ¼ Te
η

kB
e

� �2

(15)

An upper limit to the free-streaming heat flux is related to the thermal velocity, vth, of the electrons and the

associated heat transport: Ffreee ¼ nevthkBTe, but most likely the maximum heat transport is much smaller and
we apply the following formulation for the heat flux:

he ¼ �min Ce;
f Ffreee

∇Tej j
� �

∇Te (16)

with f the flux limiter, which is an input parameter of the model and has been set to 5%. This approach limits
the maximum heat flux in regions with large gradients in the electron temperature and limited collisions to
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physically realistic values. We furthermore require the thermal heat conduction vector to be aligned with the
magnetic field, accounting for the fact that most electrons have small gyroradii:

hej∥B ¼ he �B
Bj j2 B (17)

which corresponds to the projection of the heat flux vector onto the magnetic field.

2.4. Source Terms

The source terms contain much of the physics describing the mass loading and the collisional interactions

between the involved species. The source term
δρs
δt on the right-hand side of the continuity equation

(equation (1)) contains the sources and losses of the plasma mass density

δρs
δt

¼ ms

X
n¼neutrals

ν ion→snn

�ms

X
n; n′ ¼ neutrals

s′ ¼ ions

nnnskns→n′s′

þms

X
n; n′ ¼ neutrals

s’¼ ions

nnns′kns′→n′s

�msαsnens

(18)

The first term stands for contributions to themass density from ionization of neutrals (νion→s combined electron
impact and photo ionization rate and nn the corresponding neutral gas number density). Terms two and
three are loss and additions through charge exchange (rate kns→n’s’ removes an ion of species s and a
neutral n and forms an ion and neutral of species n’ and s’). In our general description terms two and three
loop through all ion-neutral combinations in kns→ n′ s′ and kns′→ n′ s, respectively. However, since only
resonant charge exchange is considered in this work, most of these elements are zero. The last term
accounts for the loss of ions by ion-electron recombination of species s denoted by αs.

The source term for the momentum equation (equation (2))

δ ρsusð Þ
δt

¼ ms

X
n¼neutrals

νion→snn un � usð Þ

þms

X
n; n′ ¼ neutrals

s′¼ ions

nnns′kns′→n′s un � usð Þ

�msvsens us � ueð Þ

þ msns
X

s′¼ions

vss′ us′ � usð Þ

þmsns
X

n′¼neutrals

vsn′ un′ � usð Þ

þ δρs
δt

us

(19)

The losses and sources for the momentum equation contain the newly added ions in the first term, the
addition through charge exchange in the second, and the terms three through five for the elastic
momentum transfer collisions between the ions and electrons (rate vse), other ions (vss′), and the neutrals
( vsn′ ), respectively. The last term is obtained from the sources and losses of the continuity equation
(equation (18)).
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For the pressure of ion species s the source terms are

δps
δt

¼ � ps
X

n; n′ ¼ neutrals

s′ ¼ ions

nnnskns→n′s′

�psαsne

þ 2
X
s′¼ions

vss′
ms

ms’ þms
nskB Ts′ � Tsð Þ

þ 2
3

X
s′¼ions

vss′
msms′

ms’ þms
ns us′ � usð Þ2

þ 2
X

n′¼neutrals

vsn′
ms

mn′ þms
nskB Tn′ � Tsð Þ

þ 2
3

X
n′¼neutrals

vsn′
mn′ms

mn′ þms
ns un′ � usð Þ2

þ 2vsenskB Te � Tsð Þ

þ 2
3
vsemens ue � usð Þ2

þ 1
3
ms

X
n¼neutrals

νion→snn un � usð Þ2

þ 1
3
ms

X
n; n′ ¼ neutrals

s′ ¼ ions

nnns′kns′→n′s un � usð Þ2

(20)

The sources and losses of the ion pressure of a species assume an adiabatic index of 53 and contain, in the first

two terms, the pressure decrease due to loss of particles through charge-exchange and ion-electron
recombination. Terms three to eight include elastic momentum transfer collisions of the ions with the
other ions, neutrals, and electrons, respectively, and depend on the involved particle masses. These tend
to equilibrate the bulk motions and temperatures of the corresponding ions, neutrals, and electrons. The
last two terms increase the pressure through newly added ions by ionization and charge exchange.

The source terms for the electron pressure equation (equation (9)) are

δpe
δt

¼ �pene
X
s¼ions

αsns

þ 1
3
me

X
n ¼ neutrals

s ¼ ions

νion→snn un � ueð Þ2

þ 2
3

 X
n ¼ neutrals

s ¼ ions

νio;phn→s nnQ
exc
n→s �

X
n ¼ neutrals

s ¼ ions

neνio;en→snnQ
pot
n→s

!

þ 2
X

s′¼ions

ves′
me

ms′
nekB Ts′ � Teð Þ

þ 2
3

X
s′¼ions

ves′mene us′ � ueð Þ2

þ 2
X

n′¼neutrals

ven′
me

mn′
nekB Tn′ � Teð Þ

þ 2
3

X
n′¼neutrals

ven′mene un′ � ueð Þ2

(21)

Also, here the pressure is reduced upon ion-electron recombination in the first term. Term two accounts for the
newly implanted electrons and the third term accounts for the excess energy of the photoelectrons (Qexc

n→s ;
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increases electron pressure, Table 3) and the ionization energy that has to be provided by the ionizing
electron (Qpot

n→s ; lowers electron pressure, Table 3). Terms four to seven are again the elastic momentum

transfer collisions with the ions and neutrals, respectively. The photoionization frequency νio;phn→s and the

electron impact ionization rate νio;en→s are discussed later on.

2.5. Surface Boundary Conditions

From this section on we describe the part of our model that is specific to Europa. Important for any
simulation around a solid object are the surface boundary conditions. We set these such that we allow
inflow of plasma to the surface. This is in line with the fact that Europa is constantly bombarded by
plasma from Jupiter’s magnetosphere. If the flow direction is away from the surface, as for instance in
the wake of the satellite, we require the flux to be very small at the surface. This implicitly assumes that
there is no net flux of ions out of the surface or that the sputtering process mainly produces neutrals
and that the flux of ions is small compared to number of ions in the ionosphere. When investigating
minor species this might not be fully true: a few percent of the particles are sputtered off the surface
directly as ions.

For the magnetic field we use a floating boundary. This means that the gradient of the magnetic field
perturbation (the difference between the total field and the induced dipole field) is set to zero at the
moon’s surface. Clearly, this is only an approximation for the diffusion processes occurring in the top layers
of Europa. While the code is in principle able to solve the diffusion of the magnetic field into the interior of
Europa, including layers of different conductance such as the ice crust and a brine water ocean, we defer
this aspect of the problem as well as the direct sputtering of ions to our future work.

2.6. Neutral Gas Background

In our model we use a simple analytical description for the neutral molecular oxygen, O2, atmosphere of the
satellite. We use the sum of two exponential functions representing the thermal and the sputtered
distributions for the leading and the trailing hemispheres’ neutral gas densities, nL and nT, respectively:

nL ¼ n0 � exp � r � rEj j
H0

� �
þ n1 � exp � r � rEj j

H1

� �
nT ¼ nL � 1þ 2 � cos αð Þð Þ

(22)

with H0 the neutral scale height which is set to 20 km and n0 the surface density set to 5 � 108 cm� 3. The
second, more extended sputtered distribution uses H1 = 500 km and n1 = 5 � 104 cm� 3. Both distributions
are in accordance with Cassidy et al. [2007]. Furthermore, we assume an enhancement of the neutral
density, nT, centered on the trailing hemisphere due to increased sputtering, which is the dominant
source process for the neutral O2 atmosphere. The angle α on the trailing hemisphere is measured from
the undisturbed inflow direction of the magnetospheric plasma and ranges from 0 to 90°. The average
column density resulting from integrating this distribution from Europa’s surface to infinity is
NC = 1.6 � 1019m� 2 which is in good agreement with the O2 column density derived from observations
(1.5 ± 0.5) � 1019 m� 2 by Hall et al. [1995]. For the neutral gas temperature we use T= 600 K and assume
the atmosphere to be stationary (un= 0). Certainly, this neutral atmosphere model is only an
approximation and in future applications we plan to couple a more realistic Monte Carlo-type kinetic
approach for the neutral exosphere with our MHD model and thereby refine the description of the
neutral distribution. Nevertheless, the effect of the neutral gas temperature is only of minor importance
given the low densities in Europa’s atmosphere and correspondingly the low momentum transfer
between the neutral atmosphere and the plasma.

Table 3. Photoionization Excess Energies and Ionization Potentialsa

Reaction Electron Energy Electron Pressure Reference

O2 + hv→O+ +O + e� Qexc
n→s ¼ 24:0 eV source Huebner et al. [1992]

O2 þ hv→Oþ
2 þ e� Qexc

n→s ¼ 16:0 eV source Huebner et al. [1992]
O2 + e�→O+ +O + 2e� Qpot

n→s ¼ 18:8 eV sink estimate
O2 þ e�→Oþ

2 þ 2e� Qpot
n→s ¼ 12:0 eV sink Samson and Gardner [1975]

aThe estimate of the dissociative electron impact ionization of O2 is based on the double bond between the oxygen
atoms and the ionization potential of atomic oxygen.
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As mentioned in the previous section also the neutral gas environment changes as the magnetospheric
conditions vary over the course of one rotation of Jupiter’s magnetic field and the moon moves through
the magnetospheric current sheet. However, because the model is used in a steady state mode, temporal
variations have not been included in our analysis except for the upstream boundary conditions, which are
different for the two flybys (Table 2).

2.7. Ionization

Energetic electrons ionize neutral gas in Europa’s exosphere. Similar to Schilling [2006], we use the ionization
rate obtained by integrating the product of the normalized Maxwellian energy distribution, fe(E,Te) of the
electrons at temperature Te with the corresponding electron velocity, ve(E), and electron impact ionization
cross section, σn→ s(E) taken from Hwang et al. [1996]

νio;en→s ¼ ∫
∞

Qpot
n→s

f e E; Teð Þ σn→s Eð Þ ve Eð Þ dE (23)

Only electrons with energies higher than the ionization potential, Qpot
n→s , contribute to the ionization. The

Maxwell-Boltzmann energy distribution at temperature Te is f e E; Teð Þ ¼ 2
ffiffi
E
π

q
1
kTe

� �3=2
exp �E

kTe

� �
. For the

sake of simplicity we estimated that the branch for the reaction O2+ e
�→O++O+2e� amounts to ~ 10% of

the reactionO2 þ e�→Oþ
2 þ 2e� based on the rates used by Schreier et al. [1993] and Banks and Kockarts [1973].

A minor source of ionization is photoionization, νio;phn→s , for which we apply the frequencies by Huebner et al.
[1992] scaled to a heliocentric distance of ~ 5.2 AU.

νio;phO2 þhv→Oþ
2 þe� ¼ 1:70 � 10�8 s�1

νio;phO2 þhv→OþþOþe� ¼ 4:07 � 10�9 s�1

These rates are applied everywhere except in the shadow cast by Europa.

2.8. Electron Heating and Cooling

Electrons generated in the photoionization process contribute to the electron pressure while electron impact
ionization cools the electrons because the impacting electron has to provide the ionization energy. The
energies used in our simulation are listed in Table 2 and then applied to the electron pressure source term
(equation (21)).

2.9. (Dissociative) Ion-Electron Recombination

Electrons can recombine with ions, in particular in locations where the electron temperature is low, whereas
in regions of high electron temperature the recombination is strongly inhibited. We apply the dissociative
electron recombination rate for Oþ

2 (given in units of m3 s�1) from Schunk and Nagy [2009]:

αOþ
2
¼ 2:4 � 10�13 300

Te

� �0:7

(24)

with Te the electron temperature. It denotes the total rate summed over all the branching ratios, namely,
Oþ
2 þ e�→O2 and Oþ

2 þ e�→Oþ O. Also taken from Schunk and Nagy [2009] is the rate for recombination
of O+ with electrons (in m3 s�1):

αOþ ¼ 3:7 � 10� 18 250
Te

� �0:7

(25)

2.10. Charge Exchange

The model also includes charge exchange interactions between the neutral exosphere and the plasma. In the
MHD source terms (equations (18)–(21)) this is included through ion-neutral friction. The rate for the ion-
neutral friction of Oþ

2 with O2 is given by Schunk and Nagy [2009] (in units of m3 s–1):

kO2; Oþ
2
¼ 2:59 � 10�17nO2

ffiffiffiffiffi
Tr

p
1� 0:073 � log10Trð Þ2 (26)

The rate depends on the neutral gas density, nO2 , and the reduced temperature Tr ¼
TO2þTOþ

2

� �
2 while the

interaction of O+ with O2 is nonresonant and will be treated as an elastic collision discussed in the next section.
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2.11. Elastic Collisions

To track exchange of momentum and energy between the different fluids, we use the numerical
approximations for the momentum transfer collision frequencies given in Schunk and Nagy [2009]:

Oþ and Oþ
2 : vst ¼ 1:27 � 10�6 Z

2
s Z

2
t
ffiffiffiffiffiffiffi
mst

p
ms

nt

T3=2st

Oþ and O2 : vsn ¼ 10�6Csnnn

e� and Oþor Oþ
2 : ves ¼ 54:5 � 10�6 nsZ

2
s

T3=2
e

Oþor Oþ
2 and e� : vse ¼ 1:27 � 10�6

ffiffiffiffiffiffi
me

p
ms

neZ2
s

T3=2
e

e� þ O2 : ven ¼ 1:82 � 10�16nn 1þ 3:6 � 10�2
ffiffiffiffiffi
Te

p� � ffiffiffiffiffi
Te

p

(27)

Zs and Zt are the charge states of the ions,ms is the atomic mass of species s (in amu),mst is the reduced mass
(in amu),me the electron mass (in amu), nt and ns are the number densities of species t and s (in m� 3), and nn
is the density of the corresponding neutral, respectively. Csn are numerical coefficients taken from Schunk
and Nagy [2009]. The reduced mass, mst , and reduced temperature, Tst , for the ion-ion interactions are
calculated by

mst ¼ msmt

ms þmt

Tst ¼ msTt þmtTs
ms þmt

(28)

and depend on the masses and temperatures of the involved species, ms , mt , Ts , and Tt (given in amu and
K, respectively). The rates contain the collision frequencies depending on the density of the collision
partner and they are modified by the masses of the constituent particles to track the momentum
exchanged (vst ≠ vts).

3. Numerical Aspects

The multifluid MHD code BATS-R-US [Powell et al., 1999] described in section 2 uses an adaptive mesh that
resolves the different length scales involved in the interaction [Tóth et al., 2012]. The modeled domain size
extends along all axes from �32 to 32 RE (with Europa’s radius RE~ 1569 km). This rectangular simulation
domain is discretized with a stretched spherical mesh with the smallest cells of the order of 10 km in the
vicinity of the moon growing exponentially to approximately 5000 km at the edge of the domain. The
adaptive grid consists of 30,000 grid blocks containing 512 cells each, so in total there are approximately
15 million grid cells. Each block represents a different physical volume, however, in the generalized
coordinates used for the computation they all have the same size. The simulation is run in parallel on
256 processors.

The results presented in this paper were obtained with the local Rusanov or total variation diminishing (TVD)
Lax-Friedrich scheme [Rusanov, 1961] with minmod limiter. We used a local time stepping approach in which
each cell is advanced at its locally stable time step [Tóth et al., 2012]. This is used to speed up the convergence
toward the steady state solution. To avoid problems associated with the stiffness of the source terms and
allow larger local time steps, we use a point-implicit scheme that involves a linear system of equations to
be solved independently in each grid cell. The matrix is formed from the partial derivatives of the source
terms that are obtained numerically. This is computationally costly but, on the other hand, allows us to
significantly increase the numerical time step of the simulation.

For the electron heat conduction calculation (equation (14)) [van der Holst et al., 2014], which depends on spatial
derivatives, the point-implicit approach is not applicable. We therefore use a semi-implicit approach. The heat
conduction is solved implicitly with the Generalized Minimal Residual (GMRES) Krylov subspace type iterative
solver [Saad and Schultz, 1986] with a Block Incomplete Lower-Upper decomposition preconditioner as
described by Tóth et al. [2012].
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4. Results and Discussion

Simulations were performed for the plasma conditions encountered during the Galileo E4 and E26 flybys. We
have chosen the E4 flyby through the wake to compare our results with the previous simulations by Kabin
et al. [1999] and Liu et al. [2000] using BATS-R-US. The E26 flyby was selected because it is an upstream
flyby and occurs under different magnetospheric conditions from E4. The two flybys took place at distinct
locations with respect to Jupiter’s central plasma sheet; therefore, different upstream boundary conditions
were used as indicated in Table 2. The results are displayed in the EphiO coordinate system that is
centered at Europa and has its z axis parallel to Jupiter’s axis of rotation (O stands for Ω) and the y axis
corresponds to the direction from Europa to Jupiter projected into the plane perpendicular to the z axis.
The x axis along the direction of corotation completes the right-handed system and thus represents the
azimuthal direction (phi) with respect to Jupiter. Since we obtain steady state snapshots of the interaction
of Europa with the Jovian magnetosphere, we freeze the coordinate system at the time of the closest
approach of the Galileo spacecraft with Europa to obtain the inertial system for our simulation. The same
treatment has been applied to the magnetometer data [cf. Kivelson et al., 1999].

4.1. Simulation Results for the E4 Flyby

Figure 1 shows the obtained plasma distribution around Europa in EphiO coordinates. Figure 1a shows the
mass density of O+ ions of magnetospheric origin with a contribution of pickup ions from dissociative
electron impact ionization through the channel O2 + e�→O++O+ 2e� and to a lesser extent
photoionization. Also shown is the projected flyby trajectory of Galileo. Figure 1b shows the same
distribution in perpendicular cuts on an expanded spatial scale. In both plates the trailing hemisphere is at

Figure 1. (a) O+ mass density around Europa for the E4 flyby in EphiO coordinates. The trailing hemisphere facing the
inflow of the magnetospheric plasma is on the left-hand side. The black line shows Galileo’s trajectory projected onto
this plane from roughly 20min before until 30min after closest approach. The positive EphiO y direction points toward
Jupiter. (b) O+ mass density in the close vicinity of Europa in three perpendicular cuts. (c, d) Same as Figures 1a and 1b but
for Oþ

2 . Both species show an asymmetry about the upstream flow direction.
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negative x. Figures 1c and 1d show the corresponding distribution of the Oþ
2 ions which, in our model, are

entirely of pickup origin, together with Galileo’s projected flyby trajectory. As discussed in section 2.10 we
only include charge exchange for the resonant reaction of O2 with Oþ

2 which yields no net mass loss or
addition (terms 2 and 3 of equation (18) cancel each other out) and thus only appears in the momentum
equation (equation (19)) and in the pressure source and loss terms (equation (20)) through the exchange
of a fast ion by newly implanted slow ion. As can be seen from Figure 1, the ion densities are highest
close to the moon where the neutral gas density is highest. From the two plates it becomes obvious that
multifluid MHD reproduces asymmetries in the downstream plasma density expected from the physics
of the interaction of different plasma populations, i.e., due to the velocity difference between the
electrons and the corresponding ion fluid (drift gyration term in equations (2) and (3)): on the trailing
hemisphere (upstream side) the plasma density of the magnetospheric population is enhanced on the
Jupiter-facing side (positive EphiO y coordinates) while the density of the pickup ions is rather enhanced
on the opposite side. Furthermore, on the downstream side the plasma tail is not symmetric and
displaced away from Jupiter.

Figure 2 shows the plasma bulk flow streamlines of the two populations with the bulk flow speed in color
scale. In some locations the magnetospheric and pickup ions’ bulk velocity differs: the two components
reach their maximum bulk speeds on the opposite sides of Europa, the O+ magnetospheric species flow

slightly faster on the Jupiter-facing side of the moon while Oþ
2 pickup ions reach their maximum velocity

on the side facing away from Jupiter. This velocity difference goes into the drift gyration term, which
changes sign for ions, moving faster than the electron bulk velocity, calculated from equations (5) and (6),
compared to ions moving slower and hence leads to the observed asymmetry in Figure 1. As we have
shown in our previous work on comet Halley [Rubin et al., 2014a], although multifluid MHD does not
resolve the detailed particle nature of the ion motions, it is able to separate the bulk flows of the fluids in
the presence of a magnetic field component along the flow direction, i.e., an E×B drift, again because it
recognizes the velocity difference between electrons and the different ion species [cf. Rubin et al., 2014a].
Also, multifluid MHD is able to reproduce the basic features of an environment with large gyroradii such as
around a weak comet [Rubin et al., 2014b]. With the major component of the magnetic field being aligned
along the EphiO z direction the dominant component of the drift gyration term is in this plane leading to
the asymmetries both on the upstream and downstream sides relative to the direction of the upstream flow.

Figure 3 shows the modeled temperatures of the two plasma components. The left plate shows again the O+

ions whose temperature is slightly elevated when the plasma approaches Europa due to the implantation of
newly created slow ions into the flow and elastic collisions with the neutral gas exosphere. Close to the
surface and toward the tail, where the plasma flow is already slowed down significantly, the temperatures
also become lower but the lowest temperature, however, is found in the wake. Pickup ions, on the other
hand, reach much higher temperatures as can be seen in the plate on the right, and we therefore chose

Figure 2. (a) O+ velocity in the vicinity of Europa for the E4 flyby with plasma streamlines in EphiO coordinates. The black
line shows Galileo’s trajectory projected onto this plane from roughly 20min before until 30min after closest approach.
The trailing hemisphere facing the inflow of the magnetospheric plasma is on the left-hand side. The positive EphiO y
direction points toward Jupiter. (b) The same for the Oþ

2 pickup ions.
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different scales for the temperature plots. On the trailing side facing the incoming magnetospheric flow at
~100 km/s (with respect to Europa) the temperatures are increased through addition of new ions to the
plasma (initially at rest with respect to the satellite) and through collisional interactions including charge
exchange of the plasma with the neutral gas. When the flow is dominated by locally picked-up cold
plasma the temperature drops again as the plasma moves down into the tail. The temperature
enhancement is particularly pronounced on the flanks where the plasma velocity is highest and the mass
loading via electron impact and photoionization contributes ions at very low velocities to the fast
magnetospheric flow and, to a lesser extent, also ion-neutral reactions lead to an increase in plasma
temperature. Consistent with Figure 2 there is also a slight asymmetry in the modeled temperature
between the positive and negative y directions, i.e., the temperature is slightly higher on the flank with the
higher plasma velocity on the side facing away from Jupiter.

Figure 4a shows an overview of the electron temperature, which is crucial for calculating the electron impact
ionization rate. The impacting electron has to provide the ionization energy, and furthermore an additional
cold electron is created. Therefore, in regions of increased mass loading, i.e., close to the Europa, the electron
temperature drops until a steady state situation is reached. The electron temperature then increases again
slowly in the wake, enhanced by the electron heat conduction along the magnetic field lines. Figure 4b
shows contours of the magnetic field strength. The magnetic field is a combination of the induced dipolar
field, which is located in this plane (17° eastern longitude from the Jupiter-facing meridian), together with
the mass loading signature superimposed on the undisturbed upstream magnetic field.

Figure 4. (a) Electron temperature and (b) magnetic field strength in the vicinity of Europa for the E4 flyby. The black line
shows Galileo’s trajectory projected onto this plane from roughly 20min before until 30min after closest approach. The
trailing hemisphere facing the inflow of the magnetospheric plasma is on the left-hand side.

Figure 3. (a) O+ plasma temperature in the vicinity of Europa for the E4 flyby in EphiO coordinates. The black line shows
Galileo’s trajectory projected onto this plane from roughly 20min before until 30min after closest approach. The trailing
hemisphere facing the inflow of the magnetospheric plasma is on the left-hand side. (b) The same for the Oþ

2 pickup ions.
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The local neutral gas density and the electron temperature and density govern the mass loading, however,
the major ionization source, which is electron impact ionization, also draws energy from the electrons until
a steady state is reached in our model. The electron impact ionization frequency is not a free parameter
while the neutral gas distribution was held constant during our simulations. Figure 5 shows the
distribution of the mass loading in the EphiO x-y plane for the Oþ

2 pickup ion population. As previously
discussed the highest mass loading is located close to the moon. There is also limited mass loading of O+

ions based on the O2 + e�→O++O+ 2e� branch for which we estimated the ionization rate to be 10% of
the main channel O2 þ e�→Oþ

2 þ 2e�. The mass loss through ion-electron recombination is very small and
located in regions where the ion and electron densities are high and the electron temperatures are low.
In places where the electron temperature is high, ion-electron recombination becomes negligible.
Therefore, the dominant loss process is the impact of the ions on the surface of the moon, which will be
discussed later. The same figure also shows the electron impact ionization frequency, which is a function
of the electron temperature and density. The highest rates can be found on the trailing hemisphere.
Integrated over the whole domain the mass addition for Oþ

2 and O+ amounts to 5.14 kg/s and 0.27 kg/s,
respectively. For comparison Kabin et al. [1999] derived 3.75 kg/s in their model run with best fit to
Galileo observations.

As implemented in our model the electrons have to provide the ionization energy for the electron impact
ionization. In regions of high mass loading the electron temperature decreases until electron impact
ionization subsides (cf. equation (23)). Therefore, a higher neutral density does not increase the mass

Figure 5. (a) Electron impact ionization frequency for the branch ofOþ
2 from neutral O2 derived from the electron temperature

(Figure 4) and the electron density (equation (23) multiplied by the electron number density from equation (5)). The
two thin lines indicate the edge of the shadow cast by Europa (no photoionization). (b) Oþ

2 mass loading rate near Europa
(in kg/(cm3 s)) derived from the product of the electron impact ionization frequency (Figure 5a) and (c) the neutral gas
density based on equation (22). (d) Mass loss rate due toOþ

2-electron recombination (in kg/(cm3 s)) derived from the ion density
(Figure 1) and the electron temperature through equation (24). The trailing hemisphere facing the inflow of themagnetospheric
plasma is on the left-hand side. The black line shows Galileo’s trajectory of the E4 flyby projected onto this plane.
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loading when the electrons
become too cold for efficient
electron impact ionization.
Obviously, most of the mass
loading occurs in regions of
high neutral gas density.

The asymmetry between the
fluids (O+ and O2

+) can be
observed in Figure 6 where the
ion fluxes impinging on the
surface are plotted. Whereas
both fluids impact predominantly
the trailing hemisphere (centered
at 270° west longitude), parts
of the pickup ions (Figure 6b)
also impact the Jupiter-facing
hemisphere (270–360° and
0–90°) (cf. Figure 1), although

Figure 6. (a) Magnetospheric O+ and (b)Oþ
2 pickup ion fluxes impinging on the surface for the plasma conditions of the E4

flyby (thermal populations). The coordinates are given in west longitude from the Jupiter-facing meridian. The trailing
hemisphere is centered at 270° west longitude (cf. 280 nm SO2 absorption feature on the surface from Hendrix et al. [2011]).

Figure 7. Magnetic field components for the E4 flyby; Bx component on top, By in the
center, and Bz on the bottom compared to Galileo magnetometer measurements
from which the contribution of Jupiter’s magnetospheric field has been removed.
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to a lesser extent. For the average
impinging ion fluxes over the
whole surface we obtained
1.20 � 107 cm� 2 s� 1 for Oþ

2 and
4.31 � 106 cm� 2 s� 1 for O+,
respectively. As stated earlier,
impinging ions are responsible for
the formation of Europa’s thin
neutral gas atmosphere. However,
to simulate the production of
neutral atoms and molecules the
MHD approach is not adequate. A
model that represents the particle
nature of the ions is needed and in
particular the effects of high-
energy magnetospheric ions need
to be taken into account because
their sputtering yield can be
orders of magnitude larger than
those of the thermal ions.
Furthermore, the large gyroradii of
high-energy ions allow them to
access the leading hemisphere of
the moon as well as the trailing
hemisphere. Nevertheless, the plot
shows where the thermal bulk
plasma hits the surface. Although
we use atomic oxygen ions in our
simulations, the magnetospheric
plasma population also contains
sulfur ions. Hendrix et al. [2011]
showed the distribution of the
280 nm SO2 absorption feature
on Europa’s surface, possibly
originating from the deposition of
sulfur in the ice of the trailing
hemisphere. As expected also in
our model the highest fluxes of
magnetospheric ions are on the
trailing hemisphere.

Themagnetic field obtained with our
model for the E4 flyby is shown in Figure 7 as a function of the time with respect to the closest approach (CA)
in units of minutes. It should be noted that since we run our model using a steady state approach we assumed
conditions at closest approach and kept both Jupiter’s magnetic field and the induced dipolar field constant
throughout the simulation. Kabin et al. [1999] required a rotated magnetospheric inflow direction by 20° to
match the magnetic field of Galileo’s E4 flyby at the moon. Our model, however, seems to reproduce the
magnetic field observations quite well for an unaltered inflow direction. Along the Galileo trajectory, the
perturbations in the Bx and By components are dominated by the induced magnetic field (see Table 2), while
the perturbation in the Bz component is governed primarily by the mass loading process.

Distributions of the thermal and pickup ions at Europa were measured by the PLasma Subsystem (PLS) [Frank
et al., 1992] and the corresponding moments are presented in Paterson et al. [1999]. Figure 8 shows the modeled
plasma parameters along the flyby trajectory. The ion densities are shown in Figure 8a, separately for the
individual species modeled, their sum, and the total measured density. The O2

+ population dominates the ion

Figure 8. Comparison to the Galileo PLS measurements [Paterson et al., 1999]
of the E4 flyby. (a–e): individual modeled ion densities and total density,
individual modeled ion temperatures, and number density-averaged
temperature, and the three components of the bulk velocity of the thermal
plasma population together with the corresponding PLS measurements.
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density inside the wake, whereas the magnetospheric population dominates at larger distances from the moon.
Gurnett et al. [1998] presented electron number densities obtained from the Galileo plasma wave instrument.
Since our model assumes singly charged ions and charge neutrality, we are underestimating the number of
electrons in Europa’s environment by roughly 50–100% while more or less matching the total ion densities.
We plot Galileo plasma science (PLS) plasma densities in the figure for comparison [Paterson et al., 1999].
Galileo PLS observed two peaks, one at closest approach and one when passing through the wake. While
our model does not yield a wake as narrow as observed, we do see the double-peak structure in plasma
density and the locations of those peaks are close to where the measured peaks fall.

The electron densities we obtained at Europa’s surface in our model were roughly a factor of 10 lower than
those inferred from radio occultation observations [Kliore et al., 1997]. Up to a factor 2 could potentially be
explained by the fact that we assume only singly charged ions in our model as discussed above. There still
remains a discrepancy of a factor 5, most probably because in our model the electron temperature drops
considerably close to the surface, which in turn reduces the electron impact ionization rate and thus
the production of new electrons. However, even in the measurements themselves there are significant
differences. A comparison at the closest approach during the E4 flyby at roughly 700 km above the surface
(~1.45 RE from the center) reveals an electron density of approximately 4000 cm�3 from the radio
occultation observations [Kliore et al., 1997] while an ion density of roughly 40 cm�3 (cf. Figure 8) was
derived from PLS measurements [Paterson et al., 1999] and the plasma wave instrument observations
[Gurnett et al., 1998] yielded an electron density in the 100 cm�3 range. One reason could be the model
used by Kliore et al. [1997] to turn the line of sight electron column densities into a number density profile
along the flyby path. Furthermore, also temporal variations could be of importance and variations in the
solar radiation, however, this is beyond the scope of this work.

Figure 9. (a) O+ mass density around Europa for the E26 flyby in EphiO coordinates in the x-y plane. The trailing
hemisphere facing the inflow of the magnetospheric plasma is on the left-hand side. The black line shows Galileo’s
trajectory projected onto this plane. The positive EphiO y direction points toward Jupiter. (b) The near-Europa environment
with three cuts. (c, d) Same as Figures 9a and 9b but for Oþ

2 .
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Figure 8b shows the modeled
temperature of the two ion
components, individually, and the
number density-averaged temperature
for comparison to the PLS
measurements [Paterson et al., 1999].
For visibility we have limited
the temperature scale of the pickup
ions in regions of low mass loading:
our model suggests a maximum
temperature along the Galileo trajectory
of the pickup ion population of roughly
107 K. Figures 8c–8e show the three
components of the thermal plasma bulk
velocity. The model reproduces the
general characteristics of the wake
structure of the moon although some
properties are not well modeled,
especially the temperature. It is clear
that our results should be understood
within the limitations of the MHD
approach. Even though the gyroradii of
the thermal ions are rather small
compared to the magnetospheric scales
of interest [Lipatov et al., 2013], an MHD
simulation is less accurate than a
hybrid approach for modeling details
of a pickup ion distribution [Lipatov
et al., 2010].

4.2. Simulation Results for the E26 Flyby and Comparison to E4

The model has also been applied to Galileo’s E26 flyby of the moon. As contrasted with the E4 flyby, the pass
occurred in the upstream portion of Europa’s orbit below the orbital plane of the moon (negative EphiO z
direction at a distance of 1.22 RE from the center of the moon). The model input parameters can be found

Figure 10. (a) Magnetic field components for the E26 flyby; Bx component
on top, By in the center, and Bz on the bottom compared to Galileo mag-
netometer measurements for which the time-dependent contribution due
to the rotation of Jupiter’s magnetosphere has been removed. (b)
Modeled plasma densities along the Galileo flyby trajectory for the two
plasma components.

Figure 11. Alfvén wing structure for both flybys. The z = 0 cut gives the mass-averaged plasma velocity and the shown
isosurface corresponds to a velocity of 50 km/s. The magnetic field lines are color coded with the magnetic field strength.
The undisturbed plasma flow is along the x axis and the direction to Jupiter in the direction of y. The corresponding flyby
trajectories, which are partially (E4) or fully (E26) at negative z coordinates, are indicated in black. The color scales and
orientiation are the same for both plates.

Journal of Geophysical Research: Space Physics 10.1002/2015JA021149

RUBIN ET AL. EUROPA’S MAGNETOSPHERIC INTERACTION 3521



in Table 2. We used the same neutral gas model distribution for both flybys; however, the two encounters
with Europa occurred at different locations with respect to Jupiter’s plasma sheet, and therefore, the
upstream magnetic field and the induced dipole field differ between the two cases. Given that the rest of
the model parameters (e.g., plasma conditions and Europa’s atmospheric conditions) are still quite similar,
we show only a selected set of figures. Figure 9 shows the mass densities of both species together with
the projected flyby trajectory, and Figure 10 compares the obtained magnetic field with the Galileo
magnetometer measurements. Also, the number densities of both populations have been extracted along
the flyby path and are plotted in the bottom plate of the figure. The perturbation to the Jovian
background field in the z component is slightly shifted in our model. Nevertheless, in general, the model
seems to match the observations on the E26 flyby reasonably well.

The Alfvén wing structure at the times of both the E4 and E26 flybys of Galileo are shown in Figure 11. The
passes took place with Europa being at different locations with respect to Jupiter’s central plasma sheet
and therefore encountered distinct upstream magnetic field conditions, i.e., opposite signs of the Bx and By
components which lead to a change in orientation of the Alfvén wings. The E4 flyby crossed the wake
while E26 occurred close to the pole and slightly upstream of Europa.

5. Summary and Conclusions

Wehave successfully adapted the BATS-R-USmultifluidMHDmodel to simulate the interaction of Europa’s plasma
environment with Jupiter’s magnetosphere. In the present work, we include Jupiter’s magnetospheric plasma and
the pickup ions originating from Europa’s exosphere as two separate ion fluids. The interaction between the fluids
leads to asymmetries observable in the corresponding plasma distributions resulting from the separation of
pickup and magnetospheric dominated ion populations in our model and their interaction through the fields.

Solving individual pressure equations for the ions and electrons furthermore reveals significant differences to
previous single-fluid MHD calculations. The much higher temperature in the pickup ion population
compared to the magnetospheric population is expected from the nature of the pickup process: ions are
implanted at almost zero velocity in the frame of Europa and reach up to twice the magnetospheric flow
velocity during a single gyration. Here in multifluid MHD these particles move on average at the
magnetospheric flow velocity and their gyration is represented by a high temperature (thermal velocity
ranging from 0 to twice the bulk velocity). Although the fluid model does not track individual particles in
their gyration, it does reproduce the high temperature one would derive in a kinetic model.

The self-consistent model of the electron temperature allows computing the local ionization and thus mass
loading rate without an a priori choice of ionization rate [Kabin et al., 1999]. Still, the resulting mass loading
rates are in accord with these previous simulations: our model suggests a total mass loading rate of 5.41 kg/s
for the E4 flyby and 4.99 kg/s for the E26 flyby.

The model is able to reproduce Galileo magnetometer measurements during the E4 [Kivelson et al., 1999] and
E26 flybys quite well, while there are still discrepancies with the plasma observations of the PLS instrument
[Paterson et al., 1999] during the E4 flyby. Nevertheless, most of the basic structures of the plasma flow in the
wake of Europa are reproduced.

As expected the particle fluxes of the thermal populations onto the surface are centered on the trailing
hemisphere colocated with the SO2 absorption feature reported by Hendrix et al. [2011]. However, parts of the
two populations also impact the surface on the opposite sides of themoonwith respect to the Europa-Jupiter line.

In the future we plan to include the diffusion of the magnetic field into Europa. This will be needed to
interpret upcoming JUpiter ICy moons Explorer (JUICE) and other Europa-related missions with the goal to
characterize the extent of a subsurface brine water ocean.
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Erratum

In the originally published version of this article, there were errors in equations (18) and (19). The equations
have since been corrected, and this version may be considered the authoritative version of record.
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