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Abstract
The solar wind interaction with an icy comet is studied through a model problem. A hybrid

simulation is done of a box with evenly distributed water ions and protons, where initially the

water ions are stationary, and protons move with the speed of the solar wind. The purpose of the

thesis is to investigate the interaction between the two species through the convective electric �eld,

and focus is on early acceleration of pick-up ions, and de�ection of the solar wind. It is relevant

to the cometary case, because it enables study of the physics of this interaction, without involving

other mechanisms, such as bow shock, magnetic �eld pile-up and draping.

The species are found to exchange kinetic energy similar to a damped oscillator, where the

dampening is caused by kinetic energy being transferred to the magnetic �eld. At early times,

i.e. times smaller than the gyration time for the water ions, the solar wind does not lose much

speed when it is de�ected. For comparable number densities, the solar wind can be de�ected more

than 90◦ at early times, and loses more speed, and water ions are picked up faster. The total

kinetic energy of the system decreases when energy builds up in the magnetic �eld. The nature

of the energy exchange is strongly dependent on the number density ratio between water ions

and protons. A density instability with behaviour similar to a plasma beam instability forms as

energy in the magnetic �eld increases, and limits the amount of time the simulation preserves total

energy, for the particular hybrid solver used. There is a discussion on the structure of the density

instability, and it is compared to cometary simulations.
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1 Introduction

1.1 Icy comet environment

An icy comet is a body containing H2O, which
has an active interaction with the solar wind.
As described by Szegö et al. (2000, Sec. 4.1.1),
the nature of the solar wind-comet interaction
is de�ned by the heliocentric distance. At large
distances, the comet has a negligible atmosphere
of neutrals, and the solar wind interacts directly
with the nucleus. At closer distances, the
comet is heated by the sunlight, which increases
out-gassing, and forms a large cloud of neutrals
around the comet, as the weak gravity of the
comet can not retain the released particles. The
gas cloud is also subjected to photo-ionization,
which creates a plasma over a large region; on
the order of of millions of kilometres (Szegö et
al. 2000, Sec. 4.1.1). Looking at ions, which
are slow-moving compared to electrons, the
electrons can be considered to move everywhere
in the ion time frame, and neutralise local charge
di�erences; therefore quasi-neutrality can often
be assumed. The solar wind can be considered
to consist mainly of protons (with a few percent
of He++), and the comet ionosphere to consist
of H2O

+. On large time-, and space- scales, the
water ions will decelerate the proton stream if
they are picked up by the solar wind, i.e. if the
solar wind is mass loaded with water ions.

1.2 Acceleration from a convective

E-�eld

The convective electric �eld, E, is given as

E = −urel ×B, (1)

where urel is the velocity relative the frame of
reference, and B is the magnetic �eld. Moving
through vacuum, the solar wind carries the
electric �eld, and does not experience any
acceleration, since the acceleration that a proton
experiences from the electric �eld, is balanced by
the Lorentz force:

FLorentz = qv×B, (2)

where q is the charge and v is the velocity of the
charged particle. Another way too look at it, is
that in a frame moving with the solar wind, there
is not velocity relative to the frame, and the solar
wind will not see the electric �eld or the Lorentz
force. In an inertial frame, the convective �eld
is

E = −usw ×B (3)

for the solar wind moving through vacuum. A
single water ion test particle will move along
E, perpendicularly to the solar wind and the
magnetic �eld, and the electric �eld will be given
by Eq. 3. For an initially stationary uniform
cloud of H2O

+ ions, the electric �eld is given
by Eq. 3 at t = 0, since uH2O+ = 0. The
solar wind convective electric �eld will accelerate
the water ions along its direction, and the solar
wind will accelerate in the opposite direction, to
preserve momentum. Another way to look at
it: as the water ions start to move, the electric
�eld in Eq. 1 starts to rotate, and the Lorentz
force no longer balances acceleration from the
electric �eld for the solar wind protons. As the
electric �eld rotates, it will also accelerate the
water ions in the direction of the 'undisturbed'
solar wind, which is mechanism behind mass
loading, and the solar wind will be decelerated
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Figure 1: An H2O
+ ion will initially accelerate

along Einitial, and a H+ ion in its anti-direction.
As E rotates, the solar wind is slowed down in its
undisturbed direction, and water ions are picked
up in the solar wind. B is the perpendicular
magnetic �eld, and α is the de�ection angle for
the species, relative to the undisturbed solar
wind.

in its original direction, to preserve momentum.
An illustration of this is shown in Fig. 1.

Introducing the coordinate system used
in this thesis: let {x̂, ŷ, ẑ} be a right handed
Cartesian coordinate system, such as is shown
in Fig. 2. Since the solar magnetic �eld is
frozen into the solar wind, i.e. the �eld lines
are 'dragged out' by the solar wind, and because
of the rotation of the sun, the direction of the
local magnetic �eld depends on the heliocentric
distance. The direction of the magnetic �eld,
relative to the direction of the solar wind, is
de�ned by the Parker angle φ. The orthogonal
component of the magnetic �eld to solar wind,
is

B⊥ = sinφBŷ. (4)

Figure 2: An illustration of the coordinate
system. The solar wind �ows in −x̂, and the the
perpendicular component of the magnetic �eld,
due to the Parker angle, is in +ŷ (out of the
picture). The rotation of the sun is ω.

Table 1: Environmental parameters at 1 AU (R.
Schwenn, 2000).

Solar wind speed, U 350km s−1

Proton number density, nH+ 3 cm−3

Magnetic �eld, B 4 nT
Parker angle, φ 45◦

Proton gyroradius, rH+ 75 km
Proton gyration time, τH+ 16.4 s
Proton temperature, TH+ 5 · 104 K
H2O

+ gyroradius, rH2O+ 23200 km
H2O

+ gyration time, τH2O+ 262.4 s
H2O

+ temperature, TH2O+ , 200 K

For simpli�ed analysis of the physics, in
this thesis the magnetic �eld only has a
perpendicular component (i.e. in ŷ), since it
puts the bulk de�ection of the two species in the
plane perpendicular to the magnetic �eld (the
plane y = 0). Physical parameters at 1 AU for
the solar wind, and a water ion test particle, are
shown in Tab. 1.

Denoting H2O
+ as h, and H+ as p, the �uid
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momentum equation can, be simpli�ed from
(Szegö et al. 2000, Sec. 2.2.4) as

mpnp
dup
dt

= enp

[
nh
ne

(up − uh)×B
]

(5)

for the protons, and

mhnh
duh
dt

= enh

[
np
ne

(uh − up)×B
]

(6)

for the water ions. Quasi-neutrality, i.e. ne ≈
np + nh is assumed here. Denote ∆u = up −
uh, and the �uid momentum equations can be
written as

mp
dup
dt

= e
η

1 + η
∆u×B, (7)

mh
duh
dt

= −e 1

1 + η
∆u×B. (8)

In the above two equations, it can be seen that
the number density factor η = nh/np is a key
parameter to the behaviour of the system.

1.3 Solar wind de�ection observed by

Rosetta

The Rosetta mission to the icy comet
67P/Churyumov-Gerasimenko carried the
instrument Ion Composition Analyser (ICA),
developed by IRF, as part of the Rosetta
Plasma Consortium (RPC) (H. Nilsson et al.,
2007). At a distance of 2.42 AU - 2.21 AU from
the sun, ICA observed solar wind de�ection
angles between 35◦ - 90◦, with respect to the
undisturbed solar wind direction (E. Behar et
al., 2016, Fig. 3).

2 Scope and motivation

This thesis is motivated by the fact
that signi�cant de�ection of the solar

wind, up to 90◦, has been observed near
67P/Churyumov-Gerasimenko at 2.21 AU.
There is a need for an investigation into the
interaction between the solar wind protons and
cometary water ions, which can more easily
explain the physics behind this interaction.
Simulations of whole comets, e.g. Lindkvist
(2016), catches several physical phenomenon,
such as bow shock, magnetic �eld pile-up and
draping, in the same model. For this reason,
a simpli�ed model can more easily investigate
the role of the convective electric �elds in the
acceleration of pick-up ions, and the de�ection
of the solar wind. The scope of the thesis is
therefore a simple model problem with two
evenly distributed ion species, where at t = 0
water ions are stationary, and protons move
with the solar wind velocity, in a perpendicular
magnetic �eld. Since both species are evenly
distributed initially, one can look at bulk
movements of the two species at early times,
and speci�cally at times t << τH2O+ , i.e. at
times smaller than the gyration time for the
water ions, one can look at acceleration of
water ions in an E-�eld, without gyration of the
water ions. Gyration time for the water ions
is given in Tab. 1. For a simulation domain,
resolution should ideally be as high as possible,
which requires the time step to be smaller for
numerical stability, and the number density of
simulated particles should be as close to the
actual number density as possible. Since this
thesis focuses on the interaction between solar
wind protons and cometary water ions, ion
length-, and time- scales are of most interest.

6
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3 Methods

3.1 Hybrid model and FLASH

In space, length scales of phenomenon can often
be on the scale of gyroradius of involved ions,
which is why particle behaviour is important,
and magnetohydrodynamical (MHD) models,
or '�uid' models, are inadequate. Using a fully
kinetic model, which includes both electrons and
ions, makes it di�cult to simulate ion length-
and time- scales, because of computational
constraints. For this reason, a hybrid model
is often used; a model in which only ions are
simulated, to see particle behaviour of the ions,
e.g. gyration, and electrons are considered to
be massless, and are only used to calculate
the electric �eld. Since the electrons are not
in the simulation, the resolution needs to be
larger than length scales of electron behaviour.
The hybrid solver used in this thesis has
been developed by Holmström (2009), and
is included in the FLASH software, which
is developed and maintained by the Flash
Center for Computational Science at Chicago
University. FLASH enables running the solver
on many computing cores, which is relevant
to resolve the spatial and temporal scales of
interest. For the simulations in this thesis,
version 4 of FLASH was used.

In the hybrid solver, the following
approximations are made (Holmström, 2010):

1. Quasi-neutrality: there can be local charge
di�erences, but the total charge density of
a system is zero, i.e. ρe + ρI = 0, ρe and ρI
being total charge density for electrons and
ions respectively.

2. Darwin approximation, i.e. Ampère's Law
is written without transverse placement
current:

J = µ−10 ∇×B,

which gives total current, and where µ0 =
4π · 10−7 [m kg s−2 A−2] is the magnetic
constant. The electron current density is
then given as

Je = J− ΣIJI ,

where JI are the ion currents.
Quasi-neutrality implies

ue = Je/ρe = (ΣIJI − J)ρI ,

where ue is the electron velocity.

3. Electrons are have negligible mass, i.e.
me = 0, and the electron momentum
equation is simpli�ed to

neme
due
dt

= 0 = ρeE + Je ×B−∇pe.

where pe is the electron pressure. The
equation of state (Ohm's Law) is given as

E =
1

ΣIρI

[
(J− ΣIJI)×B−∇pe

]
4. The magnetic �eld is advanced through

time with Faraday's Law:

∂B

∂t
= −∇×E.

5. Electron pressure is isotropic, i.e. pe is a
scalar tensor.
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Given a magnetic �eld B, total current can
be calculated with Ampère's Law. Di�erent
assumptions can be made for pe, but is here
assumed to be adiabatic, i.e. pe ∝ |ρe|γ ,
where some vale γ needs to be assumed. The
electric �eld E can then be calculated through
the equation of state, and the magnetic �eld can
be advanced through time with Faraday's Law.

Practically, the simulation is set up using
a problem setup, together with a parameter
�le and a solver in FLASH. A total domain
size is de�ned. For a 3-dimensional case, the
domain is divided into cells along the axes, where
MHD parameters, like electric- and magnetic
�elds, are assumed to be homogeneous across
the cell. Kinetic parameters, such as ions, are
represented by a number ofmeta particles placed
in the cells, which are particles that are actually
simulated, each representing a larger number of
particles, depending on de�ned number density.
The magnetic �eld is set at the beginning of the
simulation, and is updated each time step. The
initial magnetic �eld strength in the simulation
represents a background magnetic �eld in a
physical case, e.g. in the cometary case. Using
the parallel-computational capability of FLASH,
the cells are divided among several processors,
along each axis. For example, a cubic domain
with 96 cells divided among 4 processors along
each axis, will use 64 processors in total. If the
each cell is (100km)3, then the total domain size
is (9600km)3.

In this thesis, in order to examine the solar
wind interaction with an icy comet ionosphere,
a simpler setup is chosen, compared to a model
which includes a comet. Two species, H+,
and H2O

+ ions, are homogeneously distributed
in the domain, and the protons are set to a
velocity −350x̂ km/s, and the water ions are
set to zero velocity at t = 0 (both species

have some additional thermal velocity, from the
temperatures in Tab. 1). Cell size is ≈ 104km,
for a domain of 48 cells along each axis, with axes
set to (5000km)3. Boundaries of the domain
are de�ned as periodic, which is not the case
in simulations that include the comet. Particles
that leave the domain on one side, will renter the
opposite side with the same velocity vector that
they had when exiting. In practice, this means
that the frame extends in all directions, and
the simulation box is representative of a larger
region, which is useful, since the solar wind -
cometary ionosphere interaction region is much
larger than the simulation domain. Another
di�erence to a cometary simulation, is that this
simpli�ed setup excludes physical phenomenon
such as shocks and pile-up of the magnetic �eld,
which can be present in cometary simulations.
This allows a focus on the interaction of two ion
species via a convective electric �eld.

3.2 Software developed for the thesis

The output data format of FLASH version 4
is HDF5 (Hierarchical Data Format, version 5).
Two objects were created in Python 3 for this
thesis. The �rst is an object that extracts
the raw HDF5 data, and outputs physical
parameters, either directly or by calculation, to
text �les. A library by S. Fatemi which supports
reading HDF5-�les is used for this. The second
object plots physical parameters from text
�les. It supports calculation of domain-average
charge density, current, B- and E-�eld, velocity
and de�ection angle (with respect to original
direction of the solar wind) for both species,
which have been hard coded to reference the
appropriate output variables for the setup in
FLASH speci�cally used for this thesis. Also,
two objects for extracting and plotting slice
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data, for charge density of the two species, were
written for this thesis.

4 Results

To understand how the system behaves for a
constant B-�eld, an ideal version of the case
described in Sec. 1.2 is shown in Fig. 3. Here,
updating of the B-�eld has been turned o�, and
the B-�eld is constant in the simulation. The
water ions start with zero kinetic energy, and
gain kinetic energy as they are accelerated by
the convective E-�eld, which in turn causes the
protons to lose kinetic energy. This exchange of
kinetic energy reverses at a certain point: the
water ions start decelerating, and the protons
start accelerating. The energy stored in the
electric �eld is on the order of hundreds of
Joule, and is negligible since other energies are
on the order of 1010 Joule. Since the B-�eld is
constant, the exchange of kinetic energy between
the two ion species is a closed system, and
the kinetic energy exchange can be likened a
harmonic oscillation.

The same case, without forcing the B-�eld
to be constant is shown in Fig. 4. Here, shown in
Fig. 4d, the exchange of kinetic energy between
the species loses energy to the magnetic �eld,
and the exchange acts more like a 'damped'
oscillation. Also shown in Fig. 4c, are angles α
of the E-�eld, velocity of H+ and H2O

+ species,
which are de�ned as positive with respect to
the undisturbed solar wind (see illustration in
Fig. 1). The protons initially move in the
undisturbed solar wind direction, αH+ = 0, and
are de�ected by 80◦ within the simulated time
span. The water ion bulk velocity is initially
perpendicular to the B-�eld and solar wind;
αH2O+ = 90◦, and they move along the electric

0 50 100 150 200 250 300 350 400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

E
n
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Figure 3: A plot of energies. Shown are the
total energy, Wtot, kinetic energy of the protons,
WKin,H+ , kinetic energy of the water ions,
WKin,H2O+ , and magnetic �eld energy, Wmag.
Physical parameters are number density ratio
η = 1/10, B = 2.516 nT, constant B-�eld.

�eld, which is also αE = 90◦. Looking at the
velocities of the species, in Fig. 4b the water
ions are initially accelerated in ẑ (perpendicular
to B⊥ and vsw), and are later accelerated in
−x̂, and 'picked up' by the solar wind. The
protons, shown in Fig. 4a, behave in the opposite
way; they initially accelerate in −ẑ, and then
in x̂, which slows down the solar wind in its
undisturbed direction. Note that the directional
angle of the electric �eld turns more quickly than
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that of the water ion velocity, in Fig. 4c. Also,
the magnitude of H+ bulk velocity decreases
signi�cantly even for a η = 1/10 number density
ratio, because of kinetic energy being transferred
to water ions, where bulk velocity magnitude is
equal for both species at 60 s, which can be seen
in Fig. 4a-b. Kinetic energy is also transferred
and to the magnetic �eld, which can be seen in
Fig. 4d.

A case with lower water ion number density
is shown in Fig. 5, where η = 1/100. The system
exerts the similar behaviour, but the solar wind
is less perturbed by the presence of water ions,
and solar wind de�ection can be seen to be less
than 10◦ in Fig. 5c for the same time span. This
is the dependency of de�ection on the number
density ratio, in Eq.s 7-8. As can be seen in
Fig. 5d, the exchange of kinetic energy happens
without losing energy to the magnetic �eld,
which is more similar to the case with a constant
magnetic �eld. This shows that the water ion to
proton number density ratio a�ects how quickly
energy is transferred to the magnetic �eld. The
time scale is also much larger than that of the
1/10 case. Note also, that in this case, the water
ion de�ection angle changes faster than the angle
of the electric �eld, shown in Fig. 5c. This means
that water ion number density in the 1/100
case is su�ciently small for their movement to
have a very modest e�ect on the electric �eld.
This can be compared to the 1/10 case, where
the direction of the electric �eld is signi�cantly
a�ected by the movement of the water ions, and
its angle to the undisturbed solar wind changes
faster than that of the water ions, which can be
seen in Fig. 4c.

Shown in Fig.s 6-8 is the early behaviour
of the system, when varying water ion number
density and initial B-�eld. Looking at the
bulk velocities of the two species for a certain

number density ratio between protons and water
ions, the initial strength of the B-�eld a�ects
the response time of a system linearly. For
a magnetic �eld twice as strong, the system
changes twice as fast at early times, which can
be seen in Fig. 6. Therefore the period of the
behaviour is proportional to 1/B.

For small number densities of water ions, e.g.
1/100 ratio, the solar wind remains undisturbed,
as de�ection is less than 5◦, seen in Fig. 6d-f, and
velocity changes little, which can be seen in Fig.
7a-c. The water ions act as test particles, and
are strongly accelerated, since their total mass is
small compared to that of the solar wind, which
can be seen in Fig. 8a-c.

As the number density of water ions
increases, there is a strong interaction between
the solar wind and the water ions, since the
momenta of the two species become comparable.
For a 1/10 number density ratio, there is a 5◦-20◦

solar wind de�ection at early times, shown in
Fig. 6d-f, for an initial magnetic �eld 1.258 nT
≤ B⊥ ≤ 5.032 nT. The solar wind loses little
speed, since little energy is transferred to the
magnetic �eld within the early time frame.

In the case of a 1/1 number density ratio,
there is a strong de�ection of the solar wind,
which can be seen in Fig. 6d-f. For a magnetic
�eld strength of ∼ 5 nT, the protons change
direction in x̂ (antidirection of the undisturbed
solar wind) at early times, as can be seen in
Fig. 7i. Also, within the early time frame, the
water ions stop accelerating along +ẑ and, and
accelerate solely in the undisturbed solar wind
direction, i.e. in −x̂, which can be seen in Fig.
8i. This is to be compared with the direction of
the E-�eld, which is at 10◦ to the undisturbed
solar wind at 7 s, in Fig. 6c. This is what was
described in in Sec. 1.2 as typical mass loading,
although it happens within a short time frame,
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Figure 4: Shown are: a) H+ velocity components and magnitude, b) H2O
+ velocity components

and magnitude, c) angles of the electric �eld, H+ and H2O
+ velocity vector to the undisturbed

solar wind, d) total-, magnetic-, H+ and H2O
+ kinetic- energies. Physical parameters are number

density ratio η = 1/10, initial magnetic �eld B = 2.516 nT.
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Figure 5: Shown are: a) H+ velocity components and magnitude, b) H2O
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+ kinetic- energies. Physical parameters are number

density ratio η = 1/100, initial magnetic �eld B = 2.516 nT.
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i.e. at early times.
The simulation can not run for a whole

period of energy exchange, compared to the
ideal case in Fig. 3, because of a density
instability that forms in the simulation. This
instability causes the simulation to not preserve
total energy after a certain time. The issue
could not be solved within the time frame
of this masters thesis, because the problem
with energy conservation for the particular
solver used seems to be dependent on several
of the main parameters, e.g. magnetic �eld
strength, proton and water ion densities, and
numerical parameters such as cell- and domain
size. This behaviour is identi�ed to depend on
how quickly the magnetic �eld energy increases.
For a more slow-changing magnetic �eld, the
resulting simulation preserves total energy for
longer times, even though the magnetic �eld is
loaded with more energy, than for a case where
the magnetic �eld is loaded with energy more
quickly. Since it is out-of-scope of the thesis,
this instability is only identi�ed and discussed,
and not thoroughly examined.

For the case of a 1/10 number density ratio,
and initial magnetic �eld B = 2.516 nT, a
number density slice plot of the protons is shown
in Fig. 9, and a number density plot of the water
ions is shown in Fig. 10. The setup here is
similar to a 3-dimensional two-species ion beam,
and the plasma shows a behaviour similar to ion
beam instabilities that have been shown for a
2-dimensional case, e.g. Holmström (2011). For
example at 42 s, where a �lament structure can
be seen in number density in Fig. 9d&f, there is
also a �lament structure in the B-�eld, which has
similarities to the �lament structure that forms
in the B-�eld in a 2-dimensional plasma beam
instability, e.g. Holmström (2011, Fig. 4).

Comparing with a more physical case, e.g.

the cometary case, the structures are large;
the �laments at 42 s in Fig. 9d&f and in
Fig. 10d&f are spaced by ∼ 500 km. In
cometary simulations, the water ions are not
evenly distributed around the comet, and it
is possible that these �laments will only form
under the condition of evenly distributed species,
and can not form near a comet for this reason.
If so, in the wake of the comet, where water
ions and solar wind protons are slow moving
(Koenders, 2015, Fig. 2), conditions could allow
for evenly distributed species, and �lament
structures might form. Another aspect is
comparing the domain size of this simulation
with cometary simulations: here the domain
is a cube with 5000 km axes. This is quite
large compared to domain size in some cometary
simulations, which can have axes on the order
of 10000 km, e.g. Lindkvist (2016, Sec. 4.2.1).
It is possible that the species of water ions and
solar wind protons need to be evenly distributed
over a region much larger than what is simulated
here, for the �lament structure to form, since we
are using periodic boundary conditions.

One can make comparisons with �lament
structures that do form in cometary simulations.
Coming back to Sec. 1.1, the water ion number
density around a comet is de�ned by its
heliocentric distance, since the ion production
rate is dependent on the distance of the comet
to the sun. In Lindkvist (2016, Fig. 4.2) and
Lindkvist (2016, Fig. 4.3), which are cometary
simulations at 2.7 AU and 2.35 AU respectively,
there is a low production of water ions, and
no �lament structures in the solar wind, similar
to Fig. 9d&f can be seen. In Lindkvist (2016,
Fig. 4.4), which is at at 2 AU, there are two
�laments which are spaced by ∼ 500 km, and
of similar size as the �laments in Fig. 9d&f.
In Lindkvist (2016, Fig. 4.5) which is a comet
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Figure 6: Angles of E-�eld, H+ andH2O
+ bulk velocities, with respect to the solar wind. Shown are:

a-c) E-�eld angle with increasing magnetic �eld, d-f) H+ velocity angle with increasing magnetic
�eld, g-i) H2O

+ velocity angle with increasing magnetic �eld. The lines in each plot indicates the
number density ratio between water ions and protons.
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Figure 7: H+ bulk velocity components and magnitude. Shown are: a-c) 1/100 number density
ratio with increasing magnetic �eld, d-f) 1/10 number density ratio with increasing magnetic �eld,
g-i) 1/1 number density ratio with increasing magnetic �eld.
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Figure 8: H2O
+ bulk velocity components and magnitude. Shown are: a-c) 1/100 number density

ratio with increasing magnetic �eld, d-f) 1/10 number density ratio with increasing magnetic �eld,
g-i) 1/1 number density ratio with increasing magnetic �eld.
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Figure 9: Number density slice plot for H+. Top row: t= 10 s, middle row: t= 42 s, bottom row:
t= 64 s. Slices are done in the center of the domain. Physical parameters are number density ratio
η = 1/10, initial magnetic �eld B = 2.516 nT.
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ẑ

x̂

ŷ
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Figure 10: Number density slice plot for H2O
+. Top row: t= 10 s, middle row: t= 42 s, bottom

row: t= 64 s. Slices are done in the center of the domain. Physical parameters are number density
ratio η = 1/10, initial magnetic �eld B = 2.516 nT.
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simulation at 1.65 AU, there are three �laments
spaced by ∼ 500 km that are of similar size
as previously. Looking at the �laments at 42
s in Fig. 9, they form 'thin' discs along −x̂ and
−ẑ. Considering here that the solar wind bulk
velocity is in −x̂ and −ẑ at 42 s, seen in Fig. 4a,
the �lament discs are moving with the solar wind
bulk velocity. This is similar to Lindkvist (2016,
Fig. 4.5a), where the solar wind bulk velocity is
along the �laments. The water ions are to a large
extent not present where these �laments form
in cometary simulation, since they are mainly
moving in the opposite direction. This is not the
case in the simulations presented in this thesis,
because of the periodic boundary conditions.
The similarities between the �laments along the
bow shock in the cometary case, might not
be directly related to the case where �laments
form in Fig. 9d&f, but rather, the similarity
stems from how the solar wind interacts with a
magnetic obstacle. An interesting feature, which
can be seen clearly in Fig. 9d-f and Fig. 10d-f,
is that the water ions have the same �lament
structure, and are separated from the solar
wind protons. With regards to the discussion
on �lament structures in the bow shock, the
solar wind might be driving the evolution of the
�lament structure in the simulation presented
here, and the water ions '�ll in the gaps', which
gives them a similar structure.

Other cometary simulations have shown
�lament structures that form down-stream from
the comet, e.g. in M. Rubin et al. (2014, Fig.
5). The length scale of the �lament structure in
this cometary simulation is di�erent from what
is presented in Fig. 9d&f, but it shows that
a �lament structure can form downstream in
a cometary simulation, which is a region that
could have environmental parameters relevant to
the kind of simulations presented in this thesis.

5 Conclusion

As a simpli�ed setup for examining the
interaction between the solar wind protons and
cometary water ions, some conclusions can be
made:

• The interaction between the solar wind
and the cometary water ions is de�ned by
the number density ratio between the two
species.

• The strength of the background magnetic
�eld scales the interaction between the two
species in time linearly. The period of the
behaviour is proportional to 1/B.

• There is an exchange in kinetic energy
between the two species, which acts as a
harmonic oscillator if the magnetic �eld is
constant.

• With increased water ion number density,
during the exchange of kinetic energy
between the two species, kinetic energy
is lost to the magnetic �eld. This has
a dampening e�ect on the kinetic energy
exchange between the two species.

• At early times, for 1/100 to 1/10 water ion-
and proton number density ratios, the solar
wind loses little speed as it is de�ected.
For comparable number densities, the solar
wind can be de�ected more than 90◦, and
it loses more speed, due to energy being
transferred to the magnetic �eld. Also, the
water ions are picked up faster by the solar
wind.

• A plasma instability forms, which exerts a
behaviour similar to an ion beam instability
(Holmström 2011, Fig. 4).
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5.1 Future work

It would be interesting with a similar study,
looking at how the magnetic �eld evolves in
the instability, especially in regions near the
�laments in number density. It would be
relevant to do a full parameter study, to see
how di�erent physical parameters a�ect the
formation of the �laments. This could be
interesting to compare with �laments that form
downstream in comet simulations (M. Rubin
et al., 2014, Fig. 5). Also, doing a similar
simulation with parameters relevant to the wake
of a comet, could show if the same density
instability can form there.

It would be interesting to see long term-,
and steady state behaviour of the system for
di�erent water ion to solar wind number density
cases. Achieving energy conservation in a similar
simulation, for more than one period of energy
exchange, would be relevant to study this.

A similar simulation with two light ion
species, e.g. only protons, would be interesting
as a reference for the instability behaviour,
energy transfer to the magnetic �eld, and
preservation of energy for the solver.

Looking at the velocity distributions would
be interesting, especially for long term-, and
steady state behaviour of the system, and
comparing with velocity distributions observed
at comets.
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