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Abstract

Turbulence in space plasmas is a key astrophysical process that is still not fully
understood. The interactions of a turbulent solar wind with a solar system object
is especially poorly explored due to limited observation capabilities. The Rosetta
mission to comet 67P provided �rst long-term observational data and showed
that the plasma turbulence in the cometary environment di�ers greatly from tur-
bulence observed in the solar wind, but question on the mechanisms behind the
energy transfer processes such as energy cascade, dissipation or dispersion re-
main open. This thesis uses the turbulent plasma simulation code Menura to
introduce a comet obstacle to a 2D turbulent solar wind simulation and studies
the magnetic turbulence in di�erent regions (e.g. pristine solar wind, close to the
comet, tail, wings) around it via 160 virtual probes. Analysis of the turbulence
power spectra leads to �tting multiple power laws in between frequency breaks,
indicating di�erent energy transfer processes at work. The spectra for the so-
lar wind region are successfully validated using observational data from several
decades, and turbulence close to the comet is compared to Rosetta observations,
showing qualitative agreement. New results concerning the turbulence in the tail
and wing of the comet show how the addition of cometary ions dominate the
turbulence processes, preventing propagation of solar wind turbulence properties
downstream of the comet. The �ndings connect theory to observation and prepare
further observations from future cometary missions like Comet Interceptor.
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1 Introduction

Plasma is the most dominant state of matter in our universe, and is omnipresent in
the interplanetary medium in the form of the solar wind. Despite its ubiquity, plasma
and its processes, including the fundamental physics involved in plasma turbulence,
are not fully researched. Especially the interaction of the turbulent solar wind with
solar system objects remains barely explored. Research on this topic could yield results
helpful for related �elds like space weather or planetary magnetospheres. While the
Rosetta mission to comet 67P/Churyumov-Gerasimenko has shed some light on the
turbulent processes at a comet, future missions like the Comet Interceptor missions
are expected to further improve our knowledge. In the meantime, numerical plasma
simulations are used to prepare these missions by extending our understanding on these
plasma environments. This thesis uses the simulation code Menura, which simulates
the interaction between a turbulent solar wind and solar system bodies, on the example
of a comet to connect to Rosetta research and gain insight into this overlap of plasma
and planetary physics.

To establish a theoretical foundation for this work, the scienti�c context is illustrated
in Sect. 1.1. Sect. 1.2 then shows the primary research questions of this work and how
they arise from the gaps in the state of the art science of turbulent solar wind-comet
interactions.

This introductory section (Chapter 1) is followed by an explanation of the simulation
and analysis algorithm used (Chapter 2). The results are shown and interpreted in
Chapter 3. A summary and outlook on possibilities for future studies concludes this
thesis in Chapter 3.2.2.

1.1 Scienti�c Context

A brief introduction into plasma physics and the underlying parameters and equations
used in the simulation code will be given in Sect. 1.1.1, followed by a speci�cation to
space plasmas in the solar wind and around a comet in Sect. 1.1.2. Sect. 1.1.3 intro-
duces plasma turbulence theory particularly for the solar wind. The state of the art in
plasma turbulence around a comet, based on the Rosetta observations, is demonstrated
in Sect. 1.1.4.

1.1.1 Plasma Physics

Plasma is de�ned as an ionised gas that is globally neutral and displays collective e�ects.
That is to say, it consists of free electrons and ions, but remains quasi-neutral, with
almost net-zero charge on large scales. Self-generated electric and magnetic �elds cause
the particles to exhibit collective behaviour. This enables plasma phenomena such as
waves, instabilities and turbulence. [7, 14, 33]

Parameters. For characterising a plasma quantitatively, knowing the magnetic �eld
strength B and, for each particle speciess, the number density ns, temperature Ts,
massms and chargeqs is su�cient. Other important plasma parameters are derived
from them. A short plasma parameter glossary, limited to parameters important for
this work, follows:
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ˆ cyclotron frequency ! cs
Frequency of the helical motion a particle of speciess makes in the plasma elec-
tromagnetic �elds.

! cs =
jqsjB
ms

ˆ gyroradius / Larmor radius � s
Radius of the helical path a particle of speciess follows in the plasma electromag-
netic �elds, with v?

s the component of the velocity perpendicular to the magnetic
�eld ~B. At this scale, kinetic e�ects must be taken into account.

� s =
msv?

s
jqsjB

ˆ inertial length ds
The scale at which the ideal Ohm's law (see Eq. 5) breaks down and a Hall term

1
ens

~J � ~B with current ~J needs to be added (see Eq. 9).

ds =

s
c2ms

4�n sq2
s

(1)

ˆ Alfv�en velocity vA
The speed at which magnetic �eld 
uctuations travel in the plasma.

v2
A =

B2

� 0mi ntot

ˆ plasma beta � s
Ratio of thermal pressure over magnetic pressure.

� s =
nskB Ts
B2=2� 0

=
� 2
s

d2
s

Plasma kinetics and magnetohydrodynamics. The plasma particles of a species
s are characterised by a velocity distribution functionf s(~r;~v; t) d~r d~v. Quantities are
calculated by integrating the distribution function in phase space, e.g. the number
density

ns(~r; t) =
Z

f s(~r;~v; t) d~v (2)

or the average velocity

~us =
1

ns

Z
~v � f s(~r;~v; t) d~v (3)

Particle conservation in phase space then leads to the Vlasov equation

@fs
@t

+ ~v �
@fs
d~r

+
qs
ms

�
~E + ~v � ~B

�
�

@fs
@~v

= 0; (4)
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Parameter Value
electron densityne / ion density ni 3 cm� 3

magnetic �eld strength B 5 nT
ion temperatureTi 105K

electron temperatureTe 3 � 105K
ion (proton) cyclotron frequency! ci 0:5 rad s� 1

ion (proton) gyroradius � i 100 km
ion (proton) inertial length di 100 km

Alfv�en velocity vA � 100 km s� 1

plasma beta� � 1
bulk velocity u 400-750 km s� 1

Table 1.1: Typical values of plasma parameters in the solar wind at 1 AU. Values taken
from [14, 33].

the continuity equation for the distribution function.
Instead of treating each particle species kinetically, which is computationally ex-

pensive to calculate numerically, the distribution function can be used to approximate
each species as a 
uid with densityns (Eq. 2), average velocity (Eq. 3) and the pres-
sure. From the moments of the Vlasov Eq. (Eq. 4), continuity, momentum and energy
equations are derived.

With the assumptions of quasi-neutrality, negligible electron inertia (me ! 0) and
electromagnetic waves and a small ion Larmor radius� i , electron and ion species can
be treated as a single 
uid. The density� of this 
uid, for example, is

density � = neme + ni mi :

This framework is called magnetohydrodynamics (MHD). An important equation in
this model is Ohm's law

~E + ~ui � ~B = 0; (5)

which connects the �eld variables~E and ~B with the bulk 
uid velocity ~ui .
When the assumption of a small ion Larmor radius� i breaks down, a hybrid model

that treats the electrons as a 
uid and the ions kinetically can be adopted instead. This
is the case in the Menura code used for the simulation.

1.1.2 Space Plasmas: Solar Wind and Comets

Solar wind is one of the best studied space plasmas due to its easy observability. It
originates in the Sun's corona and expands outwards into interplanetary space, carrying
with it the interplanetary magnetic �eld (IMF). It is mostly made up of electrons and
single protons. Typical values of plasma parameters mentioned above for the solar wind
at 1 AU are listed in Table 1.1. [14, 33]

Once a comet enters the solar system, its surface layers sublimate, generating a
neutral cometary atmosphere. The production of these molecules is quanti�ed by the
outgassing rateQ of a comet. Comets with a low outgassing rate are considered to be in
a weakly active phase, a high outgassing rate indicates a highly active comet. Comets
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in between are intermediately active. The values distinguishing these phases for comet
67P are found in Table 1.2. Ionisation of this atmosphere introduces a new species
of cometary ions into the plasma at a comet. As opposed to the solar wind's single
protons, these are mostly heavy ions like H2O+ or O+ . The cometary ions get picked
up by the solar wind, mass-loading it and slowing it down. This leads to a pile-up and
subsequent draping of the magnetic �eld lines and solar wind ions before and around
the comet, here called the upper and lower `wing' of the comet (see magnetic barrier
stagnation region in Fig. 1.1a and overdensity in Fig. 1.1b).

Due to the interplanetary electric �eld, the cometary ions picked up by the solar
wind are generally driven in the direction of the electric �eld (pick-up plume of Fig.
1.1b). To conserve momentum, the solar wind ions experience a force in the opposite
direction. This leads to a higher density of cometary ions in the wing lying in the
direction of the electric �eld as opposed to the opposite one. In an intermediately to
strong activity phase, the solar wind ions can be de
ected enough so that a solar wind
ion cavity forms up to a distance of several hundred kilometres around the comet. This
cavity was observed by Rosetta at comet 67P Behar et al. [4]. At closer distances to
the comet and high outgassing rates, a diamagnetic cavity is expected to form. Here
the solar wind and its intrinsic magnetic �eld have been slowed down to a stop, and
the magnetic �eld does not penetrate this boundary. The diamagnetic cavity, too, was
con�rmed for the 67P comet [19].

The region situated between the draped magnetic �eld lines is referred to as the (ion)
tail of the comet. Here, cometary ions are trapped by the �eld lines. Observations show
that some tail cometary ions are concentrated in plasma bubbles in magnetic enclosures
that travel down the tail [35].

Figure 1.1a shows several other important features of the cometary plasma environ-
ment. The weak bow shock forms if the plasma is not su�ciently compressible, and
the mass loading slows the solar wind down to sub-sonic speed, generating a compres-
sional wave ahead of the comet. The cometopause signi�es the boundary from where
cometary ions dominate the plasma.

(a) Structures in the cometary plasma.
Taken from [14].

(b) Ion species dynamics in the cometary
plasma of a medium activity comet. Taken
from [3].

Figure 1.1: Di�erent schematics of the plasma environment of a comet.

For further information on plasma around a comet, see Cravens [14], Goetz et al.
[20], G•otz et al. [21] and Meyer-Vernet [33].
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1.1.3 Solar Wind Turbulence

A 
uid-like system is turbulent as opposed to laminar when it displays chaotic and
irregular 
uctuations in its 
ow. The solar wind plasma, as �rst proven by Coleman Jr.
[13], is turbulent, and one of the best-studied cases of turbulence overall due to its easy
observability. The characteristics of plasma turbulence are grounded in turbulence the-
ory for magnetohydrodynamics, which in turn is based o� of hydrodynamic turbulence.
As such, many turbulence properties that exist in hydrodynamics are adapted to the
solar wind as well. [10, 30]

Energy cascade. One of these general turbulence features is the so-called energy
cascade, which describes the transfer of energy across di�erent scales for a fully devel-
oped turbulence. The concept is broadly summarised with this quote by Richardson
[39]:

Big whirls have little whirls that feed on their velocity, and little whirls have
lesser whirls and so on to viscosity.

Turbulence is here generalised as a collection of eddies of di�erent sizes or characteristic
lengths � = 2�=k with k the wavenumber, respectively. At some length scale, energy
is injected into the system in the form of large turbulence eddies. This energy is then
transferred from the large scales to the small scales over the intermediate range (called
the inertial range) and �nally dissipated into heat (or, in the solar wind case, potentially
dispersed) at a characteristic lengthlD . The energy spectrum of a turbulence therefore
contains much information on the energy transfer and interaction between the di�erent
scales. For a schematic visualisation of a spectrum with the respective ranges see
Figure 1.2. Straight lines in a spectrum's log-log plot demonstrate a power law, with
the energy spectrumE(k) being dependent on the wavenumberk as E(k) � ks with
some spectral indexs. Power laws are found in most turbulence spectra, indicating a
steady and scale invariant state in the energy transfer. In the following, power laws
expected to be found in the di�erent solar wind spectral ranges (energy containing,
inertial and dissipative/dispersive) and characteristic boundaries of the ranges will be
discussed.

Taylor's Hypothesis. However, spatial spectra dependent on the wavenumberk are
di�cult to measure in the solar wind, as simultaneous measurements at multiple points
in space are needed. Using an approximation by Taylor [46], the spatial spectrum of a
turbulence 
ow as fast as the solar wind can be identi�ed with the temporal evolution
of the turbulence at a �xed point in the 
ow [10]. With this hypothesis, the solar
wind turbulence spectra are easily measured using a time series measurement of one
spacecraft and the dependencies of the energy on the wavenumber is transferred linearly
to the angular frequency regime via the formula

! = k � ui (6)

(ui being the ion bulk velocity). Accordingly, temporal spectra dependent on angular
frequency! or frequencyf = 2�=! will be used hereafter.
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Figure 1.2: Schematic of a standard energy cascade in tur-
bulence. (Reproduced from Matthaeus et al. [32]. Copyright
2020 Institute of Physics).

Range boundaries. The three ranges (energy containing, inertial and dissipative/dis-
persive) are distinguished in the turbulence power spectrum by their di�erent slopes,
which change at a certain break frequency. The inertial range is bounded in the low fre-
quency / large scale range by the order of correlation length� C, the size of the largest
turbulent eddy. The correlation length in the solar wind lies at around� C ' O (106)km,
or a frequency of 6� 10� 5Hz measured in a spacecraft frame with Taylor's hypothesis.
Bruno et al. [9] also showed that this break frequency decreases with increasing distance
to the Sun. [10, 25, 49]
At high frequencies / small scales, physical conditions change as 
uid approximations
break down and kinetic e�ects from interaction with the particles themselves dominate.
This happens at a scale of around the proton inertial lengthdi for a plasma beta� � 1
and around the ion gyroradius� i for � � 1 (for � ' 1, di = � i ). Transferring the
proton inertial length to the frequency regime yields the corresponding inertial length
frequency

! di
=

ui
di

; (7)

with ui the ion bulk velocity. Hereafter, this high frequency range will be referred to
as the sub-ion range to avoid confusion. [17, 25]

Energy containing range. For this range, observations e.g. with Helios 2 [2] or
the Parker Solar Probe [23] �nd a spectral index of around -1 or less, approximately
showing an 1=f -spectrum. The observed index varies from -0.25 to -1.25. The explana-
tion behind this slope is disputed, with some authors suggesting a foundation in local
dynamics [15, 23, 29] and others perceiving a scale-invariant superposition of di�erent
random processes during turbulence generation as the cause [31, 50].

Inertial range. In the inertial range, at scales bigger than the dissipation length and
smaller than the correlation length, hydrodynamic theory postulated by Kolmogorov
[26] gives a power law of

E(f ) � f � 5=3; (8)
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assuming isotropy, a constant energy injection rate and locality of the energy trans-
fer, that is, energy is only transferred through non-linear wave interactions between
neighbouring scales. In-situ observations of solar wind plasma with spacecraft such as
Mariner 2 [13], Mariner 4 [41], Wind [36] and Cluster [42] all found spectral indices
close to this value for the inertial range.

Sub-ion range. Observations in the dissipative range show a much broader range
in spectral indices than the generally narrow distribution of measurements around the
Kolmogorov value � 5=3 for the inertial range [44]. Measurements with Cluster [42],
Wind [28] and ACE [44] give a range of -1 to at least -4.5 for the spectral index, with
averages at� 4:5, � 3 and � 2:61, respectively. The term \dissipation range" used here
and in several sources is indicative of the belief of the authors that this steepening
is indicative of a dissipation of the energy, e.g. due to kinetic Alfv�en waves [28, 43].
However, some authors interpret this power law as another energy cascade related to
dispersive e�ects [1, 10]. Sahraoui et al. [42] postulate a mixed approach, where the
steepening is a result of damping which converts the energy into heat. They then �nd
another break frequency at electron scales, which, according to the authors' interpre-
tation, precedes another, slightly shallower energy cascade to the electron gyroradius
scale where it is dissipated by electron damping.

1.1.4 Plasma Turbulence at Comet 67P

While turbulence in cometary plasma had already been studied on the basis of obser-
vations at comets like Kohoutek, Halley and Giacobini-Zinner [11, 27], none of these

yby missions were able to collect data for as long as and as close to the comet as the
in situ Rosetta mission [47]. During this mission, the Rosetta spacecraft collected data
of magnetic �eld 
uctuations in the cometary environment of comet 67P/Churyumov-
Gerasimenko for a period of around two years from August 2014 to September 2016.
Using this data, Ruhunusiri et al. [40] analysed the power spectra of the magnetic �eld
at di�erent points in time, making their work the only observational basis for plasma
turbulence close to a comet to date.

Ruhunusiri et al. [40] analysed the magnetic �eld on the basis of 820 s-time windows
spread evenly over the total observation time frame, resulting in a power spectrum
frequency range of 0:002 Hz to 10 Hz. Observations during the intermediately and
strongly active phase were predominantly made within the solar wind cavity of the
comet. All spectra show two power laws whose spectral indices and break frequencies
di�er dependent on the activity phase of the comet, see Table 1.2.

The authors associate a speci�c range of spectral indices with a speci�c turbulent
process (see Fig. 1.3). In alignment with the solar wind turbulence research (Sect.
1.1.3), indices around the Kolmogorov value of� 5=3 signify a fully developed energy
cascade, while steeper indices indicate either another cascade, dissipation or dispersion.
For the energy injection process, Ruhunusiri et al. [40] di�erentiate two types: Uniform
energy injection at arounds = � 1 consisting of the superposition of several energy
sources across a broad frequency range, and dominant energy injection with positive
spectral indices that imply one main energy source restrained to a narrow frequency
band.

Ruhunusiri et al. [40] found that during the weakly interactive phase of the comet,

8



Phase Q [mol./s] f di [Hz] ui [km/s] ntot [cm� 3] f b [10� 2Hz] � slow � shigh

weak < 5 � 1026 0.2-0.9 30-600 350-800 3.0-11 -0.1{1.2 1.6-2.8

interm. between 0.02-0.8 2-40 50-400 2.4-8.0 0.6-1.8 2.1-3.0

strong > 5 � 1027 0.02-0.8 2-40 100-1500 2.0-5.0 1.2-2.0 2.5-3.1

Table 1.2: Parameters used (Q, f di , Vb) and determined (! b, slow , shigh ) in Ruhunusiri et al.
[40], with outgassing rateQ, ion inertial length frequency f di , total ion density ntot , bulk ion
velocity ui , break frequencyf b, low frequency range spectral indexslow and high frequency
range spectral indexshigh . f b is the range of the quartiles for each month of measurement
during the respective phase,s the range of the medians.

Figure 1.3: Plasma process behind a spectral index according to Ruhunusiri et al. [40].

the combination of dominant energy injection in the low and partial cascade or disper-
sion in the high frequency range is the most common process. In the intermediately
active phase, the high frequency range 
attens and dominant energy injection is re-
placed by uniform injection. The prevailing combination in the strongly interactive
phase and second most common for the intermediate phase is two power laws with
di�erent spectral indices, but both higher than the ones required for the full cascade.
Other processes in this phase can include full cascade-dissipation/dispersion and the
same process as in the intermediately active phase. However, the uncertainty for a full
cascade to occur is large, as it is probable that the timescales near the comet are not
large enough for turbulence to fully develop.

Overall, Ruhunusiri et al. [40] proved that the plasma turbulence at a comet di�ers
much from the solar wind, where a process of uniform energy injection-full cascade-
partial cascade/dissipation/dispersion is to be expected. While many possible turbu-
lence processes have been observed, the question of the occurrence of full cascades,
which would heat the plasma around the comet and impact its energy budget, is un-
resolved. Moreover, the mechanisms behind the energy injection processes, dissipation
and dispersion are still ambiguous.

1.2 Relevance

With Rosetta being the only mission observing in situ at a comet to date, much re-
mains to be discovered { both by eventual further cometary missions and by turbulence
simulations to prepare these future observations. This work falls in the latter category
and builds upon the Ruhunusiri et al. [40] results by studying the turbulence both at
the comet and in di�erent areas like the cometary tail and wings. Ruhunusiri et al.
[40] analysed a spectral range of 0:002 Hz to 10 Hz, limited in the upper range by the
Nyquist frequency for Rosetta's magnetometer. In this work, a range of 0:006 Hz to
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4:6 Hz is able to be analysed, enabling further study of the sub-ion range. This serves
to help build a full picture of the interaction between the turbulent solar wind and a
comet which can then be generalised to studies of solar wind interactions with more
compact objects in the solar system (e.g. planets, see [5, 48]).

Menura [6], the turbulence simulation code used here, is uniquely suited for this
study, as it is the �rst simulation to introduce an obstacle into a turbulent solar wind,
therefore being closest to the physical reality observed by Rosetta. Previous results
by Menura were presented by Pucci et al. [37], but only focussed on the turbulence
immediately around the comet and were not yet compared with Ruhunusiri et al. [40]
results. While Menura is able to generate turbulence in three dimensions, here only
2D3V simulations are used, with vector quantities described with all three components
while the simulation is only developed in a 2D plane perpendicular to the solar wind
direction and background magnetic �eld. A 3D simulation, while providing more quan-
titative results, has a much lower resolution due to computational limits. The focus of
this work therefore lies on a qualitative analysis of the turbulence around a comet.

Aiming to illustrate new aspects in these gaps in knowledge of turbulent solar wind-
comet interactions, this work therefore focuses on answering these two questions:

ˆ Does the Menura simulation produce the expected turbulence spectra for the solar
wind, and compared to Ruhunusiri et al. [40]?

ˆ How is the solar wind turbulence processed by the comet; close to the comet and
in di�erent areas downstream of the comet?
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2 Methodology

To answer the open questions outlined in Sect. 1.2 in this work, a simulation of a
turbulent solar wind interacting with a comet, computed by the code Menura, was
used. Power spectral densities (PSD) at di�erent regions in the cometary environment
were calculated from the simulation data and analysed for power laws and frequency
breaks.

The Menura code is introduced in Sect. 2.1 and Sect. 2.2 outlines the process of
generating and analysing the PSD.

2.1 Menura

The code Menura, written by Behar et al. [6], simulates a turbulent solar wind colliding
with obstacles such as comets or planets. While codes already exist for simulating
solar wind turbulence, and for a laminar wind interacting with an obstacle, Menura
combines both these aspects to achieve a more accurate approximation of the reality in
interstellar space.

Menura is a hybrid particle-in-cell (PIC) simulation. The ions of the solar wind
and cometary plasma are described in a kinetic model with a distribution function that
solves the Vlasov Eq. (Eq. 4), while the electrons are approximated as a 
uid (see Sect.
1.1.1). To attain the ion distribution function, Menura solves the Vlasov equation (Eq.
4). As fully solving the equation for every single ion is impossible due to limited com-
putational power, the particle-in-cell method is used to discretise time and space, with
space being partitioned into a grid made up of cells and nodes. The distribution func-
tion is discretised as well by building `macroparticles' that occupy a discrete position in
phase space. Electromagnetic �elds, ion moments and the electron 
uid characteristics
are evaluated as averages at the grid nodes. To advance the simulation in time, the
PIC method principally reiterates several steps:

ˆ advance the position of the ions by one step using their velocity~ui

ˆ gather the averaged ion moments such as charge density� and current ~J from the
ion position and velocity

ˆ advance the electromagnetic �elds~E and ~B using the ion moments, Faraday's

law @~B
@t = �r � ~E and an Ohm's law adaptable to the situation (for the ideal

Ohm's law see Eq. 5)

ˆ advance the ion velocities using the electromagnetic �elds

The Menura simulations in [6, 3] and this work use the following formulation of Ohm's
law as the �eld solver:

~E = � ~ui � ~B +
1
en

~J � ~B �
1
en

r � pe � � hr 2~J; (9)

wheren is the particle density in the quasi-neutral approximationn � ne � ni , pe is
the electron pressure obtained under the assumption of a polytropic process and� h is
a coe�cient of hyper-resistivity, used to suppress high frequency oscillations that occur
in the simulation due to its discreteness.
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Figure 2.1: Magnetic �eld strengthB of the simulated turbulent solar
wind with background magnetic �eld B0 = 3 nT.

To insert a comet into the solar wind, Menura operates in a two-step procedure. In
a �rst step, a pristine turbulent solar wind is generated by injecting energy in the form
of waves into the inertial range of a homogeneous background magnetic �eldB0 and ion
bulk velocity ~ui . Since the simulation uses the solar wind frame as a frame of reference,
the background bulk velocity is~ui0 = 0. Figure 2.1 shows the magnetic �eld of the
simulation used in this work. The boundary conditions of this box are periodic, making
the simulation fully periodic in all directions. In the second step, heavy cometary ions
with a mass of 18 proton masses (e.g. H2O+ ) are injected into the turbulent solar wind
with each simulation time step at a rate of

qi (r ) =
� i Q

4�u 0r2; (10)

with r the distance to the comet nucleus,� i the ionisation rate of the neutral molecules
in the cometary atmosphere,u0 its radial expansion velocity andQ the neutral out-
gassing rate. In the simulation used here,� i = 2 � 10� 7 s� 1, u0 = 1000 m s� 1 and
Q = 1:25� 1027 molecules/s, which is an intermediately active comet (ref. Table 1.2).
As the �rst step generates fully periodic results, its output is used to simulate the comet
moving in the solar wind: in every time step, after injection of the cometary ions and
advancement of the particles and �elds, a slice in they-direction of the step 1 turbu-
lence is inserted upstream (on the right), one after the other. Rather than injecting
the turbulence into the simulation box with the comet, it is `laid out' in front of it,
repeating periodically, while the box moves along this band to the right. To keep the
comet in the centre of the simulation domain while keeping the �elds in the solar wind
domain where they were initialised, the �elds and comet inside the simulation box are
shifted every two increments as well. These shift distances are so small that they are
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neglected in the analysis, and the comet is taken to have a �xed position in the box.
Figure 2.2 shows a snapshot in time of the �nal results of the simulation. A timespan

of around 870 s was simulated overall. The tail with plasma bubbles and upper wing
with a higher concentration of cometary ions described in Sect. 1.1.2 is seen in the
image. A lower wing is present as well, see Fig. 2.3. For more detailed information on

Figure 2.2: Simulation of a comet in a turbulent solar wind. Shown
is the ratio of the solar wind and cometary ion density att = 0.

the algorithm, see Behar et al. [6] and Behar and Henri [3].
As mentioned in Sect. 1.2, the simulation is only two-dimensional in order to achieve

a high resolution. Accordingly, the �ndings of this work are not meant as a quantitative
analysis. Franci et al. [18] found for a similar simulation that the simpli�ed 2D geometry
does not a�ect the spectral behaviour of the �elds at or below the ion characteristic
scales. A qualitative analysis will therefore still be able to yield authentic results.

2.2 Spectral analysis

Using a simulation run with the previously described code, the power spectral density
(PSD) of the solar wind turbulence at the comet was derived and analysed for spectral
features and power laws. In the following, the analysis computation will be described.
The results of this analysis will then be used in Chapter 3 to infer the answers to the
questions stated in Sect. 1.2. The derivation of the PSD is discussed in Sect. 2.2.1, its
analysis in Sect. 2.2.2. Sect. 2.2.3 evaluates the reliability of the analysis model. A
review of alternative methods to use in the analysis is provided in Sect. 2.2.4.
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2.2.1 Generating the spectra

The simulation run of the Menura code used here has previously been discussed in Behar
and Henri [3]. Table 2.1 lists the parameters that underlie the simulation, chosen to
resemble the solar wind parameters. Parameters in the upper part of the table serve
as normalisation constants. The turbulence that was injected into the simulation box
from the right is shown in Fig. 2.1.

Parameter Value
background magnetic �eldB0 3:0 nT

background particle densityn0 3:0 cm� 3

ion cyclotron frequency! ci0 0:29 rad s� 1

t0 = ! � 1
ci0 3:48 s

ion inertial length di0 131 km
Alfv�en velocity vA0 38 km s� 1

plasma beta� i0 = � e0 1
comet velocity vobs 10 vA0

neutral outgassing rateQ 1:25� 1027 mol./s
simulation time step � t 0:0125 t0

simulation domain 500 di0 � 500 di0
total simulation time 250 t0

Table 2.1: Physical and simulation parameters of Menura run used. Values taken from
[3]. For usual solar wind values, see Tab. 1.1.

In this simulation box, 160 virtual probes were placed in eight distinct areas (see
Fig. 2.3): very close to the comet, in the upper wing, lower wing and tail both close
and far from the comet, and in the solar wind. Each region contains 20 probes that
have �xed positions in the simulation box or comet reference frame, respectively. At
each probe location, the time series~B(t; ~xprobe = const:) is extracted.

For the analysis, an algorithm (classmenura_probesmethodanalysis ) was written
in Python. This algorithm takes a speci�ed probe, extracts the magnetic �eld, calculates
the PSD and returns spectral indices and limiting frequencies for PSD segments possibly
showing a power law. Additionally, model errors and metadata like rejected models are
output. The code steps will be described in the following.

PSD. The PSD of a magnetic �eld signal is derived using a discrete Fourier transform
(DFT). For a one-dimensional, discrete, real-valued signalB(t) of length N with a time
step of � t, the DFT B̂ (! ) to angular frequencies! k is given by

B̂ (! k) =
N � 1X

m=0
B(tm) � e� i! ktm:

This transformation is applied separately to each spatial componentj 2 f x; y; zg of
the magnetic �eld. The total PSD is obtained by summing the contributions from the
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Figure 2.3: Map of simulation box with probe positions marked and
areas labelled. Displayed �eld: log10(jB (t = 0) j=B0). Comet marked
with blue X.

three components:

PSD(! k) =
X

j 2f x;y;zg

2 � � t �
�
�
�B̂j (! k)

�
�
�
2

:

The factor of 2 accounts for the restriction to positive frequencies. The PSD is nor-

malised to units of energy per angular frequency,

"
B2

0
! ci0

#

Preprocessing. An example PSD produced in this way is displayed in Fig. 2.4. As
seen in Fig. 2.4, some spectra exhibit a bump at a frequency of around 126! ci0. This
is an artifact of the injected simulated turbulence. At small spatial scales, a turbulence

uctuation dissipates due to physical resistivity. In the Menura simulation, dissipation
can become impossible when the simulation grid is too small for the energy to cascade
from larger to smaller scales. The energy then accumulates at the smallest scale possible
in the simulation, causing a bump in the spatial power spectrum. This spatial PSD
(in the x-direction) is calculated from the injected turbulence (seen in Fig. 2.1) in the
same way as the temporal PSD explained above, but using~B(t = tinjection; x) and its

discrete Fourier transformB̂ (kx) to angular wavenumberskx instead. Figure 2.5 shows
the spatial PSD in x-direction averaged over ally-coordinates as well as the temporal
PSD averaged over all 20 probes in the solar wind. As each probe in the solar wind
encounters the pro�le alongx at their y position of the injected turbulence over time,
the similarity of the two PSD especially at high frequencies is to be expected. Thus, the
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Figure 2.4: Full PSD for Probe 128 close to the comet. Shaded
area excluded from analysis, numerical artifacts marked in red.

bump at the highest wavenumberkx;max � 12:6 di0 translates to the bump seen in the
temporal PSD at frequency 126! ci0. The di�ering factor 10 stems from the Doppler
shift with comet velocity vobs = 10 vA0 between the solar wind frame of the spatial
PSD and the object frame of the temporal PSD. The bump in the solar wind PSD is
carried on in other spectra, with di�erent intensities depending on the distance to the
turbulence injection point and the presence of solar wind ions. Indeed, the bump is not
visible in the tail spectra and diminished in the upper wing spectra, where there are no
or less solar wind ions, respectively.

Figure 2.5: Spatial PSD of the injected turbulence
and temporal PSD of the solar wind probes.

Another bump is detectable at the highest frequencies of the spectrum, especially at
the positions close to the comet. This is caused by the cometary ions, which are injected
into the simulation at every time step (see Sect. 2.1). This time step corresponds to
the highest frequency in the spectrum (Nyquist frequency! Ny = 2� 1

2� t � 251! ci0),
leading to an increase in the power density there. The bump does not appear in the
solar wind spectra and is reduced in the spectra of the lower wing, where cometary ions
are either absent or present in smaller quantities.
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In view of these numerical artifacts in the spectra, the spectral analysis is only
carried out from the lowest recorded frequency to a frequency of! max = 100 ! ci0.

To further reduce noise and remove outliers, each PSD is smoothed using a three-
point median �lter. This PSD is the one used in all following analyses and �gures. As
the low frequencies are very widely spaced in log-scale, a wider window size for the �lter
would in
uence the shape of the spectrum signi�cantly.

The spectra were analysed in log10-log10 space. Frequencies and frequency ranges
are still reported in physical units normalised to the ion cyclotron frequency! ci0 (see
Table 2.1).

Periodicity. The solar wind turbulence injected into the simulation box from the
right is quasiperiodic with a box size oflx = 500 di0 (see Sect. 2.1). The comet's
velocity is vobs = 10 vA0, resulting in one quasi-period corresponding tolx=vobs =

50! � 1
ci0. This quasi-periodicity translates to the magnetic �eld at most probe positions.

A check of all 160 spectra revealed that only the probes in the cometary tail (80 to 99)
did not show this pattern in their magnetic �eld. In all other 120 probes, the magnetic
�eld signal collected by each probe is segmented into these �ve quasi-periods, with the
PSD for each segment computed independently. For further analysis, the average of
the �ve spectra is used (see Fig. 2.6). This procedure lowers the frequency resolution
but overall reduces oversampling noise.

Figure 2.6: Comparison of total and period-averaged PSD for Probe 128 (close to the
comet). Shaded area excluded from later analysis.

Overall, the PSD generation is summarised in these steps:

ˆ Extract magnetic �eld ~B(t).

ˆ (Manual) check: Is the magnetic �eld quasi-periodic?
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yes

{ Segment into quasi-periods.

{ Compute PSD per segment and
average over all segments.

no

{ Compute total PSD.

{ Here: only for tail areas (see§
Periodicity)

ˆ Else (here only for tail areas): Compute total PSD.

ˆ Cut to frequency range [! min; ! max].

ˆ Smooth with three-point median �lter.

ˆ Convert to log10 space for analysis.

2.2.2 Finding power laws

As discussed in Sect. 1.1.3, turbulence spectra generally exhibit several power laws
in logarithmic space, with the spectral index changing at speci�c break frequencies
! b. Accordingly, the spectra generated with the method described in Sect. 2.2.1 were
examined for break frequencies and power laws using an algorithm developed for this
thesis.

In this work, four di�erent piecewise linear models de�ned by their number of break
frequencies (zero, one or two) and corresponding segments with �tted power laws (one,
two, or three) were considered. The basic steps of the algorithm are

Step 1: Search for possible break frequencies over the full spectrum (�rst one-break,
then two-break scenarios). (§ Generating models)

Step 2: Validate the resulting models with several criteria and reject invalid models.
(§ Filtering models)

Step 3: Rank the remaining models via an adjusted R-squared parameter and choose
the best model. (§ Comparing models)

Additionally, generation of the parameter errors is described in§ Errors.

Generating models. As mentioned above, four di�erent power law models contain-
ing zero, one or two break frequencies are generated for each PSD:

Model 1: one break at! b0; two segments

Model 2: two breaks at! b1;l and ! b2;l ; three segments; generated by a break fre-
quency search to the left (see below)

Model 3: two breaks at! b1;r and ! b2;r ; three segments; generated by a break fre-
quency search to the right

Model 4: zero breaks; one segment
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The process of producing these di�erent models is outlined below.
All linear �ts to the spectra are produced using a weighted linear least squares

regression with the relationship

log10PSD = s � log10! + b: (11)

The weighted regression was chosen based on the non-equidistant spacing of the data
in log space, with the weight correlating to the set of points on the logarithmicx-axis
that is closest to the speci�c data point:

w(! i ) =
1
2

� log10

�
! i+1
! i � 1

�
:

To �nd possible break frequencies in the generated spectra, the algorithm used in
Ruhunusiri et al. [40] is modi�ed by adding the possibility of a second break frequency
and taking all frequencies as break frequency candidates. Starting with �nding a possi-
ble break frequency for the model with a single break frequency, all discrete frequencies
of the spectrum in the interval [! b;min = 0:5! ci0; ! b;max = 60 ! ci0] are considered as
candidates for the break. This constraint both eliminates �ts with less than three data
points and avoids overly narrow �t candidates near the spectrum boundaries, cutting
down on computation time. For each candidate, the two linear �ts to the spectrum
from its limits to the candidate are generated with Eq. 11. However, the �ts only con-
sider the frequencies up to a distance (`padding') of 0.05 (log units) to the candidate,
as around a break, no linear spectrum can be assumed. The hypothetical intersection
point of the two linear �ts is then calculated and subtracted from the break frequency
candidate (see Figs. 2.7a and 2.7b):

di�( ! ) =

�
�
�
�
b2 � b1
s1 � s2

� !

�
�
�
� :

For a true break frequency, the intersection must lie exactly at the break frequency itself.
Therefore, the frequency with the minimum di�erence to its intersection is selected as
the break frequency (Fig. 2.7c).

After �nding the single break frequency candidate! b0 (Model 1), this process is
then repeated in exactly the same way for only the part of the spectrum left of! b0
([! b;min; ! b0]) to �nd the �rst frequency of a two-break model (Model 2), ! b1;l . For
detection of the respective second break,! b2;l , the same steps are applied to the part
of the spectrum between! b1;l and ! b;max. This principle is displayed in Fig. 2.8. To
ensure that all possible second break frequencies are found, the search is reiterated for
the part of the spectrum on the right side of! b0, resulting in a second two-break model
with frequencies! b1;r and ! b2;r (Model 3). In cases where! b0 lies in between! b1;l
and ! b2;l (as in Fig. 2.8), this might result in the same model as the search to the
left. As only one model will be selected in the end, this is of no concern. Finally, one
linear �t is generated over the whole of the spectrum [! min; ! max] for Model 4 with
zero break frequencies.

Filtering models. Before choosing the best �tting model, the break frequencies and
linear �ts are validated against three criteria to ensure that the power laws of the
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(a) Example of a bad candidate! b. (b) Example of the chosen! b with minimum
di�erence.

(c) Intersection di�erences for all ! b candidates.

Figure 2.7: Intersection method for the break frequency search illustrated on the PSD
of Probe 128.

Figure 2.8: Search to the left for two break frequencies. PSD of Probe 25.
Areas used for respective search are shaded.

20



models have physical signi�cance. Each of the criteria is represented by a dimensionless
parameter that is then compared against a threshold (Table 2.2):

ˆ Closeness criterion: Checks how close the found break frequency lies to the
limits of the spectrum interval used for the search. Linear �ts over very narrow
intervals of the spectrum cannot be considered a power law, so break frequencies
that generate too small segments are discarded along with their respective models.
Parameter: pc = min

� �
� log10! b � log10! limit

�
� �

ˆ Break prominence criterion: Checks how similar the two slopess1 and s2
on each side of a break frequency are. If the slopes are too close, the change in
spectral index is too insigni�cant to be considered a break and the break frequency
and its associated model are rejected.

Parameter: pp = 2
js2� s1j
s1+ s2

ˆ Linearity criterion: Checks the linearity of a spectrum segment underlying a
linear �t. Segments with an underlying curvature cannot be considered a power
law and are discarded from the model.
To detect curvature, the linear �t is tested against a quadratic �t with a partial
F-test [12, 16]. The F-statistic

F =
RSS� RSSq
RSSq=(n � 3)

;

with RSS the residual sum of squares,n the number of data points in the �t
and q denoting the quadratic �t, is calculated. This number measures how much
the extra quadratic parameter improves the �t. Comparing this value to the F-
distribution with (1 ; n � 3) degrees of freedom yields the p-value, the probability
of observing an F-statistic greater than or equal to the one calculated here under
the null hypothesis that the added parameter has no e�ect. If the p-value is small,
adding the quadratic parameter has statistical signi�cance and therefore indicates
a curvature of the underlying spectrum.
Parameter: pl = 1 � f (F ; 1; n � 3)

Criterion Threshold
Closeness pc � 0:25
Break prominence pp � 0:4
Linearity pl � 10� 11

Table 2.2: Threshold used for each criterion to validate a break frequency or segment.

It is important to note that, once a segment does not meet the linearity criterion,
only the linear �t of that segment is eliminated from the model. The model is kept
with the break frequencies and remaining segments and only rejected if all segments
are non-linear. Conversely, if a break does not meet either of the �rst two criteria, the
whole model is discarded.

To arrive at these thresholds, synthetic sample spectra with random Gaussian noise,
but the same frequencies and noise levels as the actual probe spectra were generated.
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The closeness and break prominence thresholds were tested on 1600 such spectra con-
sisting of two linear segments with slopes -1 and -2.5 and one break frequency chosen
out of 10 options distributed evenly across the spectrum (for an example spectrum see
Fig. 2.11). The above algorithm was performed on these spectra and the closeness and
break prominence parameters for the two-break models were calculated. Their respec-
tive cumulative distribution is displayed in Fig 2.10a. Since the underlying spectrum
was designed with only one break frequency, these models should be rejected by the
criteria thresholds. Therefore, a threshold of 0.4 that rejects 97% of the models was
chosen for the break prominence parameter. For the remaining models, the closeness
parameter threshold was chosen to be 0.25 to ensure rejection of break frequencies that
lie so close to the segment limits that they generate incorrect slopes.

The same principle was applied to the linearity parameter. Here, 16 000 spectra with
four di�erent curvatures c of -0.01, -0.03, -0.05 and 0 (linear spectrum) were generated
with this formula (before noise injection; see Fig. 2.9):

log10PSD = � 1:5 � log10! + c � (log10! � log10! )2:

The linearity parameters of the linear �ts to the spectra were calculated and their

Figure 2.9: Synthetic sample spectra with curvature.

cumulative distribution function is shown in Fig. 2.10b. The threshold was chosen to
pass 90% of the linear spectra. (Note: In Fig. 2.10b, only the leftmost 12.5% of the data
for the linear spectra is shown, resulting in a percentage of (90%� 87:5%)=12:5% = 20%
as the pass threshold.) The chosen threshold rejects 97% of thec = � 0:05, 79% of the
c = � 0:03 and 22% of thec = � 0:01 linear �ts. Due to the high noise level, the threshold
has to be chosen much lower than what is usually considered a good signi�cance level
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[16]. As the threshold was determined by spectra over all frequencies, the linearity
criterion is more inaccurate for linear �ts on segments with less data points and high
relative noise. Tests accounting for this problem lie out of the scope of this work. As
a result of this and the rejection of only 22% of segments with a curvature of 0:01, the
threshold can only function as a preliminary rejection. A further, manual rejection of
linear �ts by searching for patterns in a residuals vs �tted values plot was performed
(see Sect. 2.2.3).

(a) CDF for the closeness and break prominence parameters.

(b) CDF of the linearity parameter for di�erent synthetic curvatures. Per-
centage of linear �ts rejected or passed (for no curvature) marked.

Figure 2.10: Cumulative distribution functions (CDF) of calculated parameters for
synthetic sample spectra.
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Comparing models. Finally, the models not already discarded due to un�t break
frequencies or no linearity in any of the segments are compared against each other using
the mean adjusted R-squared of all their valid linear �ts, with the equation taken from
Rawlings [38]:

R2
adj = 1 � (1 � R2)

n � 1
n � 2

:

The adjusted R-squared was chosen as it accounts for the number of data pointsn
in a �t, and thus enables comparison of the di�erent segments. The model with the
maximum R2

adj is �nally selected as the best model for the speci�c PSD.

Errors. The error of the break frequency was estimated with the same type of syn-
thetic piecewise linear spectrum used in the closeness and break prominence parameter
tests (see§Filtering models). The di�erence (in log space) between the algorithm break
frequency and the synthetic break frequency was calculated for 1600 spectra with 10
di�erent, equidistantly distributed synthetic break frequencies (see Fig. 2.11). The
resultant average error was

� log 10! b = 0:05:

As this is exactly the area around the break frequency that is exempted from the linear
�t (`padding'), error calculation is simpli�ed by not considering the complex error
propagation from ! b to the linear �t slopes. Instead, the (weighted) standard error of
the estimate is taken as the formal error of the linear �t slopes.
In case of a (weighted) average over several slope values (e.g. for all probes in a speci�c
area), the standard error of the mean was adjusted with the Birge ratio [8] to account
for inconsistency due to a small number of measurements.

Figure 2.11: Synthetic sample spectra with one break frequency and two linear seg-
ments.

2.2.3 Reliability and Limitations

The model output by the algorithm aims to be heuristic rather than a full statistical
model of the spectrum. The latter would require inclusion of non-linear regressions
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and with that a much more extensive research into statistical modelling that lies out
of the scope of this work. Instead, the model serves as a guidance on where power
laws in the spectrum could exist. The �nal validation of this suggestion should be
performed by the code user. To that end, the code enables break frequency search
(function find_omega_b) and linear �tting (function spectral_index ) on a manu-
ally selected spectrum interval and a manual check of su�cient linearity (analysis
argument linearity_threshold=`manual' ). Figure 2.12 displays the percentages of
automatically and manually rejected �ts in this work, while Figure 2.13 shows an ex-
ample spectrum with manually rejected linear �ts. Further plots and analyses only
consider the linear �ts passed both by the algorithm and manually. Furthermore, all
adjustable parameters can easily be changed in the code (see Table 2.3).

(a) For all linear �ts across all models. To-
tal 878.

(b) For linear �ts in the chosen best mod-
els. Total 299 (35%).

Figure 2.12: Linearity criterion decision.

Figure 2.13: Example of bad linear �ts (dotted) passed by the algo-
rithm for Probe 142 (solar wind area).

If the algorithm were to be improved in the future, other models than piecewise
linear ones should be investigated. The main source of invalid models in this work is the
search for break frequencies operating under the assumption that the break frequency
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Parameter Value Where to change
Closeness threshold 0.25 analysis arguments
Break prominence threshold 0.4 |" |
Linearity threshold 10� 11 | " |
Break frequency `padding' 0.05 |" |
! min; ! max [0:126; 100]! ci0 in analysis
! b;min; ! b;max [0:53; 60]! ci0 | " |

Table 2.3: Adjustable parameters and their chosen values in this work.

separates two approximately linear segments. If other options (e.g. a linear �t only on
one side of the break) were taken into account, this search could be improved greatly.
Additionally, an automatic check of the quasi-periodicity could be implemented as well
as a more thorough linearity threshold that does not require manual rejection.

2.2.4 Alternative Approaches

While developing the algorithm, several other methods were considered and discarded.
They will be listed here to assist in a possible future improvement of the algorithm.

Di�erential break frequency search. Instead of using the intersection method
from Ruhunusiri et al. [40] to �nd the break frequency, a di�erential approach was
considered to facilitate simultaneous discovery of multiple break frequencies. The idea
was to di�erentiate the spectrum numerically in log space and cluster plot the values.
The break frequencies should then be found in between two clusters of di�erent slope
values. However, the spectra were too noisy to calculate a valid di�erential. Widening
the di�erentiation stencil did not solve the problem as the data points at the beginning
of the spectrum were too far apart.

Equidistant spacing in log scale. Non-equidistant spacing in log scale hindered
both di�erentiation as described above, and the application of �xed-window smoothing
used in the preprocessing of the spectrum. Thus, it was brie
y considered to remove
data points from the spectrum so that it would be spaced equidistantly in log space.
Using the maximum distance between data points as the distance between all new ones
would only lead to ten data points. Additionally, a lot of valuable data would be lost
for the high frequency band. Therefore, this option was discarded as well.

Search for two breaks. To re�ne the examination for models with two break fre-
quencies, an exhaustive search calculating the average intersection di�erence for all
possible candidate pairs! b1; ! b2 was considered but soon discarded due to being com-
putationally expensive. Another option was to perform this exhaustive search in a
manually limited search area to reduce computation time, but the current method
described in Sect. 2.2.2 was preferred as it limits needed user input.

Linearity parameter. As the linearity parameter only rejects a part of the non-
linear spectrum segments, several alternatives were tested.
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The �rst idea was to use the comparison parameterR2
adj. But this parameter only

considers the absolute value of the residuals and not their distribution, which is the
more important indication of curvature [12]. As a consequence, it lead to very clearly
curved spectrum segments having an R-squared value of 0.98 or higher being accepted.
Alternatively, the residuals of the linear �t were �t with a fourth-degree polynomial.
The R-squared value of this �t was an option for the linearity parameter, as a cur-
vature in the residuals points towards a curvature of the underlying spectrum. This
method was very computationally expensive. The F-test p-value parameter described
above that was �nally implemented is a re�nement of this method and is widely used
in regression analysis. As mentioned above, a possibility for a visual con�rmation of
the linear �t was implemented in the algorithm code as well.

After eliminating the methods listed above, the algorithm described in Sect. 2.2 was
settled on and re�ned. Power spectral densities for solar wind turbulence at di�erent
distances to a comet and models for their power laws were developed by using the
algorithm on the turbulence simulation generated by Menura in the way detailed in
Sect. 2.1. In the next chapter, these results will be displayed, discussed and interpreted
according to the research questions in Sect. 1.2.
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3 Results and discussion: How solar wind turbu-
lence is modi�ed by a comet

Using the algorithm described in Section 2.2 on the simulation data from Menura (Sect.
2.1) results in 160 PSD with several discovered power laws. The spectra are displayed in
Appendix. The results will be summarised in the following Section 3.1 and subsequently
interpreted in Section 3.2.

With these new insights, the turbulence data collected by Rosetta (Sect. 1.1.4) is
supplemented and new information about plasma turbulence at comets to be studied
in future cometary missions like Comet Interceptor (Sect. 1.2) is gained.

3.1 Spectral analysis results: What information can be ob-
tained from the PSD?

Figure 3.1 summarises all 160 probe spectra by their respective area to quickly detect
di�erences both in an area and across di�erent areas. Figure 3.2 then shows the number
and values of spectral indices and break frequencies for each area. For an overview over
the location of the di�erent areas with regard to the comet, refer to Figure 2.3.

3.1.1 Bulk velocity and inertial length

The total bulk velocity ui and proton inertial length di for each probe are displayed
over time in Fig. 3.3. The bulk velocity was taken from the simulation data, while
the inertial length was calculated with Eq. 1, using the total ion density. In the solar
wind, the inertial length lies at around the background inertial lengthdi0, and the bulk
velocity is ui = 10 vA, exactly the relative speed of the comet to the solar wind. In
most areas the total inertial length is slightly lower thandi0, with the lowest values
being close to the comet. There and in the tail, the value 
uctuates. The tail further
away from the comet is the only region with a greater inertial length than the solar
wind. The bulk velocity instead is much lower in the tail and close to the comet. In
the wings, the ions are faster than in the tail, but still slower than the solar wind ions,
with a higher velocity further away from the comet and in the lower wing. The two
parametersdi and ui are used to calculate the inertial length frequency! di

with Eq.
7. This ! di

is displayed in Fig. 3.1 and the probe spectra in Appendix. The cometary
ion inertial length frequency ! dc was calculated as well, also using the total density.
With their mass being 18mi and Eq. 1, this frequency is smaller than! di

by a factor

of
p

18.

3.1.2 Spectrum ranges and total power

The minimum value, maximum value and total power of the PSD vary between areas,
allowing conclusions on the overall energy of the turbulence in an area. An overview is
displayed in Fig. 3.4. The total power was calculated by numerically integrating over
the whole PSD using trapezoids. Clearly, the probe spectra in the solar wind exhibit
the lowest total power, having both the smallest minimum and maximum. The probes
in the two wings measure roughly the same total power and maximum values, both
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Figure 3.1: All probe PSD grouped by area. Average PSD over all probes in a respective
area in black. Break frequencies and range of inertial length frequencies for solar wind
di and cometary ionsdc marked. Areas arranged by their relative positions.
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(a) Upper wing far (b) Upper wing close

(c) Tail far (d) Tail close

(e) Lower wing far (f) Lower wing close

(g) Close to comet (h) Solar wind

Figure 3.2: Result statistics for di�erent regions. The categories low, mid and high for
spectral indices indicate the frequency ranges of the power laws.
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Figure 3.3: Proton inertial length di (left) and bulk velocity ui (right) over time and
at the di�erent probes.

higher than for the solar wind. For both wings as well as the tail, the spectra further
away from the comet average less total power. The tail spectra contain the second
highest total power, around ten times as much as the wings, while the probes close to
the comet have the maximum power with an average of 4� 105B2

0.
At the same time, the spectra close to the comet vary the most. Both the low

frequency and the high frequency range diverge for di�erent probes in this area (see
Fig. 3.1 and the boxplot ranges in Fig. 3.4). The spectra in the tail likewise have
a wide range of minima in the high frequency range. The spectra in all other areas
and their slopes are generally very similar to the average of all spectra in that speci�c
region.

3.1.3 Power laws in each area

In the following, patterns that are found across all or most PSD out of 20 PSD in
an area will be compiled. This will enable discussion of di�erent turbulence processes
in di�erent regions with regard to the comet (in Sect. 3.2). The average of break
frequencies and slopes found in most spectra of an area are displayed in Table 3.1.

Upper wing far. Most PSD in the upper wing farther away from the comet show
a two break structure (see Fig. 3.2a). Averaged, the two breaks lie at! b1 = 2:83 �
10� 0:13! ci0 and ! b2 = 17:88� 10� 0:13! ci0, respectively. The only power law present
in more than half of the spectra is the one in between the two break frequencies. Here
the average spectral index issmed = � 2:39� 0:07.

Upper wing close. The spectra in the upper wing closer to the comet likewise
showcase mostly two breaks at roughly! b1 = 4:57� 10� 0:12! ci0 and ! b2 = 28:77�
10� 0:12! ci0 (Fig. 3.2b). These are positions similar to the ones in the spectra farther
away. A power law in the medium frequency range is seen here as well in half of
the spectra. The average spectral index issmed = � 2:82 � 0:14, lying in a similar
range. Additionally, eleven of the spectra show a power law with spectral indexslow =
� 1:10� 0:05 in the low frequency range.
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Figure 3.4: Boxplots of minima, maxima and total power for
the 20 PSD of each di�erent area.
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area ! min
b1 ! b1 ! max

b1 ! min
b0 ! b0 ! max

b0 ! min
b2 ! b2 ! max

b2
upper wing far 2.10 2.83 3.82 13.25 17.88 24.12

upper wing close 3.47 4.57 6.02 21.82 28.77 37.93
tail far

tail close
lower wing far 3.68 4.85 6.39 26.97 36.07 48.21

lower wing close 5.06 6.83 9.21 31.01 41.83 56.43
close to comet 6.73 9.50 13.42

solar wind 8.76 12.66 18.30

(a) Break frequencies.

area slow smed shigh
upper wing far � 2:39� 0:07

upper wing close � 1:10� 0:05 � 2:82� 0:14
tail far

tail close
lower wing far � 0:68� 0:01 � 2:43� 0:05

lower wing close � 0:93� 0:04 � 6:14� 0:14
close to comet � 2:11� 0:09 � 3:92� 0:16

solar wind � 1:74� 0:02 � 4:06� 0:19

(b) Spectral indices.

Table 3.1: Power law features found in most of the spectra of each area. Frequencies
given in units of ! ci0, frequency range from multiplicative logarithmic error.
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Tail. Most spectra in the tail do not display any power laws that were found with
the algorithm (Figs. 3.2c, 3.2d). The rest only show one power law over a very small
number of frequencies around 0:5! ci0. The tail spectra were not averaged over the
quasi-periods (see Sect. 2.2.1). The spectrum in the very low frequency range, where
the power law is found, therefore showcases artifacts of this periodicity and should not
be considered in the analysis. Due to this and the small number of frequencies and
quota of spectra, this power law is not considered as a general feature of spectra in that
area.

Lower wing far. Like in the upper wing, most spectra display two breaks, at! b1 =
4:85� 10� 0:12! ci0 and ! b2 = 36:07� 10� 0:12! ci0 (Fig. 3.2e). Almost all PSD have
a power law with average spectral indexslow = � 0:68 � 0:01 in the low frequency
range. Over half also showcase a spectral index ofsmed = � 2:43� 0:05 in the medium
frequency range.

Lower wing close. As in the spectra in the lower wing farther away from the comet,
two breaks at, on average,! b1 = 6:83� 10� 0:13! ci0 and ! b2 = 41:83� 10� 0:13! ci0
is found in most of the PSD, with a power law with spectral indexsmed = � 0:93� 0:04
in the low frequency range (Fig. 3.2f). In exactly half of the spectra, another power
law with spectral indexshigh = � 6:14� 0:14 was detected by the algorithm in the high
frequency range.

Close to comet. Conversely, the PSD close to the comet mostly show only one break
frequency at around! b0 = 9:5� 10� 0:15! ci0 (Fig. 3.2g). On the left side of this break,
in the low frequency range, there is a power law with spectral indexslow = � 2:11� 0:09
in eleven spectra out of twenty. On the right side, 7 spectra show a power law, with an
average spectral index ofshigh = � 3:92� 0:16

Solar wind. In the solar wind turbulence unperturbed by the comet, half of the
spectra showcase one break at, averagely,! b0 = 12:66 � 10� 0:16! ci0 and a power
law with spectral index shigh = � 4:06 � 0:19 (Fig. 3.2h). Some PSD are also linear
in the low frequency range on the left side of the break, displaying a power law with
slow = � 1:74� 0:02.

3.2 Discussions: How can the spectral information be inter-
preted?

The turbulence spectrum features outlined in the previous Section 3.1 will now be
interpreted. With this discussion, this work aims to provide hypotheses on the in
uence
of objects in the solar system on solar wind turbulence, using the example of a comet.

3.2.1 Veri�cation of simulation results

Solar wind turbulence spectra. Before interpreting turbulence in the vicinity of
the comet where not much prior research has been done, it is important to validate
the simulation results with known solar wind turbulence research (see Sect. 1.1.3).
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To that end, the solar wind temporal spectra seen in Fig. 3.1 are compared with the
spatial spectrum of the injected turbulence in order to interpret the physical meaning
of the break frequency location and assess the validity of Taylor's hypothesis (see Sect.
1.1.3). Fig. 3.5 displays both the spatial spectrum along thex-axis averaged across
y of the injected turbulence and the temporal spectrum averaged over all probes in
the solar wind. The derivation of the spatial spectrum and the reasoning behind their
identi�cation has been discussed in Sect. 2.2.1. Up to a frequency of around 50! ci0,
the two spectra align, validating the use of Taylor's hypothesis for the solar wind in this
range. A quick calculation of the inertial length frequency with Eq. 7,! di = ui =di =
10 vA=1 di0 = 10 ! ci0 yields the result expected by aligning the spectra. As predicted
for a plasma beta value of� = 1, the ion Larmor radius � i and inertial length di are
equal.

Figure 3.5: Spatial and temporal turbulence PSD with break
frequencies and Kolmogorov power law.

The break frequency of the spatial spectrum lies at around 1 di0, con�rming that
the spectral break found here is in between the inertial and sub-ion range. The energy
containing range, which is expected to end at a frequency of! = 0:001! ci0 [25], is not
captured in the measured spectra. The spectral index in the inertial range, both for
this averaged spectrum and for the single probe spectra (see Sect. 3.1), lies close to the
Kolmogorov value, con�rming a full energy cascade for the simulated solar wind. In the
sub-ion range, the algorithm's �ndings of a spectral index between -3 and -5 agrees with
observational �ndings [42, 28, 44]. Fig. 3.2h shows that here, too, the range of sub-ion
spectral indices is much broader than in the inertial range, as predicted in Smith et al.
[44].

Comparison with Rosetta data. Comparing the simulation results to the obser-
vations made by Rosetta (ref. Sect. 1.1.4) will highlight the di�erences between the
physical reality and the 2D simulation done here. First, it is important to verify to
which activity phase of the comet the simulation corresponds. The neutral outgassing
rate of the simulated comet isQ = 1:25� 1027molecules=s (see Table 2.1), coinciding

35



Figure 3.6: Distance of Rosetta to the comet during the observations analysed in [40]. Data
taken from the AMDA science analysis system provided by the Centre de Donn�ees de la
Physique des Plasmas (CDPP) supported by CNRS, CNES, Observatoire de Paris and Uni-
versit�e Paul Sabatier, Toulouse. Boxplot of cometary distances of the simulation virtual
probes was added on the left.

with the intermediately active phase as de�ned by Ruhunusiri et al. [40]. During its
active mission, the Rosetta spacecraft spent 80% of its time closer than 200 km to the
centre of the comet [4]. The precise distances are seen in Fig. 3.6. While most of
even the twenty virtual probes close to the comet in the Menura simulation are more
than 200 km apart from the comet (see Fig. 3.7), a comparison should still be made.
The frequency range observed by Rosetta extends from 0:002 Hz to 10 Hz, whereas the
simulation PSD analysed here range from 0:13! ci0 to 100! ci0, equalling 0:04 Hz to
29 Hz. Due to computational limitation, low frequencies (which correspond to large
timescales) cannot be simulated, while the Rosetta frequency range is limited by the
sampling frequency of the magnetometer [40]. However, Rosetta observed bulk veloc-
ities of 10 km s� 1 to 40 km s� 1 in the intermediately active phase of the comet (see
Table 1.2), di�erent from the speeds amounting up to 185 km s� 1, almost �ve times
as high, measured at the virtual probes (see Fig. 3.3). Therefore, the Doppler shift
between the two measurements needs to be taken into account. An inertial length of,
for example, 1 di0 in the solar wind will be shifted to a frequency of around 0:08 Hz to
0:3 Hz in the virtual probe spectra and 0:2 Hz to 1 Hz in the Rosetta-measured spec-
tra, using Eq. 6. If the Taylor hypothesis holds and the temporal spectra mirror the
spatial spectra, they will be shifted against one another by a factor of up to almost
20. This is also re
ected in the range given for the inertial length frequency (0:02 Hz
to 0:8 Hz), which is small compared to the range of 0:8 Hz to 3:8 Hz found for the sim-
ulation. However, given the low bulk velocities, the validity of Taylor's hypothesis is
not certain and should be veri�ed including its implications in a future work. In case
of the breakdown of a linear relation between spatial and temporal spectrum, the shift
of frequencies depending on spatial parameters will be unpredictable. The drastic dif-
ferences seen above can be ascribed to the presence of a solar wind and diamagnetic
cavity for most of the Rosetta observation time. In the Menura simulation, the solar
wind ion density is never zero, with the cometary ions only dominating for probes 138
and 127 (see Fig. 3.7). With the total ion density amounting to an average of around
80 cm� 3 in the 200 km radius around the comet, this value lies at the lower range of the
densities recorded with Rosetta (Table 1.2). Overall, the basic conditions at most probe
positions in the 2D simulation are signi�cantly di�erent from the Rosetta observation
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Figure 3.7: Ratio of solar wind and cometary ion densities att = 0
close to the comet. Probes marked with an X; comet and a radius of
200 km around it in white.

conditions, complicating the comparison.
As with the Ruhunusiri et al. [40] PSD, the simulated spectra show one break fre-

quency. Table 3.2 shows the range of the break and inertial length frequencies for both
cases (total inertial length for Ruhunusiri et al. and cometary ion inertial length for
the simulation), as well as the spectral indices to each side of it. The break frequencies
show a large discrepancy. One possible explanation for this is the Doppler shift men-
tioned above, which could lead the spectra of Ruhunusiri et al. [40] to be o�set against
the Menura spectra due to a di�erence in the plasma bulk speed. However, even if
the break frequencies are aligned, the simulated spectral indices are much steeper than
the observed ones. This could again be attributed to the di�erent initial conditions.
Another possibility is that the break frequencies are caused by di�erent mechanisms
and are not meant to align. The observed spectral index for the high frequency range
and simulated spectral index for the low frequency range overlap, providing further
evidence for the theory. Indeed, in that case the observed break frequency should be
visible in the simulated PSD as well.

Despite these discrepancies, the simulated spectra show a two power law process
with indices higher than the Kolmogorov full cascade value� 5=3. This was the most
commonly observed process in the strongly active phase of comet 67P, and the second
most common one in the intermediately active phase [40]. Additionally, the break
frequencies lie close to the lower limit of their respective inertial length frequency range.
While the quantitative values of the break frequencies and spectral indices are therefore
di�cult to compare due to the di�erent physical conditions and geometry, the basic
mechanisms of turbulence close to the comet are in agreement between observation and
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Parameter range Ruhunusiri et al. [40] Menura simulation
f b [Hz] 0:02 - 0:08 0:34 - 0:54

f di
/ f dc [Hz] 0:02 - 0:8 0:23 - 55

slow � 0:6 - � 1:8 � 1:3 - � 2:5
shigh � 2:1 - � 3:0 � 3:5 - � 4:5

Table 3.2: Comparison between break frequency, inertial length fre-
quency and spectral indices for Rosetta observations [40] and Menura
simulations.

simulation.

3.2.2 Processing of solar wind turbulence at the comet

Figure 3.8: Averaged PSD for the region close to the comet and in the
pristine solar wind. Cyclotron and inertial length frequencies marked
for solar wind and cometary ions.

Close to the comet. Figure 3.8 shows the di�erence between the turbulence spectra
in the pristine solar wind and very close to the comet (individually discussed in Sect.
3.2.1 above). The turbulence close to the comet has a high power than the solar wind
turbulence due to the pile-up and accompanying increase of the magnetic �eld at the
comet. Where in the solar wind, a Kolmogorov power law is visible in the inertial range,
the spectrum near the comet is much steeper (average spectral index� 2:1 instead of
� 1:7). The addition of the cometary ions leads to new processes that transfer, dissipate
and store energy, leading to the change in the spectrum. This moves the break in the
spectrum to a lower frequency (12:7! ci0 to 9:5! ci0), showcasing the impact of the
cometary ions which have lower characteristic frequencies. As the short timescales near
the comet do not allow the new processes to reach an equilibrium, a Kolmogorov power
law cannot develop. The high frequency range of both PSD is similar. However, Fig.
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3.2h shows that the high frequency slopes vary greatly between the di�erent probes.
A complete similarity of the underlying processes should therefore not be assumed in
this case. In a more speci�ed study, the individual probes around the comet should be
studied to ascertain the mechanisms behind the di�erent slopes and in that way explain
the similarity to the solar wind as well.

Wings and tail. The upper wing, tail and lower wing spectra (see Fig. 3.9) like-
wise do not show an inertial range, suggesting that here, too, there is not enough time
for a full energy cascade to develop. Regions with a higher density of ions exhibit a
higher overall power, as expected. Additionally, the spectra from the same regions but
at di�erent distances to the comet di�er only very little, implying that energy only
dissipates and the turbulence processes do not change signi�cantly or reach a new equi-
librium while travelling downstream of the comet (within the distance considered here,
� 40 000 km). Di�ering from the PSD close to the comet, all three regions show a 
at
spectrum in the low frequencies, indicating energy injection. While the energy injection
range for the solar wind is at frequencies too low to be displayed, here energy is injected
at higher frequencies around the cometary ion cyclotron frequencies due to the mass
loading of the solar wind.
In most cases, the spectrum following this energy injection range has a curvature in-
stead of forming another power law. Only in the upper wing and the far lower wing do
the majority of the PSD show a power law dependency in the intermediate frequency
range. The spectral indices of these power laws are all higher than the Kolmogorov
value, indicating a partial cascade, dissipation or dispersion. But in almost all of these
cases, the PSD also displays a curvature following the power law. This curvature implies
overlapping sources and sinks of energy. A higher concentration or value of cometary
ions in a region moves the frequency where the energy injection range ends to lower
frequencies { cometary ions dominate in the tail, where the spectrum change is lowest
and the clearest. This shows that the addition of cometary ions plays the greatest role
in the change of the turbulence spectra and dictates the new energy transfer.

Overall, the turbulence downstream of the comet has no memory of the solar wind
turbulence. The turbulence is reprocessed and forms anew, preventing a full energy
cascade. The added cometary ions enable new energy transfer mechanisms which inject
energy at low frequencies and determine the break frequency after this energy injection
range. Close to the comet, these processes do not yet dominate, leading to only a slight
change in the spectrum.

39



(a) Upper wing.

(b) Tail.

(c) Lower wing.

Figure 3.9: PSD averaged across an area, close to and far from the comet, respectively.
Solar wind and close to comet spectrum plotted for comparison. Cyclotron and inertial
length frequencies marked for solar wind and cometary ions.
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Conclusion

This thesis aimed to study the interaction between the turbulent solar wind and a comet
as an example of a solar system object, focussing on the two questions (ref. Sect. 1.2):

ˆ Does the Menura simulation produce the expected turbulence spectra for the solar
wind, and compared to Ruhunusiri et al. [40]?

ˆ How is the solar wind turbulence processed by the comet; close to the comet and
in di�erent areas downstream of the comet?

To answer these questions, an algorithm was developed to �nd power laws implying a
steady state in the energy transfer between turbulence scales in the energy spectrum of
turbulent plasma simulated by the code Menura.

Supporting the results of Ruhunusiri et al. [40] in the Rosetta mission, the algorithm
�nds that the plasma turbulence at a comet di�ers greatly from the pristine solar
wind, having implications for the energy budget of the comet itself. Qualitatively, the
simulation results agree with Ruhunusiri et al. [40], showing two power laws in the
spectra close to the comet that could mean a partial cascade, dissipation or dispersion.
The full energy cascade and subsequent steeper sub-ion range observed in solar wind
turbulence spectra [10] is also replicated in the simulation spectra.

Focussing on as yet uninvestigated areas around the comet, the spectrum analysis
shows that di�erent turbulent processes take place at di�erent positions in the cometary
environment. The in
uence of cometary ions disables formation of a full energy cascade,
starting close to the comet. This in
uence grows in the areas downstream of the comet.
Here, an energy injection range at characteristic cometary ion frequencies is observed,
followed by a partial cascade / dissipation / dispersion that is not necessarily governed
by a power law. This indicates an overlap of several energy transfer mechanisms,
including cometary ion processes.

This new data prepares what could be observed in future cometary missions like
Comet Interceptor [24, 45], which intends to observe a long period comet entering the
solar system, �lling the gaps in the data collected by Rosetta. A focus of this investi-
gation will be the interaction with the solar wind. Using Comet Interceptor data, the
simulation results can be experimentally con�rmed, and help interpret the new �nd-
ings. As the mission is currently in preparation, it is useful to prepare these supports
beforehand.

To expand on the conclusions of this paper, further studies of the simulation data
should be made. Some of the power spectra show features that were not picked up
by the analysis algorithm, for example a dent in the spectrum at high frequencies for
spectra in the far upper wing and the tail, and also in some spectra close to the comet
(cf. Fig. 3.1). Relating this dent to the plasma scales and �nding an explanation
could shed light on the discussion of the nature of steeper slopes in a power spectrum
(dissipation vs. dispersion).

To verify the �ndings, additional 3D simulations should be run with Menura. A 2D
approach was chosen here to maximise the resolution with the available computational
power, with the emphasis on a qualitative analysis. While a 3D simulation might
therefore not reproduce all mechanisms occurring at the smallest scale, it will provide
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more quantitative results. More probes close to the comet should be introduced to
compare with the �ndings of Ruhunusiri et al. [40] using the same underlying conditions.

Additionally, it was not possible to compute the plasma beta at each probe with
the available simulation data. Calculating this could explain the position of the break
frequency in the spectrum, as Franci et al. [17] found a dependence of the break fre-
quency on� for the solar wind. This would help in determining the in
uence of the
cometary ion species on the position of the breaks.

Another di�culty encountered was that of �nding the inertial length frequency to
associate the temporal spectrum that was measured with the actual spatial spectrum of
the turbulence via Taylor's hypothesis (see Sect. 1.1.3). Di�erent and highly variable
ion bulk speeds make it challenging to compare the simulated spectra with observations.
Narita et al. [34] even suggest that Taylor's hypothesis cannot be applied to the solar
wind and one-on-one mapping from wavenumber to frequency is inaccurate. This is
con�rmed in the results for the high frequency range of the solar wind (ref. Sect.
3.2.1). In the vicinity of the comet, this assumption is expected to break down even
further. Future cometary plasma observations would therefore be aided by measuring
the inertial length while observing. This is di�cult, as for example for Rosetta, only a
small part of the ion distribution used to calculate ion moments and with thatdi could
be in its �eld of view [40]. Comet Interceptor is a multi-spacecraft mission and therefore
promises a more accurate measurements of spatial scales. Adding to the di�culty of
associating frequencies with characteristic length is the Doppler shift that results from
making observations in the spacecraft frame. As it mixes the power spectrum of the
rest frame, it makes the spacecraft frame power spectrum di�cult to interpret [41].
Generally, the validity of Taylor's hypothesis should be veri�ed, enabling an accurate
conversion between spatial and temporal scales and therefore enabling the attribution
of spectral features to speci�c characteristic scales [22].

It would also be bene�cial to di�er between the two ion species solar wind and
cometary ions in a future simulation. Correctly calculating the respective inertial length
frequencies etc. facilitating a more thorough interpretation of the turbulence spectra
and mapping of spectral features to plasma processes. Especially the in
uence of the
cometary ions on the turbulence processes could be quanti�ed better. This is much eas-
ier when using a simulation than with a spacecraft and presents one of the advantages
of studying turbulence with a simulation to prepare physical observations. The clari-
�cation of these characteristic frequencies, taking into account the validity of Taylor's
hypothesis and the di�erent ion species, will enable a more thorough study into the
speci�c processes that are introduced with the addition of cometary ions (e.g. di�erent
wave modes).

When studying the Rosetta data, Ruhunusiri et al. [40] also explored the di�erent
turbulent processes dependent on their distance to the comet nucleus and angle to the
Sun (dayside or nightside of the comet). This could be done as well with the Menura
simulation, further enhancing the connection between theoretical and observational re-
sults. The authors also computed the ratio of the non-linear timescales relating to
an energy cascade and the time required for observing plasma 
uctuations after their
inception. If the non-linear time is much smaller, a full energy cascade can take place
in the plasma. Calculating this ratio for the simulation data would help interpret the
results for spectral indices around the Kolmogorov value� 5=3. This could also aid in
interpreting the wide variety of slopes found in the high frequency range of the turbu-
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lence spectra close to the comet. A further study into this area would enable a better
connection of this work's results with the �ndings of Ruhunusiri et al. [40] and allow
further insights into how small-scale turbulence changes at a comet.

Overall, while much future work remains to be done, this thesis presents a small step
in understanding the physics involved in the interaction of turbulent solar wind plasma
with compact solar system objects. While before, the knowledge on turbulence around
a comet was limited to the Rosetta observations made close to the comet, this work
expands on these observations and presents simulated turbulence spectra in di�erent
areas of the cometary environment, highlighting the considerable in
uence of cometary
ions on the turbulence processes.
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Appendix

This appendix contains the PSD for all 160 probes with the power laws generated by the
algorithm described in Sect. 2.2, with �nal validation done manually. The spectra are
sorted by area. For location of area see Fig. 3.10. Frequencies of proton and cometary
ion inertial length marked in the plots.

Figure 3.10: Map of simulation box with probe positions marked and
areas labelled. Displayed �eld: log10(jB (t = 0) j=B0). Comet marked
with blue X.
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