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Abstract

The European Space Agency’s Rosetta spacecraft followed the comet 67P/
Churyumov-Gerasimenko from August 2014 to September 2016, providing
observations of the comet ionosphere at varying heliocentric distances. Mea-
surements from the Rosetta mission have shown a multitude of non-thermal
electron distributions in the cometary environment, challenging the previously
assumed origin and plasma interaction mechanisms near a cometary nucleus.
In this thesis, we discuss electron trapping near a weakly outgassing comet
from a fully kinetic (particle-in-cell) perspective which self consistently de-
scribe the ambipolar field. Using electromagnetic fields derived from the sim-
ulation, we characterize the trajectories of trapped electrons in the potential
well surrounding the cometary nucleus and identify the distinguishing fea-
tures in their respective velocity and pitch angle distributions. In accordance
with theoretical findings in space plasma, our analysis allows us to define a
clear boundary in velocity phase space between the distributions of trapped
and passing electrons.
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Sammanfattning

Europeiska rymdorganisationens rymdsondRosetta följdemellan augusti 2014
och september 2016 kometen 67P/ Churyumov-Gerasimenko och tillhandahöll
observationser av kometens jonosfär på olika heliocentriska avstånd. Mät-
ningar från uppdraget har visat en mängd icke-termiska elektron distributioner
i kometensmiljö och ifrågasatt det tidigare antagandet om ursprung samt plasma
interaktioner nära kometens kärna. I detta arbete undersöker vi elektronfångst
nära en svagt utåtgasande komet från ett helt kinetiskt (partikel-i-cell) per-
spektiv vilket på självkonsistent sätt som kan beskriva det ambipolära elek-
triskt fältet. Genom att använda de elektromagnetiska fälten som härrör från
vår simulering, karakteriserar vi banorna för infångade elektroner i den po-
tentiella brunnen som omger kometkärnan. Vi identifierar egenskaper från
deras respektive hastighets- och stigvinkelfördelningar. Vår analys som öv-
erensstämmer med teoretiska fynd i rymdplasma tillåter oss att definiera en
tydlig gräns i hastighetsfasutrymme mellan fördelningarna av infångade och
passande elektroner.
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Abbreviations
A.U. Astronomical Units

GOL Generalized Ohm’s Law

MHD Magnetohydrodynamics

PAD Pitch Angle Distribution

PIC Particle-In-Cell

RPC Rosetta Plasma Consortium

Symbols
α Pitch Angle

β The ratio between magnitudes of the interplanetary magnetic field to the
given magnetic field

c Speed of Light

di Ion Skin Depth

E|| Component of electric field along the magnetic field line

ε Kinetic Energy

BIMF Interplanetary Magnetic Field

µ Magnetic Moment

φ|| Ambipolar potential

vdrift Drift velocity of the gyro-center

v|| Velocity component along magnetic field

v⊥ Gyration velocity around the magnetic field

ωpi Ion Plasma Frequency
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Chapter 1

Introduction

The Rosetta space probe was built by the European Space Agency (ESA) and
was launched onMarch 2, 2004 [2]. BetweenAugust 2014 to September 2016,
the spacecraft followed the comet 67P/ Churyumov-Gerasimenko, accompa-
nying it through its perihelion passage in August 2015 [3]. The mission pro-
vided detailed observations of the plasma environment near the nucleus, which
have since challenged some pre-existing theories in cometary physics [4, 5, 6].
In this thesis we focus our efforts on understanding the dynamics of electrons
near a comet that is at a heliocentric distance of 4.0-4.5 astronomical units
(A.U.). Such a comet is categorized as a weakly outgassing comet due to its
low gas production rate, and is one of the phases of 67P observed by Rosetta.

1.1 Motivation
The Rosetta spacecraft utilized instruments developed by the Rosetta Plasma
Consortium (RPC) to gather data close to the comet nucleus of 67P [5]. Pho-
toionization, electron impact ionization, and charge exchange [7, 8] ionized
the neutral water molecules near 67P [9], leading to the creation of electrons
with a typical energy of ∼ 10eV [10]. However, electrons with significantly
higher energies were detected at large heliocentric distances (≥ 3A.U.). The
origin of such suprathermal electrons have since been proposed to be due to (1)
photoelectrons energized by plasma waves [11], and (2) acceleration of solar
wind electrons by an ambipolar potential near the nucleus [4]. Additionally,
the spacecraft detected electrons with sub eV energies near the perihelion [12].
More recent works have studied the creation of such cold electrons as being
due to ion-electron collisions inside the electron exobase [13]. Thus, under-
standing the properties of an ambipolar potential that accelerates solar wind
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electrons, and traps lower energy electrons near the nucleus has become cen-
tral in explaining the observed non-thermal electron energy distributions [4].

One of the current challenges in cometray physics is to provide greater
understanding of the effect of varying outgassing (or gas production) rates on
the ambipolar field, electron confinement near the nucleus, and the resulting
electron enery distribution functions.

1.2 Research Questions
How canwe quantify the effect of an ambipolar potential on electron trap-
ping? We can begin to quantify the effect of the ambipolar potential on elec-
tron dynamics is by performing a kinetic study. Traditionally, simulation stud-
ies that seek to understand the comet atmosphere have been based on MHD
and Hybrid models [14, 15, 16, 17]. In recent studies such approaches have
been supplemented by using Hall term, or a Generalized Ohm’s Law in order
to capture kinetc aspects relevant for the Rosetta findings [4, 18]. In this the-
sis we seek to explain electron trapping using distribution functions, which in
turn can unravel the effect of an ambipolar potential on electron dynamics.

1.3 Contributions
This study brings the following contributions: We model a comet using fully
kinetic particle-in-cell(PIC) simulations (iPIC3D code) that can self consis-
tently simulate all physics from first principles. We perform test particle trac-
ing to obtain complete electron trajectories. By studying velocity, and pitch
angle distributions we characterize the phase space behavior of trapped elec-
trons. Finally, we follow the work of Egedal et al. [1] to define a boundary in
phase space that can distinguish trapped and passing electrons.

1.4 Outline
The thesis is organized as follows –Chapter 2 describes the plasma and cometary
physics necessary to understand the primary results of this thesis. In Chapter 3
we provide details of the iPIC3D code, simulation setup and the test particle
tracing method used to generate electron trajectories. We present the results
in Chapter 4, and conclude the thesis in Chapter 5.



Chapter 2

Background

The atmosphere of a comet is created by the interaction of cometary and solar
wind plasma. Hence, in this Chapter we provide a brief overview of plasma
physics, cometary physics, electron trapping, and a short survey of related
research.

2.1 Plasma Physics
Plasma is often referred to as the 4th state of matter and consists of an ionized
gaseous mixture of one or more particle species s. Additionally, the following
three factors define a plasma [19]:

1. The Plasma Approximation - Charged particles must be close enough
together that each particle influences many nearby charged particles,
rather than just interacting with the closest particle (these collective ef-
fects are a distinguishing feature of a plasma). The plasma approxima-
tion is valid when the number of charge carriers within the sphere of
influence (the Debye sphere) of a particular particle is higher than one
to provide collective behavior of the charged particles.

2. Bulk Interactions - The Debye screening length is small compared to
the physical size of the plasma. This criterion means that interactions in
the bulk of the plasma are more important than those at its edges, where
boundary effects may take place.

3. Quasineutrality - The electron plasma frequency (measuring plasma
oscillations of the electrons) is large compared to the electron-neutral
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collision frequency (measuring frequency of collisions between elec-
trons and neutral particles). When this condition is valid, plasmas act to
shield charges very rapidly and overall the plasma can be assumed to be
quasi-neutral.

We primarily model plasma using either a kinetic or fluid (magnetohydro-
dynamic) approach [20].

Kinetic Description of Plasma

Let there be a plasma with Ns species. These species can be electrons, pro-
tons, cations, anions or neutral particles. Let fs(x,v, t) be the distribution
function of a specie s. The distribution function denotes the number of par-
ticles of species s in phase space at position x with velocity v at time t. It is
obtained by taking an ensemble average of the point-wise distribution func-
tion Fs(t) =

∑Np

i=1 δ(x− xi)δ(v − vi), where xi and vi is the position and
velocity of particle i of specie Ns at time t.

The evolution of the ensemble averaged distribution function is given by
the Vlasov-Boltzman equation,

∂fs
∂t

+ v · ∇fs + q(E +
v

mc
×B) · ∂fs

∂v
= (

δfs
δt

)collsions (2.1)

In the above equation the RHS is the term due to collisions of the species
in the plasma. However for most practical applications this term can be ne-
glected. The above equation along with Maxwells equations form a closed set
of equations to describe plasma.

Magnetohydrodynamics (MHD)

The MHD model describes the plasma based on macroscopic quantities such
as density, mean velocity, and mean energy. It is derived by taking velocity
moments of the Vlasov-Boltzman equation. Along with Maxwell equations,
taking such velocity moments gives us [19]:
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∇×B = µ0J Ampere’s Law
∇ ·B = 0

∇× E = −∂B/∂t Faraday’s Law
∂ρm/∂t+∇ · (ρmU) = 0 Mass Continuity Equation
ρm(dU/dt) = J×B−∇ ·P Momentum Equation
E + U×B = ηJ + (1/(en))J×B Generalized Ohm’s law

− (1/(en))∇ ·Pe

+ (me/(ne
2))(∂J/∂t+∇ · (JU + UJ))

For space plasma, these equations are typically closed using the Chew-
Goldberger-Low (CGL) equations of state [19, 21].

Numerical Plasma Simulation

Plasma simulation methods can be broadly classified into 3 categories:

1. Kinetic - This class of methods solve equations of motion along with
Maxwells Equations [22]. The simulation code iPIC3D, that is used
in this thesis, falls under this category as it uses the implicit moment
method to solve corresponding equations [23].

2. Fluid - This class of methods solve the MHD equations (Equations ??)
in order to simulate plasma behaviour. In this method the species in a
plasma are treated as fluids and thus losing physics related to individual
particle dynamics. These methods are computationally inexpensive and
are widely used in the simulation of space plasma.

3. Hybrid - Although the kinetic model describes the physics accurately, it
is more complex (and in the case of numerical simulations, more com-
putationally intensive) than the fluid model. The hybrid model is a com-
bination of fluid and kinetic models, treating some components of the
system as a fluid, and others kinetically. More recent works are based
on modeling particles as either fluid or kinetic, with fluid particles be-
coming kinetic when necessary, for e.g., when undergoing a strong ac-
celeration [24].
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2.1.1 Charged Particle Motion
A kinetic description of electron trapping requires a study of charged parti-
cle motion in general electromagnetic fields near the comet nucleus. Here we
derive equations of motion for charged particles [25], and introduce the drift-
kinetic equation that becomes the basis of expressing our distribution func-
tions. Additionally, the drift kinetic equation - which is valid for magnetized
plasma, is a prerequisite to characterize trapped electrons.

We first consider particle motion of uniform electromagnetic fields and
subsequently extend this formulation to a general case.

Uniform electromagnetic fields

Consider a charged particle q with position r and velocity v. In a uniform
electromagnetic field, electric E and magnetic B fields do not depend on time
or vary spatially. Hence, the equations of motion are written as,

dr

dt
= v (2.2)

dv

dt
=

q

m
(E + v ×B) (2.3)

We now define b̂ as the unit vector in the direction of B. Additionally we split
velocity into components parallel to B (v|| = v · B), and perpendicular to B

(w⊥ = v−v||b̂). Similarly takingE|| = E ·B, and E⊥ = E−E||b̂ we rewrite
Equation 2.3 as,

dv||
dt

=
q

m
E|| (2.4)

dw⊥
dt

=
q

m
E⊥ + Ωw⊥ × b̂ (2.5)

Here we define Ω = qB/m. Utilizing the concept of a gyro-center drift ve-
locity [19, 20], we can rewrite Equation 2.5 as,

d(w⊥ − vdrift)

dt
− Ω(w⊥ − vdrift)× b̂ = 0 (2.6)

Solving Equations 2.4 and 2.6, and integrating the velocity in time to obtain r

we obtain,

v(t) = (v||0 +
q

m
E||t)b̂ + vdrift+

v⊥(cos(Ωt+ θ)ê1 − sin(Ωt+ θ)ê2)
(2.7)
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r(t) = r0 + (v||0t+
q

m
E||t

2)b̂ + vdriftt+

ρ(cos(Ωt+ θ)ê1 + sin(Ωt+ θ)ê2)
(2.8)

where v⊥ and θ are constants of integration and ρ = v⊥/Ω.

Non-Uniform electromagnetic fields

Here we extend Equations 2.7 and 2.8 to the case of non-uniform E and B

fields that are approximately constant and uniform in time and length scales
of Ω−1 and ρ. While we do not derive the drift-kinetic formulation, we con-
sider time scales at which different terms in Equations 2.7 and 2.8 to present
a discussion of the equation.

Consider vth and L to be the thermal velocity and characteristic length of
the system respectively. Thus, we can define the frequency at which a particle
crosses the system to be ω ∼ vth/L. In the context of this thesis we are in-
terested in electron dynamics in a region of high B [26]. Hence, we observe
a difference in scales of particle gyration and crossing time - ρ∗ = ρ/L =

mvth/(qBL) � 1, and ω/Ω = mω/(qB) ∼ ρ∗ � 1. Additionally, the elec-
tric field along a magnetic field line must balance out the inertia of motion, i.e,
qE|| ∼ mωvth, or, E|| ∼ mv2

th/(qL). We also require E⊥ to be comparable
to magnetic field [25] so that E⊥ ∼ vthB � E||. Using this we can consider
different scales of evolution in Equations 2.7 and 2.8,

v(t) = ( v||0︸︷︷︸
∼vth

+
q

m
E||t︸ ︷︷ ︸

∼v2
tht/L

)b̂ + vdrift︸ ︷︷ ︸
∼vth

+

v⊥(cos(Ωt+ θ)ê1 − sin(Ωt+ θ)ê2)︸ ︷︷ ︸
∼vth

(2.9)

r(t) = r0︸︷︷︸
∼L

+(v||0t︸︷︷︸
∼vtht

+
q

m
E||t

2︸ ︷︷ ︸
∼v2

tht2/L

)b̂ + vdriftt︸ ︷︷ ︸
∼vtht

+

ρ(cos(Ωt+ θ)ê1 + sin(Ωt+ θ)ê2)︸ ︷︷ ︸
∼ρ∗

(2.10)

We see that r(t) is dominated by slow time scales as only terms of the order∼
ρ∗ change in fast time scales ofΩ−1, while for the other terms it takes t ∼ L/vth
to move a distance L. For v(t) we see that the gyration phase varies on the fast
time scale of Ω−1 while the velocity terms vary over t ∼ L/vth � Ω−1. We
can then define a gyrophase that changes over fast time scales ψ(t) = Ωt + θ
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and rewrite v(t) as,

v(t) = v||b̂(r(t), t)︸ ︷︷ ︸
vth

+ vdrift(r(t), t)︸ ︷︷ ︸
vth

+ v⊥(t)ê⊥(r(t), ψ(t), t)︸ ︷︷ ︸
vth

(2.11)

where ê⊥(r, ψ, t) = cos(ψ)ê1(r, t) − sin(ψ)ê2(r, t) and the only term that
varies on a fast time scale is ψ(t). Utilizing the scale separation we can derive
an approximate version of the Vlasov equation in the limit of a small gyrora-
dius (ρ∗ � 1), i.e, in the limit that plasma is magnetized [27, 28]. Considering
the gyrophase averaged distribution function f̄ ,

∂f̄

∂t
+ (v|| + vdrift) · ∇f̄ + [µ

∂B

∂t
− e(v|| + vdrift) · E]

∂f̄

∂ε
= 0 (2.12)

where µ is the magnetic moment and ε is the kinetic energy. This equation de-
scribes the evolution of the guiding center, and so we can consider the velocity
space for such a distribution function to be (v||, v⊥).

2.2 Physics of Comets
A comet consists of a nucleus composed of a mixture of ices, refractive ma-
terials, and large organic molecules, which sublimate due to solar radiation.
The extent of this sublimation depends on the heliocentric distance. Photoion-
ization, electron impact ionization, and charge exchange [7, 8] with solar wind
plasma result in the ionization of sublimated particles leading to the formation
of a cometary plasma. Ionization of neutral molecules close to the nucleus
leads to the formation of warm electrons and colder ions as the ionization
potential of the neutral molecule is lower than the energy of the ionizing par-
ticle [29]. This difference in energies and the ensuing separation results in the
formation of an ambipolar electric field that is necessary to maintain quasineu-
trality [4]. The cometary ions are then assimilated by the solar wind through
the E×B drift [30] and electromagnetic instabilities driven by the cometary
ions [31].

The atmosphere of a comet (coma) is formed by its outgassing and inter-
action with solar wind. The innermost region of the comet is the nucleus from
which sublimation of particles is happening. The neutral gas molecules have
a radial profile ∼ 1/r2 [32]. In the innermost regions of the coma where neu-
tral gas density is the largest, there are collisions between cometary ions and
neutral particles which change the velocity of cometary ions. For the plasma
these collisions act as an ion-neutral friction force. Above the nucleus is a “re-
combination" region where ionization and recombination of the sublimated
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particles happen [33]. This region exists inside the diamagnetic cavity [34]
which is characterized by a decrease in magnetic field intensity to zero, and
with plasma having a radial velocity inside the cavity. The coma is bound
by the cometary ionopause. The interaction between outgassed plasma and
solar wind strongly depends on the outgassing rate and the direction of the in-
terplanetary magnetic field. Mass loading occurs due to the charge exchange
between the newly acquired charged particles and the solar wind. If this ex-
change is substantial, it leads to the formation of a bow shock [35]. At the
bow shock, picked up particles might exhibit unstable phase space distribu-
tions [36], leading to kinetic interaction of plasma with solar wind fluctuations
and self-generated plasma waves.

2.2.1 Generalized Ohm’s Law (GOL)
In this thesis we study electron dynamics near the comet nucleus. Typically,
a Generalized Ohm’s Law (GOL) is used to provide a description of electric
fields in this region. Given magnetic field B, the bulk mass averaged flow
velocity u, the current density J, and the electron pressure tensor Pe, we can
express the GOL as,

E = −u×B︸ ︷︷ ︸
Convective Field

+
1

en
J×B︸ ︷︷ ︸

Hall Term

− 1

en
∇ ·Pe︸ ︷︷ ︸

Pressure Term

+ ηJ︸︷︷︸
Resistive Term

(2.13)

+
me

ne2
(
∂J

∂t
+∇ · (Ju + uJ))︸ ︷︷ ︸
Electron Inertia

(2.14)

Considering processes in which all quantities vary only slightly in a time
relative to the electron-ion collisions, electron inertia can be neglected [21].
Such an assumption is typically valid close to the comet nucleus [4]. The
convective field and Hall term are always perpendicular to B. However, the
Pressure term can be decomposed into components that are either parallel or
perpendicular toB. The component of electric field along the magnetic field is
mainly the ambipolar term, and it gets the main contribution from the Pressure
term [4].

In the comet atmosphere, electron trapping is proposed to occur along
magnetic field lines due to this ambipolar electric field [4, 38].
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Figure 2.1: The representative evolution of the velocity distribution function
as electrons pass through a trapping region is shown. In the trapping region
we have an expansion of the distribution along v||.

2.3 Electron trapping
In Section 2.2.1 we described the proposed trapping of electrons by the com-
ponent of electric field in the direction of B, i.e, E||. As a next step we want to
quantify the difference in phase space caused due to electron trapping. In this
section we briefly introduce the theory developed by Egedal et al [1, 43] on the
pressure anisotropy caused by electron trapping in collisonless plasma. The
theory itself has it roots in explaining the electron velocity and energy distri-
bution functions in magnetic reconnection [44] but was later reformulated in a
more general form to explain trapping of magnetized electrons in collisonless
plasmas [1].

The problem statement is shown visually in Figure 3 of Egedal et al [1]. In
general there will be two categories of electrons that exist in the system - (1)
Trapped electrons, and (2) Passing electrons. The trapped electrons are con-
fined in the trapping region, and escape due to a drift velocity. The passing
electrons are not trapped, and are even accelerated by the ambipolar field. Con-
sider that electrons are initially distributed according to f∞. This distribution
function is based on the drift kinetic formulation introduced in Equation 2.12.
Hence, the velocity space is (v||, v⊥), i.e, the gyration velocity and the compo-
nent parallel to B. While performing their dynamics they encoutner a region
where they are trapped due to electric and magnetic fields [43]. Inside this
trapping region the electrons are distributed as f0. Finally, after they escape
from the trapping region they are again distributed according to f∞. This evo-
lution of the distribution function as electrons pass through a trapping region
is shown in Figure 2.1. The distribution function f∞ is the input distribution
that can be maxwellian or half maxwellian. The trapping in the region can be
due to [1, 43, 45] - (1) magnetic fields like in a magnetic mirror, (2) a paral-
lel accelerating potential φ|| that traps electrons along field lines. The parallel
potential is defined as φ|| =

∫
E|| · dl, i.e, the work done by the electric field
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along the magnetic field line.
Following the work of Egedal, Le, and Daughton [1], we are able to quan-

tify the change in phase space in trapping regions, i.e, (1) expansion along
v|| due to acceleration of passing electrons by φ||, and (2) defining a trapped-
passing boundary given by,

ε− eφ|| − µB0 = 0 (2.15)

Here ε is the kinetic energy of the electron, µ the magnetic moment, and B0

is the magnetic field in the trapping region. The definition of such a boundary
can be understood in terms of evolution of energy. Starting from an initial
energy ε, the trapped electrons lose energy by the ambipolar field (eφ||). In
addition, due to the conservation of magnetic moment, some of the energy
is converted into gyration as the B density increases near a comet. Thus, an
electron is trapped in the limit that it loses all of its energy inside the trapping
region.

2.4 Related Work
Previous models of cometary plasma processes have mainly focused on us-
ing either magnetohydrodynamic (MHD) simulations or hybrid simulations,
which assume electrons behaving as a fluid and ions are treated as particles.
Shou et al. [15] modeled the coma of the comet using a multi-fluid model
with each cometary species treated by separate fluid equations. The simu-
lation used the BATS-R-US code [46, 47] and its results are verified against
data collected on the 67P/Churyumov-Gerasimenko (CG) comet. MHD mod-
els have been developed for simulating comet interactions with the solar wind,
and were validated against data collected by the Giotto spacecraft for the Hal-
ley comet [16] and the Rosetta mission for CG [17]. Koenders et al. [42] used
a hybrid model based on the AIKEF code [48] to simulate the cometary atmo-
sphere taking into account collisions, recombinations and ionizations. Huang
et al. [14] uses a four-fluid model to simulate the comet solar wind interaction.

More recent works have focused on incorporating kinetic aspects into sim-
ulations in order to explain Rosetta observations such as ion-neutral decou-
pling, and the presence of non-thermal electrons near the nucleus. Madanian
et al. [4] explained the presence of an ambipolar potential and confinement of
low energy electrons by studying IES data and comparing it with a two-stream
electron transport code that models the ambipolar field using a Generalized
Ohm’s Law. Recent studies of the comet nucleus are attempting to incorpo-
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rate a Hall effect in theMHDmodel in order to capture the effects of ambipolar
field [18]. The first fully kinetic (particle-in-cell) simulation capable of self
consistently modeling the ambipolar field was performed by Deca et al. [49].
The existence and formation of an ambipolar field in a kinetic simulation is
discussed by Divin et al. [38]. In a recent study, Deca et al. [50] performs a
particle-in-cell simulation to discuss the validity of using a Generalized Ohm’s
Law to model the inner coma.
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Methodology

3.1 Implicit Particle-in-Cell Method
The iPIC3D code has been designed for the simulation of space plasma on
large supercomputers [23, 59]. The numerical method is based on a self con-
sistent solution of Maxwell’s equations solved on the grid, coupled with equa-
tions of motion solved for particles. Each computational cycle of the iPIC3D
code consists of the following four steps:

• Solve discretized Maxwell’s equations on the grid.

• Interpolate new fields and compute the forces acting on each particle.

• Solve equations of motion for particles.

• Interpolate new charge and current densities to grid by integrating par-
ticle moments.

The iPIC3D algorithm is graphically represented in Figure 3.1. The code first
initializes the field values, populates the particles, and sets up boundary con-
ditions. At each time step, the code calculate electromagnetic fields on grid
points. For each specie in the simulation, such as electrons and ions, the par-
ticle mover solves the equation of motion and advances each particle. Finally,
moments of the distribution function such as current and number density are
calculated on the grid points from the updated particle positions.

In order to solve for the electromagnetic fields, Maxwells equations are
expressed in the second-order formulation, with electric field Eg evolution on
grid points computed as

∇2Eg −
1

c2

∂2Eg

∂t2
=

4π

c2

∂J

∂t
+ 4π∇ρ, (3.1)

14
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 + 1

Figure 3.1: The flowchart of the iPIC3D code.

Here c is the speed of light, J is the current density, ρ is the charge density,
and CGS units are used. Given Eg, the magnetic field Bg on grid points is
computed as

∂Bg

∂t
= −c∇× Eg. (3.2)

Taking phase space distribution of specie s to be fs we can write the source
terms to be - ρ =

∑
s qs
∫
fsdv, and J =

∑
s qs
∫

vfsdv.
Each computational particle is characterized by a positionxp and a velocity

vp, whose evolution is described by the equation of motion:{
dxp/dt = vp
dvp/dt = qs/ms (Ep + vp/c×Bp) ,

(3.3)

where qs/ms are the charge to mass ratio of the species s (each species can
represent different kinds of electrons or ions). The code uses an interpolation
function W (xg − xp) to calculate the electromagnetic fields Ep, and Bp on
particles from the field values on Ng grid points,

Ep =

Ng∑
g

EgW (xg − xp) Bp =

Ng∑
g

BgW (xg − xp). (3.4)

The code uses an implicit discretization in time for the equations of motion. In
contrary to traditional explicit PIC codes implementing Boris particle movers,
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the iPIC3D code uses a predictor-corrector scheme for solving the equations.
Equation 3.3 is differenced in time using the implicit midpoint integration rule:{

vn+1
p = vnp + qs/ms∆t(Ēp + v̄p/c× B̄p)

xn+1
p = xnp + v̄p∆t

, (3.5)

where n is the time level, ∆t is the simulation time step and v̄p = (vnp +

vn+1
p )/2. Thus, the equation of motion for a particle p belonging to plasma

specie s and having massms and charge qs becomes:{
vn+1
p = 2v̄p − vnp

xn+1
p = xnp + v̄p∆t.

(3.6)

It is possible to rewrite Equation 3.5 in terms of v̄p after a series of algebraic
manipulations:

ṽp = vnp +
qs∆t

2ms

Ēp (3.7)

v̄p =
ṽp + qs∆t

2msc

(
ṽp × B̄p + qs∆t

2msc
(ṽp · B̄p)B̄p

)
(1 + q2s∆t2

4m2
sc

2 B̄2
p)

, (3.8)

To solve these equations, we employ a predictor-corrector scheme where we
iterate over Equation 3.7 and compute vn+1

p ,xn+1
p at the end of the iterations.

Finally, to evaluate the moment ρ on a given grid point g we compute:

ρg =
ns∑
s

Ns∑
p

qsW (x− xp) (3.9)

Similarly we can evaluate current density J,

Jg =
ns∑
s

Ns∑
p

qsvpW (x− xp) (3.10)

The distinctive feature of iPIC3D is the semi-implicit (implicit moment)
scheme used to solve Maxwell’s equations coupled to the equations of parti-
cle motion. In the implicit moment method, an approximate response of the
particles to the fields is evaluated at an intermediate moment in each compu-
tational cycle. Approximate values of ρ̂ and Ĵ are estimated from the Taylor
expansion of the interpolation functionW . This coupling of particle and field
equations makes multiple interpolations between the grid and the particles at
each computational cycle unnecessary, and dramatically reduces the compute
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cost compared to the fully implicit method [51]. This approximate solution,
however, has been proven stable and accurate when the stability conditions
are satisfied [52]. The stability conditions for implicit PIC methods are much
more relaxed compared to the explicit PIC codes whichmust resolve the small-
est physically meaningful scales, such as the Debye length in space and elec-
tron plasma frequency in time. Due to relaxed stability restrictions, iPIC3D
is capable of modeling fluid-scale processes while retaining the full kinetic
description of plasma.

3.1.1 Simulating the Cometary Atmosphere

CometInner 
shell

Comet
(a) (b)

Cometary Ion

Cometary Electron

Cometary IonCometary Ion

Figure 3.2: Cometary plasma can be injected using (a) first principle based
injection [39] comet ions and electrons are initialized iside the comet and in-
jected at each time step, or, (b) semi-analytic profile of cometary species de-
rived using observations [40].

In iPIC3D [23], we directly model cometary plasma instead of neutral gas.
At each computational cycle we inject cometary plasma into our simulation
domain. This injection can be done in two ways as shown in Figure 3.2:

1. First principle based injection - At each computational cycle we ini-
tialize cometary ions and electrons inside the comet with a certain radial
velocity [39]. The plasma ‘mimics’ the outgassing nature of cometary
plasma.

2. Semi-analytic profile - It has been shown that cometary plasma exhibits
a 1/r radial density profile [40]. At each computational cycle we initial
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cometary plasma in the simulation domain based on this semi-analytic
profile.

We inject solar wind from one surface while other surfaces have an open
boundary condition to simulate free space. Any particles that enter the comet
are deleted from the simulation.

Having setup up the simulation, we now present plots of the evolution of
global plasma structures in the comet environment using results obtained by
Sishtla et al [39]. The simulation used a first principle based comet plasma in-
jection, and is performed in a 2D3V configuration, i.e, 2 coordinates for space
(Lx × Lz), and 3 coordinates for velocity and fields. Simulation times are
normalized with respect to the ion plasma frequency ωpi, the lengths are nor-
malized with respect to to the ion skin depth di, and velocities are normalized
with respect to speed of light c.

Evolution of cometary plasma environment

The evolution of densities for solar wind and cometary species is shown in
Figures 3.3 and 3.4 respectively. The figures are superimposed with magnetic
field lines at different times during the simulation. An empty circle in the mid-
dle of the domain denotes the cometary body. In Figure 3.4 the cometary ions
and electrons are seen to be quickly picked up by the incoming solar wind, and
are accelerated tailward via the J×B force [41]. The solar wind electron and
ion density in the wake of the comet along the z = 50di line starts decreasing
while the cometary electron and ion densities starts increasing. As the simula-
tion progresses and solar wind flow propagates further, the bow shock obtains
its classical bell shape, and the low-density solar wind region and high-density
cometary region in the wake extends towards the outflow boundary of the sim-
ulation domain.

Cometary Bow Shock

In case of strong outgassing (gas production), the interaction of the solar wind
and cometary plasma results in the formation of a bow shock. In order to
investigate the location and thickness of the bow shock a line plot profiling
the magnetosonic Mach number M = u/(v2

A + c2
s) can be used to observe

the transition from super-magnetosonic to sub-magnetosonic flow. Here u is
the total electron bulk speed, vA is the Alfvén speed and cs =

√
γ(Te/mi) is

the ion sound speed. Figure 3.5 shows a line plot at z = Lz/2 from x = 0

to x = 24di of the z component of the magnetic field normalized to the IMF
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Figure 3.3: The evolution of solar wind ion and electron species as the simu-
lation progresses is shown in different panels. The simulation starts at t = 0

and ends at t = 22.5ω−1
pi .

intensity, electron and ion densities, and the fast magnetosonic Mach number
calculated using the total electron bulk speed at time t = 22.5ω−1

pi . The solar
wind electron and ion densities overlap indicating very low extent of charge
separation, but they both increase by a factor of 2 after the shock. The bow
shock is located at x ≈ 8di, and has a thickness of ∼ 1di.

Figure 3.6 displays the contour plot of solar wind electron and ion flows
in normalized units superimposed with a quiver plot showing the flow vec-
tors at random points. Both the solar wind electrons and ions which enter the
cometary environment are deflected in the z direction as they move around the
comet.

An analysis of the distribution functions show the details of the micro-
scopic dynamics of solar wind electrons and ions in proximity of the bow
shock. We study particle distribution functions in the regions: upstream, bow
shock front and downstream. Figure 3.7 shows the contour plots for solar wind
electron and ion velocity distributions in three regions that are highlighted in
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Figure 3.4: The evolution of cometary ion and electron species as the simu-
lation progresses is shown in different panels. The simulation starts at t = 0

and ends at t = 22.5ω−1
pi .

the upper panels. The first region represents the pristine solar wind; the sec-
ond region represents an interface between the solar wind and the coma; the
third region is immersed into the coma.

The top panel of Figure 3.7 shows the electron distribution function. Up-
stream the bow shock in the pristine solar wind, the velocity distribution is
purely Maxwellian and centered around v = (0.02c, 0, 0). As we move into
the transition region between the solar wind and the coma, we see that the
incoming electrons are heated especially in the z direction.

The bottom panel of Figure 3.7 shows the ion distribution function in the
three regions. The distribution function in proximity of the bow shock (bottom
center panel in Figure 3.7) is particularly interesting: crossing the bow shock,
we can observe that the distribution function elongates towards the −vx axis
reaching negative vx velocity. The ion distribution function shows reflected
ions at the bow shock. This is possibly due to the enhanced magnetic field at
the bow shock [42].
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Figure 3.5: The fast magnetosonicMach number, z component of themagnetic
field normalized to the IMF intensity, and electron and ion densities at time
t = 22.5 ω−1

pi .

Figure 3.6: Solar wind electron and ion flows are shown. The figure presents
the contour maps of the flow intensities, over which a quiver plot of the flow
directions are shown.
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Figure 3.7: The solar wind electron and ion velocity distribution function in
three distinct regions are shown. The first region is present completely in the
solar wind, the second region is partly the solar wind and partly the comawhile
the third region is present completely inside the coma.
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3.2 Simulation setup
In order to investigate electron trapping, we use a simulation setup identical to
Deca et al. [50]. The parameters are designed to simulate a weakly outgassing
comet with an outgassing rate of Q = 1025s−1, i.e the rate observed for 67P
at approximately 4.0-4.5 astronomical units (A.U.) from the sun. We simulate
a domain measuring 3200 × 2200 × 2200km3. The spatial resolution in the
simulation is ∼ 11.11× 11.46× 11.46km3, and the time step is 4.5× 10−5s.
The simulation contains two plasma sources – solar wind ‘sw’ and cometary
‘c’. Each of the plasma sources consists of ions (p) and electrons (e). We orient
the interplanetary magnetic field in the−y direction, resulting in a convective
electric field in the z direction. At each time step we inject solar wind from
the left x < 0 boundary, upstream of the comet. We populate the simulation
domainwith cometary ions and electrons using a semi-analytical approach that
ensures an observed 1/r cometary plasma profile [40, 53]. We use a reduced
ion/electron mass ratio (mp,sw/me,sw = 100, and mp,c/mp,sw = 20) to meet
our numerical restrictions, a common practice in fully kinetic simulations that
ensures scale separation between ion and electron dynamics [54, 55].

Once the simulation has been performed, we obtain steady state electric
and magnetic fields before proceeding with test particle tracing. The iPIC3D
simulation is populated by∼ 570, 000, 000 particles that are advanced at each
computational cycle. Due to restrictions on storage, the simulation does not
save particle data at every time step. Hence, we perform test particle tracing in
order to reconstruct particle trajectories of interest. We use a forward Monte
Carlo approach for test particle tracing as described by Marchand [56].

The particle tracing method is similar to the PIC approach, except that
fields are known beforehand. Defining a time step ∆t and taking Eg and Bg

as the quasi-steady electric andmagnetic fields computed at the end of the sim-
ulation, we interpolate the fields to particle positions and solve Equations 3.6,
and 3.8 to obtain particle trajectories. If ∆t is negative we can also obtain the
possible source from where the particle originated.
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Results

We perform our studies in the plasma environment of an idealized comet with
low outgassing rate. In Figure 4.1 we present the electron density of such a
comet in the plane perpendicular to the interplanetary magnetic field BIMF,
and containing the comet (referred to as the equatorial plane). The line den-
sity profiles of solar wind and cometary species along different positions - (a),
(b), (c), and (d) are presented. The solar wind convective electric field in the
−z direction is Econv = −u × BIMF, where u is the solar wind bulk veloc-
ity. Injected cometary ions are accelerated in the −z direction by Econv and
accumulate in locations near (d) while cometary electrons are accelerated in
the opposite direction and accumulate towards (a). In order to maintain quasi-
neutrality the solar wind electrons accumulate towards (d) while solar wind
ions accumulate towards (a). This can be observed by the individual line plots
of (a) and (d). Due to the greater magnitude of solar wind electrons the max-
imum density in the electron density plot is seen to occur in the lower half
(z < 0), while the upper half (z > 0) has a density slightly higher than the
pristine solar wind. In profiles (b) and (c) we observe an accumulation of elec-
tron density buildup around the nucleus and in certain regions downstream of
the comet. The line density profiles indicate that buildup of ions and electrons
is significant in the immediate neighborhood of the nucleus. In addition, pro-
file (c) shows a decrease in solar wind ions followed by cometary ion pileup
near the comet nucleus denoting the formation of a cometopause.

4.1 Electromagnetic Fields
The steady state electric E and magnetic B field components in the comet
atmosphere are presented in Figure 4.2. The plot shows slices of E||, and

24
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Figure 4.1: Distribution of electron density in the plane containing the comet.
Ion and electron line density profiles - (a), (b), (c), (d) - are presented.
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Figure 4.2: In plane component of steady state magnetic field magnitude (B),
and electric field components parallel (E||) and perpendicular (E⊥) to B are
presented. Electric field is normalized to convective electric field (Econv).
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Figure 4.3: A 3D visualization of trapped electron trajectories is shown su-
permiposed with E and B fields lines and parallel potential φ||.
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magnitude ofE⊥ andB below, in, and above the equatorial plane. The electric
field components are normalized by the solar wind convective electric field
Econv. We observe that in the pristine solar wind E|| is zero and E⊥ is similar
to Econv as expected. Closer to the comet nucleus B has a maximum due to
pileup of field lines [14, 26], whileE⊥ is very small. Downstream of the comet
E⊥ has a large value, while E|| has significant and opposite values above and
below the equatorial plane.

The non-zeroE|| leads to the formation of an ambipolar potentialφ||, which
is defined as the work done by the electric field along amagnetic field line [38].
This ambipolar potential is responsible for (1) trapping electrons with low en-
ergies in the direction of magnetic field lines, and (2) accelerating electrons
towards the non-zero E|| region from pristine solar wind [4]. In Figure 4.3
we show the effect of φ|| on electron trajectories. We present trapped electron
trajectories along with E and B fields, and observe that electron trapping is
closely dependent on a non-zero φ|| component. The magnetic field is repre-
sented by vertical streamlines which are colored based on the magnitude, and
electric field is represented by streamlines in the plane of the comet nucleus.
The fields are superimposed on a rendering of φ|| in the equatorial plane. The
figure shows three electron trajectories originating upstream of the comet - one
from above the equatorial plane and two below it. We see the electron trajec-
tories trapped in the region of non-zero φ||, only escaping as they drift across
the region. The trajectories are annotated with colored arrows to indicate the
direction of velocity. We see that close to the region of high φ|| the electron
trajectories oscillate in the y-axis direction and are only able to escape as they
drift across this region [4].

4.2 Distribution Functions
In order to understand differences in the pitch angle (α) and velocity distri-
bution functions between trapped and passing electrons, we sample different
regions in the simulation domain (Figure 4.5). The trapping regions are chosen
in a way to sample all regions of non-zero φ|| as observed through Figure 4.2.
Region T1 is taken close to the comet nucleus, and T2 is a smaller region taken
along the non-zero E|| component shown in Figure 4.2a which displays an op-
posite value to the field in the lower half (z < 0) of the domain where T3 is
taken.

Egedal et al. [1] shows that trapping regions in magnetic reconnection sites
exhibit anisotropy in α, and elongation in velocity distribution functions. Our
simulation shows similar behavior as illustrated by the velocity and energy dis-
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B

B

Figure 4.4: Decomposing the electron velocity v into components represent-
ing (1) drift of the gyro-center, (2) gyration about field line defined in local
coordinates ê⊥(r, ψ, t), and (3) velocity along magnetic field B.

tributions of cometary and solar wind electrons in Figure 4.5. The velocities
and energies are normalized to the solar wind electron thermal velocity (vth)
and energy (εth) respectively. Additionally, we define v|| as the velocity com-
ponent in the direction of the magnetic field, and v⊥ as the gyration velocity
around amagnetic field line (Figure 4.4). In regions R1, R2 and R3we observe
minimal presence of cometary electrons and find that solar wind electrons have
a pitch angle ranging from 0 to π. We find a higher presence of cometary elec-
trons in the trapping regions T1, T2, and T3. The velocity distribution function
is visibly elongated along v|| for regions T1 and T3, as compared to the non-
trapping regions. The passing electrons in regions T1, T2, and T3 will have
higher energies along the direction of magnetic field which can overcome φ||.
This causes (1) the elongation of velocity distribution function along v||, and
(2) clustering of pitch angles around 0 or π for energetic cometary electrons;
in trapping regions. Similarly, trapped electrons have pitch angle around π/2
irrespective of overall energy, as in the case of cometary electrons in region
T2.

4.2.1 Pitch Angle Distribution (PAD)
The anisotropy in PAD caused by trapped electrons is shown in Figure 4.7.
For each selected region in Figure 4.5, we construct a PAD for discrete energy
intervals. In non-trapping regions we expect an isotropic distribution in pitch
angle, while for trapping regions the PAD is appropriately modified to account
for electron acceleration and trapping by the ambipolar potential.

We see that pitch angle anisotropy for trapped regions is present for all
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Figure 4.5: Regions where electron trapping occurs (T1, T2, T3), and does
not occur (R1, R2, R3) are shown.
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Figure 4.6: Velocity and energy distribution functions for solar wind and
cometary electrons are presented for each region defined in Figure 4.5.
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Figure 4.7: Gyrophase averaged pitch angle distribution functions of regions
defined in Figure 4.5 are presented.
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values of α, rather than a subset as we would expect for magnetic trapping.
Additionally, the PAD for α = 0 and α = π in trapping regions exhibits
a higher energy as compared to non-trapping regions. This is in contrast to
a decrease in energy for PAD around α = π/2 in trapping regions as com-
pared to non-trapping regions. Thus, while passing electrons are energized,
the trapped electrons are confined by the ambipolar potential. The structure of
anisotropic PAD in T1, T2, ad T3 reveals that there are less trapped electrons
than passing electrons.

4.2.2 Velocity Distribution
Pitch angles alone do not give complete information about the physics of trap-
ping, hence we examine the behavior of electrons in velocity space in Fig-
ure 4.8. Based on the notion of electron trapping along magnetic field lines [4,
38], and considering that the ambipolar potential is created due to non-zeroE||
above and below the equatorial plane (Figure 4.2), we attempt to classify elec-
tron trajectories as trapped or passing based on the number of times they cross
the equatorial plane. Singular or null crossings would indicate passing elec-
trons which are not trapped, while any other number would indicate trapped
electrons. In Figure 4.8 the x and y axis plot v|| and v⊥, while on the z axis
we show the number of crossings. While the classification of an electron as
trapped or passing is performed by considering its entire trajectory through
test particle tracing, the distribution function itself is at the moment electrons
are in the denoted region. For instance, Figure 4.8 shows that in region R1
there are some electrons with eight or more crossings. This does not imply
that electron trapping occurs in R1, but rather these electrons are trapped in a
region of non-zero φ|| while performing dynamics. In this way, the figure also
conveys how distributions of v|| and v⊥ for trapped electrons evolve in different
regions.

The acceleration of passing electrons (singular or null crossings) is seen in
v|| occupying extreme positions in the distribution function of trapped regions
as compared to non-trapped regions. Additionally, the spread in v|| decreases
as the number of crossings increase in trapping regions which is consistent
with the view of trapping by φ||. This notion of trapping along magnetic field
lines is once again observed in the similar spreads of v⊥ in both trapping and
non-trapping regions. The trapped electrons also have a small v|| when far
away from non-zero φ|| regions as seen in R1, R2, and R3. This observation
of trapped electrons exhibiting lower v|| while having similar spreads of v⊥
indicates that trapped electrons have lower energies than passing electrons.
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Figure 4.8: Velocity distribution functions for regions defined in Figure 4.5
are presented. The distribution functions are presented for sets of electrons
classified based on the number of times their overall trajectories pass through
the equitorial (XZ) plane containing the comet.
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4.3 Characterizing Passing and Tapped Re-
gions

In order to quantify the difference in phase space for trapped and passing elec-
trons, we present a boundary in velocity space for the staircase-like distri-
butions in Figure 4.8 that can separate electrons with singular and multiple
crossings. The definition of such a boundary is proposed by Egedal et al. [1],
and discussed in works related to the observed pressure anisotropy of electrons
in magnetic reconnection [43, 58]. Let us consider the phase space evolution
of electrons as they encounter the regions of non-zero φ||. Electrons possess
some initial velocities v||,0, v⊥,0 and are distributed as f0. In the trapping region
the distribution function is modified to f . Noting that the magnetic moment
µ of electron motion is conserved and taking the energy to be ε, the trapped-
passing boundary of the distribution function in the trapped region is given
Egedal et al. [1],

ε− eφ|| − µB0 = 0 (4.1)

Let the magnetic field in the region under investigation be B such that B0 =

βB. Additionally we have,

ε =
1

2
m(v2

|| + v2
⊥) (4.2)

The equation for trapped-passing boundary thus becomes,

v2
|| = v2

⊥(−1 + β) + eφ|| (4.3)

or,

v⊥ =

√
v2
|| − eφ||
β − 1

(4.4)

In Figure 4.9 we present separate distribution functions for trapped and
passing electrons for each of the different regions defined in Figure 4.5. Addi-
tionally, for regions with non-zero φ|| (T1, T2, T3) we plot a separating bound-
ary denoted in Equation 4.4. The boundaries have been plotted considering
different values of φ|| and β for different regions. We observe that most of the
trapped electrons are contained within the trapped-passing boundary while the
passing electrons lie outside it. In T2 the threshold of v|| for trapping decreases
as φ|| decreases indicating that colder electrons are trapped in these regions. In
addition further away from the comet nucleus B decreases and so β increases.
It is also interesting to note that in all regions the trapped electrons always
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Figure 4.9: Velocity distribution functions of trapped and passing electrons in
the simulation are presented separately for each region defined in Figure 4.5.
For regions where trapping occurs (T1, T2, T3) we superimpose the distribu-
tion function with a trapped-passing boundary derived in Equation 4.4.
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occupy positions where v|| is small. However, in regions of no trapping, there
are also electrons with similarly low v||. This indicates that some electrons are
accelerated as they encounter trapping regions.



Chapter 5

Conclusions

In this thesis we attempt to characterize electrons in the cometary atmosphere
as trapped or passing by analyzing electron trajectories, pitch angle, and ve-
locity distribution functions. Previous works propose electron trapping by am-
bipolar field by analyzing electron energy distribution functions [4, 49, 57].

Electron trappingmechanisms can be eithermagnetic or electrostatic. Mag-
netic trapping would require an additional region with high B such as in a
magnetic bottle so that particles are trapped. In Figures 4.2c, 4.2f, 4.2g we
observe the presence of a single high B region. Thus in case of comets we
instead have anti-trapping by magnetic fields as charged particles would push
off away from this region of high B. Electric trapping would be caused by
components of E causing oscillations in a velocity component of the particle
causing it to be trapped along certain directions. Using Equation 2.11 we see
that any change in E⊥ will result in a change to drift velocity, while changes
in E|| result in changes to v||. Noting that E⊥ is in the direction of Econv, a
test electron is present in a region of high E⊥ will experience a greater drift
towards the +x boundary of the simulation domain. A region of non-zero φ||
will affect v|| as the E|| component does work along b̂. If the initial energy
along b̂ is small compared to the energy transfer by φ|| we can have electron
trapping due to an oscillating v||. Referring to Figure 4.2 we see observe the
creation of a φ|| which would cause trapping by affecting v|| as visualized in
Figure 4.3. The effect of φ|| on v|| is additionally seen in Figure 4.8 where we
observe a decrease in v|| with an increase in number of crossings while the
spread in v⊥ remains the same.

In addition, we presented an analytical expression depending on v||, v⊥,
φ|| and the relative intensity of B (Equation 4.4) which is used to separate
trapped and passing electrons in velocity space. We found that most of the

38
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trapped electrons are contained within this boundary while passing electrons
lie outside it, as seen in Figure 4.9. These results display an adherence to
theory, and validate the proposition of electron trapping (or confinement) due
to the development of an electric field component in the direction of magnetic
field lines.

In the future, we plan to extend this work by studying the impact of colli-
sions and different outgassing rates on electron dynamics and energy distribu-
tions.
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