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Abstract
The Sun emits a continuous, magnetized stream of charged particles, the solar wind,
into our Solar System. Rich interactions take place when this solar wind plasma
encounters planetary, cometary, or other objects in the Solar System. The details
of these interactions depend on the solar wind parameters and the properties of the
object, such as whether or not it has an atmosphere or a magnetic field. The resulting
space weather effects are varied, from long-term atmospheric erosion to short-term
challenges for our society. This dissertation models these interactions, from Mars to
the comet 67P/Churyumov–Gerasimenko, concluding the tour in near-Earth space.

The main tools of the present studies are numerical models of space plasmas,
specifically two hybrid plasma models with kinetic ions and fluid electrons: the
Particle-in-Cell model HYB and the Vlasov model Vlasiator. Such hybrid models
rely on the separation of spatio-temporal scales of the light electrons and heavy
ions to describe ion-kinetic phenomena without the need to resolve electron kinetics.
This dissertation consists of introductions to space plasma physics, the numerical
models used, and to the three different solar system objects discussed in the four
peer-reviewed articles included thereafter.

Ion-kinetic studies are first presented for the magnetospheric shielding from en-
ergetic particle precipitation at an ancient Mars analogue, where some shielding is
observed even by a modest global magnetosphere. Secondly, hybrid modelling is ap-
plied at 67P/Churyumov–Gerasimenko, where a possible remote-sensing procedure
for determining the existence and scale of a bow shock-like structure is modelled
and discussed in relation to Rosetta observations, finding that there are observa-
tions consistent with the modelled shock-like structures. Finally, the novel electron
submodule of Vlasiator, eVlasiator, is used to probe kinetic electron behaviour at a
global scale in Earth’s magnetosphere, for the first time, with results compared to
Magnetospheric Multiscale observations and found to be in qualitative agreement,
especially near reconnection sites. In the future, eVlasiator should be able to model
aspects of electron precipitation to the upper atmosphere of the Earth and place
pointwise satellite electron measurements into a larger context.

Keywords: Space physics; space weather; plasma physics; numerical modelling;
magnetosphere; 67P/Churyumov–Gerasimenko; Mars; bow shock
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Tiivistelmä
Auringon kuuma uloin kerros, korona, laajenee jatkuvasti avaruuteen aurinkokun-
taamme täyttävänä aurinkotuulena. Aurinkotuuli on olomuodoltaan plasmaa, jossa
atomit ovat hajonneet negatiivisesti varautuneiksi elektroneiksi ja positiivisesti va-
rautuneiksi atomiytimiksi. Tällainen varattujen hiukkasten seos sekä reagoi magneet-
tikenttään että muokkaa sitä virtauksellaan. Aurinkotuuli kantaakin muassaan myös
Auringon magneettikenttää. Tämä väitöskirja tutkii aurinkotuulen vuorovaikutuk-
sia kolmen taivaankappaleen—Marsin, komeetta 67P/Churyumov–Gerasimenkon ja
Maapallon—kanssa, ja sisältää neljä vertaisarvioitua artikkelia.

Yksi aurinkotuulen kaltaisen avaruusplasman ominaispiirteistä on se, että se on
hyvin harvaa—niin harvaa, että hiukkaset törmäävät toisiinsa varsin harvoin. Toisin
kuin esimerkiksi Maapallon ilmakehän kaasussa, avaruusplasmassa voi olla samassa
paikassa useita erilaisia hiukkaspopulaatioita, joilla kaikilla on oma lämpötilansa ja
keskimääräinen virtaussuuntansa. Tällaisen plasman ilmiöiden tarkka mallintami-
nen vaatii hiukkasten yksityiskohtaista, kineettistä käsittelyä. Tässä väitöskir-
jassa käytetään työkaluina kahta plasman hybridisimulaatiota, joissa ionien kuvailu
tapahtuu kineettisesti, mutta elektroneja käsitellään yhä nesteenä laskentaresurssien
säästämiseksi: HYB ja Vlasiator. Väitöskirjan viimeinen artikkeli menee tästä vielä
askeleen pidemmälle, ja mallintaa kineettisiä elektroneja globaalisti Maapallon mag-
netosfäärissä.

Mars-tutkimuksessa havaittiin, että jo heikko magnetosfääri pystyisi joissain
määrin suojaamaan muinaisen Marsin kaasukehää aurinkotuulen energeettisiltä
hiukkasilta, millä on voinut olla merkitystä Marsin kaasukehän kehitykselle. Komeet-
tatutkimuksissa pyrittiin ymmärtämään komeetan 67P/Churyumov–Gerasimenkon
vuorovaikutusta aurinkotuulen kanssa, erityisesti sitä, pystyykö Rosetta-luotaimen
havainnoista päättelemään komeetan ylävirrasta löytyvän iskurintaman olemassoloa.
Mallinnustulokset olivat yhteensopivia havaintojen kanssa ja viittasivat iskurintaman
kaltaisen rakenteen olemassaoloon. Viimeisessä tutkimuksessa mallinnettiin yksi-
tyiskohtaisesti elektronien liikettä koko Maan magnetosfäärissä uudella eVlasiator-
mallilla. Malli pystyi tuottamaan havaintoihin yhteensopivia tuloksia, erityisesti ni-
inkutsuttujen rekonnektioalueiden yhteydessä. Tulevaisuudessa eVlasiatorilla pystyt-
täneen mallintamaan mm. elektroneja Maan yläilmakehään lähettäviä prosesseja ja
asettamaan pistemäisiä satelliittihavaintoja laajempaan kontekstiin.
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Preface
When I was in the third grade of elementary school, we were given a task to give
a presentation. Having been perhaps a bit annoying know-it-all at the time, I gave
a presentation of the Solar System that took much too long—there were recesses
during the presentation and the teacher, purportedly, fell asleep, while I was excitedly
pouring out everything I had gathered from a fancy new CD dictionary. Here, for
the benefit of the reader, I have limited the scope to three solar system bodies1.

This dissertation is one of dualities, both by necessity and coincidence. For one,
the weighty subjects of space plasma physics and the tools of the trade—involved
simulations—are inextricably interlinked, yet somewhat separate in their domains:
One is the deep, yet classical, physics of very small particles in a huge spatial domain,
linked by weak electromagnetic fields; non-collisional but fluidlike, including shocks
and turbulence. The other is hard computer science aiming for high-performance
number-crunching. Mixing these disciplines for the grand challenges on the largest
supercomputers in the world is where this discipline lands. This dissertation contains
studies of objects in our home Solar System performed using two computer simulation
models, touring in the Solar System and in Finland, to arrive at this point. Another
theme of dualities are the differences of scale: motions of the tiniest of particles in
the vacuum of space, around objects small and large present separate, yet interlinked
scales in space and time. Even the tiniest of particles here fall on a discrete spectrum
from truly tiny electrons to relatively massive protons and lumbering water-group
ions.

The tour starts as an apprenticeship using a serial simulation code, HYB,
continues to lightweight parallelization of the code and to modeling most classes of
weakly magnetized bodies in the Solar System. Another tour of sorts to popularize
my subjects of study can be found as a virtual planetarium tour of the solar system2.
After some developments to the code to account for the special features of cometary
environments, the ESA Rosetta mission, and suboptimal decisions, a crossroads and
a fortunate coincidence led me to Vlasiator and large-scale plasma simulations. Not
long after, while studying the tiny electrons and how they can be expressed in terms
of a simulation not really specialized for them, the world ground to a halt due to
virions, not-quite-alive particles straddling the interface between the macroscopic-
biological and molecular worlds. This was suboptimal, again. Further, soon after
submission of the first global eVlasiator manuscript, Russia invaded Ukraine, and it
was about time to finish this dissertation before even worse suboptimalities appear.

1
I do not claim to have done actual work on all solar system bodies, but I did cut out co-authored papers of inner solar

system bodies of Mercury (Pfleger et al., 2015) and Venus (Dimmock et al., 2018).
2
space.aalto.fi/software, v.1

iv

https://space.aalto.fi/software/


This has been a long journey, and far from a highly-optimized degree pipeline,
with some detours on the way. Several remarkable people have accompanied me along
the way: The itinerant Dr. Cyril Simon Wedlund, for whose intense enthusiasm and
support (even from abroad!) I am very thankful. Dr. Riku Järvinen and Dr. Sergey
Dyadechkin, fellow hybrid-PIC modellers from Finnish Meteorological Institute who
also crossed the pond slightly west of Helsinki along with Prof. Esa Kallio. Prof. Tuija
Pulkkinen and her neighbouring group in Aalto University, and later fellow students
Reko Hynönen and Shabnam Nikbakhsh with Prof. Eija Tanskanen provided for a
small and welcome concentration of space physics within a department of electrical
engineers. For many an inspiring meeting, thanks to the good people of Rosetta
Plasma Consortium, including, but not limited to Prof. Hans Nilsson, Dr. Anders
Eriksson, Dr. Charlotte Götz, and Katharina Ostaszewski.

More recently, and to a great impact, thanks to Prof. Minna Palmroth for the
possibility of returning to my alma mater. With the co-supervisors Dr. Markus Bat-
tarbee and Dr. Yann Pfau-Kempf, you have done a great deal to revitalize this stu-
dent, along with the rest of the Vlasiateurs and the good people of the space physics
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SPeWW (the e stands for electrons), especially the nearly-concurrent defendants,
Dr. Milla Kalliokoski and B.Sc. (Hons., defended) Harriet George.

Thanks to Prof. Ronan Modolo and Prof. Maria Hamrin for their time spent in
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1 Introduction

The present Chapter 1 introduces our domain of interest—space plasma physics—
and how plasma is described at few levels of complexity and spatio-temporal scales,
that is, the mathematical descriptions of the physics at play. To expand on this,
Chapter 2 introduces the numerical models used to compute and solve these descrip-
tions, especially the hybrid plasma models used in the articles. Chapter 3 takes us
on a tour through the inner Solar System, describes the studies performed, their con-
text environment and the physical processes targeted in detail. Figure 1.1 provides
a schematic map of this itinerary.

1.1 The plasma state
Plasma physics concerns the behaviour of matter in its fourth state, plasma, and its
interactions. Plasma consists of approximately equal parts of positively and nega-
tively charged free particles, so that there are no large-scale imbalances of electric
charge, that is, it is quasi-neutral. This holds beyond an immediate neighbourhood
of a charged particle, a Debye length

λD =

√
ϵ0kBTe

nee2
, (1.1)

where ϵ0 is the permittivity of the vacuum, kB the Boltzmann constant, Te the
electron temperature, ne the electron density, and e the elementary charge. Further
criteria apply for matter to be in the plasma state: There should be a sufficient
amount of free charges within the Debye sphere given by a radius of λD, and the
particles should exhibit collective behaviour. Even if the particles do not effectively
collide with each other, they respond to electromagnetic forces. Due to the required
high temperatures to form plasma, it is not very commonplace in our everyday lives,
even though most of the matter in the universe, especially in stars, is in the plasma
state. Terrestrial examples would include the matter in lightning bolts and welding
arcs, St. Elmo’s fire and other discharges, even if they are short-lived. The high
temperatures and pressures required of fusion reactors also mean that the fusing
matter needs to be in the plasma state.
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Figure 1.1: Orbits of 67P/C-G(grey, Rosetta escort phase), Mars (red), and Earth, the
objects studied in this work. Few points of interest are marked on the orbit of 67P/C-G.

As a consequence of the plasma state coupling to electromagnetic fields, and via
generating the said fields by the motion of the charged particles, the plasma state
also supports a large number of different wave modes. Alfvén (1942) described the
magnetohydrodynamic (MHD) wave since known as the Alfvén mode, propagating
along the magnetic field. To peek into the zoo of waves, MHD shows two more
wave modes for a magnetized plasma: fast and slow magnetosonic waves. To first
approximation, the Alfvén and fast modes can be considered the maximum velocities
at which information propagates in a plasma, with velocities faster than these called
super-Alfvénic and supermagnetosonic.

A fundamental concept in plasma physics is the velocity distribution function
(VDF): taking a small parcel of matter, we have a distribution of particle veloci-
ties. At the most fundamental level, this is a discrete distribution in velocity space.
Beyond the Debye length scale, the above definition lends itself well to a contin-
uum treatment of the distribution. Modelling of the VDFs is a major topic at the
heart of plasma physics, which will be explored further in 1.4.2. Sufficiently good
models for VDFs are required to understand plasma behaviour properly—and the
definition of “sufficient” here is a big question. A collisional VDF tends fast to-
wards a thermodynamically stable Maxwellian distribution, whereas non-collisional,
electromagnetically responsive plasma distributions can produce a plethora of phe-
nomena during their journey towards a thermodynamic equilibrium. These may also
include wave-particle interactions that can provide a form of collisional effects, such

4



Figure 1.2: Aggregate velocity distribution of cometary pickup ions near the cometary
nucleus from a particle-in-cell simulation; each colored dot represents a pickup ion and its
velocity in a region close to the cometary nucleus. Cometary pickup ions do not display
a thermalized, Maxwellian distribution; instead, they form a complex structure in velocity
space. The grid planes show VDF dots projected onto them in gray. Excerpt from Figure 7
of Paper III (CC-BY 4.0), see Figure 3.10 in this work for more details.
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as scattering.
A characteristic feature with space plasmas, outside of planetary atmospheres, is

the lack of particle-particle collisions due to the very low density and high temper-
ature of matter: a particle of solar wind has a (collisional) mean free path on the
order of an astronomical unit (au) (Kilpua & Koskinen, 2017). The lack of collisions
enables the particles—and entire particle populations—to flow more or less freely
past each other in different directions, creating complex VDFs. An example complex
VDF from the cometary simulations in Paper III is shown in Figure 1.2.

As an example of non-collisional process working to thermalize a complex VDF,
we can look at two drifing Maxwellians moving in opposite directions. These produce
a two-stream instability which can evolve into macroscopic disruptions (Gary, 1978),
an example being the ULF waves of planetary foreshocks (Gary et al., 1981; Eastwood
et al., 2005). In general, there are plenty of instabilities in plasmas, enough to fill
textbooks (e.g., Cap, 1976, 1978).

In this chapter, I introduce the domain and some relevant processes, and some
relevant models of physics of plasmas, relying much on the book of Koskinen (2011).
In the next chapter, I describe relevant plasma simulations employing these models
– computable realizations of theoretical descriptions.

1.2 Domain of space physics
Space physics, or the physics of plasmas in space, can use some clarifications to limit
the scope of and set the stage for this work. What we consider are not the stars nor
the planets, but the matter that fills the space in between: tenuous plasma, with
only few particles per cubic centimeter in the Solar System. Stakes, however, are
surprisingly high with solar storms bringing sweeping effects to our high-tech and
increasingly space-borne society (see e.g., National Research Council, 2008; European
Commission. Joint Research Centre. et al., 2016). Specifically, we focus on the study
of the hot particles of this sparse matter: free electrons and ions intermingled as a
plasma. For this work, comparatively massive (and charged) dust particles in space
are left to their own devices and as a matter for astronomers and physicists especially
interested in complex dusty plasmas.

In the case of solar wind interactions with planets, we can constrain our domain
to the portion of space affected by the Sun’s outward plasma flow, the solar wind.
As it happens, the Sun is quite hot, and dominantly in the plasma state, with
intermingled magnetic fields produced by a solar dynamo (see, e.g., Charbonneau,
2020). The sunspot cycle disrupts the magnetic field pattern and actually flips the
polarity at the well-known 11 year intervals. The churning of the Sun’s plasma

6



eventually causes the outer layer of the Sun, the corona, to expand continuously into
the surrounding space with high speed and temperature as the solar wind. The Sun
may also produce spectacular explosions: flares and coronal mass ejections (CMEs),
both of which can accerelate solar energetic particles (SEPs) into the heliosphere.
CMEs, being ejected from the Sun, may fill up significant portions of the heliosphere
at a time.

How the plasma is heated to the very high temperatures of the corona that drives
the solar wind is still an open question – the temperature of the corona is measured
in millions of Kelvin, while the solar surface is at relatively lukewarm 5700K (Parnell
& De Moortel, 2012; De Moortel & Browning, 2015). The process yields two different
flavors of solar wind: slow and fast (Koskinen, 2011). In general, slow solar wind is
more turbulent, dense, and variable, while fast solar wind is more smooth, tenuous,
and stable.

The solar wind also gradually changes as it flows outward from the Sun – its
density decreases, the embedded magnetic field dilutes and twists to a tighter spiral,
as described seminally by the late Eugene Parker (Parker, 1958). Nearly radial at the
Sun (or rather, at the Alfvén boundary where the solar wind becomes super-Alfvénic),
the magnetic field has twisted to some 36◦ from radial at Venus, 45◦ at Earth and
57◦ at Mars as given by Slavin & Holzer (1981), who also give scaling relations and
mean values1 for most other solar wind parameters, used in Papers I–III. Since the
Sun’s magnetic field is solenoidal in character (as all magnetic fields), it has north
and south poles and sectors where the magnetic field points towards or away from
the Sun. These show up in the solar wind as sectors of magnetic polarity pointing
towards or away from the Sun. Separating these sectors is a current sheet, a relatively
thin surface roughly dividing the heliosphere into two sectors, with magnetic field
pointing towards the Sun and away from it.

When the solar wind impinges on obstacles in the solar system, different interac-
tions arise depending on the object. For a Moon-like object with no magnetic field
or atmosphere, the solar wind directly reaches the surface and is mostly absorbed
(but with interesting small-scale, Debye sheath physics, see e.g. Freeman & Ibrahim
(1975); Poppe (2011)), forming a vacuous wake behind the object, to be filled again
by the solar wind (Ness et al., 1967), driven by kinetic and electrostatic effects (see
e.g., Halekas et al., 2014).

For objects with dense, conductive ionospheres without a global magnetic field,
such as Venus, the magnetized solar wind plasma cannot easily mix with the iono-
spheric plasma. This leads to diversion of the solar wind flow around the planet,

1despite there being to main modes of solar wind, with differing properties
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with the magnetic field of the solar wind draped around the obstacle in an "induced
magnetosphere" (Futaana et al., 2017, and references therein), as in Figure 1.3c. At
objects with a global magnetic field, such as the Earth, the region dominated by
the planetary magnetic field is known as the magnetosphere. The plasma contained
in it acts as the obstacle in the flow, again not easily mixing with the magnetized
solar wind (Koskinen, 2011), as in Figure 1.3a. Paper I models the transition of an
early Mars analogue from a planet with a weak magnetosphere to one with none,
and inspects the precipitation of SEPs into the planet’s atmosphere.

In case of the Earth, the magnetosphere also couples to the ionosphere, closing
electrical current systems through it. The complex system of solar wind impinging
on the magnetosphere with its embedded magnetic field can mix with the magneto-
spheric plasma via the process of magnetic reconnection, at the interface between the
magnetosphere and the magnetosheath: the magnetopause. In magnetic reconnec-
tion, plasmas of opposing magnetic fields are driven together, leading to release of
energy from magnetic field to plasma flow and thermal energy, as discussed in more
detail in Section 1.6. Energy transfer through reconnection is the main avenue for
the most impressive space weather effects: geomagnetic storms, driven by extreme
solar wind conditions. Paper IV probes some effects of these reconnection regions
with the novel eVlasiator method.

These sorts of obstacles to the supermagnetosonic flow of solar wind necessitate
the formation of a bow shock, as information about the obstacle cannot propagate
upstream. The nature of these collisionless shocks has been a major research topic
in itself (see e.g., Lembege et al., 2004). Downstream of these shocks, in the magne-
tosheath, the plasma is turbulent, heated and initially sub-magnetosonic, with local
details depending on e.g. the orientation of the magnetic field with respect to the
shock normal.

Last but not least, bodies with extended gas envelopes such as comets (and pos-
sibly including bodies with extended exospheres like Pluto (Bagenal & McNutt Jr.,
1989)) provide one more type of interaction with the solar wind. Here, the gas
envelope, like the coma of a comet, functions as an extended source of plasma em-
bedded in the solar wind. Figure 1.3b shows a schematic of a strong comet, strong
enough to provide an ionosphere-like obstacle ("contact surface" with inner struc-
ture in Fig. 1.3b, otherwise known as a diamagnetic cavity). The produced cometary
ions are picked up by the electromagnetic interaction with the flow of magnetized
plasma. These ions slow down the supermagnetosonic plasma flow according to
conservation of momentum in the process of mass-loading (e.g., Szegö et al., 2000).
This sort of an obstacle, especially for a weak enough comet, may not require the
formation of a bow shock due to the gradual interaction driven by ion pickup and
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Figure 1.3: Schematic figures of a) Earth’s magnetosphere, b) a strong cometary envi-
ronment, c) Venus’ induced magnetosphere. Adapted (removed scale model of Venus’ bow
shock from panel a), added note on possible comet bow shock to panel b) from Fig. 5 of
Futaana et al. (2017), CC BY 4.0.
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mass-loading. On the other hand, a strong enough comet can both produce a shock
through mass-loading and even stand off the impinging solar wind from its inner
coma. Papers II and III model if, and how, we could see whether or not the comet
67P/Churyumov–Gerasimenko (67P/C-G) produced a bow shock with the instru-
ments of ESA Rosetta mission (Taylor et al., 2017), especially the ones of Rosetta
Plasma Consortium (RPC, Carr et al., 2007).

1.3 Single-particle motion
To begin with, the single-particle model of plasma behaviour is quite useful, while
actually missing most of the defining qualities of plasma (collective behaviour is hard
to exhibit by a single particle). Here, we consider the motion of the single particle,
via the Lorentz force

F̄L = qi(Ē(r̄i, t) + v̄i × B̄(r̄i, t)), (1.2)

where qi is the charge of the particle, Ē the electric field at the location of the particle
r̄i at time t, v̄i the velocity of the particle and B̄ the magnetic field, with i indexing
a specific particle. The equation of motion for the particle is then given by Newton’s
second law

ā =
qi
mi

(Ē(r̄i, t) + v̄i × B̄(r̄i, t)), (1.3)

where ā is the acceleration experienced by the particle. The charge-to-mass ratio
qi/mi of a particle determines the response of a particle species to electromagnetic
interactions. This is, by itself, a fundamental description of the motion of a charged
particle in an electromagnetic field, and if we obtain this field for an environment from
some model, we may integrate the equation of motion for the particle in isolation.

For the simple case of zero Ē and constant B̄, the solution for a single particle
is a helical path—the particle gyrates around a line of magnetic field (defining the
guiding center for the particle), and moves with a constant velocity v∥ in the direction
of B̄. The radius of gyration perpendicular to B̄ is the Larmor radius (or gyroradius)
rL:

rL =
miv⊥
|qi|B

, (1.4)

where mi is the mass of the particle and B the magnitude of the magnetic field; and
angular frequency of gyration, the cyclotron frequency (or gyrofrequency)

ωc =
|qi|B
mi

. (1.5)

This gives a useful condition of magnetization for a particle: we can consider a
particle magnetized at length scales much larger than the particles gyroradius rL.
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(a) Cycloidal motion of a pickup ion. (b) Same motion in the co-moving
frame (r̄′ = r̄ + V̄ t)

Figure 1.4: Two views of Ē × B̄ drift and the orbit of a particle.

Adding a constant Ē introduces the Ē × B̄ drift, where the particle gyromo-
tion averages to a drift velocity (velocity of the guiding center) v̄Ē×B̄ = Ē×B̄

B2 . This
motion separates from motion parallel to the magnetic field, so if a parallel electric
field E∥ exists, the particle will simply experience a constant acceleration along the
magnetic field. This would lead to charge imbalances that would, quite fast, coun-
teract the parallel electric field. More general drifts can be derived for slowly varying
fields (Koskinen, 2011), leading to the first adiabatic invariant for the particle: the
magnetic moment µ =

mv2⊥
2B . Further adiabatic invariants arise from considering the

motion of a particle in e.g. a dipole field or a magnetic bottle, but these are not
discussed here.

If we are in the non-relativistic domain (and for the most time in our context,
we are), and allow a sneak peek into the ideal MHD formulation of Ohm’s law in a
plasma: Ē = −V̄ × B̄ (Eq. 1.22), we may employ a trick with reference frames and
choose move to a co-moving frame where the electric field vanishes (as done by e.g.,
De Hoffmann & Teller, 1950, in conjunction with shocks). Here the new variable V̄
is the bulk flow of the plasma. Assuming the ideal MHD Ohm’s law holds, we may
move into the plasma bulk frame moving with this velocity. In the non-relativistic
limit, this change of frame does not affect B̄. This implies that the electric field Ē
vanishes in this frame. The problem reduces to the case of a vanishing electric field
in the perpendicular plane, and the particle again displays a helical path, but circling
around a line moving with the velocity V̄Ē×B̄ in the original reference frame.

This is already a useful tool. For one, the above description can be used to
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approximate the process of ion pickup, where an ion is created from a neutral back-
ground, at rest in the frame of reference (let’s say, that of a cometary nucleus). In
the co-moving frame the ion sees no electric field, but is moving perpendicular to
the field lines and starts to gyrate. In the rest frame, this appears as cycloidal mo-
tion and at scales larger than the gyromotion, as Ē × B̄ drift. However, to study
the effects of the particle motion on the plasma (for example, what it means for
the plasma flow when there are heavy pickup ions appearing into the system), the
particles’ contribution to the electromagnetic fields needs to be taken into account.

1.4 Self-consistent models
Charged particles and their motion generate electromagnetic fields themselves. To
go beyond single particle motion and self-consistently model the plasma state, the
particle motion and the electromagnetic fields need to be coupled with a closed set of
equations. In the following sections, I describe briefly the structure of the different
descriptions without derivations, along the lines of Koskinen (2011).

To account for the electromagnetic portion, Maxwell’s equations are employed in
their microscopic form, as we deal with free charges:

∇ · Ē = ρq/ε0 (1.6)
∇ · B̄ = 0 (1.7)
∇× Ē = ∂tB̄ (1.8)
∇× B̄ = µ0 (J̄ + ε0 ∂tĒ), (1.9)

(1.10)

where Ē is the electric field, ρq the charge density, B̄ the magnetic field, µ0 the
vacuum permeability, and J̄ the electric current density.

For most cases here, we are interested in low-frequency phenomena. Therefore,
we may neglect the displacement current term ε0 ∂tĒ either partially as in the Darwin
approximation2 or entirely, as is the case with the presented models:

∇× B̄ = µ0 J̄ (1.11)

Section 2.3.2 introduces one exception to this with the eVlasiator model due to
Battarbee et al. (2021). Thus, the base set of electromagnetic equations for these
models is, usually, this reduced set of Maxwell equations.

2Specifically, by neglecting the time derivative of the transverse component of the electric field
∂tĒT, such that ∇ · ĒT = 0, as elaborated by e.g. Raviart & Sonnendrücker (1995).
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This set of partial differential equations (PDEs) offers two scalar equations (1.6,
1.7) and two vector equations (1.8, 1.11) for a total of eight partial differential equa-
tions (PDEs). B̄ and Ē give six scalars to solve, with J̄ providing three more, as
well as one scalar from ρq. Some more equations are needed to solve the system.

So far the equations line out how to propagate the magnetic field B̄ in time from
the Faraday law (1.8), with a constraint on B̄ being a source-free field, and the total
current density J̄ is given by Ampère’s law (1.11). The missing link is the electric
field Ē, for which we turn to the constituent particles of the plasma. Some form of
Ohm’s law is needed, relating the electric field Ē to the current density J̄ through
the description of the plasma particles, which brings the number of equations up
to eleven. Ohm’s law is a form of a constitutive relationship as Koskinen (2011)
puts it. To note, the Gauss law (1.7) functions as constraints for the system, and
quasineutrality (ρq = 0) and (1.11) also imply ∇ · J̄ = 0.

Now, describing the behaviour of the constituent particles of plasma as a collective
is a somewhat more complex task. Along the lines of Krall & Trivelpiece (1973) and
Koskinen (2011), the particles have six degrees of freedom each: the phase-space
coordinates (R̄i(t), V̄i(t)). The density of a single, point-like particle can then be
described by the Dirac delta distribution δ(z̄) for phase-space coordinates z̄. The
delta distribution has the property of being zero everywhere else than at the origin,
and integrates to unity over the phase-space. The distribution of a single particle in
phase-space is then given by

Ni(r̄, v̄, t) = δ[r̄ − R̄i(t)]δ[v̄ − V̄i(t)]. (1.12)

Summing over the equations of motion of the species α yields the Klimontovich-
Dupree3 equation:

∂tNα + v̄ · ∂r̄Nα +
qα
mα

(Ē + v̄ × B̄) · ∂v̄Nα = 0. (1.13)

This microscopic description is very detailed, and a less-detailed description is re-
quired. Firstly, Ē and B̄ are usually considered to be macroscopic quantities, while
the above considers the microscopic fields. Secondly, an often-used alternative for
individual particles is to introduce a statistical six-dimensional distribution function
fα. Koskinen (2011) discusses two ways of going about this: ensemble-averaging the
Klimontovich equation, or the Liouville approach (along the lines of Krall & Trivel-
piece, 1973), starting from a generalized particle distribution in the 6N -dimensional

3Dupree (1963) discusses higher-order kinetics to painstaking detail, carrying on the work of
Klimontovich.
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phase space and truncating particle-particle interactions. These, equivalently, pro-
duce the six-dimensional distribution function fα whose evolution can be described
by the Vlasov equation (assuming non-collisional plasma and interactions via aver-
aged fields):

∂tfα + v̄ · ∇r̄fα +
qα
mα

(Ē + v̄ × B̄) · ∇v̄fα = 0 (1.14)

In a collisional environment, the right-hand side would contain a collision term,
yielding the Boltzmann equation.

With the approximate Maxwell equations (Equations 1.7-1.8 and 1.11) above,
this consists the quasi-neutral Vlasov system to be solved with various different ap-
proximations and methods, which is mostly the regime in which the presented models
operate. Other possibilities are to use other approximations for the Maxwell’s equa-
tions: Allowing charge imbalances and disallowing magnetic fields yields a Vlasov-
Poisson system for electrostatic problems, while retaining all terms describes the full
Vlasov-Maxwell system.

1.4.1 MHD

Magnetohydrodynamics, at its most basic, reduces the plasma state to a single fluid
with assumed Maxwellian distribution. This can be derived from the above distri-
bution function by summing over the particle species to obtain a single-fluid Vlasov
equation. The nth velocity moments fα,n for species α are defined by integrating the
velocity distribution function over velocity space:

fα,n(r̄, t) =

∫
V
vnfα(r̄, v̄, t)dv̄, n = 0, 1, 2, . . . (1.15)

Taking the velocity moments of the distribution function yields, for the zeroth mo-
ment the particle density nα, the particle flux nαV̄α for the first moment, and the
pressure tensor ¯̄Pα for the second (centered) moment. Taking the velocity moments
of the Vlasov equation yields firstly4 a transport equation for particles, secondly for
momentum, thirdly for energy, ad infinitum, with the integrated quantities depending
on the next-order moments.

To cut off the moment chain, a closure needs to be introduced. An equation of
state can be used to cut at the level of the energy equation. The ideal gas law, with
an isotropic scalar pressure P and a polytropic process is a natural choice:

4or "zerothly"

14



P = P0(
n

n0
)γ (1.16)

where P0, n0 are reference pressure and density, and γ is the polytropic index. Sim-
ilarly for temperature:

T = T0(
n

n0
)γ−1 (1.17)

The velocity moments yield the continuity equations

∂tρm = −∇ · (ρmV̄ ) (1.18)
∂tρq = −∇ · J̄ (1.19)

and the momentum transport equation:

ρm(∂t + V̄ · ∇)V̄ = ρqĒ + J̄ ×B −∇ · ¯̄P, (1.20)

Finally, the procedure for the momentum transport equation also yields the gen-
eralized Ohm’s law for MHD, which is of a similar form to the one used in hybrid
models:

Ē = −V̄ × B̄ + ηJ̄ +
1

nee
J̄ × B̄ − 1

nee
∇ · ¯̄Pe +

me

nee2
∂tJ̄ (1.21)

where ne is the electron number density, η is resistivity (the inverse of conductivity
σ = η−1), and ¯̄Pe is the electron pressure tensor. With these, the MHD system
is closed via inclusion of plasma moments V̄ and n. The above generalized Ohm’s
law can be simplified by some assumptions, yielding special cases, depending on
which terms on the right-hand side are retained. Neglecting all the terms barring
the convective term −V̄ × B̄ on the right-hand side yields ideal MHD:

Ē = −V̄ × B̄. (1.22)

This has the property of frozen-in magnetic fields: two parcels of plasma connected
by a magnetic field line remain connected. This also has the implication that parcels
of plasma along different magnetic field lines cannot mix. The breaking down of
this approximation leads to important effects, such as magnetic reconnection. The
resistive term ηJ̄ , even if the resistivity would be due to unresolved microphysics,
can enable reconnection in the MHD description.

The other terms in the generalized Ohm’s law are the Hall term J̄ × B̄/nee, the
electron pressure term ∇ · ¯̄Pe/nee (including anisotropic or agyrotropic terms stem-
ming from electron kinetic effects, see e.g., Hesse et al., 2014, 2016), and the electron
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kinetic term me
nee2

∂tJ̄ . Section 1.6 includes discussion on this with the different terms
of the generalized Ohm’s law for both MHD and hybrid approaches, in a bid to
introduce how the terms beyond ideal MHD Ohm’s law function.

As mentioned in Section 1.1, MHD includes plasma waves, again summarizing
from Koskinen (2011): For the case of negligible magnetic field, there is the ion
acoustic mode, with the speed of sound vs =

√
γP/ρm, where ρm is the mass density

of the plasma. In a magnetized plasma, there are three modes, instead: Alfvén waves
and two magnetosonic wave modes. The Alfvén waves are associated with the Alfvén
velocity vA = B/

√
µ0ρm, where B is the magnitude of the magnetic field, giving the

speed of propagation of an Alfvén wave along the magnetic field. Correspondingly,
the fast magnetosonic is associated with the magnetosonic velocity vms =

√
v2A + v2s ,

giving the speed of propagation of the fast mode perpendicular to the magnetic field.
These velocities can be used to define Mach numbers: The Alfvénic Mach number
MA = v/vA and magnetosonic Mach number Mms = v/vms. Out of these wave
modes, the magnetosonic modes are compressive and may steepen into shock waves.

Extensions to MHD, such as multifluid, bi-Maxwellian or more general multi-
moment models can produce some effects beyond the basic fluid description. Rubin
et al. (2014b), for example, show a comparison of multifluid MHD and hybrid models–
seeing an improvement over MHD, but diverging from a kinetic solution for multiple
pickup ion gyrations, since the fluid model cannot describe complex VDFs. This
includes the initial gyration, where the solution matches well with the hybrid solution.
A ten-moment extension to MHD posits to include finite gyroradius effects (Hakim,
2008). The given assumptions (no heat flux) still lead to an (anisotropic) Maxwellian
distribution.

1.4.2 Hybrids: kinetic and fluid, intermingled

Hybrid models forego the single-fluid approximation of basic MHD, and indeed, the
fluid assumption entirely for some populations. Lipatov (2002) catalogues several
different flavours of hybrid models, depending on which populations are assumed to
be fluid-like and which require kinetic treatment (and at what level) for the given
problem. The "usual" quasi-neutral hybrid description, used in the contained papers
(barring the eVlasiator), approximates electrons as a massless, charge-neutralizing
fluid and uses a kinetic description for ions. This is often a nice approximation, as
electron length and time scales are substantially smaller and faster than for ions, by
the proton-electron mass ratio of ≈ 1836.

To gather the system to be solved, the fluid species can be reduced to a momentum
transfer equation via calculation of velocity moments of the Vlasov equation for that

16



species. On the way, quasineutrality is enforced:

ne =
∑
s

Zsns, (1.23)

where Zs is the the charge state of the ion species s and

J̄ = −neeŪe +
∑
s

nsqsŪs = −neeŪe + neeŪi,q, (1.24)

where Ūe is the velocity of the electron fluid, Ūs the bulk velocity of ion species s,
and Ūi,q is the bulk velocity of ion (or non-fluid) charges. This yields also a handy
expression for the electron fluid bulk velocity:

Ūe = Ūi,q − J̄/nee (1.25)

The end result from reducing the electrons gives the generalized Ohm’s law in the
hybrid model context:

Ē = −Ūi,q × B̄ +
1

nee
J̄ × B̄ + ηJ̄ − 1

nee
∇ · ¯̄Pe +

me

nee2
∂tJ̄ , (1.26)

which is very similar to the MHD Ohm’s law, except for the change in the bulk
velocity V̄ −→ Ūi,q. Another way to put this is to use electron bulk velocity Ūe

instead of the plasma bulk velocity Ūi:

Ē = −Ūe × B̄ + ηJ̄ − 1

nee
∇ · ¯̄Pe +

me

nee2
∂tJ̄ , (1.27)

Here, the electron fluid velocity includes the Hall term via Eq. 1.25. This form of
the Ohm’s law is explicit in that the magnetic field is frozen in to the electron fluid
when the rest of the terms are again neglected. Similar considerations for the terms
of Ohm’s law apply as for MHD, except for the Hall term. It needs to be retained
at least in the electric field used in the particle propagator (Karimabadi et al., 2004;
Malakit et al., 2009; Pfau-Kempf, 2016).

The remaining part of the hybrid description is how to gather the above moments
of particle distributions and how the particle distributions themselves are propagated.
As the plasma state is defined to act on collective forces, we take the above B̄ and
Ē for the particle propagator, using the Lorentz force in a satisfying first-principles
manner:
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∂tr̄i = v̄i (1.28)

∂tv̄i =
qi
mi

(Ē + v̄i × B̄) (1.29)

for each particle i; or alternatively through the Vlasov equation for the distribution
function fs of species s:

∂tfs + v̄ · ∇r̄fs +
qs
ms

(Ē + v̄ ×B) · ∇v̄fs = 0 (1.30)

This distinction gives a subtle difference: either we solve the equation of motion for
all the individual particles, or propagate the ensemble-average distribution function
through the Vlasov equation. Neither is very practical for analytically calculating a
realistic solution for a magnetosphere: some finite-resolution numerical solutions are
required, which I will describe in Chapter 2.

Despite this, some insight can again be obtained towards different plasma sys-
tems through looking at the hybrid equations: Ion pick-up and mass-loading are
phenomenona caused by addition of slow ions in a background flow, through e.g.
photoionization of cometary neutrals in solar wind. Let’s assume (as in Section 1.3,
but looking a bit further) a cold, background plasma with a flow velocity Ūsw, a con-
stant, embedded magnetic field and an impulsive inclusion of another cold species
i, initially at rest. Equation 1.27 therefore yields Ūe = (nswqswŪsw + niqiŪi)/nee,
with Ūi = 0. This slows down the electron fluid, leading to both the solar wind ions
and the pickup ions having a non-zero velocity in the co-moving frame—both start
to gyrate around the Ūe vector in velocity space. However, this form of a distribu-
tion against the background flow is unstable, and pickup ions undergo pitch angle
scattering towards a pickup shell distribution (Coates et al., 1989). Some aspects of
mass-loading can be described through fluid models as well (Szegö et al., 2000), or
a multi-fluid model, but these neglect the finite gyroradius effects seen during the
pickup process.

1.4.3 Beyond hybrid

For completeness, we can come about a full gyration and consider the fully-kinetic
models: complete descriptions of the plasma particles, with kinetic descriptions for
all particle species. This immediately brings into explicit consideration the electron
spatial and temporal scales, and possibly the Debye length scale and the charge-
separation effects at that scale. This also presents a large scale separation to be
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properly considered due to the differences in electron and proton/ion masses (see
also Section 1.5). Full-kinetic theory leads to effects such as Landau damping and
a plethora of waves (Krall & Trivelpiece, 1973, chapter 8) and instabilities (Krall &
Trivelpiece, 1973, chapter 9).

Tronci & Camporeale (2015) have introduced a new variational description of a
quasi-neutral Vlasov-Maxwell system, taken to the low-frequency limit as a founda-
tion for further models (and which recovers several existing descriptions). Beyond
electron kinetics, the next step is breaking quasi-neutrality.

If charge-separation needs to be taken into account a Vlasov-Poisson system is to
be solved, and solving the electric potential from the Gauss law becomes necessary.
Charge-separation effects, however, straddle one of the properties of a plasma—that
it is quasi-neutral, with no large-scale electrical charge separation. To note, the
quasi-neutral Vlasov systems are hyperbolic PDEs by nature, with characteristic ve-
locities and which can be treated as initial-value problems (Press, 2007). Inclusion
of the Poisson equation, an elliptic PDE, requires a non-local solution, since all per-
turbations are essentially visible for the whole system (Press, 2007). Some numerical
models handling these issues are referred to in Section 2.4.

1.5 Scales and separations
As the system sizes we are about to look in detail span from thousands of kilometers
to meters, it pays to look at which models and approximations to employ in compu-
tations. With the various ways that some phenomena break the assumptions in the
above models, we see that the selection of a model to use is (or at least should be)
driven by which specific physics one needs to consider for the given environment.

The point of hybrid models comes from the separation of proton and electron
masses, with both having an equally strong charge. This results in mass-to-charge
ratio dependent time (ω−1

ci ) and length scales (rL) being larger for ions than for
electrons by the mass ratio of 1836. Plasma oscillation frequencies ωα scale somewhat
more mildly, since (Koskinen, 2011)

ωpα =

√
neq2i
ε0mα

. (1.31)

Plasma oscillation time scales between electrons and protons by
√
1836 = 43. Still,

this suggests that ion kinetics can be modelled in detail while leaving the electrons
as a fluid.

Similar consideration can be done with heavy ions, compared to protons: e.g. an
O+ ion is 16 times heavier than a proton, leading to a (lesser) separation of scales
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Figure 1.5: O+ (spheres) and p+ (crosses) ion Larmor radii rL in "average" solar wind
(Slavin & Holzer, 1981) near the modelled environments of Chapter 3, compared to the sizes
of the obstacles to solar wind flow. Obstacle is defined separately for each object: Earth’s
obstacle is its magnetosphere (estimated to be 10RE, subsolar extent, e.g. Shue (1997)),
Mars’ its ionosphere (RM + 150 km) and for 67P/C-G estimated diamagnetic cavity sizes
(Goetz et al., 2016b).

Figure 1.6: O+ (spheres) and p+ (crosses) ion Larmor radii rL in "average" solar wind
(Slavin & Holzer, 1981) near the modelled environments of Chapter 3, compared to the
standoff distances of shocks or shock-like boundaries. Earth and Mars shock distances are
from Slavin & Holzer (1981), cometary bow shock estimate for perihelion is from Paper III,
and for the comet at 2.2 au the estimate is the approximate dayside extent of the density
enhancement in the infant bow shock simulation of Gunell et al. (2018).
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between e.g. pickup ions and solar wind protons. Figure 1.5 compares pickup ion
Larmor radii to the sizes of the obstacles presented to the solar wind by the different
environments, with an order-of-magnitude precision. The radii are calculated assum-
ing solar wind bulk velocity for the perpendicular velocity, moving across a magnetic
field with the strength of the IMF at the heliocentric distance. In these terms, both
species of ions are magnetized compared to the Earth’s magnetosphere, protons are
magnetized on the scale of the Martian obstacle, while pickup O+ is not, and both
species are unmagnetized compared to the diamagnetic cavity of 67P/C-G. On a
larger scale,the Larmor radii can be compared against the scale of the bow shock (or
in case of a comet, a shock-like surface), as shown in Figure 1.6. In this comparison,
both ion species are magnetized at the perihelion of 67P/C-G. Particle populations
being unmagnetized suggests guiding center or fluid approximations may not capture
their behaviour.

Another measure of particle kinetic scales is given by the ion (or electron) inertial
length (or skin depth), di = c/ωpi, where c is the speed of light and ωpi is the ion
plasma frequency (Eq. 1.31) for species i, or equivalently, di = vA/ωci. Schekochihin
et al. (2009) also notes that the gyration length scale for particles at thermal velocities
rL,th = vthmi

qiB
is related to the inertial scale by di = rL,th/

√
βi, and for plasma

βi = kBniTi/(2µ0B
2) around unity, the inertial length is approximately the same as

the thermal gyration length scale. Figure 1.7 shows estimates on the ranges of ion-
kinetic scale lengths in the modelled environments. Below the length scales di, the
magnetic field becomes frozen-in into the electrons, instead of the ions that become
demagnetized. Below length scales de are demagnetized as well, as happens in e.g.
electron diffusion regions.

Along Vasyliūnas (2011), regions of physical validity for kinetic, ion-kinetic hy-
brid, and MHD models can be sketched out as shown in Figure 1.8. Fully kinetic
descriptions go, in principle, to microscopic scales, hybrid is valid well above electron
inertial length de, and MHD is valid well above the ion kinetic scale di and for pro-
cesses slower than the ion gyrofrequency ωci. In the end, some practical simulations
opt to modify the scales by e.g. using more massive electrons (in electron-kinetic
models, e.g. Hesse et al. (2014); Battarbee et al. (2021), Paper IV), or by inflating
all kinetic scales via increasing the particle mass-to-charge ratios, as done by Tóth
et al. (2017) and Lapenta et al. (2022).

1.6 Magnetic reconnection
Of particular interest in space physics is the ubiquitous phenomenon of magnetic
reconnection, where regions of opposite magnetic polarity are driven towards each
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Figure 1.7: Estimates for p+ ion inertial length ranges di(ne) in "average" solar wind
(spheres, Slavin & Holzer (1981), scaled to solar wind density of 1 cm−3 at 1 au) and estimates
for minima and maxima near the modelled environments of Chapter 3. Plasma densities of
minima and maxima are estimated from different sources: for Earth, from Koskinen (2011)
minimum density of 0.01 cm−3 in the tail lobes and maximum density of 8 cm−3 in the
magnetosheath (excluding the ionosphere); minima for 67P/C-G and Mars are set to solar
wind density; maxima for 67P/C-G are visual estimates from (highly variable) Rosetta’s
RPC-MIP (Trotignon et al., 2007) data via AMDA (Génot et al., 2021); and maximum for
Mars is taken as the maximum density at an approximate altitude of the exobase (200 km
from Jakosky et al., 2015a).

Figure 1.8: Validity regimes for kinetic, ion-kinetic hybrid and MHD, along Vasyliūnas
(2011), against length scales L and time scales T . Validity regimes are not bounded from
above.
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Figure 1.9: Schematic illustration of Sweet-Parker reconnection, with ion diffusion region
(IDR) outlined in blue, magnetic field lines in gray, separatrices between the different mag-
netic topologies in black, and the electron diffusion region (EDR, blue) lies in the middle
(not to scale). Ion and electron inertial scales in relation to the region sizes are indicated.

other, as described by the Sweet-Parker model (Parker, 1963) for solar flares. This
type of reconnection is schematically presented in Figure 1.9, in a 2-D geometry. In
magnetic reconnection, a diffusive process takes place, converting magnetic energy
to kinetic and thermal energy of the plasma ejected in outflow regions. Magnetic re-
connection is a major driver of plasma and energy circulation in the magnetosphere,
breaking the frozen-in condition of ideal MHD: the inflowing magnetic field lines in
Figure 1.9 blend together ("reconnect") in the EDR, and are expelled along the out-
flowing plasma in a new magnetic topology. The delimiters between reconnected field
lines and the inflowing ones are the separatrices (black lines in the the Figure 1.9).

Despite a long history of studies of reconnection, its details are still under
scrutiny: To better explain reconnection rates beyond those predicted by the Sweet-
Parker model, Petschek (1964) introduced a reconnection model with shock fronts
enhancing the process. Later, modifications of the magnetic configuration via Hall
physics (see, e.g., Malyshkin, 2008) has been investigated. Birn et al. (2001) con-
cluded that Hall physics would be required for MHD models to produce compatible
reconnection rates with more detailed models. As Koskinen (2011) describes, insta-
bilities such as the tearing mode are candidates for explaining the dynamics of the
process both for resistive and collisionless descriptions of reconnection, causing the
formation of magnetic islands and multiple reconnection sites. Further complicat-
ing the matter, there may be a component of magnetic field normal to the plane of
reconnecting magnetic fields, a guide field.

As reconnection is a complex process involving changes in magnetic topology,
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multi-satellite missions have been used to study the process with multiple simulta-
neous observations. The NASA Magnetospheric Multiscale (MMS) mission (Burch
et al., 2016a,b) has now provided high-cadence measurements of the magnetospheric
plasma with a multi-spacecraft constellation, especially of electron-scale measure-
ments of both dayside and tail reconnection regions (Torbert et al., 2018; Khotyaint-
sev et al., 2016). Yordanova et al. (2016) discovered even purely electron-scale mag-
netic reconnection in the magnetosheath. On the other end of the mass scale, even
heavy and high mass-to-charge ionospheric ions can reach and participate in the re-
connection processes in Earth’s magnetosphere (Wang et al., 2014b; Liu et al., 2015).
The end result of magnetic reconnection is the conversion of magnetic energy to ki-
netic and thermal energy. This manifests as heated outflow jets of both ions and
electrons, that can be observed both in bulk flows (Wang et al., 2014a) and along
the magnetic field lines connected to the reconnection region (e.g., Varsani et al.,
2017).

At a macroscopic scale, the process presents as a diffusion of magnetic field,
breaking the frozen-in condition. One way to go about this is to include the resistive
term in the Ohm’s law, to better represent the unresolved physics, and in computa-
tional models, this may also arise through numerical effects. Retaining the resistive
term in the Ohm’s law (1.26) ηJ̄ breaks the frozen-in condition, which may effectively
break in otherwise collisionless space plasmas due to e.g. wave-particle interactions.
There is also an argument that also hybrid model reconnection always collapses to
the grid scale (Malakit et al., 2009) without resistivity. Some applicable variations on
the resistive portion include forms of hyperresistivity (∝ ∇nJ̄ , where n = 2, 4, . . .)
to better approximate anomalous resistivity by kinetic interactions (Maron et al.,
2008). The relative importance of the resistive term in the generalized Ohm’s law,
ηJ̄ = σ−1J̄ , can be described by the magnetic Reynolds number Rm = ULη−1

m , where
U is a characteristic velocity, L a characteristic length scale, and ηm the magnetic
diffusivity ηm = (σµ0)

−1. Rm describes the ratio of advection of the magnetic field
to its diffusion.

At the reconnection site the reconnecting magnetic field strength tends towards
zero, leading to demagnetization of ions at ion inertial scales di (delineating the
ion diffusion region). In the MHD picture, demagnetization of ions necessitates
including the Hall term, and would also suggest including finite-gyroradius effects as
the demagnetized populations can exhibit complex VDFs (e.g. Hoshino et al., 1998;
Wang et al., 2016a). In the MHD description, the Hall term J̄ × B̄/nee breaks the
single-fluid picture, and keeps the magnetic field frozen-in into the motion of the
electrons, instead of the strictly single-fluid plasma. In the hybrid description, both
of these are included naturally.
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At a small-enough scale, electrons become demagnetized at the electron inertial
scales de, forming the electron diffusion region. Electrons will exhibit complex orbits
in the electron diffusion region (Burch et al., 2016b; Torbert et al., 2018). The
electron pressure term ∇· ¯̄Pe/nee, may be used with an anisotropic and/or agyrotropic
pressure tensor to include approximations of kinetic electron physics (Hesse et al.,
2014, 2016).

The electron kinetic term me/nee
2 ∂tJ̄ is usually neglected, since the electron

mass is quite small. This term appears at length scales smaller than then electron skin
depth, which can happen e.g. at electron diffusion regions (Torbert et al., 2016). As
it happens, this term is used in the eVlasiator electron propagator, see Section 2.3.2.
All in all, Torbert et al. (2016) provide estimates for the different terms of Ohm’s
law at the electron diffusion region of a reconnection site with MMS data. They find
through direct measurements that the electron pressure term is significant overall
and that the inertial term is significant in one vector component (albeit an order of
magnitude weaker than the electron pressure term). They also suggest that there is
a significant resistive component produced through fluctuations, so no terms of the
generalized Ohm’s law can really be neglected at the electron scales.
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2 Simulations: plasma descriptions in
practice

The above mathematical models are one part of the modelling framework—what’s
missing is actually solving these equations for realistic environments, for which ana-
lytical solutions become quickly infeasible. Numerical methods of solving the groups
of equations need to be employed, instead. This is by itself a major topic, on both
theoretical grounds (which numerical implementations correctly approximate the un-
derlying system) and technical (how to implement the numerical solvers in a cost-
efficient and scalable manner). With modern supercomputing, the numerical prob-
lems handled can be huge and expensive to solve, and should, perhaps, be thought of
as numerical experiments on par with large research installations or satellite missions.

The models described and used in this work are explicit time-stepping models,
in contrast to the more complex implicit solvers that can sidestep some require-
ments, such as the Courant-Friedrichs-Levy (CFL) condition that requires the model
timestep to be small enough to resolve all modes of information transport in the sim-
ulated system (Press, 2007, pp. 1034).

The first question when transferring an analytical description to a numerical
model is how to discretize the problem. A computational mesh or grid is a good
place to start. For example, either an unstructured mesh or a structured, logically
Cartesian grid may be employed (see, e.g., Sack & Urrutia, 2000). The former lends
itself to complex geometries, but with more complex arithmetics. The latter is simple
to handle, especially if the mesh is also orthogonal and Cartesian, even if a regular
Cartesian grid does not mesh that well with e.g. spherical surfaces.

Another distinction from the grid point of view is to look at the difference be-
tween Eulerian and Lagrangian grids. Whereas an Eulerian grid is static in the
given reference frame, a Lagrangian grid would follow the plasma packets and de-
form as time progresses. Considering the kinetic descriptions do not have a single
notion of "flow" in real space (although fluid models insist on this approximation,
as in Sections 1.4.1 and 2.1), Eulerian real-space grids are somewhat more intuitive
to consider. Methods presented here for kinetic modelling are Particle-in-Cell and
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Eulerian (semi-Lagrangian) Vlasov approaches, which are discussed in Sections 2.2
and 2.3.

Parallelization and scalability, that is, the performance of a simulation code in a
high-performance computing environment is a modern requirement for complex com-
putational models, but delving deep into this is outside of the scope of this work. A
division to two types of parallelization can be made: shared and distributed memory
parallelism. In the former, all data to be computed resides on a single computing
unit (node), and is quickly accessible to all processing units in the node. Purely
shared-memory parallelism has the drawback of having access only to the working
memory contained in the single node, severely constraining the problem size. In the
latter, the problem is distributed across multiple nodes via e.g. decomposition of the
problem to subdomains, enabling larger simulations with more available memory and
computational power. However, this requires passing data between different nodes
to communicate the results of computations between the subdomains, which may
present a bottleneck, especially when having large amounts of nodes. Minimization
of these communications is an important factor in scalability.

The problem itself can place constraints on the performance and scalability of
the code. The MHD and hybrid-Vlasov approaches present hyperbolic PDEs, which
can compute the next step of the solution with data from a limited neighborhood. In
contrast, having an elliptic PDE, like a Poisson equation in the simulation requires
data from the whole domain for the solution. This can drive the design choices
of simulations. For example, while solving Maxwell’s equations, ∇ · B̄ = 0 should
hold, but inexact algorithms may generate false accumulations of these magnetic
monopoles, as described by Brackbill & Barnes (1980). They describe a Poisson-
solver based projection method for cleaning anomalous divergence, a computationally
heavy operation. Avoiding divergence cleaning is possible through e.g. Yee-type
staggered meshes (Yee, 1966) for exact, divergence-free propagation of ∂tB̄ = ∇× Ē
(and conversely of ∂tĒ = ∇× B̄ if needed).

2.1 MHD codes

MHD models have been widely used for decades. For example, the Block-Adaptive
Tree Solarwind Roe-type Upwind Scheme (BATS-R-US, Powell et al., 1999; Tóth
et al., 2012) is one of the most prominent MHD models, embedded in the multi-
model Space Weather Modeling Framework (SWMF, Tóth et al., 2005). It and its
extensions have been used to model various environments, from the Earth’s magne-
tosphere (Glocer et al., 2009) to planets (Ma et al., 2002, 2013) and comets (Rubin
et al., 2015; Huang et al., 2016) to name a few.
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The Grand Unified Magnetosphere-Ionosphere Coupling Simulation (GUMICS
Janhunen et al., 2012) series from the Finnish Meterological Institute (FMI) is an-
other long-term numerical model. Kinetic models originating from the FMI such
as HYB (Kallio & Janhunen, 2002) and Vlasiator (von Alfthan et al., 2014; Palm-
roth et al., 2018b) still have echoes of this FMI workhorse. Grid Agnostic MHD
for Extended Research Applications (GAMERA, Zhang et al., 2019) is a recent
development from the Lyon-Fedder-Mobarry model (LFM, Lyon et al., 2004), for
high-performance, high-resolution MHD simulations.

An advantage MHD models have over the more detailed kinetic models is their
comparatively low computational load, enabling high-resolution and long-period sim-
ulations covering e.g. a full geomagnetic storm. Sorathia et al. (2020) present their
work with GAMERA as having reached the limits of MHD modelling and call for
proper investigation of kinetic effects in the global magnetosphere.

2.2 Hybrid PIC
Particle plasma models have been used for over six decades, from the one-dimensional
electrostatic models of Buneman (1959) and Dawson (1962), with hybrid-PIC mod-
els appearing around the 1980s, from pinch-simulations by Sgro & Nielson (1976)
and Harned (1982) to simulations investigating heavy ion effects on cometary bow
shocks (Galeev & Lipatov, 1984; Omidi et al., 1986). Brecht (1990); Brecht & Fer-
rante (1991) began to analyze global asymmetries in planetary plasma environments
(ones without global dipoles, though). Various other non-magnetized and weakly-
magnetized bodies have been modeled, e.g. Venus by Terada et al. (2002); Jarvinen
et al. (2009); Järvinen (2011), Mercury by e.g. Kallio & Janhunen (2002); Müller
et al. (2011, 2012), and Saturn’s moon Titan by e.g. Kallio et al. (2004); Sillanpää
et al. (2006); Modolo & Chanteur (2008); Müller et al. (2011).

With PIC, the particle distribution is modelled by individual particles – or rather,
approximated by macroparticles (or "superparticles") representing a large bunch of
particles each (Hockney & Eastwood, 1988). As the Lorentz force accelerates the
particles with a proportionality constant of chargw-per-mass, collating a number of
particles of the same species does not affect the equation of motion, and allows for
approximating the particle distribution at some computable accuracy. In the particle-
mesh class of PIC solvers, the particle moments are accumulated onto a mesh to solve
for the collective EM fields via the Maxwell equations and the generalized Ohm’s law.

An interesting discussion can be had about the nature of PIC models: are they a
Monte Carlo method for solving the Vlasov-Maxwell equations or rather, an approxi-
mation of the Klimontovich-Maxwell equations? Since the PIC particles are discrete,
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as in the Klimontovich system, and no ensemble averaging of the PIC particles is
performed to recover the Vlasov-Maxwell system, it would make sense to consider
PIC as a class of Klimontovich-Maxwell solvers instead, as noted by Dieckmann et al.
(2010).

A large question with PIC models is the amount of shot noise. Given N particles
per cell from a uniform distribution, we expect to see Poisson-distributed noise with
a relative amplitude of 1/

√
N . This leads to considerable noise with e.g. a "tradi-

tional" macroparticle-per-cell count of 30, that is, almost 20% fluctuations are to be
expected on the spatial grid. How well 30 particles can represent a complex veloc-
ity distribution is another matter. Despite this low fidelity, hybrid-PIC models have
been quite successful. Parallel models enable higher particle counts for a given spatial
resolution (and also, better spatial resolution), such as used by Jarvinen et al. (2020)
with some 200 particles-per-cell for better statistics in a global run. Even higher
particle counts of 28000 particles per cell (average, for a relative spatial shot noise
of 0.6%) were employed by Hoshino (2021) to study nonlinear effects in magnetic
reconnection with sufficiently low noise to not suppress physical instabilities.

To alleviate some of the shot noise from the small number of particles, the par-
ticles may be assigned a finite shape function (Hockney & Eastwood, 1988). Firstly,
the particle moments are assigned onto a grid, spreading the particle across several
grid cells, secondly and interpolating the electromagnetic force acting on the particle
from the solver grid. The choice of this moment assignment and force interpolation
scheme defines whether or not the model is Particle-in-Cell (nearest grid point or
NGP assignment) or Cloud-in-Cell (e.g. cubical particle clouds matching the local
cell size, assigned to cells via weighting by intersecting volume, i.e. trilinear assign-
ment), but often the moniker Cloud-in-Cell is stashed under the title of PIC. Care
should be taken to match the moment assignment and force interpolation, lest mo-
mentum conservation be artificially broken (Hockney & Eastwood, 1988). Finite-size
particles can also imply constraints on model resolution, details of which depend on
the choice particle shape: Stanier et al. (2020) obtain constraints for spatial resolu-
tion in terms of ion skin depth di and particle shape. Nevertheless, PIC methods
have been widely used and are accessible due to relatively cheap computations, and
the first three papers in this work employ one.

Some leeway for statistics can also be obtained from the PIC description with the
use of particle refinement (see, e.g., Kallio & Janhunen, 2002): Should the particle
move from coarse grid to fine grid, it may be split to try and preserve the count of
macroparticles per cell. Conversely, several particles may coalesce when going from
fine grid to coarse to not have excessive particle numbers in uninteresting regions.
However, these operations cause diffusion and require some care in monitoring the
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simulations. For the PIC results themselves, time-averaging might be a passable
option. For example, the results in Papers I–III are, for the most part, averages over
some stationary solutions.

Some other hybrid-PIC models include the Adaptive Ion-Kinetic Electron-Fluid
(A.I.K.E.F.) model (Müller et al., 2011), who also include the electron energy equa-
tion in some cases (Koenders et al., 2015), and the intriguing and involved discrete-
event-driven models by Omelchenko & Karimabadi (2006); Omelchenko et al. (2021)
intended to model the Earth’s magnetosphere. A FLASH-based hybrid model has
been utilized for cometary (Gunell et al., 2018; Lindkvist et al., 2018) and lunar
simulations (Holmström et al., 2012). Latmos Hybrid Simulation (LatHyS) (Modolo
et al., 2016) introduced a high-resolution parallel hybrid model for Mars, including
e.g. ionospheric photochemistry. Menura (Behar et al., 2022) has introduced an im-
plementation of turbulent solar wind. For a further historical review, see e.g. Lipatov
(2002).

2.2.1 HYB

The HYB model is a PIC/CIC model, described in detail by Sillanpää (2008), ini-
tially published by Kallio & Janhunen (2002), utilizing a Buneman particle propaga-
tor (Hockney & Eastwood, 1988) in a leapfrog scheme along with the field quantities,
which use an upwind differencing scheme from Press (1996). A staggered, hierarchi-
cally refined grid with edge-averaged electric field and face-averaged magnetic field
are used to conserve the zero divergence of magnetic field, and a resistivity term is
included in the Ohm’s law to stabilize the field solver. Handlers for different particle
processes, such as resonant charge exchange (CX, including modelling of resultant
energetic neutral atoms, ENAs) and electron ionization (EI) are included, with an
eye towards planetary environments with tenuous neutral backgrounds such as the
Martian corona (Wang et al., 2016b) and cometary comae (Simon Wedlund et al.,
2017).

My contributions to the further development of the HYB code include re-
organizing memory layout for particles to reside in continuous memory and related
optimizations for particle processes computations. The divergence-free reconstruc-
tions by Balsara (2009) were introduced for more accurate interpolation of B̄, espe-
cially near refinement interfaces. The solvers were parallelized in a shared-memory
setting with OpenMP, chosen at the time for ostensibly easy implementation and to
not overlap with the concurrent development of the MPI-parallelized RHybrid. A
notable lesson was that enforcing thread-safe operations for OpenMP parallelization
revealed minor bugs and inconsistencies: order of computation should not matter for
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the physics solver either, but thread-safety necessitates a closer look at not producing
race conditions.

To help in reconciling solver stability and physical fidelity, for Paper II I intro-
duced a grid cell size dependent resistivity term—as the HYB model uses a resistivity
term in the Ohm’s law to stabilize the solver, instead of e.g. direct smoothing of the
magnetic field (Koenders et al., 2013). However, consider the magnetic Reynolds
number Rm = η−1

m UL, and assume a constant diffusivity ηm over varying length
scales: Rm decreases, showing increasing effect of resistivity compared to advection.
An adjustment was introduced to keep the Rm constant at the grid scale, regard-
less of cell size (and assuming upstream solar wind velocity for the characteristic
speed). Smaller artificial diffusion allowed for better-resolved draping of magnetic
field around the cometary nucleus, even at finest-resolution grid cells.

My code contributions provided an order of magnitude improvement in efficiency
along with memory de-fragmentation and enabled somewhat more detailed runs.
However, OpenMP threading only goes so far: The number of CPU cores available
on a single compute node is a hard limit. In practice, the code’s scaling over multiple
CPU cores can be limited due to non-uniform memory access (NUMA) architectures
(Bovet & Cesati, 2006, p. 297): A single NUMA node, i.e. 50% of a compute node in
use was the maximum scalability on the particular hardware. Subsequently pushing
the spatial resolution of this version further was not feasible. A physics-first approach
to model what could be modeled was instead adopted, leading to e.g. the cometary
pickup papers Paper II; Paper III. The issue is somewhat alleviated by only looking
at weakly-magnetized bodies, where the time resolution does not need to be quite as
high to resolve both the ion Larmor radii rL ∝ B−1 and gyration periods ω−1

ci ∝ B−1

at very high field strengths, such as at the Earth.

2.3 Hybrid Vlasov models

Vlasov models take the approach of describing the ensemble-averaged velocity dis-
tribution function explicitly as a discretized, Eulerian velocity-space distribution at
each simulation cell. Instead of integrating the equations of motion for particles, the
Vlasov methods propagate the distribution function. This enables noise-free solutions
for the Vlasov system. As an example on the thermal noise level to be expected in a
space plasma, let’s inspect the physical shot noise due to discrete particles, as if with
a PIC model at one-to-one particles, at the smallest relevant scale, the Debye length.
A cube with edge length of λD in Earth’s magnetosheath (that is, for n = 8 cm−3

and Te = 290 000K, Koskinen, 2011) contains some N = 18× 109 particles. A naive
estimate—Poisson distribution, to directly compare against PIC statistics—for the
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level of random fluctuations in the number of particles would be
√
N ≈ 135 000, or

≈ 10−5 relative to the number of particles. Compared to the resolution and physical
scales handled in a global simulation, λD is very small, and particle numbers per
cell much larger. The ensemble-averaged, noise-free Vlasov approach would seem a
good fit at large scales. This can also be approximated from the definition of plasma:
the number of plasma particles within a Debye sphere has to be sufficiently large for
single charges to be shielded and exhibit collective behaviour instead.

Vlasov methods also go back quite a few years, with at least Killeen & Rompel
(1966) describing a finite-difference Vlasov-Maxwell solver. In terms of how the
Vlasov equation is solved, Lipatov (2002) reviews few methods besides finite-
differencing on Eulerian grids to solve the Vlasov-Maxwell system with Vlasov meth-
ods1, namely spectral methods and phase-fluid approaches, latter of which (Vlasov
Hybrid Simulation) follows phase-space density of particles moving along characteris-
tic orbits, intermittently sampled onto a phase-space grid. Lipatov (2002) expressed
some doubt about the feasibility of direct solutions of Vlasov equations.

More recently, Palmroth et al. (2018b) reviewed modern Vlasov methods and
their applications in space physics, both in hybrid-Vlasov and fully kinetic Vlasov
simulations. Direct Eulerian finite-difference methods were found to be scarcely
used (perhaps validating the prediction of Lipatov, 2002, on direct solutions) and
overtly diffusive and non-conservative. Finite-volume methods are seen to have some
good properties, but more attention is afforded to semi-Lagrangian solvers, where
an Eulerian description is propagated in time by following Lagrangian trajectories
and sampling the result back to an Eulerian grid. Notably, the hybrid-Vlasov models
reviewed, besides Vlasiator, are local simulations of reconnection (Franci et al., 2017;
Cerri & Califano, 2017), turbulence (Valentini et al., 2010; Cerri et al., 2017), or other
local instability studies (e.g. Inglebert et al., 2011).

2.3.1 Vlasiator

The review of Palmroth et al. (2018b) also includes a description of the Vlasiator
model (Code in Zenodo repository: Pfau-Kempf et al., 2022b), first published by
von Alfthan et al. (2014). Vlasiator is a highly-scalable and modern hybrid plasma
model, designed for the Earth’s magnetosphere.

Vlasiator utilizes Cartesian grids in both spatial and velocity spaces, each spatial
cell containing a velocity space discretizing the distribution function f . Velocity dis-
tributions are updated with a Strang-splitting scheme, interleaving acceleration and
translation. The translation and acceleration operators are handled as axis-oriented

1mostly focusing on particle models otherwise

32



shear operations using the semi-Lagrangian SLICE-3D scheme (Zerroukat & Allen,
2012). Spatial translation maps directly to shear operations, while the acceleration
operator (offset rotation about B̄ and v-space translation along B̄, corresponding to
handling the particle propagation in the co-moving reference frame in Section 1.3) is
decomposed into three successive shear operations.

The field solver is a constrained-transport upwinding scheme given by Londrillo &
Del Zanna (2004), with divergence-free reconstruction of magnetic field performed via
the Balsara (2009) approach. Intermediate moments are obtained via interpolation
as in the current advance method of Matthews (1994) and Valentini et al. (2007). A
staggered grid with electric field evaluated on the cell edges and magnetic field on
the cell faces is again employed to conserve magnetic divergence at the numerical
level.

Vlasiator resolution in velocity space (as used in Palmroth et al., 2017) is poten-
tially quite huge: some (64 ∗ 4)3 = 16777216 ≈ 107 velocity space cells per spatial
cell. Sparse grid methods are used to discard VDF densities deemed small enough,
which, in proton context, are taken usually to be on the order of 10−15m−6s3.

Extending the naive noise estimate to a phase-space cell, let’s assume we collect
all the particles in the phase-space cell at this threshold value, from a uniform plasma,
and again ask what would be expected shot noise from these particles. Integrating the
phase-space density over the cell at 300 km spatial and 30 km/s v-space resolution
with a phase-space density of 10−15m−6s3 obtains some N = 7 × 1014 particles.
Again, assuming Poisson-distributed particle number for the cell, the expected shot
noise in the number of particles is about

√
N = 3 × 107, i.e. 10−8 relative to

the number of particles in the phase-space cell. This would suggest that, at these
resolutions, the velocity distribution function should be noise-free on the level of the
least-filled phase-space element, and not only on the level of spatial elements.

The curse of dimensionality makes for a strong driver to keep the resolution as low
as possible, and indeed, the majority of Vlasiator simulations referenced here are 5-
D (or 2.5-D) simulations with two spatial dimensions and three velocity dimensions.
To outline the necessary model resolution, Pfau-Kempf et al. (2018) analyzed the
effects of spatial and velocity space resolution, as fully resolving ion kinetic lengths
is still infeasible in a global setting. They found that even when kinetic scales were
spatially underresolved, satisfactory kinetic physics could still be observed. The lack
of fine spatial resolution does not seem a huge issue on the PIC front either, as
observed by Jarvinen et al. (2020), at least when the results are not dependent on
some unresolved wave-particle interactions. However, an adverse effect—artificially
low velocity-space diffusion in the magnetosheath—from unresolved wave modes has
been observed by Dubart et al. (2020).
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Vlasiator has been used to study the kinetic processes like the formation of the
Earth’s foreshock by ions scattered from the bow shock by e.g. Pokhotelov et al.
(2013); Kempf et al. (2015); Battarbee et al. (2020a), and its ULF wave field and
its kinetic triggers by Palmroth et al. (2015); Turc et al. (2018); Battarbee et al.
(2020b) among others. Further, kinetic effects at the bow shock have been studied
with Vlasiator, such as spontaneous hot flow anomalies (Tarvus et al., 2021), shock
reformation (Johlander et al., 2022), how kinetic foreshock structures transmit into
the magnetosheath (Suni et al., 2021) and how the resulting magnetosheath jets
propagate (Palmroth et al., 2018a), as well as how magnetospheric fluctuations are
formed and how they can affect the magnetosphere (Hoilijoki et al., 2016; Zhou et al.,
2022). Vlasiator has also been used to model the dynamics of reconnection in the
magnetosphere, which will be discussed in more detail in Section 3.3.

2.3.2 eVlasiator: a hybrid Chimera

Pushing Vlasiator into a new regime, Battarbee et al. (2021) introduced a method to
propagate electrons against a regular Vlasiator solution, going somewhat beyond test-
Vlasov or test-particle treatments. The electrons are described as kinetic particles,
but with both gyromotion and electron plasma oscillation coupled. In this section, I
review the eVlasiator method.

eVlasiator (Zenodo repository: Pfau-Kempf et al., 2022a) was built to take in
an existing Vlasiator simulation at some time and propagate kinetic electron dis-
tributions against this pre-set background. The basic assumption is that the time-
evolution of ions and the magnetic field can be approximated to be negligible on the
time scales of electron motion due to the much smaller mass of electrons. Scales of
ion motion are readily seen as to be far from the electron scales, but for example
plasma waves could break this separation. However, at the global Vlasiator simula-
tion spatial resolution, these are not resolved at electron timescales.

To handle the electrons in a manner beyond test particles, they couple to their
own motion via the inclusion of the displacement current to the Ampère’s law (2.1)
and the electron kinetic term to the hybrid Ohm’s law (2.2), so that:

∇× B̄ = µ0(J̄ + ε0∂tĒ) (2.1)

Ē + V̄ × B̄ = −∇ · ¯̄Pe

nee
+

me

nee2
∂tJ̄ (2.2)

Here, ¯̄Pe is calculated from the full electron distribution function instead of e.g. an
adiabatic assumption.
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The Vlasov solver is kept mostly standard with respect to Vlasiator. The addition
to the scheme is to evaluate electron plasma oscillation separately, via taking their
contribution in the electron kinetic term from the Ohm’s law (2.2) to represent the
small-scale electron oscillations, giving the change in electron bulk velocity δV̄e as
Equation (2.3). The evolution of the electron oscillation electron field ĒJe is then
obtained from Equation (2.1) as Equation (2.4):

δV̄e = δt
e

me
ĒJe (2.3)

δĒJ̄e = δt c2(∇× B̄ + µ0e(neV̄e − npV̄p)) (2.4)

These coupled equations are subcycled via a dual Runge-Kutta 4 scheme (see Figure 1
of Battarbee et al., 2021).

eVlasiator simulations are initialized with an existing Vlasiator solution (or a
smaller region of one) by taking the magnetic field B̄, the ion moments np, Ūp,
and Tp. The imported values are placed on a co-located grid with the original
solution to avoid resampling. The electrons are initialized as drifting Maxwellians,
with electron bulk velocity set to include possible Hall currents, that is, to satisfy
(1.25). Electron temperature is set with a constant scaling factor from the proton
temperature. Te = Tp/4 has been the chosen scaling in both Battarbee et al. (2021)
and Paper IV.

Battarbee et al. (2021) show that eVlasiator produces e.g. Bernstein mode waves
(implying realistic coupling of gyration and oscillation) and describes a small test
case with underlying Vlasiator data. Paper IV pushes this further to a global scale
and seeks out direct comparisons with MMS data, which will be discussed in more
detail in Section 3.3.1. A conclusion from the papers is that electron dynamics, at
the global scale, can be reproduced and therefore explained, at least in part, by ion-
hybrid descriptions. A notion of ions carrying the inertia of the plasma may be a
useful analogue, and a point to the general applicability of ion-kinetic hybrid models.

2.4 Beyond Hybrid Simulations
eVlasiator is not the only attempt, by far, to inspect electron dynamics in a global
settings. MHD-EPIC (Daldorff et al., 2014) and MHD-AEPIC (Shou et al., 2021)
couple fully-kinetic PIC regions to a global MHD simulation, for example. iPic3D
(Markidis et al., 2010) and PICARD (electrostatic code Lindkvist & Gunell, 2019),
and others directly simulate a fully kinetic representation of electrons, but at small
targets (very weak comets, mesoscale lunar anomalies)—none at the full scale of
the Earth’s magnetosphere. Here, to be fair, it bears to mention that Paper IV only
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concerns a spatially 2-D global simulation. Lapenta et al. (2022) presented a full-PIC
model, using iPic3D, of the magnetosphere of Mercury, first initialized with a hybrid
simulation to probe the effects of kinetic electron physics. Nishikawa et al. (2021)
review the history of PIC in more detail, with modern full-PIC codes, including ones
focused on more exotic environments, such as relativistic jets.

Other relevant topics Debye sheaths on the Lunar surface (Poppe, 2011;
Dyadechkin et al., 2015) and spacecraft charging models. Examples of these in-
clude the PIC-based Spacecraft Plasma Interaction Software (SPIS) (Thiébault et al.,
2015), which can be used to model the Debye sheaths of spacecraft and the resulting
spacecraft charge accumulations. This can be used to e.g. calibrate plasma instru-
ments (Bergman et al., 2020; Johansson et al., 2020).

To capture full electron kinetics, the electron diffusion region in magnetic re-
connection has been modelled extensively with fully-kinetic codes, with both PIC
and Vlasov models, as required by the detailed microphysics. Hoshino et al. (2001)
performed an EDR simulation in 2-D, already outlining the basic structures seen
later in Section 3.3.1. Umeda et al. (2009, 2010) employed a full Vlasov method
to study similarly 2-D EDRs without noise, and Hoshino (2021) drive a PIC simu-
lation with large particle counts to suppress the shot noise and uncover non-linear
dynamics otherwise swamped by unphysical fluctuations. Daughton et al. (2011), in
turn, have considered a fully 3-D reconnection environment, studying the electron
physics in guide field reconnection. As a relatively new development, Pezzi et al.
(2019); Cozzani (2020) have introduced a new Vlasov-Darwin code, ViDA, for e.g.
reconnection studies.

2.5 Initial and boundary conditions for simulations
The models above are more or less agnostic about what is being simulated so far, as
long as the temporal and spatial scales are compatible and the runs are otherwise
stable. However, injecting the actual problem to solve into the simulation is done
through initial and boundary conditions.

2.5.1 Initial conditions

In common for the models above, the initial conditions prescribe some divergence-free
magnetic field (e.g. a dipole and a mirror dipole to constrain ∇ · B̄ = 0 at the inflow
boundary) and an initial plasma distribution, which may or may not have anything
to do with the solar wind. The main purpose of the initial plasma is to ensure initial
solver stability and then exit the simulation when pushed by the actual solar wind,
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without pathological transients or hysteresis. Differences in initial plasma setups
may have some hysteris effect, as discussed by Lakka et al. (2017).

2.5.2 Boundary conditions

The boundary conditions for the plasma prescribe an approximation of the flow
obstacle (e.g. the exobase or the ionosphere of a planet) and the inbound solar wind
flow with its embedded magnetic field, and how it flows out of the simulation domain.
For particles, this consists of prescribing and implementing the inflow flux (PIC) or
having a representative, pre-determined plasma distribution on the upwind boundary
used to generate the flux (Vlasov). Outflow conditions may be as simple as absorbing
walls, but that may generate losses through thermal expansion when plasma flows
tangentially to the walls. Copying the VDF and/or particle moments to have no
gradients at the boundary is a possibility. Periodic flow conditions can also be used
to copy the tangential flows to reduce these losses, but extending a simulation feature
to the walls will then also appear on the other, periodic side.

The field solver and related particle moments require boundary conditions as
well. Neumann zero-gradient copy conditions can work, but more extensive boundary
conditions may be required to prevent reflections. Radiative boundary conditions
(e.g. Bayliss & Turkel, 1980) or perfectly matched layer (Berenger, 1994) conditions
are possible solutions, but quite a bit harder to implement, and the models used in
this work do not use them. Periodic boundary conditions can be used to provide a
local simulation of bulk matter, or to reduce the dimensionality of simulations. For
example, taking a spatially 3D simulation and using a single cell wide domain in one
dimension could be described as a 2.5-D simulation (e.g. Omidi et al., 2009); one
way to implement this is to use periodic boundaries in the singleton dimension. In
the Vlasiator context, 5-D is also used to describe tallying two spatial dimensions
and three velocity space dimensions (e.g. Hoilijoki et al., 2016).

An inner boundary, representing a planet or other obstacle, may be included in
a simulation. Quite often, this has been approximated as a perfectly conducting
sphere representing the ionosphere or the exobase (Kallio & Janhunen (2002), Paper
I). The ionospheric boundary may plainly emit ions (as the outer boundaries above),
but a full description can be much more involved, possibly accounting for ionospheric
dynamics, photochemistry and circulation models (e.g. Modolo et al., 2016). In the
case of the Earth, the global dipole field of the Earth is strong, leading to very small
cyclotron timescales close to the Earth, and the inner boundary may therefore lie
quite far from the actual ionosphere to sidestep the required temporal resolution. The
inner boundary (likely far above the ionosphere) should also close magnetospheric
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currents through the ionosphere, to a good approximation. Solutions for this include
coupled ionosphere-magnetosphere solvers as in GUMICS (Janhunen et al., 2012).
Further, LFM incorporates the Rice Convection Model (Pembroke et al., 2012), a
ring current model for the inner magnetosphere. Further, simulations may be coupled
through various boundary conditions into a larger framework, as is done with the
SWMF (Tóth et al., 2005).

2.5.3 Source and sink terms

Some environments need a bit more than boundary and initial conditions to operate,
however: some objects possess extended neutral environments, such as cometary
comae or the exospheric populations at Mars. From these neutrals, additional plasma
may be created through ionization and particle processes such as charge exchange,
which can be accounted for by implementing source terms for plasma populations.
Fluid models may directly insert the source terms to the continuity equations (see
e.g. Szegö et al., 2000), while particle models may create, destroy or modify particles
directly to produce the required effects. Simon Wedlund et al. (2017) implemented a
collision package (from Vahedi & Surendra, 1995) for particle processes in the HYB
model for fast and statistically sound single-pass iteration through multiple particle
processes for a macroparticle.
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3 A worlds tour

Here I will describe a few bodies in the solar system: Mars (or rather, a series of
weakly to not-at-all magnetized Mars-like objects), the comet 67P/Churyumov–Ge-
rasimenko and lastly, the Earth, in chronological order of work. The paleo-Mars
section 3.1 describes a weakly magnetized planetary body discussed in Paper I. By
containing both magnetized and nonmagnetized variants, it bears also some resem-
blance to Mercury (weakly magnetized, but no ionosphere) and Venus (thick iono-
sphere, and nonmagnetized, down to practical limit of observations (Van Allen et al.,
1967; Russell et al., 1980), despite persistent attempts to show the presence of a dipole
(Luhmann et al., 2015)).

The comet section (3.2) introduces the cometary plasma environment, with a
focus on weak comets and their modelling, especially in terms of finding their bow
shocks generated by continuous mass-loading, instead of an obstacle in supersonic
flow. 67P/Churyumov–Gerasimenko receives most of the attention here, along with
the modelling attempts of remote sensing a bow shock discussed in Paper II and
Paper III. The Earth section (3.3) introduces the large magnetosphere of the Earth,
how the process of reconnection shows up in Vlasiator and finally, how eVlasiator
sees ion-scale reconnection via kinetic electrons in Paper IV.

3.1 Mars, variations
Mars is thought to have had a dense atmosphere and persistent liquid water on its
surface billions of years ago (Carr & Head III, 2003), but both the dense atmosphere
and liquid water are now gone either to space or sequestered to the Martial soil. As
the planet is quite small, it exerts little gravity on its upper atmosphere, making it
easy for volatile gasses to escape the planet. Besides purely thermal (Jeans’) escape
of gasses (as discussed by, e.g., Volkov et al., 2011), the upper atmosphere of Mars
directly interacts with the solar wind, also stripping away at the outer layers of
Mars’ atmosphere due to the lack of a global magnetic field, as discussed by Lammer
et al. (2003) and Brain et al. (2016). The loss of Martian volatiles to space has been
under active and specific investigation by the NASA Mars Atmosphere and Volatile
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Figure 3.1: Viking-1 imagery of Mars and its thin atmosphere. Credit: NASA.

Evolution (MAVEN) spacecraft since 2014 (Jakosky et al., 2015b; Lillis et al., 2015;
Jakosky et al., 2015a), with the science operations extended after the nominal end
of the science mission.

Remanent magnetic fields on its crust suggest an earlier Martian dynamo field
did exist some 4Gy ago (Acuña et al., 1998, 1999), but impact basin analyses sug-
gest rapid cessation of the global dynamo (Lillis et al., 2008, 2013) around that time.
Analysis of Martian volcanism by Milbury et al. (2012) dates the cessation further to
3.6Gy ago. Estimates on the timeline of the thinning Martian atmosphere and the
cessation of the dynamo coincide, which has excited space physicists to investigate
the stripping of the Martian atmosphere due to disappearance of the dynamo (as
reviewed by Chassefière et al., 2007), especially due to hydrogen-deuterium isotope
fractionation suggesting atmospheric escape. Sequestration of water into the crust of
the planet may, however, be the actual culprit of Mars’ dryness, with Scheller et al.
(2021) proposing a reconciliation between atmospheric escape and crustal sequestra-
tion. This was also discussed already by Lammer et al. (2003), to some extent.

As Mars lays now, cold and barren with no intrinsic magnetic dipole, the inter-
action between solar wind and Mars consists of the solar wind interacting directly
with the upper atmosphere of the planet. Figure 3.1 shows a view of Mars and its
atmosphere. The ionosphere presents a more or less well-conducting obstacle for the
solar wind, as the frozen-in condition of magnetized solar wind prohibits the solar
wind from freely penetrating the ionospheric plasma. On top of that, the Martian
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Figure 3.2: Waning weak paleo-Martian dipole field in four simulations, with magnetic
field lines and current density as a volumetric render. Sun is on the left, in the positive
X direction, Z points towards ecliptic north (and aligned with the dipole moment of the
planet) and Y completes the right-handed coordinate system. Reproduced with permission
from Paper I, © Elsevier.

upper atmosphere extends further from the ionosphere. Neutrals become collision-
less above the exobase1 and form a corona of ballistic particles (Galli et al., 2006;
Chaufray et al., 2007), assisted by the relatively low gravity of the planet. These
particles may interact directly with the solar wind via e.g. charge-exchange processes,
and are ionized via photoionization, producing some mass-loading and related asym-
metries for the impinging solar wind.

Brecht & Ferrante (1991) have also argued, using hybrid simulations, that ob-
served asymmetries stem from Hall physics, i.e. separation of ion and electron flows,

1exobase being the altitude at which the atmospheric scale height equals the mean free path, see
e.g. Brain et al. (2016)
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without pickup ions. Dubinin et al. (1994); Dubinin & Lundin (1995) discuss mass-
loading processes stemming from the extended corona and the reflection of pickup
protons from the Martian bow shock, leading to asymmetries, and lately, Dubinin
et al. (2018); Romanelli et al. (2020) have reaffirmed the asymmetric component
from the mass-loading effect using MAVEN data. The importance of finite gyro-
radius effects suggests modelling the environment using a hybrid description, even
though Dubinin et al. (2018); Romanelli et al. (2020) can describe the overall picture
of mass-loading through a two-fluid argument.

In Paper I, I investigated a hypothetical scenario: few very weak Martian dynamo
simulations show how a global magnetosphere disappears to nothingness, leaving only
an induced magnetosphere, and how energetic solar wind particles precipitate on the
Martian atmosphere. Never mind that this sort of a dipole might not be viable:
cessation of a Martian dipole could involve higher multipole moments being dominant
at low dynamo strength or cease precipitously from full strength (Hori & Wicht,
2013). The dynamics of dynamos are daunting, but this was a step towards paleo-
Mars simulations, and to compound: the modern atmosphere (and solar parameters)
are not a very good approximation for an ancient Martian atmosphere. For example,
Sakata et al. (2020) perform their studies of early Mars with dipole strengths up to
5000 nT (on the equator), and solar wind velocity of 2000 km s−1. With this in mind,
we can look at the hypothetical scenario with all the pinches of salt it requires.

As we look at the magnetic topology of the waning dipole in the solar wind, shown
in Figure 3.2, we see a gradual transition between a global dipole and an induced
magnetosphere. The tail lobes rotate from the dipole-dominated north-south config-
uration into the draping-dominated east-west configuration, and the magnetopause
current system transforms into a pileup region current.

SEP precipitation was analyzed as an end-result for the study, and specifically,
how the weak magnetosphere shields the planet from the precipitation, which may
have implications for atmospheric erosion through e.g. atmospheric heating (Leblanc,
2002). SEPs are created by solar flares in impulsive outbursts and gradually on the
expanding surfaces of CME-driven shocks (e.g., Reames et al., 1997), and may reach
energies up to 100MeV amu−1. The SEP energy range in the study is quite low
(10 keV–5MeV) as far as SEP energies go—these were a holdover from Phobos-
2 SLED instrument energy ranges used in previous studies on SEP shadowing
(McKenna-Lawlor et al., 2012; Kallio et al., 2012). Given that any magnetosphere
in this article is already nearly translucent for the highest-energy particles included,
extending the energy range upward wasn’t very relevant for this study. For example,
the Larmor radius for a 5MeV proton is on the order of the radius of Mars in a
100 nT magnetic field.
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Figure 3.3: Shielding of low-energy SEPs at the paleo-Martian exobase with different dipole
strengths and a control case (an exobase surface exposed directly to SEPs). The induced
magnetosphere, by itself, is able to shield the exobase from 10− 100 keV particles, while the
100 nT dipole can shield also from particles in the 100− 1000 keV range. Reproduced with
permission from Paper I, © Elsevier.
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The main results are shown in Figure 3.3. To see what portion of the shielding
comes from the dipole, the geometry of the exobase, and the self-consistent magne-
tosphere/induced magnetosphere, control cases were introduced for both: IMF-only,
and a superposition of IMF and a corresponding dipole. The magnetospheric shield-
ing of the 100 nT dipole can reduce the SEP precipitation by an order of magnitude
at sub-megaelectronvolt energies, compared to a purely induced magnetosphere.

This, coincidentally, is the energy range in which the SEP particles would most
likely affect atmospheric escape for modern Mars, and which is especially targeted
by MAVEN (Larson et al., 2015). Notably, the induced magnetosphere also shields
SEP protons in the 10 − 100 keV range, compared to the non-interacting sphere in
solar wind. Leblanc (2002) agree with the shielding by an induced magnetosphere,
and note that the most significant heating in the (modern) upper atmosphere is
due to 1 − 10 keV hydrogen precipitation (formed through neutralization of SEP
protons via charge-exhange), which the present study does not include, except via
deceleration of the 10 keV population, also visible in Figure 3.3. In total, Leblanc
(2002) attributed SEP heating of the Martian atmosphere to be on the order of
30% of that produced by solar EUV, which is significant. Sheel et al. (2012), on
the other hand, estimated the effects of a SEP event on the ionospheric chemistry
and plasma content at modern Mars. They found the 1− 10MeV SEP contribution
most significant for ionospheric effects, especially below photoionization-dominated
altitudes. The shielding provided by the present study would have had some effect
on this ionization.

3.2 Comet 67P/Churyumov–Gerasimenko

The ESA Rosetta mission began its active investigation of the comet 67P/Churyu-
mov–Gerasimenko in 2014 (Taylor et al., 2017). The nucleus of 67P/C-G, roughly
4 km in diameter, is pictured in Figure 3.4. To briefly describe the next modelled
environment, comets are essentially ‘icy dirtballs’ (Whipple, 1976; Keller, 1989) from
the outer solar system, where the Sun’s heat is diluted enough that water-ice and
other volatile materials remain solid. Occasionally, these bodies are flung towards
the inner solar system, where they start to heat up and release increasing amounts
of gasses and dust, forming the spectacles we recognize as comets. In the following,
I introduce how the outgassed material is modelled and implemented into the comet
simulations, and work my way closer to the nucleus while describing the plasma
environment, especially with respect to the cometary bow shock.

From our vantage point of plasma modelling, cometary environments are defined
by their coma—evaporated gas and expelled dust from the solid cometary nucleus—
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Figure 3.4: Color image of the comet 67P/Churyumov–Gerasimenko, taken in August
2014. Credits:
ESA/Rosetta/MPS for OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA

and how it is ionized by solar UV irradiance and particle processes such as charge
exchange and electron ionization. The coma extends far from the nucleus, since the
meager gravity of the cometary nucleus is insufficient to imprison the volatiles as an
atmosphere. As the gas expands to space, it becomes less and less dense, not quite
qualifying as a gas-like fluid given the lack of collisions. For simplicity, I entirely
neglect the effects of cometary dust in the presented simulations: the movement of
any macroscopic dust particles would happen at time scales beyond what the hybrid
simulations can describe; as shown by Gunell et al. (2015) for nano-sized dust. This
is not to say that dust would necessarily be a negligible component; the study of
dusty plasmas is a major ongoing topic (see, e.g., Mendis & Horanyi, 1991; Shukla,
2002; Mann et al., 2014; Melzer et al., 2021), only outside the scope of the present
studies.

A lot of the details depend on the outgassing rate Q of the comet, that is, how
many gas particles are evaporated into space. For example, 67P/C-G was not a
strong comet (Q = O(1028) s−1, from Hansen et al., 2016), while 1P/Halley is much
stronger (Q = O(1030) s−1, from Divine et al., 1986). Depending on the gas pro-
duction rate, comets may exhibit a full spectrum from Moon-like interaction (when
barely outgassing), to an induced magnetosphere (medium outgassing) and strong,
supersonic cometary plasma outflows (strong outgassing) (Ip & Axford, 1982). Early
work on the plasma environment of comets focused on strong, Halley-like comets, as
noted by Flammer (1991), and Biermann et al. (1967) suggested that the comet–solar
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wind interaction should produce a bow shock.
Bow shocks have been detected in-situ at comets, but there are some com-

plications. Prominently, fly-bys of the comet 1P/Halley by the spacecraft Giotto
(Neubauer et al., 1986) and Vega (Gringauz et al., 1986) found a thick (O(105 km))
bow shock for the strongly-outgassing comet. Bame et al. (1986); Smith et al. (1986)
describe the International Cometary Explorer (ICE) flyby of the (smaller) comet
21P/Giacobini-Zinner, finding no evidence of a traditional bow shock, but a turbu-
lent transition layer interpreted as a result of instabilities in the mass-loaded plasma.
Since the cometary bow shocks or bow waves are quite messy, Neubauer et al. (1993)
comment that ICE did observe a form of a bow shock (with a slightly looser crite-
rion) during its encounter, while describing the Giotto encounter with 26P/Grigg-
Skjellerup seeing both a bow wave and a bow shock. Paper II and Paper III both
try to be cautious and use the term shock-like surface.

Further, Omidi & Winske (1988, 1991) discuss and model cometary bow shocks
with respect to 21P/Giacobini-Zinner, with steepened ULF waves forming a transi-
tion region. Bagdonat & Motschmann (2002) used a hybrid model for the evolution
of the plasma environment of comet 46P/Wirtanen in preparation for the Rosetta
mission2. Similarly, Rubin et al. (2015, 2014b) modelled the plasma environment
of 67P/C-G for Rosetta, with multifluid MHD and hybrid models. Common fea-
tures of these descriptions, touched upon by Lipatov (2002), are on a continuum: A
test-particle regime for the very weak comets, where the pickup ions barely interact
with the solar wind flow, a Mach cone or a bow wave with strong wave activity for a
medium-scale comet instead of a bow shock (due to low mass-loading), and a thick
bow shock for the strongly outgassing comets.

First, we require a model for the coma. The initial, simple choice is the spherically
symmetric Haser model (Haser (1957), translated from French as Haser et al. (2020)):

n(rc) =
Q

4πv0r2c
exp

−rc
λ

, (3.1)

where n(rc) is the neutral density at cometocentric radius rc, Q the outgassing rate,
v0 the outgassing velocity, and λ the scale length of the neutral sink from e.g. pho-
toionization; given in the form used in Paper II. To place the neutral profile into
context, let’s inspect the scales of the system: Using Paper III values to estimate a
length scale for the neutral profile Ln(r) = n(r)/∂rn(r) from (3.1) at the estimated
bowshock distance (see Figure 1.6) at perihelion gives Ln ≈ 10 000 km. This points

246P/Wirtanen was still the objective of the Rosetta mission at that time, and a comparable
comet to 67P/C-G.
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to large differences in the pickup ion source term within a single gyroradius of the
pickup ions and, consequently, agyrotropic pickup ion VDFs, despite a degree of
magnetization for the pickup ions.

Beyond that, generational Haser-type models derived along the lines of Haser’s
distributions for dissociation products could be used for a better description of the
chemical composition of the coma. Other aspects of outgassing models that are
neglected when looking at Haser-type radial outgassing models include collisionality
in the close-in coma and varying recoil directions for dissociation products, as with
the vectorial model of Festou (1981). Going further, the surface composition of the
comet may affect the distribution of volatiles in the coma, and in the case of 67P/C-G
Fougere et al. (2016a) provided direct simulation Monte Carlo models. Paper II uses
the Haser model, while Paper III bases the coma model on the empirical model by
Hansen et al. (2016), including some effects of hemispheric and diurnal asymmetries.

From a simulation point of view—and to simplify the chemistry—it is reasonable
(or at least, often-used, e.g. by Omidi & Winske, 1991; Koenders et al., 2013; Rubin
et al., 2014a; Deca et al., 2019) to focus on the heavy cometary ions. While the
outgassing is more or less dominated by water-group molecules, it is also reasonable
to abstract away the several oxygen-dominated species of H2O, HO, O, etc. as simply
H2O, as the mass contribution and differences from a proton here or there are quite
small compared to the mass of the oxygen molecule. This relieves the modeller
from the need to track a plethora of populations, each preferably having a similar
statistical resolution as any other species. However, there may be other volatile
groups outgassing from comets, such as carbon dioxide CO2. If we were to add
the carbon dioxide group to the mix, the system would have another, more massive
component with more complex intermediate products, but for the innermost portion
of the orbit of 67P/C-G, the production of CO2-group neutrals was small compared
to the water-group (Hoang et al., 2019; Herny et al., 2021).

To convert the coma into plasma, we need to know how the neutral molecules
are converted into ions. Solar UV radiation is a large (and variable) portion of this,
driving both photodissociation and photoionization, but not the only one. Charge
exchange (CX) processes can cause solar wind protons (and other ions) to strip
electrons off of the neutrals (Ip & Axford, 1982; Ip, 1989), both being a sink for
solar wind plasma and momentum (as the created neutral hydrogen carries on with
nearly constant velocity) and a source for cometary pickup ions. Electron impact
(EI) can produce pickup ions from electron collisions with neutrals, directly adding
to the cometary plasma (Cravens et al., 1987). All of these processes serve to relieve
the coma from its neutrals, albeit slowly. CX and EI processes are coupled to the
plasma environment, presenting additional complexity into the system. A previous
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HYB simulation study by Simon Wedlund et al. (2017) discussed the importance of
including both of these processes in terms of bow shock standoff distance. Here, EI
was still obtained from a rudimentary isothermal electron model, but for CX a robust,
energy-dependent implementation of CX processes was developed. Simon Wedlund
et al. (2019a) also compiled a library of energy-dependent reaction cross-sections
with both analytical and observational applications (Simon Wedlund et al., 2019b,c),
further used in the presented simulations.

To summarize the rest of a cometary environment, at least from the perspec-
tive of the Rosetta mission: Quite a bit of Rosetta observations concerned the in-
situ plasma, necessarily very close to the cometary nucleus. There, deep within
the coma, several boundaries were observed: the diamagnetic cavity (Goetz et al.,
2016a,b), inside which the IMF magnetic field cannot anymore penetrate, visible
as zero magnetic field, and notably further from the nucleus than expected. Col-
lisional physics looked to provide more boundaries: One for ions starting to move
with neutral flows (Mandt et al., 2016; Nilsson et al., 2017), with the crossings of this
boundary markedly coinciding with diamagnetic cavity observations, with another
boundary for collisional electrons thought to be located closer to the nucleus of the
comet (Mandt et al., 2016). A so-far neglected aspect (in the HYB simulations) has
been the electron pressure behaviour, as that can be quite complex going closer to
the comet, due to collisions with neutrals and recoil electrons from photoionization
and electron impact processes. Koenders et al. (2015) include an energy equation for
electrons to this end.

This sets the stage: in contrast to the other modelled environments, the solar
wind encounters gradually increasing amounts of newly ionized cometary particles
(water-group ions for our purposes). The cometary ions are picked up by the solar
wind magnetic and convective electric fields, and account for an increasing amount of
the plasma bulk, especially due to their higher mass. In the hybrid description, this
shows up as a deviation from solar wind velocity for the electron fluid, which feeds
into the electric field and starts the process of magnetic field pile-up. As the pile-up
is at its strongest in front of the comet, this leads to draping of the magnetic field
around the inner coma (Alfvén, 1957). Due to the extended nature of the coma, this
process can take place far upstream of the actual nucleus of the comet, presenting a
challenge for numerical modelling: how do we keep the simulation domain compact
and account for an extended source of mass-loading and cometary ions?

To this effect, Koenders et al. (2013) implemented a fluid-based extended mass-
loading model in A.I.K.E.F., which does not include finite gyroradius effects, neglect-
ing a source of asymmetry. That said, the generalized pickup formalism by Behar
et al. (2018) describes both pickup and mass-loading, especially at larger scales and
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including finite gyroradius effects. I developed a similar, simpler method in Pa-
per II, used also in Paper III, to account for the cometary heavy ions upstream
of the simulation domain, including estimates for the extended mass-loading. The
method assumes undisturbed solar wind upstream of the simulation boundary and
test-particle pickup ions. With these assumptions, calculating the upstream pickup
ion distribution functions at arbitrary points in the upstream flow can be done by
following the trajectories of pickup ions back to their points of ionization. The given
neutral profile and ionization rates are used as a source term at these points. The
obtained pickup ion distributions and the constant solar wind are used to calculate
the upstream electric field from the hybrid Ohm’s law (1.27). From that, the mo-
mentum exchange between the upstream solar wind and the pickup ions is accounted
for by integrating the Lorentz force acting on the solar wind parcels over their tra-
jectory from far upstream to the simulation front wall. There the accrued change
in momentum is applied as an instant adjustment to solar wind momentum when
injecting the particles. To capture the asymmetries from the pickup process, this
adjustment and the injected pickup ion distributions are calculated separately for
each inflow grid cell.

Once the mass-loading mechanism slows the plasma flow down to a threshold
value, a shock may form in the flow for a sufficiently strong comet. Biermann et al.
(1967) argued initially for a shock before the mass-loaded, hydrodynamic flow dips
below Mach 1, and at as high a Mach number as 10. Galeev & Khabibrakhmanov
(1990); Flammer & Mendis (1996) expanded on this analysis and described how the
flow becomes unstable already at magnetosonic Mach number MMS = 2, below which
no stationary solutions can exist. This appears to provide a workable definition for
the shock in the hybrid model, as I discuss in Paper II.

3.2.1 A simple comet in action

Paper II was conceived after the Rosetta dayside excursion, travelling a macroscopic
distance sunward from the close-in orbit in search of both solar wind and a cometary
bow shock, and discovered neither (Mandt et al. (2016); although Edberg et al.
(2016) show slow solar wind ions associated with a CME impact on the comet).
The cometary plasma dominated further out than expected, and solar wind ions
went undetected for several months in 2015 (Nilsson et al., 2017). However, using
the Rosetta Plasma Consortium’s Ion Composition Analyzer (ICA), Nilsson et al.
(2018) did notice an interesting feature in the properties of cometary pickup ions:
there were discontinuities in their energy spectra (Figure 3.5). Nilsson et al. (2018)
estimated the global features with a constant electric field and flux conservation and
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Figure 3.5: An estimate of cometary ion source density, proportional to pickup ion flux. A
discontinuity in the slope at ≈ 1 keV and flattening of source density towards higher energies
implies a sharp boundary in the environment. Reproduced from Nilsson et al. (2018), CC
BY 4.0

an interpretation of a polarisation electric field in the inner coma. They point at
the breakdown of this model with respect to observed pickup ions as a potentially
interesting large-scale feature. With an ion-kinetic hybrid simulation, we can model
the large-scale environment self-consistently, so we decided to inspect the details of
how the spectral break shown in Figure 3.5 forms and what determines its energy.

As pickup ion energies derive from the plasma flow velocity, this could be a
potential sign of a large-scale discontinuous structure, such as a bow shock. In Paper
II, I developed an understanding on the processes contributing to these observed
features, and showed that, in principle, we could remotely sense the location of the
bow shock via the properties of cometary ions, using ion-kinetic hybrid modelling.
Around the same time, Gunell et al. (2018) found a signature named as an infant
bow shock from the early escort phase, as a likely transitional feature between a
bow wave and a bow shock proper. Papers II and III concern what can be said of
the presence and location of a potential bow shock from observing the pickup ions
collected by Rosetta.

Paper II considers the same comet with varying IMF magnitude, which can, in a
way, be thought of varying coupling strength—the stronger the IMF, the smaller the
pickup ion gyroradius and their degree of magnetization—between the solar wind
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Figure 3.6: An example of the comet simulations in Paper II (Fig.1). A: 3-D overview,
showing solar wind streamlines, magnetic field strength on the cut-through, and proxies for
bow shock surface (light orange) and "cometopause" (dark orange, a turnover region where
cometary ion number density equals solar wind ion number density). B: Magnetic field lines
on the Z = 0 plane, demonstrating draping of magnetic field lines. C: Line profiles of plasma
variables along the line Y = Z = 0. The X-axis points towards the Sun, the Z axis points
along the upstream convective electric field Ēsw = −Ūsw × B̄, and the Y-axis completes the
right-handed coordinate system. The cometary nucleus lies at the origin. Credit: Alho et
al., A&A, 630, A45, 2019, reproduced with permission © ESO.
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Figure 3.7: Virtually-observed pickup ion energy spectra (row A) and their automatic
feature detection from spectral index α and its derivative β (row B) for three simulations
in Paper II. IMF magnitude increases going from Run 1 to Run 3 (left to right: 0.98 nT,
1.96 nT and 2.95 nT). Row B annotates the peaks used to select for spectral breaks. Credit:
Alho et al., A&A, 630, A45, 2019, reproduced with permission © ESO.

and the coma, analogous to the comet approaching closer to the Sun along its orbit.
Still, the system size is small compared to the gyroradius of the heavy pickup ions
in these cases. For these simulations, the IMF was taken to be perpendicular to the
flow for simplicity. A sample result of the cometary simulations in Paper II is shown
in Figure 3.6, showing draped magnetic fields (B), magnetic field pile-up (B2-B3),
and solar wind deflection through mass-loading by pickup ions (A1).

Collecting virtual pickup ion observations from these simulations produced
promptly promising results, with spectral breaks at compatible energies compared to
the results of Nilsson et al. (2018). Figure 3.7 shows virtual pickup ion observations
for three runs in Paper II: First, slightly post-processed results (smoothed spectra to
obtain robust numerical derivatives) and second, automated analysis of the spectral
breaks, by the use of the derivative β3 of the spectral index α of the flux spectrum,
sorting the peaks of β by prominence. This selects the sharpest breaks in the energy
spectra.

To interpret the virtual ion spectra in Figure 3.7, the ionisation locations for the
run-time pickup ions were stored and collected during particle hit events, leveraging
the structure of the particle-in-cell hybrid model. Figure 3.8 links the automatically
separated energy regions to the context of the global simulation. Ionization locations
(colored dots) of collected ions are colored by the energy ranges obtained from the
spectra. This is compared to a shock surface proxy (red), with the shock surface
proxy coinciding with energy regions. The particles ionized outside the shock-like

3Not to be confused with plasma β; Paper III switched to using δ in place of the potentially-
confusing β.
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Figure 3.8: An overview of the interpretation of results in Paper II. The red surface is
a bow shock proxy (Mms = 2), the blue surface is a cometopause proxy (defined here as
the turnover where cometary ion density nci is larger than solar wind ion density nsw), and
the colored dots are ionization points of collected pickup ions, colored with energy regions
obtained from the energy spectra. X-axis points towards the Sun and the Z axis points along
the upstream convective electric field Ēsw = −Ūsw × B̄. IMF magnitude increases going
from Run 1 to Run 3 (left to right: 0.98 nT, 1.96 nT and 2.95 nT). Alho et al., A&A, 630,
A45, 2019, reproduced with permission © ESO.
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surface have traced nearly cycloidal paths to the vicinity of the nucleus, visible also in
their points of ionization. The lack of a bow shock-like structure is accompanied by
a smooth spectrum (Run 1, leftmost panels in Figure 3.7), and the breaks become
more pronounced with a stronger interaction (going from left to right (Run 2 to
Run 3) in Figure 3.7).

Heartened by the spatial correlation, all that remained was to understand how
the environment boundaries create the spectral features. A combination of ionization
rate changes due to the particle effects, geometry of the loci of ionization as a func-
tion of collection energy, and changes in the convective electric field all contribute:
Production of H2O

+ decreases rapidly at the shock, not following the purely radial
Haser neutral model: CX and EI processes increase in frequency as the solar wind
temperature and density rise at the discontinuity.

Estimating the bow shock standoff distance and the energies of the related spec-
tral breaks leads to a few potentially useful models, shown in Paper II: One for the
standoff distance of the bow shock as a function of IMF magnitude, and a relation
between the bow shock standoff distance and the energy of the spectral break. In
principle, these could already be used to estimate the bow shock standoff distance
from available observations, assuming a compatible scenario for the comet and the
upstream conditions. Next, I proceeded to show several limitations of this model
when applied to more realistic scenarios.

3.2.2 67P/C-G, a slightly more realistic approach

Paper II presented a simple model (as far as hybrid-kinetic modelling can be consid-
ered “simple”), but it is still quite removed from the environment in which Rosetta
did its observations. For Paper III, I took the model closer to reality, accounting for
changes in the solar wind parameters in heliocentric distance, orbital aberration of
the comet with respect to the solar wind (to a minor effect outside of the comet’s
perihelion) and a more realistic outgassing model following Hansen et al. (2016). It
is worth noting that the model still does not capture short-term variability in the
solar wind nor the fine structure of cometary outgassing.

Recent modelling studies have also discussed the bow shock (or a shock-like
structure) of 67P/C-G and its standoff distance, finding low estimates at perihe-
lion: 3500 km from MHD simulations by Hansen et al. (2007), 3000− 4000 km from
hybrid simulations by Koenders et al. (2013) and 3000 km multifluid simulations by
Rubin et al. (2014a). Later simulation studies place the bow shock further upstream:
Simon Wedlund et al. (2017) find the bow shock at 6500 km using the HYB hybrid-
PIC model, as do Huang et al. (2016) with a similar setup for a multi-fluid MHD
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Figure 3.9: A schematic of the approach phase of the comet 67P/C-G, showing the cases
simulated in Paper III along the inbound phase of the comet’s apparition. Spheroids show the
asymmetry and the direction of main cometary outgassing. Dominant outgassing changes
from northern hemisphere to southern during the inbound equinox. The simulated period
covered cases nearly up to the perihelion. Figure reproduced from Paper III, CC BY 4.0.
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model. Huang et al. (2016) also included asymmetric outgassing models to show that
the bow shock would more likely be some 10 000 km away from the nucleus.

To continue the trend of studies pushing the modelled extent of the plasma envi-
ronment of 67P/C-G further sunward, the addition of asymmetric outgassing to the
HYB hybrid model further increased the stand-off distance of the bow shock by a
factor of 2-3 compared to Paper II, comparable to the similar results by Huang et al.
(2016) four-fluid simulation results.

The key improvement in the model was the inclusion of asymmetric outgassing
by Hansen et al. (2016), extended in a Haser-like fashion to large cometocentric dis-
tances. Solar irradiance reaching the nucleus is asymmetric and also dependent on
the geometry of the nucleus. This controls the outgassing rate at the surface along
with the spin rate of the nucleus. Thermal inertia and light scattering lead to nuances
in this description as well, included in the model by Fougere et al. (2016b), in turn
employed by Hansen et al. (2016) to create a simple empirical model beyond Haser’s.
Some loss in precision is evident from using rotationally-averaged outgassing: a fully-
detailed outgassing model (such as the one by Fougere et al., 2016b) would definitely
create interesting distributions of cometary gas, but this again increases the param-
eter space, as we would need to select a specific phase of the rotation of the nucleus.
While this could, perhaps, be done for a specific event, the asymmetric outgassing
provides enough interesting effects to warrant a study by itself.

Since the implementation of the Hansen et al. (2016) model required implement-
ing an auxiliary coordinate system, which enabled accounting for the aberration of
solar wind due to the orbital velocity of the comet, which has some significance near
the perihelion (see Appendix of Paper III); mostly this aspect remained a curiosity
and an exercise in using the NASA SPICE kernels (Acton et al., 2018) for orbital
parameters. For comets reaching closer to the Sun and higher orbital velocities, the
aberration effects would become more prominent.

The variablility of the solar wind is another factor complicating specific case
studies, together with the lack of “clean” solar wind observations from upstream of
the comet. Any upstream solar wind condition would involve quite a bit of guesswork
and/or modelling. For solar wind and IMF, then, I used a set of “nominal” parameters
at 1 au, scaling according to the heliocentric distance using Slavin & Holzer (1981)
and the corresponding Parker spiral for the IMF. To probe the IMF variability effects,
I also used both away and towards IMF sectors for all heliocentric distances and
different clock angles for the IMF at one heliocentric distance.

Immediate effects of introducing a realistic Parker spiral include an additional
asymmetry due to the Ē × B̄ drift in the non-shocked solar wind: the high-energy
ring (yellow) is slanted towards the drift velocity (Figure 3.10). The resulting energy
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Figure 3.10: Aggregate pickup ion VDF from the prototype case described in Paper III,
as collected for the virtual observation, and shown from four different viewpoints. Each
dot represents a collected macroparticle. Gray dots on the grid planes in panel a) are
projections of these dots onto the planes. The yellow triangle represents the upstream solar
wind velocity vector, the green arrow represents the direction of the IMF, the orange arrow
points towards the Sun (positive X direction), and the red arrow shows the direction of the
upstream convective electric field Ēsw = −Ūsw × B̄ (positive Z direction). Reproduced from
Paper III, CC BY 4.0.
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Figure 3.11: Example of spectral break naming, sketched in magenta over simulation
results in the top panel: the knee corresponds to the low-energy break in the spectral index,
and the ankle corresponds to the break at higher energy, before a flatter high-energy portion.
The bottom panel shows the spectral index α and its derivative δ, used to find the spectral
breaks, shown as dots with the extracted energies of the breaks annotated in eV. Adapted
from Paper III Supplement 1, CC BY 4.0.

spectra are modified as well, but separating the effect of asymmetric outgassing and
Parker spiral angle was not attempted. With the more realistic environment and a
larger parameter space, the interpretation of the data became more challenging.

While in Paper II, the discussion focused on a single spectral break, here the
pipeline was refined to account for two spectral breaks: a knee at a lower energy
and an ankle at a higher energy (see Figure 3.11), and, using the information of
the history of the particles, a baseline truth on the origin of the particles—inside or
outside the bow shock proxy—was established for automatic validation. Figure 3.12
demonstrates that the ions generated at the bow shock lie in between the two spectral
breaks at stronger interaction cases with stronger outgassing, i.e. closer to perihelion,
but do not at weak interaction regimes with low outgassing rates.

An interesting comparison towards Paper II is to be made for the water ion VDFs:
The ion distribution in the previous study (and in Paper III cases at heliocentric
distances over 1.6 au) is more of a continuous, deformed ring, while in Paper III (see
Figure 3.10) we start to see two ring populations beginning to separate: one for ions
picked up from solar wind with high magnetic moment (yellow-green, E ≳ 3 keV),
and one for ions picked up within the sheath (blue-green, E ≲ 3 keV). This relates
to the larger bow shock standoff distance: In a larger environment, there is space
for a full pickup in gyration within the bow shock, and the populations tend to

58

https://creativecommons.org/licenses/by/4.0/legalcode


Figure 3.12: Evolution of reduced spectral break analysis, showing how different spectral
break energies (ankle and knee) and the control variable (energy of "Half sheath flux")
depend on the bow shock proxy standoff distance. Numbers index the simulations of Paper
III, with higher numbers closer to perihelion. Adapted from Paper III; CC BY 4.0

separate. This points to a transition in the cometary environment from unmagnetized
to magnetized pickup ions, on the scale of the cometary environment.

Lindkvist et al. (2018) investigated the energy conversion process between solar
wind and cometary ions, comparing cases with photoionization driven by low and
high solar extreme ultraviolet (EUV) activity with a hybrid simulation. They present
that the dominant energy conversion process between these two cases changes from
local conversion upstream of a bow shock-like surface (mass loading, high ionization
rate) to the shock-like surface (low ionization rate). The model of Lindkvist et al.
(2018) is not directly comparable (using e.g. only photoionization as a source term
for cometary ions) to the present works, but does, for one, emphasize another source
of variability in the solar EUV input, and for second, show that changes in the degree
of magnetization (as in Paper II) are only a part of what influences the energization
of pickup ions.

In short, the results of Paper III highlight the difficulties in applying the idealized
models of Paper II: Knowledge of solar wind and IMF parameters together with a
realistic model of outgassing are required to match the simulation inputs to reality,
as seen from the sensitivity of the resulting spectra to the IMF sector and rotation
about the Sun-Comet line, i.e. the clock angle. The interaction of the solar wind
and the asymmetric outgassing modify the large-scale system, and consequently the
observable parameters. Case-by-case self-consistent simulations may be called for
in order to explain specific observations, involving some guesswork on the upstream
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Figure 3.13: Earth’s magnetosphere, schematic from Vlasiator data. The Sun is in the
positive X direction, and the dipole and IMF are aligned with the Z-axis. The left panel
shows the large-scale features: the bow shock, the magnetosheath in between the shock and
the magnetosphere proper, the magnetopause separating these two, and the magnetotail.
The right panel shows details, with the tail lobes of the magnetosphere shown and separated
by the plasma sheet, and flanked by the plasma sheet boundary layer. Earth is marked as
the small sphere in the middle, inside the inner boundary region of the Vlasiator simulation.
Based on the same data as in Paper IV.

parameters. Thankfully, the simulations used in these articles were of relatively low
resolution and computational effort, runnable on a single compute node in 2018.
Producing a large dataset of such simulations at these resolutions would not be out
of reach, and if nothing else, the presented results provide a rough sketch on what
to expect in terms of pickup ion observations at a comet, and what they may imply
about the large-scale environment.

3.3 Closer to home: Earth
Earth’s magnetosphere, sketched out in Figure 3.13, while the most familiar en-
vironment discussed in this thesis, is also the most critical and yet, not entirely
understood. All space weather effects directly affecting our civilization take place
here. This environment is characterized by a strong intrinsic magnetic field (as far
as the rocky planets go) and an ionosphere to close the current systems (Koskinen,
2011). Compared to previous environments, Earth presents a strong magnetic dipole
to the solar wind, and consequently a large, well-defined obstacle for the flow of the
solar wind.

On the schematic level of Figure 3.13, the magnetosphere is configured by the
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solar wind flowing against the Earth’s magnetic field. The solar wind plasma can-
not directly mix with the magnetospheric plasma, encountering an obstacle. This
forms the magnetopause, a boundary between the solar wind plasma and the plasma
dominated by Earth’s magnetic field, the magnetosphere. Since the solar wind flow
is supermagnetosonic, a bow shock forms in between the upstream solar wind and
the obstacle presented by the magnetosphere. The intermediate region is the magne-
tosheath, composed of shocked solar wind plasma. On the nightside, the solar wind
flow stretches the magnetic field of the Earth to a long magnetotail, with north and
south lobes separated by a current-carrying plasma sheet. The interface between the
plasma sheet and the tail lobes is the plasma sheet boundary layer (PSBL).

The large-scale dynamics of the magnetosphere are described by the Dungey
cycle (Dungey, 1961), driven by the solar wind and the IMF. In this process, the
IMF undergoes magnetic reconnection with the magnetic field of the Earth on the
dayside magnetopause (dayside reconnection), driving magnetospheric convection
and transport of magnetic flux to the nightside. There, the magnetic field again
reconnects between the tail lobes of the magnetosphere. This process drives both
magnetospheric substorms and storms, leading to aurorae and space weather effects
like ground-induced currents (see e.g., Pulkkinen, 2007).

Some Vlasiator studies were already introduced in Section 2.3.1. Hoilijoki et al.
(2017); Palmroth et al. (2017) present ion-kinetic simulation studies on reconnection
at both the dayside magnetopause and the magnetotail current sheet, respectively.
Pfau-Kempf et al. (2020) performed a local 6-D simulation of dayside reconnection,
extending the simulation to the third and previously neglected spatial dimension.
Runov et al. (2021) inspected ion distribution functions around tail reconnection,
which is somewhat mirrored in Paper IV, where reconnection-adjacent electrons are
discussed. As it is currently, the reconnection in Vlasiator is produced from ion-
scale kinetics and Hall physics (from Palmroth et al., 2015, onwards). Hoilijoki et al.
(2019) including a sunward component in the IMF and investigated its effects on
dayside reconnection. In terms of reconnection, the above studies by Hoilijoki et al.
(2017); Palmroth et al. (2017) describe bursty, multiple X-line reconnection under
southward IMF. Akhavan-Tafti et al. (2020) find such Vlasiator results on the dayside
magnetopause in good correspondence with MMS observations.

These simulations successfully describe aspects of magnetospheric dynamics, such
as reconnection, but as such do not account for electron kinetics, relevant in, at
least, small subdomains of the system, as fully-kinetic EDR models have shown. For
example, Hoshino et al. (2001) studied the electron heating at an EDR and how the
plasma sheet boundary layer electron beams are formed with a 2-D PIC simulation.
Three-dimensional PIC simulations, studying effects of a guide field were performed
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by Pritchett & Coroniti (2004), who also note that weak to moderate guide fields
only slightly modify the reconnection process. On the other hand, Daughton et al.
(2011) describe the generation of complex structures in guide-field reconnection via
electron-scale instabilities, pointing to rich microphysics. This begs the question:
can we go deeper, and take the ion-scale simulation and obtain some portions of
the kinetic electron physics? eVlasiator sets out to try just that, and coax out the
dragons from sub-grid scales (Pfau-Kempf, 2016, p. 61).

3.3.1 eVlasiator electrons in the magnetosphere

Battarbee et al. (2021) introduced the eVlasiator method for propagating kinetic
electrons against a Vlasiator background, specifically by coupling of plasma oscilla-
tions and gyro-motion. This gives a description of electron VDFs beyond simple test
particles, without resolving the Debye length. This has some disclaimers attached,
but the results describe realistic electron behaviours, as shown by Battarbee et al.
(2021) and in Section 2.3.2.

In Paper IV I expanded the test case to a full magnetosphere to compare global
simulation results to MMS observations. Published MMS VDF observations are
focused on reconnection, guiding the analysis towards these regions both on the
dayside and in the tail. In order to catch interesting dynamics, due to the nature
of the eVlasiator method, a single time state was chosen from the existing Vlasiator
run BCH (introduced and used in e.g. Palmroth et al., 2017; Hoilijoki et al., 2017;
Runov et al., 2021), to observe both dayside and tail reconnection events and their
environments.

The eVlasiator simulation used a reduced proton-electron mass ratio by setting
electron mass to me,sim = 10me. A one second simulation period was chosen to let
the electron distributions evolve as long as possible while ion dynamics (that are not
modelled) are still small enough to neglect. Electron distributions were initialized
as drifting Maxwellian distributions, with a temperature obtained from empirical
scaling of proton temperature, so that Te = Tp/4.

Especially, Khotyaintsev et al. (2020) and Nakamura et al. (2016) were chosen
as the comparison cases for the dayside magnetopause and nightside plasma sheet
boundary layer (PSBL), respectively. Both articles interpret their observations in
terms of reconnection, either passing through the EDR or through reconnection-
related thin current sheets in the PSBL. Figure 3.14 summarizes the produced elec-
tron VDFs at regions of interest: the cross-tail current sheet (a, crossing also the
PSBL), the PSBL closer to dipolar field lines (c) and the dayside magnetopause (d).
While the outflow jets and the current sheet populations are quite Maxwellian, the
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Figure 3.14: Overview of eVlasiator results. The eVlasiator simulation domain is shown
in panel b, regions of interest in panes a (cross-tail current sheet), c (PSBL), and d (mag-
netopause), with embedded electron VDFs, integrated over vy, the out-of-plane direction.
Magnetic field lines are shown in gray, reconnection points with black crosses, and separa-
trices for the reconnection sites with black lines. Details of some VDFs are shown in panels
e-m with the direction of local magnetic field indicated with a black arrow. Panels a-d show
electron agyrotropy as a general measure of non-Maxwellianity. From Paper IV, CC BY 4.0.
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electron populations at or close to the separatrices of the reconnection points show
hot electron beams directed away from reconnection sites (f, i, k, m) and cold electron
inflows towards them (f, g, l), and we find the results to compare favourably to the
above observations. Further, as discussed in Paper IV, the electron oscillation elec-
tric field of eVlasiator behaves qualitatively in agreement with the MMS observations
on the dayside.

Varsani et al. (2017) present observations of electron beaming from tail reconnec-
tion with both MMS in the tail and DMSP satellite observations from a low polar
orbit. They analyzed time-of-flight effects for the earthward-beaming electrons, seen
approaching the cusp and the poles in Figure 3.14c. These time-of-flight effects could
be a further topic of study, but that requires care in determining which signals come
from initial transients and which would be physical, and was left for the future.

We can look to compare eVlasiator results to fully-kinetic simulations of similar
cases for more insights. The VDFs in the fully-kinetic simulation of Hoshino et al.
(2001) displayed similar characteristics in a local simulation of reconnection. A
recent AGU presentation by Berchem et al. (2020) of embedded full-PIC results also
claims similar structures as we observed in eVlasiator at the dayside magnetopause,
with fully-resolved kinetics, including layered structures. The lack of electron-scale
spatial resolution in eVlasiator prohibits such thin layers. Similar under-resolving
effects may explain the discrepancy between the generally smoothly-varying electron
VDFs in the eVlasiator simulation and the Nakamura et al. (2016) observation of thin
current sheets. Likewise, the detailed simulations of EDRs by, for example, Bessho
et al. (2016, 2019) are not resolved by eVlasiator.

The choice of simulation period (1 s) is enough to stabilize the electron solution
on short timescales (Battarbee et al., 2021). However, the time limit does not allow
for e.g. electron trapping or large-scale cross-talk effects (as suggested by Mitchell &
Schwartz, 2014, for the magnetosheath). This is also dependent on the electron mass
used: more massive electrons (that are otherwise computationally cheaper) relax on
longer timescales from the initial transients and require longer simulations to account
for spatial transport. In the case of the proposition of Mitchell & Schwartz (2014),
this would require several travel times across the magnetosheath for the electrons;
on the order of tens of seconds for a 1 keV electron. Lapenta et al. (2022) suggest
accounting for kinetic electrons on a global scale would lead to global effects (albeit in
the Hermean environment, with scaled inertial lengths). Further studies on the large-
scale effects of electron kinetics could be warranted, to probe if better approximations
could be derived for global hybrid models.

The initial condition of Maxwellian electrons suggests that eVlasiator describes
Maxwellian electron distributions drifting into boundary layers quite well. Graham
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et al. (2021) have studied electron non-Maxwellianity in the magnetosheath, and their
results are not directly against this scenario, with deviations from non-Maxwellianity
being mostly observed at such boundaries. It should be noted that Graham et al.
(2021) use a bi-Maxwellian, anisotropic model for the non-Maxwellianity measure
(as do we in the analysis in Paper IV), while eVlasiator is initialized with isotropic
Maxwellians—a point for further developments. For other bulk measures of non-
Maxwellianity, the agyrotropy of electron distributions was found to be in good
agreement with Webster et al. (2018), but the large-scale, nearly constant temper-
ature anisotropy of electrons in the tail, described by Artemyev et al. (2013), is
not really captured—but those observations are for a quiet magnetotail, which this
simulation does not describe.

Another approximation in the presented simulation is the constraint of having
only two real-space dimensions. This does not allow for complex guide-field recon-
nection geometries, like the ones simulated by Daughton et al. (2011); Bessho et al.
(2019), or reconnection geometries perturbed by instabilities (Cozzani et al., 2021).
This is not seen as a huge issue for a first step towards kinetic electrons in a global
context, but does require proper treatment in the future. Notably, also Khotyaintsev
et al. (2020) present a guide-field reconnection case, which is not exactly what was
modelled on the dayside. However, the eVlasiator results are in qualitative agreement
also with similar observations by Khotyaintsev et al. (2016).
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4 Summary and outlook

4.1 Summary

In this dissertation, I have described models of varied planetary environments from
extended sources of heavy ion populations to induced and weak, intrinsic magne-
tospheres, to the largest terrestrial magnetosphere in terms of the smallest plasma
constituents, electrons. In these works, I have employed specific strengths of both
hybrid-PIC (knowledge of particle history for analysis, particle processes for comae)
and hybrid-Vlasov (noiseless hybrid-Vlasov simulations for the magnetospheric dy-
namics and highly-detailed distribution functions for kinetic electrons) models.

Hybrid models are at the cutting edge in describing space plasmas in a global
setting. They are descriptive of the driving physics in several environments, which
plain MHD cannot resolve. Recently, advances in computing have made truly global,
high-resolution and low-/no-noise hybrid simulations possible, presenting a tool that
is feasible to use, necessary to resolve a plethora of kinetic physics and, crucially,
sufficiently descriptive for a variety of use-cases.

Ion-kinetic hybrid simulations are a leap beyond fluid models, providing the ac-
tual, self-consistent velocity distribution functions for ions in the whole simulation
domain. The necessity of including ion kinetics depends on the science question,
but as described here, ion-kinetic effects are hardly negligible in most planetary
(or cometary) environments: SEPs and pickup ions move in orbits much beyond a
guiding center approximation. Especially with pickup ions, the resulting complex
distributions shape, or in the case of comets, nearly define the interaction. Accurate
modelling of these ions and their source terms is important, and may be used to
explain the lack of Rosetta observations of a bow shock. At smaller proton scales,
ion-kinetic features still persist in shock physics, reconnection, and ion-beam insta-
bilities, including ones driven by heavy ions.

Despite not spatially resolving the environment beyond ion-kinetic scales, the
eVlasiator results describe realistic electron VDFs, both in comparison to MMS ob-
servations and fully-kinetic, spatially-resolved PIC simulations. This is despite not
resolving full electron kinetics in e.g. EDRs. Does that matter? The underlying
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model for reconnection and its drivers, in this case a Vlasiator ion-kinetic simu-
lation, reproduces the dynamics correctly. This suggests that the underlying ion
dynamics control, to a large extent, the dynamics of electrons on the global scale.

4.2 Future prospects

Ongoing computational and algorithmic advances have enabled and yet continue to
enable higher-fidelity computational models, here shown for space plasmas. Hybrid-
kinetic models can describe global dynamics of planetary plasma systems, with the
necessary physical fidelity to capture important effects, such as ion pickup and mass
loading, ion-kinetic instabilities and drifts, and complex VDFs including aggregate
effects, lying outside the scope of state-of-the-art fluid-based models. So far, the long
timescales necessary for full Dungey cycles in Earth’s magnetosphere have been out
of reach of ion-kinetic simulations.

With improved hardware and algorithmic performance, more advanced kinetic
simulations become more feasible, including resolving all or most ion-kinetic scales
of a global system (such as the upstream instabilities at a comet), and longer simula-
tions. TOP500 supercomputer performance trends still show an order of magnitude
increase in floating-point operations per second each five years. If a Vlasiator produc-
tion run now can simulate O(103 s), a naive scaling of available FLOPS would mean a
simulation period of O(104 s), or nearly three hours at current resolution only in few
years. This would be more than enough to produce a full Dungey cycle simulation.
Increasing the model resolution would be another way to capitalize on increasing
resources. For example, resolving the cometary mass-loading region far upstream
of the (possible) shock and the instabilities in the mass-loaded upstream could be
useful to nail down the physics of mass-loaded plasmas. Resolving the anisotropy-
driven wave modes discussed by Dubart et al. (2020) in the Earth’s magnetosheath
would be another goal. In the meanwhile, subgrid models for the unresolved physics
may be used, as noted and developed by Dubart et al. (2022) with respect to the
magnetosheath velocity-space pitch-angle diffusion.

Beyond simply increasing resolution, novel models such as eVlasiator can peek a
bit deeper into global kinetic physics. Going further, as an immediate application
and along the lines of Vlasiator proton precipitation studies (Grandin et al., 2019),
eVlasiator may be used to model electron precipitation, especially when coupled with
a 3-D ion-kinetic magnetosphere. Another potential aspect of eVlasiator would be to
generate subgrid descriptions for electron physics in Vlasiator, or given some future
development towards fully electromagnetic electron modelling, embedded regions of
kinetic electrons at e.g. reconnection sites as done with MHD-AEPIC (Shou et al.,
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2021). Advanced descriptions for the electron-kinetic solver could be considered,
like the quasi-neutral Vlasov-Maxwell formalism of Tronci & Camporeale (2015).
In general, implicit solvers for the electron portion could be useful for extending
eVlasiator’s applicability.

Fully kinetic PIC codes are also approaching global scales. The full iPic3D mod-
eling study of Mercury’s magnetosphere by Lapenta et al. (2022) suggests that elec-
tron kinetics do play a role in the global dynamics, especially through increased
energization of all particles. Still, as far as the most interesting aspects of kinetic
physics—instabilities—go, noise-free Vlasov simulations would be preferable, both
on ion-kinetic and fully-kinetic scales.

With space missions, scarcity of measurement points is an issue. A single satellite
provides for a time series of in-situ measurements, but with limited spatial context.
Even current constellations such as Themis, Cluster and MMS have only a limited
and pointwise spatial extent at a time. Global modelling can contextualize the point-
wise plasma measurements, as models provide essentially dense output in the whole
domain. For actual spacecraft, plasma models may help in post-launch calibration
of instruments, as with local models of Rosetta’s environment and charging—and
global models of the environment might be a useful input for these as well. Re-
mote sensing of e.g. charge exchange reactions through X-ray emissions or ENAs (as
planned by the SMILE mission, see Connor et al., 2021), or energetic ions can help
to provide constraints for the global environment, but these methods still require
models of the environment to be maximally effective. Notably, X-ray imaging of
cometary environments is also possible due to the charge-exchange reactions (Lisse
et al., 1996, 2001), which could be useful if used concurrently with future in-situ
cometary plasma observations.

Beyond the Earth environment, another aspect of limited observations is the
lack of upstream monitoring: interactions of the solar wind with objects are hard
to study without knowledge of the pristine solar wind. This is especially hard with
comets, since the interaction region is very large. A future development in space
missions may help with the guesswork: advances in small satellites may some day,
not in the far future, enable both spatially denser observations than currently, and
enable proper upstream monitoring of solar wind at a realistic cost, even at far-away
objects. The ESA Comet Interceptor mission (Snodgrass & Jones, 2019) is already
taking steps into this direction, consisting of a satellite constellation that provides
a set of plasma profiles over the fly-by of a yet-to-be-chosen comet. Better (or any)
upstream monitoring would significantly improve simulations. For example, a known
solar wind input for Papers II and III would have enabled direct case studies between
RPC-ICA observations and remote-sensing simulations.
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The plasma environments in our Solar System are a varied laboratory of universal
plasma processes, increasingly accessible for better and denser in-situ measurements
by satellites. These observations synergize with detailed numerical experiments per-
formed with complex high-performance simulations. Increasing amounts of multi-
point observations can provide better constraints for the setup of simulation studies,
and make data comparisons between simulations and observations more rigorous
across the Solar System. Some of these environments, such as Mercury, can provide
a laboratory for comparative studies of a dipolar magnetosphere, while others, like
comets, provide rich multi-species plasma environments. Maybe some day, Vlasiator
will also tour worlds other than our own.
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5 Summaries of the articles and the au-
thor’s contributions

Paper I (Alho et al., 2015) described a hypothetical model for the cessation of
a Martian dipole and how the plasma environment transforms to an induced mag-
netosphere from one with a (weak) global dipole. A set of hybrid-PIC simulation
was designed to cover a range of global magnetic dipole strengths for Mars. The
main goal of the hybrid-PIC simulations was an investigation on how solar energetic
particles are affected by this diminishing magnetospheric shielding. Results showed
an energy-dependent reduction in precipitation by magnetospheric shielding, up to
an order of magnitude, compared to a purely induced magnetosphere. Hybrid mod-
elling provided for an ion-kinetic environment, with pickup ion effects from Martian
neutral coronas included.
The author’s contribution: I designed the numerical experiment performed on
the HYB-Mars model, performed the simulations, designed and performed the data
analysis, visualized the data, and wrote the manuscript.

Paper II (Alho et al., 2019) explained, through self-consistent modelling how the
Rosetta Plasma Consortium’s Ion Composition Analyzer observation of a spectral
break in cometary pickup ions can form at a shock-like structure, showing the obser-
vation to be consistent with a previously undetected large-scale bow shock. Hybrid-
PIC simulation were used in the task to virtually observe kinetic pickup-ions and
specifically, retain the history of the pickup ions to inspect where the ions were pro-
duced in the cometary plasma environment. Supporting test-particle analysis were
performed to explain the process that creates the discontinuity in pickup-ion energy
spectra.
The author’s contribution: I improved the parallelism and performance of the
simulation code, developed the extended mass-loading boundary condition, concep-
tualized, designed and produced the simulations, and developed the automated anal-
ysis pipeline. I analysed the data, provided the visualizations, and wrote most of
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the manuscript. I collaborated externally with H. Nilsson (who provided the initial
observation driving the study) on model-data comparison.

Paper III (Alho et al., 2021) went to more detail for the remote sensing of a
cometary bow shock via pickup ion measurements. This study included an empirical
outgassing model for a realistic coma, scaling of solar wind and cometary properties
along the inbound phase of the orbit of 67P/C-G, as well as two aspects of solar
wind variability (IMF sectors and variations in IMF clock angle). The simulation
and analysis toolkit developed in Paper II was improved upon. The study highlighted
all the complications in trying to exactly deduce bow shock properties from a given
pickup ion observation, and points out the significance of intrinsic asymmetries in the
cometary environment. The importance of knowing the proper initial and boundary
conditions for cometary case-study simulations was also recognized as a major issue,
emphasizing the limitations of the idealized model in Paper II in a highly variable
environment.
The author’s contribution: I improved the implementation of the extended
boundaries and implemented the asymmetric outgassing model for the simulations.
I designed and produced the set of simulations, analyzed and visualized the data,
and wrote most of the manuscript. I collaborated externally with H. Nilsson on
model-data comparison.

Paper IV (Alho et al., 2022) was a change of pace from the lumbering cometary
pickup ions to electron distributions, describing results from applying a novel kinetic
electron method to the global terrestrial magnetosphere, with comparisons against
state-of-the-art MMS observations. Using an initial condition from an advanced
hybrid-Vlasov simulation performed with Vlasiator, the study modelled kinetic
electron distributions in the global magnetosphere. The paper found electron
distributions associated with magnetic reconnection structures, despite being driven
by ion-scale background fields, with corresponding observations. The Vlasov
description of electrons was used for noise-free modelling of the electron distribution
functions, in a first for a global magnetosphere.
The author’s contribution: I developed an improved subcycling method for the
eVlasiator acceleration solver, designed the simulation, performed the data analysis
and visualization, and wrote most of the manuscript. I collaborated externally with
R. Nakamura and Y. Khotyaintsev on the model-data comparison.
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