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École Doctorale Physique en Île-de-France
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Summary

Understanding the conversion of magnetic energy into plasma heating accel-
erated charged particles is a long-standing problem in astrophysics. Space-
craft observations show that energetic ions are found in the terrestrial mag-
netosphere, with energies ranging from tens of keV to a few hundreds of keV.
In this thesis we investigate different ion acceleration mechanisms by using
both numerical simulations and spacecraft observations.

Modelling the interaction of electromagnetic perturbations with different
ion species in the terrestrial magnetotail, we find that a stochastic acceler-
ation mechanism differently affects the different ion species. In particular,
the energy gain increases linearly with the ion charge, while it has a weak
dependence on the ion mass.

Using the high-resolution Magnetospheric Multiscale (MMS) observa-
tions, we study the ion acceleration at two consecutive plasma jet fronts
propagating in the Earth’s magnetotail. The front interaction leads to the
formation of a magnetic bottle between the jets. Thermal ions are initially
trapped in the bottle and as it contracts, due to the different jet front prop-
agation speeds, the second being faster, the ions are accelerated along the
parallel direction until they fall in the loss cone. This acceleration mechanism
is similar to the model of solar magnetic trap, and we report the first in situ
evidence of this mechanism for ions. Also, we investigate the process that
produces energetic ions ahead of the first jet front. We observe that the ions
are accelerated in this region via a resonant acceleration mechanism which
favours the energization of protons and heavy multiply-charged ions. Both
of these acceleration mechanisms can have applications to other astrophys-
ical environments where magnetic reconnection is the leading energization
mechanism.

Finally, we discuss the ion heating driven by turbulence due to Kelvin-
Helmholtz instability observed by MMS at the Earth’s magnetopause bound-
ary layer. Using a proxy for the local energy transfer evaluated near the tran-
sition scale between fluid and ion kinetic scales, we identify the regions where
the ion velocity distribution has more pronounced non-Maxwellian features.
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These results can help for the the interpretation of the observations, and can
be useful for future missions as a possible trigger for plasma distributions
burst mode.
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Riassunto

Riuscire a comprendere come l’energia magnetica venga convertita in plasma
riscaldato e particelle accelerate è un problema ancora aperto in astrofisica.
Le osservazioni spaziali mostrano la presenza di ioni energetici nella magne-
tosfera terrestre, con energie che vanno dalle decine a qualche centinaia di
keV. In questa tesi, mediante l’utilizzo di simulazioni numeriche ed osser-
vazioni in situ, sono studiati diversi meccanismi di accelerazione degli ioni.

Simulando l’interazione di perturbazioni elettromagnetiche con diverse
specie ioniche nella coda magnetica terrestre, scopriamo che questo tipo di
accelerazione alla Fermi agisce in maniera diversa sulle specie ioniche. In
particolare, il guadagno di energia cresce linearmente con lo stato di carica
dello ione, mentre ha una dipendenza debole dalla massa.

Utilizzando le osservazioni ad alta risoluzione temporale della missione
Magnetospheric Multiscale (MMS), studiamo come gli ioni sono accelerati
durante il passaggio di due getti di plasma consecutivi nella coda magnetica
terrestre. L’interazione tra i getti genera la formazione di una bottiglia mag-
netica nella regione tra i due. Gli ioni termici sono inizialmente intrappolati
nella bottiglia e come questa si contrae, a causa della diversa velocità di
propagazione dei getti, essendo il secondo più veloce, gli ioni sono accelerati
lungo la direzione parallela finchè non cadono nel cono di perdita. Questo
meccanismo di accelerazione è simile a quello del modello teorico delle trap-
pole magnetiche solari, e qui ne riportiamo la prima evidenza sperimentale
per gli ioni. Inoltre, studiamo il meccanismo che energizza gli ioni nella re-
gione di fronte al getto. Gli ioni sono accelerati in questa regione tramite
un meccanismo risonante che energizza preferenzialmente i protoni e gli ioni
pesanti con stato di carica multiplo. Entrambi i meccanismi di accelerazione
possono essere comuni ad altri ambienti astrofisici, dove la riconnessione mag-
netica è il meccanismo di accelerazione dominante.

Infine, discutiamo il riscaldamento degli ioni dovuto alla turbolenza nella
instabilità Kelvin-Helmholtz osservata da MMS nello strato limite della mag-
netopausa terrestre. Utilizzando un proxy per il trasferimento locale del
flusso di energia, valutato vicino la scala di transizione tra quella fluida e
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quella cinetica degli ioni, identifichiamo regioni dove le distribuzioni delle ve-
locità degli ioni hanno caratteristiche non-Maxwelliane. Questi risultati sono
utili per l’interpretazione delle osservazioni spaziali, e per le missioni future
per iniziare lo studio delle funzioni di distribuzione ad alta risoluzione.
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Résumé

La compréhension des mechanisms de conversion d’énergie magnétique en en-
ergie des particules chargées accélérées est un problème de longue date en as-
trophysique. Les observations satellites montrent que des ions énergétiques se
trouvent dans la magnétosphère terrestre, avec des énergies allant de quelques
dizaines de keV à quelques centaines de keV. Dans cette thèse, nous étudions
différents mécanismes d’accélération des ions en utilisant à la fois des simu-
lations numériques et des observations satellite.

En modélisant l’interaction entre perturbations électromagnétiques et
différentes espèces d’ions dans la queue de la magnétosphère terrestre , nous
montrons qu’un mécanisme d’accélération stochastique affecte différemment
les différentes espèces d’ions. En particulier, le gain en énergie augmente de
manière linéaire avec la charge des ions, alors qu’il dépend peu de la masse.

En utilisant les observations à haute résolution de la mission Magnesto-
spheric Multiscale (MMS), nous étudions l’accélération des ions entre deux
fronts de jet de plasma consécutifs se propageant dans la queue de la magnétosphère
terrestre. L’interaction entre les jets conduit à la formation d’une bouteille
magnétique entre les jets. Les ions thermiques sont initialement piégés dans
la bouteille. Lors de la contraction de la bouteille, qui se produit en raison des
différentes vitesses de propagation du front du jet (le deuxième jet étant plus
rapide), les ions sont accélérés dans la direction parallèle jusqu’à des énergies
qui correspondent au cône de perte, a lesquelles les ions sortent de la bouteille.
Ce mécanisme d’accélération est similaire au modèle d’accélération dans des
piège magnétiques dans la couronne solaire, et nous rapportons la première
démonstration de ce mécanisme pour les ions à partir des données satellites in
situ. Nous étudions également le processus qui produit des ions énergétiques
en amont du premier front de jet. Nous observons que les ions sont accélérés
dans cette région a travers d’un mécanisme d’accélération résonant qui fa-
vorise l’accélération des protons et des ions lourds avec charges multiples. Ces
deux mécanismes d’accélération peuvent avoir des applications dans d’autres
environnements astrophysiques où la reconnexion magnétique est le principal
mécanisme d’accélération des particules.
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Enfin, nous discutons le chauffage des ions provoqué par la turbulence due
à l’instabilité de Kelvin-Helmholtz observée par MMS dans la couche limite
de la magnétopause terrestre. En utilisant un indicateur pour le transfert
d’énergie local calculé aux échelles de transition entre les échelles fluides et
les échelles ioniques, nous identifions les régions où la distribution de vitesse
des ions montre des caractéristiques non-maxwelliennes le plus marquées. Ces
résultats peuvent aider l’interprétation des observations satellite actuelles et
peuvent être utiles pour des missions satellite futures en tant que déclencheurs
possibles du mode rafale des mesures de fonctions de distribution du plasma.
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Chapter 1

Introduction

This thesis deals with the study of ion heating and ion acceleration mech-
anisms in the terrestrial magnetotail, by both developing numerical models
and analysing in situ spacecraft observations. Particle acceleration occurs
throughout the universe, spanning from high-energy particles propagating in
the interstellar medium to energetic populations observed in interplanetary
space and in the planetary magnetospheres. What these acceleration mech-
anisms are and where the acceleration takes place are key questions that are
being actively investigated.

For example, cosmic rays in the interstellar medium up to about 1015 eV,
are believed to be accelerated by shock waves at supernova remnants by a
Fermi process called diffusive shock acceleration [2].

Also, it is generally assumed that the turbulence in the intra cluster
medium of galaxy clusters, accelerates the background electrons up to supra-
thermal high energies leading to the bremsstrahlung radiation as a source of
the observed hard X-ray emission [1].

Concerning the energetic particles of solar origin, it is currently accepted
that their occurrence is directly related to either solar flares or to coronal
mass ejections [3]. Solar energetic particles have been observed in a wide
range of energies between tens of keV and a few GeV; the ultimate energy
source of those particles is the magnetic energy of the Sun.

Furthermore, energetic particles are found in planetary magnetospheres
in their radiation belts where they are trapped in a strong, basically dipolar
magnetic field, bouncing back and forth between the northern and southern
hemispheres. Correlated with the high energy and high intensities are radio
emissions up to synchrotron radiation when relativistic MeV electrons are
present. Energetic particles are also present in the magnetotail regions of
planetary magnetospheres, where they bounce and drift around the planet.
Reconnection in the magnetotail, wave-particle interactions, and betatron

11



effects due to radial inward diffusions are prime candidates as processes to
accelerate those particles from keV to MeV energies [4].

Planetary magnetospheres are excellent laboratories of space plasma physics,
since they are filled with a myriad of plasma physical phenomena which
control the momentum and energy transfer in these systems. In the past
decades numerous missions have been devoted to the exploration of the ter-
restrial magnetotail, giving the chance to study the plasma dynamics by in
situ measurements and to test the developed theoretical models.

In this thesis a few of the possible ion acceleration and ion heating mech-
anisms in the terrestrial magnetosphere are studied.

The Chapter 2 is devoted to a general description of the Earth’s magne-
tosphere and to an introduction to the main plasma properties. Also, a brief
introduction to the mechanisms of particle acceleration, and observations of
energetic protons and heavier ions are reported.

The numerical model, developed for the study of the ion acceleration
due to the particle interaction with time-dependent electromagnetic pertur-
bations in the Earth’s magnetotail, is described in Chapter 3. The model
aims to simulate a Fermi-like acceleration mechanism, which is common to
plenty of astrophysical environments and magnetospheres. In Chapter 4 the
numerical results are reported showing the dependence of the model on the
different free parameters, the single-particle ion dynamics and the statistical
behaviour. In particular, we study the acceleration of protons and heavy
ions with different charge state in order to understand how the acceleration
mechanism effects the different ion species. We find that the ion mass and
charge play a fundamental role on the ion acceleration. More in detail, we
observe that the ion energy gain has a linear dependence on the ion charge,
while it is weakly influence by the ion mass. Therefore, in agreement with
recent spacecraft observations, we observe that multiply-charged heavy ions
reach higher energies.

The Chapter 5 is dedicated to the description of the recent Magneto-
spheric Multiscale (MMS) mission. This mission is composed by four space-
craft exploring the terrestrial megnetosphere in a tetrahedral configuration.
Due to the very high-resolution plasma measurements, the MMS mission
gives the chance to study for the first time the plasma dynamics and ac-
celeration with very high temporal cadence. This Chapter also contains a
phenomenological description of the magnetic reconnection process, which
is ubiquitous in many astrophysical environments and is the main source of
particle acceleration in the terrestrial magnetosphere.

In Chapter 6 are reported the MMS observations of two consecutive
plasma jet fronts propagating in the terrestrial megnetotail. These obser-
vations suggest the formation of a magnetic bottle between the jets. Since

12



the second jet is faster, the bottle contracts, and energetic ions are observed
in correspondence with the region between the jets. This is the first direct ev-
idence of an acceleration mechanism theoretically described, for example, by
the model of the solar magnetic trap. Also, energetic ions are observed in the
region ahead of the first jet. Accordingly with theoretical models, we suggest
that these ions are trapped in the region ahead of the jet front and are ac-
celerated by a resonant mechanism. Also, by using ion measurements which
discriminate the ion composition, we observe how the mechanism accelerate
heavier ions as helium and oxygen. Again, this is the first experimental evi-
dence of protons and heavier ions being accelerated by this kind of resonant
mechanism in the region ahead of a plasma jet front.

An introduction to Kelvin-Helmholtz instability, and the description of
the main properties of the turbulence, are reported in the Chapter 7.

The cross-scale coupling between fluid turbulence and kinetic processes
by using high- resolution plasma measurements recorded by the MMS space-
craft during an extended observation period of Kelvin-Helmoltz vortices at
the Earth magnetopause boundary layer, is studied in Chapter 8. In par-
ticular, the ion heating and the distortion of the ion velocity distribution
functions is studied by using and heuristic proxy that represent the local en-
ergy transfer evaluated at a scale near the transition between the fluid and the
ion kinetic scales. Such a proxy, despite the many approximations, is able to
successfully localize regions of ion velocity distribution functions with more
pronounced non-Maxwellian features, like beams. These results may be rel-
evant for current and future space plasma missions, for the interpretation of
the observations, and as a possible trigger for plasma measurements in burst
mode and telemetry.

The main conclusions and discussions are given in the respective Chapters
where results are presented. A summary of the main conclusions and finally
remarks is reported in Chapter 9.
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Chapter 2

General characteristics of
magnetospheric plasma

2.1 Earth’s magnetosphere and space plas-

mas

2.1.1 What is a plasma

The word “plasma” was used in physics for the first time by Irving Langmuir
to indicate a completely ionized gas. Gas in the plasma state, also known as
the fourth state of the matter, composes more then the 80% of the visible
matter in the universe; for example the Sun and all the stars, the interstellar,
interplanetary and intergalactic medium, and the planetary magnetopsheres
are made of plasma. The science of plasma physics was developed to provide
an understanding of these naturally occurring plasmas, but also for the quest
of the controlled nuclear fusion. In a plasma, charge separation between ions
and electrons gives rise to electric fields, and charged particle flows give rise
to currents and magnetic fields. Plasma particles and the electromagnetic
fields created by them interact in a non linear way, and therefore, plasma
dynamics is rather complex; this dynamics can be described using sets of
equations at different approximation levels. At the most detailed level, the
evolution of the distribution functions of the different kind of particles are
described using the Liouville equation. Using some assumption, the Vlasov
equation can be derived and used to describe the dynamics, together with
Maxwell’s equations. This set of equations gives rise to the kinetic theory.
However, it is also possible to look at the plasma as a non neutral fluid,
when the scales are large enough to consider the dynamics of each particle as
a whole. In this case the fluid theory is used. There are several parameters,
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common to kinetic and fluid theory, used to characterized the plasma:

• The typical particle velocity can be represented by the thermal speed

vth,j =

√
kBTj
mj

where kB is the Boltzmann’s constant of the gases, Tj and mj are
the particle temperature and mass, and j indicates the species, e for
electrons and i for ions.

• The electron plasma frequency is the typical frequency of a plasma
seen as an oscillator, and its reciprocal gives the typical separation
time between charges

ωp,e =

√
4πneq

2

me

here ne is the electron density and q is the fundamental charge. The
ion plasma frequency can also be defined using the ion density, mass,
and charge.

• The Debye length is the typical shielding length of the charges.

λD =
vth,e
ωp,e

=

√
kBTe

4πneq2

It represents the balance between thermal and electrostatic effects, so
that, for scales larger than λD the plasma can be considered electrically
neutral.

• The cyclotron frequency, for electrons and ions, is defined if an external
magnetic field B is present. It represents the typical frequency at which
particles turn around the magnetic field lines.

Ωj =
qB

cmj

where c is the speed of light.

• The ratio between kinetic and magnetic pressure is the β parameter

β =
nkBT

B2/8π

which is useful to describe the state of magnetization of the plasma.

All these quantities can be used to characterize the plasma, to understand in
which region of the parameter space plasma is found, and to make approxi-
mations in order to simplify the equations in different regimes.
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2.1.2 The Vlasov-Maxwell equation system

The kinetic theory is one of the main tools to study a plasma, therefore, in this
section the equation system that describe the plasma in this approximation
will be discussed. The kinetic framework can be considered as a statistical
theory of plasma based on the mean motions of particles. The distribution
function fj for the j species is defined as the probability density of particles
in phase space:

fj(r,v, t) =
dNj

d3rd3v
, (2.1)

were r and v are the particle position and speed at the time t. The nor-
malization of fj is the following:

∫
d3rd3v fj = Nj, where Nj is the total

number of particles of the j species. The distribution function represents a
probability density that the particle has the position r and the velocity v at
the time t. In absence of collision between particles, the general evolution
for fj is the Vlasov equation:{

∂

∂t
+ v · ∂

∂r
+

qj
mj

[
E (r, t) +

v

c
×B (r, t)

]
· ∂
∂v

}
fj(r,v, t) = 0 , (2.2)

where the electric E and magnetic B fields include in general external and
internal self-consistent fields. The Vlasov equation is a differential equation
describing time evolution of the distribution function of plasma consisting
of charged particles with long-range interaction, e.g. Coulomb, and it is
based on the Boltzmann equation. To complete the description of the plasma
dynamic it is necessary to consider Maxwell’s equations:

∇ ·E(r, t) = 4πρc(r, t)

∇ ·B(r, t) = 0

∇×E(r, t) = −1

c

∂B

∂t
(r, t)

∇×B(r, t) =
1

c

∂E

∂t
(r, t)− 4π

c
J(r, t) ,

(2.3)

being ρc the charge density and J the current density; these quantities are
related to the properties of the medium. The equation 2.2 and the equation
system 2.3 represent the Vlasov-Maxwell set of equations that describe the
dynamic of the collisionless plasma in presence of electric and magnetic fields.

2.1.3 The Earth’s magnetosphere

One of the most used laboratory for the study of natural plasmas is the mag-
netosphere around our planet. Qualitatively, a planetary magnetosphere is
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Figure 2.1: Schematic view of the Earth’s magnetosphere. See text for a
description. Credit: Steve Bartlett; Inset: Don Davis.

the volume of space where the planetary magnetic field is separated from
the solar wind magnetic field. The solar wind is the plasma that propagates
from the surface of the Sun, and within it, the interplanetary magnetic field
is embedded. The solar wind propagates with different speed and density de-
pending on the solar activity. Its interaction with the space around the planet
can modify the structure of the magnetosphere also thanks to a complex sys-
tem of induced currents. A schematic view of the terrestrial magnetosphere
is given in Figure 2.1. The Earth’s magnetic field lines (yellow lines) are
shown as modified by the interaction with the solar wind (white lines) arriv-
ing from the left. The pressure exerted by the Earth’s magnetic field stops
the solar wind. The boundary of the magnetospheric cavity is called the
magnetopause. Sunward (upstream) of the magnetopause, a standing bow
shock slows the incident flow, and the perturbed solar wind plasma between
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the bow shock and the magnetopause is called the magnetosheath. Antisun-
ward (downstream) of the Earth, the magnetic field lines stretch out to form
the magnetotail. In the northern portion of the magnetotail, field lines point
generally sunward, while in the southern portion, the orientation reverses.
These regions are referred to as the northern and southern lobes, and they
are separated by a sheet of current flowing generally dawn to dusk across
the near-equatorial magnetotail in the plasmasheet. Low-energy plasma dif-
fusing up from the ionosphere is found close to Earth in a region called the
plasmasphere whose boundary is the plasmapause. The dots show the entry
of magnetosheath plasma that originated in the solar wind into the magneto-
sphere, particularly in the polar cusp regions. The inset is a diagram showing
the 3-dimensional structure of the Van Allen belts of energetic particles that
are trapped in the magnetic field and drift around the Earth [5]. The Earth’s
magnetosphere expands for several Earth Radii (RE ' 6371 km) behind the
Earth. The distance between the nose (the most sunward point) of the mag-
netopause and the planet is of about 1RM ' 10RE, while in the direction of
the flanks the distance is of about 20RE. Magnetospheres contain consider-
able amounts of plasma, electrically charged particles in equal proportions of
positive charge on ions and negative charge on electrons, from various sources
as the solar wind or the ionosphere. Plasmas of different origins can have
very different characteristic temperatures. Significant populations of parti-
cles at keV–MeV energies, well above the energy of the thermal population,
are found in all magnetospheres. How these particles are accelerated is one
of the standing problem in plasma physics.

2.2 Mechanisms of particle acceleration

Particle acceleration and transport are fundamental astrophysical processes
that occur throughout the universe. A detailed understanding of these phe-
nomena bears on issues ranging from astronaut safety and satellite systems to
insights into the most energetic phenomena in our universe. There are many
possible mechanisms for particle acceleration in space plasmas. Most of these
are common to ions and electrons but the dynamics is different among the
two species. Basically, charged particles gain energy when subject to an elec-
tric field in their rest frame. Such an electric field E may be a large-scale
externally-imposed field, or a v × B field associated with particles crossing
magnetic field lines, or a collective field associated with the environment in
which the particle finds itself (e.g., a collisional Coulomb field or a field as-
sociated with a level of plasma wave energy). The richness of these various
means of creating local electric fields is reflected in the richness of particle
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acceleration models in magnetized plasmas.
Here we consider only a few of the acceleration models; for our purposes,

it is possible to consider three main physical mechanisms that accelerate the
particles : electrostatic acceleration, stochastic processes, and shock acceler-
ation.

2.2.1 Electrostatic acceleration

Electrostatic structures have been observed in many regions of space plas-
mas, including the solar wind, the magnetosphere, the auroral acceleration
region, and in association with shocks, turbulence, and magnetic reconnec-
tion. Due to the potentially large amplitude of electric fields within these
structures, their effects on particle heating, scattering, and acceleration can
be important. One possible theoretical description of some of these struc-
tures is the concept of Bernstein-Greene-Kruskal (BGK) modes [6], which
are exact nonlinear solutions of the Vlasov-Poisson system of equations in
collisionless kinetic theory. These modes generate when a sinusoidal electro-
static wave propagates in a plasma with a phase velocity vφ. This generate
a wave potential well that can trap and resonantly accelerate the particles
with a velocity close to vφ. Another example, is the bulk ion acceleration
by the perpendicular Hall field during the magnetic reconnection. In this
case, upstream ions are accelerated at separatrices by the Hall field reaching
velocities close to the Alfvén speed and eventually forming the reconnection
jets in the downstream outflow region. The Hall electric field is electrostatic
and mostly perpendicular to the local magnetic field. Also, it is strongest
near the separatrices. Mechanisms of electrostatic acceleration and heating
are very common in the universe, and have been extensively studied both
numerically and experimentally.

2.2.2 Stochastic acceleration

If the electric fields has characteristic small scale variations, waves, or tur-
bulence, stochastic acceleration may occur [9]. Charged particles moving
under the influence of randomly time-varying electromagnetic fields may be
expected to experience a net acceleration. In this case, the particles are scat-
tered by the electromagnetic perturbations and diffuse in the inhomogeneous
medium. At each interaction with the perturbation the particles can experi-
ence loss or gain of energy, but generally, the result is a net acceleration. A
general model that describes the stochastic acceleration is the one proposed
by Fermi in order to explain the acceleration of cosmic rays [7, 8]. This
model is also known as second-order Fermi acceleration model. Then, the
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Fermi’s model, have been largely used to described different phenomena in
astrophysics. The Fermi acceleration mechanism will be described more in
detail in the next chapter.

2.2.3 Shock acceleration

The shock acceleration is a kind of stochastic acceleration but restricted to
the presence of a shock wave. When a wave moves faster than, for example,
the local speed of sound in a fluid, it forms a shock wave. Like an ordinary
wave, a shock wave carries energy and can propagate through a medium.
However, it is characterized by an abrupt, nearly discontinuous change in
pressure, temperature and density of the medium. When a shock wave passes
through matter, the energy is conserved but the entropy increases, so that it
is a strongly irreversible process. Ambient particles interact with such dis-
continuity and can be efficiently accelerated. An example of quasi-stationary
shock wave is the Earth’s bow shock, shown in Figure 2.1. It forms because
of the supersonic solar wind encounter the flow of the Earth’s magnetic field.
In astrophysics the shock waves are really common, and in these regions en-
ergetic ions and electrons are always observed. There are different theories
to support the observations. One of the most accepted by the scientific com-
munity is the Diffusive Shock Acceleration (DSA), introduced by [10, 11].
The DSA is also known as first-order Fermi acceleration. However this the-
ory leavs open questions on how particles gain the lowest energy to undergo
the DSA, this is the so called “injection problem”. The second theory is the
one on the acceleration due to the turbulence formed upstream of the shock
front. The acceleration at shock is very efficient for both ions and electrons.
However these theories not always can describe well the observations. Re-
cently, the idea of a diffusion of the particles in a superdiffusive regime [12],
have made theory closer to some of the observations. However, acceleration
at shocks remains one of the most fascinating and promising mechanisms in
astrophysics.

2.3 Ion acceleration in the Earth’s magneto-

sphere

Energetic electrons have been largely investigated using both numerical sim-
ulations and in-situ observations, e.g., [13, 14, 15]. The study of the ion
dynamics and acceleration is more complicated because of their larger mass
and different composition. Indeed, when we consider ions in the magneto-
sphere, we should take into account not only protons, but also heavier ions
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in singly and multiply charge states. Therefore, instruments for in-situ ob-
servations should be able to discriminate the ion species, while in numerical
simulations we should use very high resolutions to resolve the spatial and
temporal scales that involve the ion dynamics.

2.3.1 Experimental evidences

Ions with energies from tens to hundreds of keV are often observed in the
Earth’s magnetotail. Using data from past missions, as for example the multi-
satellite Cluster mission [16], or the Time History of Events and Macroscale
Interactions (THEMIS) mission [17], it is possible to statistically study the
change of the ion spectra and temperature during different periods of the
geomagnetic activity and in different regions of the magnetosphere.

The THEMIS measurements from March 23, 2007 to August 31, 2011
are studied and reported in [18] to determine how the ion and electron tem-
peratures and their ratio (Ti/Te) change spatially in the magnetosheath and
plasma sheet and to identify the processes responsible for the variations. Re-
sults are shown in Figure 2.2. It was found that in the solar wind (black
points) Ti/Te varies from ∼ 0.1 to 2, while in the magnetosheath (green
points) it varies from ∼ 4 to 12 with higher ratios observed during larger solar
wind speed and at locations closer to the magnetopause. Ti/Te remains al-
most unchanged as particles flow downstream and cool adiabatically. Across
the flank magnetopause from the magnetosheath to a plasma sheet that is
cool with abundant cold plasma, temperature and specific entropy for ions
and electrons increase significantly while Ti/Te remains similar, indicating
that the magnetosheath ions and electrons are non-adiabatically energized
with similar proportion while entering the magnetosphere. Within the tail
plasma sheet (blue points), Ti/Te varies from ∼ 6 to ∼ 10 when plasma
is relatively cool to ∼ 2 to ∼ 5 when relatively warm. With this correla-
tion, Ti/Te is higher closer to the flanks and during northward interplanetary
magnetic field, while lower Ti/Te is more often seen during disturbed period
around midnight. The distinguishably lower Ti/Te for warmer plasma in the
near-Earth plasma sheet (red points) is likely due to additional non-adiabatic
heating of electrons more than ions as particles move earthward and are adi-
abatically energized. As particles move into the near-Earth magnetosphere,
strengthening magnetic drift brings more hotter ions toward dusk and more
hotter electrons toward dawn, resulting in a strong Ti/Te dawn-dusk asym-
metry with very high Ti/Te (from 15 to 100) near dusk and very low Ti/Te
near dawn. These results suggest that many processes can produce such a
temperature variations, depending on the magnetosphere regions and local
sources.
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Figure 2.2: Scatter diagram of ion temperature (Ti) versus electron temper-
ature (Te) in the solar wind, magnetosheath, and plasma sheet. Ti/Te = 0.1,
1, 5, 10, and 100 are indicated by the solid oblique lines. Credit: [18].
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Furthermore, in Figure 2.3 it is shown an example of the ion energy
spectra during three phases of a geomagnetic storm, reported in [19]. In
panel (a) it is shown the Disturbance storm time (Dst) values during 15
July–5 August 2004, when the Cluster spacecraft were exploring the Earth’s
magnetotail. The Dst index measures the magnetic activity derived from
a network of near-equatorial ground-based geomagnetic observatories [20].
The highlighted time intervals in panel (a) indicate periods of observation of
the characteristic spectra reported in panel (b), chronologically before, during
and after the geomagnetic storm. Spectra in panel (b) are the 15 min average
ion flux for each energy channel measured by the CIS (red dots) and RAPID
(blue dots) instruments on board on Cluster. The CIS instrument measures
ions up to 40 keV, while RAPID cover the energy spectra from 20 to 450 keV.
Both the instruments measure the three dimensional (3D) ion distributions
with a resolution of 4 s. The solid grey line in panel (b) represents the energy
spectra obtained from the theoretical model of the Kappa distribution (see
[21] for more details), using the index κ = 5 and E0 =3 keV, but it is used only
to compare the three observed spectra. From the observations it is clear that
during period of strong geomagnetic activity (central panel in (b)), the flux
of ions with larger energies strongly increases. Therefore, ions are efficiently
accelerated during period of geomagnetic disturbances, with a substantial
change in their energetic spectra.

During period of strong geomagnetic activity, numerous acceleration mech-
anism are triggered by instabilities. The most commons are for example the
reconfiguration of the magnetic dipole, the increment of the level of elec-
tromagnetic fluctuations, and the magnetic reconnection. However, relevant
levels of energetic electrons and ions are also observed during periods of low
geomagnetic activity [22], leaving open the search for the acceleration mech-
anism.

2.3.2 The role of heavier ions

The ion composition depends on the geomagnetic activity. Basically, heavy
ions with low charge state have ionospheric origin, while heavy ions with high
charge state originate from solar wind. However, it is very often observed the
injection, energization, and transport of solar wind material in the magne-
tosphere, especially during period of strong instabilities due to the intensive
solar activity. Therefore, it is important to consider the ions in the Earth’s
magnetosphere not only as protons, but as a mix of light and heavy ions in
different charge state.

Recently, using data from the Magnetospheric MultiScale (MMS) mission
[23], in particular from the Energetic Ion Spectrometer (EIS) [24] instrument,
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Figure 2.3: Ion energy spectra during three phases of a geomagnetic storm.
Panel (a) Dst values during 15 July–5 August 2004. Highlighted time inter-
vals indicate periods used to generate the characteristic spectra in the lower
part of the figure. Panel (b) Energy spectra before, during and after the
geomagnetic storms on 22–28 July. The dots represent the average proton
flux (vertical axes) for each energy channel (horizontal axes) of the RAPID
(plotted with blue color) and CIS (red) instrument. To facilitate comparison
between the different spectra, is added a model of the κ distribution with
κ=5 and E0 =3 keV (gray, solid line) to all spectra in this row. Credit: [19].
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Figure 2.4: Average ion flux as a function of the energy for protons (black
line), helium (blue line) and oxygen ions (cyan line) measured by EIS during
March-September 2016 in the nightside region, for 16 < L < 16.5. Credit:
[25].

that measures energetic ions from 45 keV up to 1 MeV, it was found a de-
pendence of the ion composition on the energy. Figure 2.4 shows the average
ion flux as a function of the energy for protons (black line), helium (blue
line) and oxygen ions (cyan line) measured by EIS during March-September
2016 in the nightside region, for 16 < L < 16.5 where L indicates the L-shell
(i.e., the set of magnetic field lines which cross the Earth’s magnetic equator
at a number of Earth-radii equal to the L-value). It is possible to observe
that for lower energies protons dominate, but for energies larger than ∼ 200
keV there is a change in the spectra, showing the dominance of heavier ions
as the oxygen. This result have been largely discussed in [25] and have been
obtained also for the dayside regions, here we report only an example for
brevity. Even if the EIS data give not information on the charge state, the
result is very important. It suggests that energetic ions, especially for ener-
gies larger than 150 keV, are mainly composed by heavy ions and this can
reveal the properties of the ion acceleration and dynamics.

In addition, analyzing data from past missions such as Polar or AMPTE
(Active Magnetospheric Particle Tracer Explorers), it is possible to study
the sources and the ion composition in the magnetosphere through instru-
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Figure 2.5: Average distributions of oxygen charge states measured by Po-
lar/CAMMICE/MICS from 13 September 1996 to 17 March 2000 and from
12 March 2001 to 26 June 2002, shown as a function of equatorial L shell.
Credit: [26].
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Figure 2.6: AMPTE/CCE/CHEM observations of singly and doubly charged
300 keV helium ion intensities (green and red, respectively) observed from
1 September 1984 to 28 June 1988 are plotted versus L shell, showing that
alphas are the primary helium constituent at L ≥ 6.5. Credit: [25].

ments which measure both ion charge and mass. In Figure 2.5, for example,
the distribution of oxygen in different charge state is shown as a function of
the L-shell. Data are 15 min averaged from the dataset that goes from 13
September 1996 to 17 March 2000 and 12 March 2001 to 26 June 2002. Mea-
surements are taken from the Magnetospheric Ion Composition Spectrometer
(MICS), part of the Charge and Mass Magnetospheric Ion Composition Ex-
periment (CAMMICE), on board on Polar. The measures are in an energy
per charge range of 1 to 200 keV/e. From the Figure 2.5 it is possible to
notice that for low L-shell singly-charged oxygen ions (red line) dominate,
while the count rates of multiply-charged ions are well below. The scenario
changes considering L≥ 7. In this regions O+ is still dominating, but the
count rate of O5/6+ increases and become only three times lower then O+,
as shown in [26] and [27]. Furthermore, as shown in [25], if we compare
the count rate of He+ and He++ we find a similar behaviour. In Fig 2.6,
is reported the intensity of He+ (green line), He++ (red line), and the total
Helium (black line) as a function of L-shell. These data are measured by
the Charge-Energy-Mass (CHEM) spectrometer, part of the Charge Compo-
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sition Explorer (CCE) instrument on board on the AMPTE mission, in the
range from 1 to 300 keV/q. Again, it is possible to notice that there is a
prevalence of doubly-charged helium ions for larger L shells.

In conclusion, the ion composition varies depending on the energy and
distance from the Earth. Therefore, it is important to consider all the ion
species studying the ion acceleration in the Earth’s magnetosphere. Several
questions on the acceleration mechanism of protons and heavier ions are
still open and deserve more attention, while observations in the terrestrial
magnetosphere of such ion species are very scarce.
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Chapter 3

Numerical Model

Int this chapter are discussed results from test particle simulations of pro-
tons and heavy ions interacting with time-dependent three-dimensional (3D)
electromagnetic perturbations in the Earth’s magnetotail. The particles are
injected in a configuration of fields obtained by [28] as solutions of a gen-
eralized Harris model. The particles interact with the perturbations being
scattered many times, at each interaction they can gain or lose energy un-
dergoing a second-order Fermi-like acceleration mechanism. Before giving
the details of the numerical set-up and results, we describe the acceleration
mechanism that we propose to simulate.

3.1 The second-order Fermi acceleration

It is quite frequent to find an inverse power law for the energy spectrum of
the protons in space plasma or other ions. The question on how this spec-
tra is generated have been largely discussed, in particular concerning the
spectra of cosmic rays. The Fermi mechanism was first proposed in 1949
as a stochastic means by which particles colliding with clouds in the inter-
stellar medium could be accelerated to high energies. In Fermi’s original
picture, charged particles are reflected from “magnetic mirrors” associated
with irregularities in the Galactic magnetic field. The mirrors are assumed
to move randomly with typical velocity V and Fermi showed that the par-
ticles gain energy stochastically in these reflections. If the particles remain
within the acceleration region for some characteristic time τesc, a power-law
distribution of particle energies is obtained. Following [32], we carry out a
relativistic analysis of the change in energy of the particle in a single collision.
The mirror is taken to be infinitely massive and so its velocity is unchanged
in the collision. The centre of momentum frame of reference is therefore that
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Figure 3.1: Illustrating the collision between a particle of mass m and a cloud
of mass M: (a) a head-on collision; (b) an overtaking collision.

of the cloud moving at velocity V . The energy of the particle in this frame
is

E ′ = γ (E + V p cos(θ)) , (3.1)

where γ is the Lorentz factor, E is the particle energy in the observer’s frame,
p is the particle momentum, and θ is the angle between the initial direction
of the particle and the normal to the surface of the mirror. The x-component
of the relativistic three-momentum in the centre of momentum frame is

p′x = p′ cos(θ′) = γ

(
p cos(θ) +

V E

c2

)
(3.2)

where c is the speed of light. In the collision, the particle’s energy in the cloud
frame is conserved, E ′before = E ′after, and its momentum in the x-direction is
reversed, p′x → −p′x. Therefore, transforming back to the observer’s frame,

E ′′ = γ (E ′ + V p′x) . (3.3)

Substituting E ′ and p′x using the equations 3.1 and 3.2 respectively, and
expanding the equation 3.3 to second order in V/c, we find

∆E = E ′′ − E = E

[
2V v cos(θ)

c2
+

3

2

(
V

c

)2
]
. (3.4)

where v is the particle speed.
Particles can basically perform two type of collisions depending on the

relative velocities of approach of the particle and the cloud. As shown in
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Figure 3.1, if the particle and the cloud propagate in opposite direction they
perform an head-on collision (see panel (a)) and particles can gain energy.
While, if clouds and particles move in the same direction, they perform an
overtaking collision (see panel (b)) where particles can lose energy. The
probabilities of head-on and overtaking collisions are proportional to v +
V cos(θ) and v − V cos(θ) respectively, and with 0 < θ < π. The probability
of the angle lying in the angular range θ to θ+dθ is proportional to sin(θ)dθ,
and averaging over all angles in the range [0; π], it is possible to obtain the
average energy gain per collision〈

∆E

E

〉
=

8

3

(
V

c

)2

. (3.5)

This illustrates the famous result derived by Fermi that the average increase
in energy is only second-order in V/c. This result leads to an exponential
increase in the energy of the particle since the same fractional increase occurs
per collision. If the mean free path between clouds along a field line is L,
the time between collisions is L/(c cos(φ)) where φ is the pitch angle of the
particle with respect to the magnetic field direction. Averaging cos(φ) over
the pitch angle φ, the average time between collisions is 2L/c. Therefore, the
average rate of energy increase is

dE

dt
=

(
4

3

V 2

cL

)
E = αE. (3.6)

The particle is assumed to remain within the accelerating region for a time
τesc. The standard one-dimensional equation for the particle distribution
function is [33]

dN

dt
= D∇2N +

∂

∂E
[b(E)N(E)]− N

τesc
+Q(E) (3.7)

where N(E) is the number of particle with energy E, D is the diffusion
coefficient, b(E) is the energy loss term, and Q(E) is the term representing
the sources. We are interested in the steady-state solution in the absence of
diffusion and so dN/dt = 0, and v = 0. It is also assumed that there are no
sources, Q(E) = 0. The energy loss term b(E) = −dE/dt now becomes an
energy gain term, b(E) = −αE. Therefore, we reduce to

− d

dE
[αEN(E)]− N(E)

τesc
= 0. (3.8)

Differentiating and rearranging this equation we obtain

N(E) = constant× E−x ; where x = 1 +
1

ατesc
. (3.9)
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The last equation shows that the Fermi acceleration mechanism results in a
power-law energy spectrum.

3.2 Numerical set-up

We propose to reproduce the acceleration of ions in the Earth’s magneto-
tail current sheet. This environment is well described by the Harris model
[29], which is an exact solution of the Vlasov equation in stationary condi-
tions. For our analysis we will use a class of solutions obtained by [28] from
a generalized Harris model that better describes the observations. In order
to represent the level of fluctuations frequently observed in the magnetotail,
we overimpose to the current sheet configuration the time dependent electro-
magnetic fluctuations obtained by [34]. In the following the numerical model
will be described more in detail.

3.2.1 Current sheet model

The model developed by [28] allows to regulate the level of plasma tempera-
ture and density inhomogeneities across the sheet. This model generalizes the
classical Harris model via including two-temperature current-carrying plasma
populations and one background plasma population not contributing to the
current density. We use the notation fj (vj, Tj) to describe a Maxwellian dis-
tribution function with the corresponding drift velocity vj and temperature
Tj, j indicates the species (j = i for ions and j = e for electrons). Any
linear combination of fj is solution of the stationary Vlasov equation. In
the velocity plane the Maxwellian distribution function can be presented as
a peak of phase space density with contour lines represented by concentric
circles, centered in the origin. The shifted Maxwellian has the same shape
in the velocity plane, but the center is shifted from the coordinate origin to
a distance equal to the drift velocity. The spacecraft observations show that
the phase space density of the particles velocity distribution in thin current
sheets is often represented by a ring distribution (see [35]). Figure 3.2 shows
observations from different missions in the magnetosphere of ion distribution
functions. In particular examples of (a) Maxwellian distribution, (b) shifted
Maxwellian distribution, and (c) ring type distribution.

In our model we focus on the ring type distribution function. The simplest
way to construct such distribution consists in using a combination of two
Maxwellian distribution with different temperatures. Therefore, to develop
our model, we use the following distribution function:

Fj = fring + δfj(0, T0j) (3.10)
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Figure 3.2: Example of ion distribution funcions observed by different mis-
sions in the Earth’s magnetosphere: (a) Maxwellian distribution, (b) shiffted
Maxwellian distribution, (c) ring type distribution. Credit: (a) [31], (b) [30],
(c) from the same event discussed in Chapter 8.

where the parameter fring represents the ring distribution, so that Fj repre-
sents a linear combination of ring distributions and background plasma. The
ring distribution is obtained by the combination of two shifted Maxwellian
with different temperatures, fring = fj(v1j, T1j) − γfj(v2j, T2j) where the
parameter γ describes the relative density of the second current-carrier pop-
ulation. fj(0, T0j) represents the background plasma with zero bulk velocity.
The parameter δ represents the relative density of the background population
and its value is chosen to have a positive phase space density everywhere in
the phase space. For γ = 0 we obtain the distribution function presented in
[36]. We consider the coordinate system with the x-axis directed along Sun-
Earth direction, the z-axis is oriented across the CS (i.e., along the direction
of the CS inhomogeneity), and the y-axis is directed along the electric current
flow. Thus, in this model the magnetic field has one component Bx(z) corre-
sponding to the vector potential Ay(z), while the electric field has only the
component Ez(z) corresponding to the scalar potential φ(z). The Maxwell
equations reduce to equations for the scalar potential φ and vector potential
Ay as in the classic Harris equilibrium. Using the quasi neutrality condition
(e.g., ∂2φ/∂z2 ∼= 0) we obtain the following equation for the dimensionless
vector potential (a = Ayqiv1i/cT1i, where qi is the ion charge and c is the
speed of light and where the Boltzmann constant is set to 1 for semplicity)

∂2a

∂z2
= −ea−Φ + γtie

a−Φ/ti − αteeaα+Φ/te(1− γ) (3.11)

and the dimensionless scalar potential (Φ = φqi/T1i)

∂Φ

∂z
= −∂a

∂z

∂G/∂a

∂G/∂Φ
(3.12)

33



where the function G, obtained from the quasi neutrality condition, is [28]

G(a,Φ) = ea−Φ + γea−Φ/ti + δe−Φ/tb − eαa+Φ/te(1− γ)− δeΦ/tb = 0. (3.13)

Above, te, ti, tb are the normalized temperatures with respect to T1i, of
electrons and ions of first, second and background populations. The most
important parameter is α = −v1eT1i/v1iT1e where we assume that T1e =
T2e = Te , T0e = T0i , v1e = v2e , v1i/T1i = v2i/T2i. We notice that most
frequently in the magnetotail Ti ∼ 5Te (e.g., [37, 38]), and this condition
has an influence on the current carrying populations. Here, the condition
T0e = T0i can be used because the background populations do not contribute
to the current density. Usually, electrons are colder than ions and we use this
condition for the first and second populations that are carrying the current.
For α = 1 we obtain the class of solution proposed by Harris with the null
scalar potential. We have investigated different classes of solutions varying
the parameters δ, γ, α and tb to describe the temperature inhomogeneity in
the CS. At variance with Harris solutions, an analytical solution for the vector
potential is not possible in general, so that we need to carry out a simple
numerical integration along z of the equations (3.11)–(3.13) to obtain the
various quantities [28]. Several populations of ions and distribution of scalar
potential φ(z) result in realistic distribution of plasma parameters across
the magnetotail. To illustrate the usefulness of the our CS model, we show
the comparison of modelled and observed distributions of ion temperature.
We picked up from the Cluster database four crossings with distinguished
variations of the ion temperature across the sheet (see Figure 5 in [39]). In
Figure 3.3 (adapted from [28]) we report the comparison of Ti,eff as function
of Bx spacecraft observations showing the model capability of describing
different configurations. The ratio of pressure and density gives the effective
ion temperature Ti,eff . Indeed, one of the basic features of Harris solution
is that the temperature is constant across the CS thickness. Changing the
parameters we obtain different profiles of the magnetic field Bx(z) and electric
field Ez(z).

In the following we use the two self-consistent solutions that better de-
scribe observations, as it is shown in Figure 3.3. In particular, we focus
on profiles (c) and (d) of Figure 3.3, and the corresponding magnetic and
electric field profiles are shown in Figure 3.4. These two solutions are those
which have the lowest and the highest slope, respectively, in the magnetic
field profile among solutions in Figure 3.3. In Figure 3.4 the black line rep-
resents the Harris solution with the null electric field, the red line represents
the magnetic field profile that has the lowest slope, or slower variation of the
magnetic field across the CS, and the blue line represents the profile with the
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Bx/Bmax

Bx/Bmax Bx/Bmax
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Figure 3.3: Comparison of four profiles of ion temperature measured in the
magnetotail CSs (shown by blue circles) with model profiles (shown by black
curves). See [28] for details.
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Figure 3.4: Model profiles of Bx(z) and Ez(z), the black line represents the
Harris solution, while the red line represents the solution with lower slope in
Bx, and the blue line the profile with higher slope.

solutions δ γ α tb
Harris 3 1 1 1/3
profile 1 1 1 0 1/3
profile 2 3 0.4 10 1/7

Table 3.1: Parameters used to obtain the profiles in Figure 3.4

highest slope. The parameters used to obtain the profiles in Figure 3.4 are
shown in Table 3.1.

3.2.2 Electromagnetic perturbations

In the test particle numerical simulation, we overimpose time dependent
electromagnetic fluctuations [34], which represent fluctuations frequently ob-
served in the magnetotail even in quiet periods [41], to the self-consistent
solutions shown in Figure 3.4. We use a three-dimensional simulation box
with Lx = Ly = 105 km and a size along the z direction that ranges from
−Lz to Lz, where Lz = 2.5 × 104 km. This has to be considered as a local
simulation box, indeed its size of about 15RE is only a fraction of the actual
magnetotail extension, so that large scale variations in the magnetotail are
neglected. The characteristic thickness of the CS is set to λ = Lz/5 = 5×103

km. We use the coordinate system as in [28]. A number Nf of time dependent
electromagnetic fluctuations are located in the (x, y) plane; such perturba-
tions perform an oscillating motion in the plane. Thus, the total magnetic
field is given by

B(r, t) = Bx(z)ex +Bnez + δB(r, t) (3.14)
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where the first term is the magnetic field from self-consistent numerical so-
lutions of equation (3.11) (shown in Figure 3.4), the second term is the out
of plane magnetic field, Bn, which simulates a remaining part of the Earth
dipole magnetic field. The third term represents the time dependent fluctua-
tions, δB(r, t) = ∇×A(r, t). The vector potential perturbations are modeled
as [34]

Ax(r, t) = A0Σi exp[−|r− ri(t)|/`]
Ay(r, t) = A0Σi(−1)i exp[−|r− ri(t)|/`]

Az(r, t) = 0 (3.15)

where r is the position of a particle, ri(t) is the position of the fluctuation
center at time t, and the sum is made on the number of fluctuations i. The
parameter ` represents the decreasing scale of the vector potential, that we
can imagine as the size of a magnetic cloud interacting with the particle
(see [40]). The positions ri are fixed randomly in the (x, y) plane and the
perturbations oscillate with a velocity V = 400 km/s (namely, the typical
value for the Alfvén speed in the magnetotail [42, 43, 44]) and with random
phases. The electric field is obtained as E = −5 φ− ∂A(r, t)/∂t. Thus we
have

E(r, t) = E0yey + Ez(z)ez + δE(r, t) (3.16)

with E0y the constant dawn-dusk electric field and where Ez(z) is the electric
field coming from the self-consistent solutions of equation (3.12) (see Figure
3.4), and δE(r, t) = ∂A(r, t)/∂t represents the time dependent fluctuating
term of the electric field coming from equation (3.15). All the equations
are normalized using the following normalization quantities : L = 105 km,
B0 = 2 nT and E0 = 40 mV/m (see [34] for more details). The dawn dusk
electric field is E0y = 0.2 mV/m, the normal component of magnetic field is
Bn = 3 nT, and the asymptotic value of the magnetic field in the lobes is
Bmax = 20 nT = 10 B0 [46]. The magnetic field Bx(z) reaches its maximum
(minimum) value for z = Lz (z = −Lz), but most of the variation happens
on scale λ. We inject simultaneously Np = 104 particles in the simulation box
at t = 0, at z = 0, and randomly distributed in the (x, y) plane; the starting
coordinates x and y vary from 0 to L, where L is the size of the simulation
box. Particles exiting the simulation box are substituted with freshly injected
particles. The initial velocities for protons are extracted from a Maxwellian
distribution with vth = 120 km/s, corresponding to a temperature of Tp = 0.1
keV ≡ Einj; heavier ions are injected with different thermal velocities in order
to have the same initial temperature of protons. We numerically solve the
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equations of motion

dr

dt
= v (3.17)

dv

dt
=

q

m
[E(r, t) + v×B(r, t)] (3.18)

for each particle via a fourth-order Runge-Kutta scheme. The integration
step is fixed to ∆t = 0.001 Ω−1

p , while t0 = Ω−1
p = 5 s.

3.2.3 Meaning of model parameters

Before presenting the numerical results, we want to summarize the free pa-
rameters of the model and their physical meaning. Concerning the equilib-
rium electric and magnetic field profiles, we have:

• δ that is the background density, normalized with respect to the density
of the first current-carrying population. The background population
guarantees the positivity of the distribution function in the phase space;

• γ is the ratio between the density of the first and the second current-
carrying populations;

• α is a very important parameter because it regulates the strength and
the profile of the electric and magnetic fields. For examples, if α = 1
the scalar potential is null, so that there is no electric field and the
magnetic field has a typical profile Bx(z) ∼ 1/z. Furthermore, if α = 0
the scalar potential is negative and Bx(z) has a local minimum, while if
α = 10 the scalar potential is positive and Bx(z) has a local maximum.
So that, for α 6= 1 it is possible to obtain non-monotonous profile of the
magnetic field which results in a more or less stretched current sheet
configuration. We refere to [28] for more details.

• tb is the ratio between background temperature and the ion temperature
of the first population. Its value has an influence on the steepness of the
magnetic field profile across the current sheet. In general for smaller
values of tb we obtain steeper profiles.

Concerning the configuration of the electromagnetic perturbation we have:

• A0 is the amplitude of the perturbed vector potential.

• ` is the typical fluctuation size. This parameter is very important be-
cause it is connected to other quantities: the ratio A0/` which represent
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the peak amplitude of the perturbed magnetic field, and σfl = Nfl/`
2

that is the surface density of the electromagnetic fluctuations. The
parameter σfl is kept constant in all the simulations, so that if the
fluctuations are larger then there are less fluctuations in the simulation
box. In particular, we use σfl ∼ 39 in arbitrary units.

• Einj is the thermal energy of the Maxwellian distribution that describes
the injected particles in the simulation box.

• µ = (m/mp)/(q/qp) is the ratio between the ion mass (m) and charge
(q) normalized to the proton mass (mp) and charge (qp).
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Chapter 4

Numerical Results

In the following section will be discussed the dependence of the numerical
results on the parameter of the model, as for example the configuration of
the current sheet, the amplitude of the perturbed magnetic field, and the
size of the perturbations. Once chosen the best set of parameters, numerical
results will be discussed for protons and heavy ion highlighting the role of
the ion mass and charge state.

4.1 Parametric study

We set the initial condition of the numerical simulation using either Einj =
0.1 keV or Einj = 1 keV, and we collect the Probability Distribution Function
(PDF) of the particle energy at the end of the simulation when t = 500t0
(where t0 = Ω−1

p = 5 s), in order to describe the particle statistical behaviour.
The parameter A0/` and the profile of the current sheet configuration are
changed among the different runs in order to study the dependence of the
results on these. The other parameter are fixed; in particular we set E0y = 0.2
mV/m, Bmax = 20 nT, Bn = 3 nT, and we inject Np = 104 particles in the
simulation box at t = 0, at z = 0, and randomly distributed in the (x, y)
plane. The starting coordinates x and y vary from 0 to L, where L is the size
of the simulation box. Particles exiting the simulation box are substituted
with freshly injected particles. We use different ions species, and heavier
ions are injected with different thermal velocities in order to have the same
injection energy Einj of protons. Lets first consider H+, He++ and O+ and
study the dependence of the PDF on the particular electric and magnetic
field configuration and on the perturbed magnetic field amplitude A0/`, in
particular, the spatial scale of magnetic perturbations is fixed as ` = 8000
km, or equivalentely R = `/L = 0.08, consistently with the observations
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(e.g., [43], [45], [34]), while A0 is varied. We use two profile of the current
sheet configuration which are the profile 1 and 2 shown in Figure 3.4, the
first has a steeper variation of the magnetic field across the current sheet,
and the second has a more gradual variation. Further, we use three levels of
magnetic fluctuations namely A0/` = 10 nT, A0/` = 3 nT and A0/` = 1 nT.
The results for protons, helium and oxygen ions are summarized in Figure
4.1 (upper, middle, and bottom panel respectively). We can notice that the
particular magnetic field profile Bx(z) has very small influence, as shown by
the PDFs being nearly overlapped in the cases of both profile 1 and profile 2.
On the other hand, the particle energization increases with the perturbation
strength, and protons and oxygen ions gain energies up to 100 keV, while
helium ions reach energies up to 200 keV, in the case with large A0. This
means that the electromagnetic perturbations create an efficient accelerator
for ions in the magnetotail (also shown in [47, 45]). Also, it is interesting
to note that, for A0/` = 1 nT, protons reach energies of 6.5 keV (see solid
and dashed line in upper panel of Figure 4.1). Considering that, even during
quiet geomagnetic times, the proton temperature in the magnetotail plasma
sheet is observed to be of the order of 5 keV [41, 38, 39], and that a very small
fluctuation level with δB ∼ 1 nT is almost always present in the magnetotail
[52], A0/` = 1 nT is sufficient to heat the cold plasma coming from the solar
wind to a temperature of 3− 5 keV [38].

Since the particular magnetic field profile of Bx(z) has no influence on
the results, in the following runs we choose to use the profile 1. Also, we fix
A0/` = 10 nT because this value is consistent with the spacecraft observa-
tions reported in [41]. Now we study the dependence on the initial energy set-
ting Einj = 0.01; 0.1; 1 keV and collecting the PDF for protons. Results are
shown in Figure 4.2. We can observe that even if the initial energy changes,
protons tend to reach the same final energy which is of about 100 keV. There-
fore, we can conclude that the acceleration mechanism is not affected by the
particular injection energy. Finally, we study the dependence on the typical
size of the fluctuations R = `/L. In the case with profile 1, A0/` = 10 nT,
and Einj = 1 keV, we ran simulations with R = 0.02; 0.04; 0.08 and 0.32.
We remind that, the number of fluctuations Nfl decreases as R increases, in
order to keep constant the fluctuation surface density σfl = Nfl/`

2. Vary-
ing R, the typical oscillation frequency of the fluctuations also changes. In
particular it is proportional to V/`, where V is the fluctuation propagation
speed V = 400 km/s. We use four different values of R in order to check
if there is some resonant acceleration that can favor the energization of a
particular ion species which has the gyrofrequency closer to the fluctuation
oscillation frequency. Results are summarized in Figure 4.3 for H+, He+,
He++, and O+ ions (panels (a)-(d) respectively). It is possible to notice that
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Protons

He++

O+

Figure 4.1: Comparison among the PDFs of energies of protons (upper
panel), helium (middle panel), and oxygen (bottom panel) ions, in the pres-
ence of profile 1 and profile 2 (see Figure 3.4), by varying A0/` = 10 nT
(large A0), A0/` = 3 nT (medium A0) and A0/` = 1 (small A0). The red
lines display the distribution at the injection time with Einj = 0.1 keV.
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Figure 4.2: PDFs of the energy for protons in the case with Einj = 0.01 keV
(dotted line), Einj = 0.1 keV (solid line), and Einj = 1 keV (dash-dotted
line); and with profile 1, A0/` = 10 nT, and R = 0.08.

Figure 4.3: Comparison among the PDFs of energies of different ion species,
in the presence of profile 1, with A0/` = 10 nT, and different values of R
(black lines). Red lines display the distribution at the injection time with
Einj = 1 keV.
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Figure 4.4: PDFs of the energy for H+, He+, He++, and O+ in the case with
Einj = 1 keV, A0/` = 10 nT, R=0.08, and in the case with profile 1.

the final energy increases if the fluctuation size R is larger. This feature is
observed for all the species in a similar way, so that we can conclude that the
simulated acceleration mechanism has not resonant effects. This is in agree-
ment with the fact that the perturbations represented by equations (3.15)
mimic a stochastic Fermi model. Finally, setting R=0.08, Einj = 1 keV,
A0/` = 10 nT, and in the case with profile 1 we investigate the acceleration
of different ion species. We remember that in the stochastic Fermi accel-
eration, the energy gain of particles with the same initial energy should be
the same, see equation (3.5). We can observe that H+, He+, and O+ reach
energy of about 100 keV, while only He++ ions reach larger energy. This
suggest that the ion mass and especially the charge may play an important
role in the acceleration mechanism. This also means that in the parabolic
magnetic configuration of the magnetotail and because of the limited size of
the simulation box (and of the actual magnetotail), stochastic acceleration
yields results which also depend on the ion species. In addition, the original
Fermi model assumes the specular reflection of the particles off the magnetic
clouds; however, in the magnetotail particles like O+ can pass through the
magnetic perturbation with a finite size, with an interaction which is rather
different from specular reflection. In the following section we will investigate
in detail such idea comparing the results for a larger variety of ion species.
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(b)

(c)

Figure 4.5: Trajectories and kinetic energies of protons in the presence of
Bx(z) as in profile 1. The fluctuation level is set to A0/` = 10 nT, R=0.08,
and Einj = 1 keV. The coloured lines represent the particle orbits and their
starting points are denoted by triangles.

4.2 Ion Dynamics

Before collecting and analysing the results for a large number of particles, it is
worth trying to understand the behaviour of single particles in the simulation
box.

4.2.1 Trajectories

To study the particle dynamics we have integrated the trajectories of a few
particles using the profiles 1, and the parameters Einj = 1 keV, R= 0.08,
and A0/` = 10 nT. In Figure 4.5 the projection of proton trajectories in
the (x, y) and (x, z) plane (panel (a) and (b)), and energy as a function of
the time (panel (c)) are shown for five particles. Black triangles represent
the ion initial position which is at z = 0 and randomly in (x, y). We can
notice that the parabolic structure of the large-scale magnetic field forces
the particles to leave the box along the positive x direction (see panel (b) in
Figure 4.5) and the ∇B drift along y determines the quasi-cycloid orbits. At
z ∼ 0, when the magnetic field Bx(z) reaches the zero value, particles are less
magnetized and the probability of being accelerated by the time-dependent
fluctuations increases. Indeed, in this region particles experience frequent
interactions with the electromagnetic fluctuations in the CS via a stochastic
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Fermi process (see, for example, the blue trajectory in panel (b)). Particles
can also be accelerated by the constant E0y electric field. It is interesting to
note that, as a result of the interaction with magnetic fluctuations, particles
show a chaotic behaviour and exhibit a meandering motion (see red lines in
panel (b)). Particles undergoing Fermi acceleration reach energies of up to
120 keV (red line in panel (c)).

This study is now performed by integrating heavier ions’ trajectories
within the above simulation model. The equations and the numerical inte-
gration are the same as the ones we used for protons, except that we change
the ratio q/m in Equation (3.18). Figure 4.6 reports trajectories for those
ions, and energies vs. time for profile 1. The black lines represent the He++

ions and red lines represent the O+ ions. We use the solid lines for particle 1,
dashed lines for particle 2, and dashed-dotted lines for particle 3. Again, the
triangles denote the starting point of the ions. At injection, the He++ ions
have a Larmor radius ρHe

++

L = ρpL ∼ 600 km, which is 0.078 times the size of
fluctuations `. Because of the equal Larmor radius, He++ ions interact with
the fluctuations as protons do, but they can reach larger energy because of
their double charge. This effect is discussed extensively in the next Section.
The Larmor radius of O+ is ρO

+

L = 4ρpL ∼ 2400 km, which is ∼ 0.3 times `.
Because of the larger Larmor radius, the electromagnetic fluctuations have
a different effect on O+ ions. For example, we can compare the trajectories
represented by the solid black line (for He++) and red dashed line (for O+) in
Figure 4.6 (a). The two particles of different species have similar trajectories,
broadly speaking. However, if we observe the energies vs. time (panel (b)
and (c)), we notice that the He++ ions have been energized up to 300 keV,
while O+ ions reach an energy of around 75 keV in a few interactions.

4.2.2 Scatter-plots

We may consider that the energy gain in a single interaction between ions
and electromagnetic perturbations could be estimated as dE = qδBV∆s,
where δB is the amplitude of the magnetic fluctuations, V is the oscillation
speed of the perturbations, and ∆s is the particle displacement within the
perturbation fields. If ∆s would be just proportional to the Larmor radius
ρL = mv⊥/qB, a strong mass dependence and no charge dependence should
result. If ρL > λ (with λ the current sheet thickness), ∆s ∝ λ and the
energy gain is only charge proportional; if ρL < λ, ∆s ∝ √ρL [48], and the
energy gain depends on the square root of both charge and mass. Since the
model is time dependent, an intermediate scenario occurs. To gain further
insights, we compute the local energy gain from the particle integration, and
we made a scatter-plot of the average local energy gain 〈dE〉 as a function
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(a)

(b) (c)

Figure 4.6: Trajectories and energies of He++ (black lines) and O+ (red lines)
ions. Solid line represent particle 1, dashed line particle 2, and dashed-dotted
line particle 3. The triangles denote the starting points.
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of the local Larmor radius ρL normalized to the fluctuations size `, for Np =
500 particles. The average is made along the particle trajectories, computing
dE for each time interval equal to the half gyroperiod of the species but
considering only the cases when the particles are in the CS, that is, |z| < λ,
where most acceleration is expected to occur. The results are shown in
Figure 4.7, where the gray circles denote the H+ ions, blue triangles the
He+, red squares the O+, green crosses O++, and black diamonds the O6+

ions. In all cases there is a growth of the energy gain with the Larmor radius,
indicating that ions are more easily accelerated by the fluctuating fields when
they are less magnetized, as expected. However, the energy gain increases
proportionally to the ion charge. On average, O++ and O6+ ions have smaller
Larmor radii than O+, but their energy gains appear to be larger, suggesting
the prevailing influence of the ion charge. From Figure 4.7(b) we can observe
that oxygen ions on average have larger Larmor radii, but, compared to the
other ion species with the same charge, the energy gain does not increase in
proportion. This could be due to the fact that because of their large Larmor
radius, the O+ ions can exit the CS during their half gyroperiod, so that they
are not accelerated for the whole time corresponding to a half gyroperiod.

It is also possible to study the energy gain considered along all the particle
trajectories, and not only in the CS region, as ∆W = Ef − Ei, that is
the difference between final and initial particle energy. In Figure 4.8, we
report the scatter plot of the energy gain ∆W , evaluated along all the ion
trajectories, as a function of the averaged Larmor radius 〈ρL〉/R, normalized
over the fluctuation size R. We used Np = 100 trajectories for each ion
species. The upper panel in Figure 4.8 shows the results for oxygen ions
with different, colour coded, charge states. The bottom panel shows the
result for singly charged ions with different mass, in particular O+ (black
dots), He+ (blue dots), and H+ (red dots). We notice that in the upper
panel, ∆W clearly increases with the ion charge. Indeed, the magenta points,
representing the O6+ ions, are observed in the left-upper side of the panel,
having smaller ρL and higher final energies. These are followed by the O5+

ions (gray dots) and so on for smaller charge states. We also observe the O+

ions (black dots) to the right-bottom region of the panel, corresponding to
larger ρL and smaller energy gain ∆W . The bottom panel shows that the
ion mass has a very weak influence on the energy gain, while it mostly affects
the value of the Larmor radius.

Further, we can consider the acceleration rate as ∆W/∆t = qiδBV vi.
This quantity depends on the ion charge qi and also on the particle velocity
vi. In analogy to the study for the energy gain, we report in Figure 4.9 the
scatter plot of the acceleration rate ∆W/∆t as a function of the average of
the normalized Larmor radius 〈ρL〉/R. In the upper panel are shown the
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Figure 4.7: Scatterplot of the average energy gain 〈dE〉 as a function of
Larmor radius ρL normalized to ` for (a) O+ (red squares), O++ (green
crosses), and O6+ (black diamonds); and (b) H+ (gray circles), He+ (blue
triangles) and O+ (red squares).
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Figure 4.8: Energy gain ∆W as a function of the average of the normalized
Larmor radius 〈ρL〉/R, for oxygen ions On+ (upper panel) and singly-charged
ions (bottom panel) O+ (black), He+ (blue), and H+ (red).
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Figure 4.9: Acceleration efficiency ∆W/∆t as a function of the average of the
normalized Larmor radius 〈ρL〉/R, for oxygen ions On+ (upper panel) and
singly-charged ions (bottom panel) O+ (black), He+ (blue), and H+ (red).

results for the oxygen ions with different charge states, while the bottom
panel shows the results for singly-charged ions with different masses. Again,
looking at the upper panel, we can observe that the ∆W/∆t is well ordered
with the ion charge, being larger for the ions with higher charge state. On
the contrary, the ion mass influences only the value of ρL. However, in both
the cases, the acceleration efficiency grows almost linearly with the Larmor
radius.

Finally, we notice that for singly charged ions ∆W/∆t can reach values of
10− 20 keV/s, while for multiply charged oxygen ions ∆W/∆t ' 100 keV/s
can be reached; that is a rather remarkable acceleration rate.
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4.3 Dynamics related to the κ parameter

One of most used parameter to study the motion of charged particles in the
magnetotail is the κ parameter, presented for the first time in [55]. This pa-
rameter is defined as κ2 = Rmin/ρmax, where Rmin is the minimum curvature
radius of the magnetic field, and ρmax is the maximum Larmor radius of the
particle in it, with a given energy. Therefore, this parameter is related to
the magnetic moment and to adiabacity. The limit κ � 1 corresponds to
the usual adiabatic case with the magnetic moment as first invariant of the
motion. As κ decreases toward unity the magnetic moment can enhance or
damp during the crossing of the current sheet, due to the overlapping of non-
linear resonances between the bounce and the gyro-motion, and so the motion
becomes stochastic and no more adiabatic [54, 55]. For κ ' 1 the motion is
strongly chaotic and the first invariant of the motion may not be conserved.
In the case of sharply curved field reversals, κ < 1, both a new kind of adia-
baticity and a partially adiabatic but weakly chaotic type of motion appear.
The motion for the case of κ < 1 is also known as quasi-adiabatic. In this
regime particles can be trapped, quasi-trapped, or transient, as shown also
in Figure 4.10. In [55] it is analytically shown that the particle dynamics
is controlled by the adiabaticity parameter κ. Here we study the particle
dynamics in our model considering the values of this parameter.

For our analysis the curvature radius is evaluated along a piece of tra-
jectory of length ds, which corresponds to the particle position between to
consecutive instant of time. Having the curvature radius, we evaluate the
value of κ along the particle trajectories in different conditions by varying
the values of the model parameters. In the following we show the results
obtained with profile 1, setting R=0.08, Einj = 1 keV, and A0/` = 10 nT.
The scope of this analysis is to understand if the particle energization occurs
preferentially during regimes corresponding to particular values of κ. In Fig-
ure 4.11 we show a proton trajectory in the (x, z) plane. The value of κ is
colour coded using green for κ > 3 corresponding to the adiabatic regime,
cyan for 1 < κ < 3 corresponding to the non-adiabatic regime, and yellow
for κ < 1 which corresponds to the quasi-adiabatic regime. We observe that
at the beginning the particle is near the equatorial region, where the electro-
magnetic perturbations are stronger. So that, the particle interacts with the
fluctuations and makes a meandering motion. Here we observe the quasi-
adiabatic regime, as also shown in the bottom panel of Figure 4.11 which is
a zoom of the trajectory in x. Then we observe the non-adiabatic regime
(cyan points) as the particle goes away from the equatorial region. Finally,
when the particle is far away from the CS, we observe the adiabatic regime
(green points) with the typical motion of strongly magnetized particles.
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Figure 4.10: Scheme of quasi-trapped and transient ion dynamics in a model
of a thin current sheet. Credit: [56].
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Figure 4.11: Proton trajectory in the (x, z) plane. The value of κ is colour
coded using green for κ > 3, blue for < 1κ < 3, and yellow for κ < 1. Bottom
panel is zoomed in x.
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Figure 4.12: Proton energy (upper panel) and κ (bottom panel, logarithmic
scale) as a function of time. The values of κ are colour coded.

By looking at Figure 4.12, we observe the proton energy and the values
of κ as a function of time. When the particle is in the equatorial region
performs a Fermi-like acceleration, gaining or loosing energy. This behaviour
corresponds to the energy increase and decrease at around t/t0 ∼ 2, mainly
in a quasi-adiabatic regime with κ < 1 (yellow points). Most of the energy
is gained during the non-adiabatic regime with κ ' 1 (cyan points), while
during the adiabatic regime with κ � (green points) the energy is almost
constant.

Finally, Figure 4.13 shows the magnetic (upper panel) and electric (middle
panel) field components as observed by the particle, and the κ parameter
and proton energy (bottom panel) as a function of time. We can see that the
largest energy gain, between the vertical dashed lines, is in correspondence

55



Figure 4.13: Magnetic (upper panel) and electric (middle panel) field com-
ponents as observed by the particle as a function of time. κ parameter and
proton energy as a function of time (bottom panel). Vertical dashed lines
denote the region with largest energy gain.

with the strong electric fluctuations.
We repeat the same analysis changing the strength of the electromagnetic

perturbations by using A0/` = 10, 3, 1 nT and Np = 500 particles. In order
to summarize the results is these different conditions we evaluate the local
energy gain as (

∆W

∆t

)
i

=
W (ti+1)−W (ti)

ti+1 − ti
, (4.1)

whereW is the particle energy at a given instant of time ti. Then we averaged
the local energy gain obtained in a particular regime obtaining (∆W/∆t)n.
In Figure 4.14 the results are summarized.

First, we observe that when the strength of the fluctuations is larger the
energy gain increases, in agreement with the prevailing influence of the elec-
tric field perturbations. Then we observe that most of the energy gain occurs
for κ < 1 in the quasi-adiabatic regime and for κ ' 1 in the non-adiabatic
regime. Both these regimes correspond to the situation in which particles are
near the equatorial region interacting with the perturbations. So, we can say
that the parameter κ is useful to describe the particle dynamics, indicating
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Figure 4.14: Averaged local energy gain (∆W/∆t)n obtained for Np = 500
particles in the case of A0/` = 10, 3, 1 nT. The values of κ corresponding to
the different regimes are colour coded.

that regime the energization occurs mainly for κ < 3.

4.4 Statistical Results

In order to have a global description of particle energization, and also for
the purpose of comparison with observations, we now compute the energy
distribution function for a large number of particles. We set the parameters
Einj = 1 keV, A0/` = 10 nT, and R=0.08. We collect the results at the end
of the simulation for Np = 104 particles. For each ion species we evaluate
the PDF as a function of energy and, in order to get the final thermal energy
Eth ∝ kBT , we fit the PDF with a Maxwellian distribution. The fit returns
the value of Eth. Also, we describe the high-energy tails (i.e., the part of
the PDF which is not approximated by the Maxwellian distribution) using
a power-law f(Ei) ∝ Eγ

i , where γ is the spectral index which describes the
slope of the tail. Finally, we evaluate the residence time in the current sheet
τCS in percentage with respect to the total time spent in the simulation box.
The condition to individuate the CS region is for |z| ≤ λ. We consider this
region because, as shown above, it is where the ions gain most of the energy
interacting with the fluctuations that are stronger around z ' 0. Results of
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Eth(keV) γ τ % species
1.4 -1.27 12 H+

2.6 -0.94 3 He+

3.6 -0.82 6 He++

10 - 0.5 O+

8 -1.41 1.2 O++

8.4 -1.07 2 O3+

8.5 -1.12 2.7 O4+

8.7 -1.38 3.2 O5+

9 -1.15 4.4 O6+

Table 4.1: Spectral index γ and of residence time in the CS τ for each ion
species.

the parameter Eth, γ and τ are reported in Table 4.1 for each ion species.
In Figure 4.15 we report the results for protons. We notice that these

ions have a quite small thermal energy, but they develop an high-energy
tail. We consider that this is due to the fact that they spend a long time in
the CS, almost 12% of the total simulation time. Therefore, they have the
chance to interact many times with the fluctuations undergoing a Fermi-like
acceleration mechanism which lead to the formation of a power law energetic
tail, as Shown in Chapter 3, even if it is not so steep (see Table 4.1). Finally,
we note that protons reach energy up to 100 keV.

Figure 4.16 shows the results for He+ and He++ ions. First, we note that
both the helium ion species have larger Eth respect to protons. However,
helium ions have less steep tails, in particular He++ has the flatter tail with
γ = −0.82. Also, He+ reaches energy up to 100 keV, while He++ up to 200
keV.

Results for oxygen ions are shown in Figure 4.17. It can be seen that
the O+ distribution function is very close to Maxwellian (panel (a)), whereas
the other ions develop non-thermal power law tails. Also the final energy
increases considering multiply-charged oxygen ions. In particular it goes
from ∼ 100 keV for O+, up to ∼ 500 for O6+. Furthermore, the residence
time τCS is larger for ions with higher charge state, in agreement with the
fact that they have smaller gyroradius.

In Figure 4.18, we investigate the dependence of τCS on the mass-over-
charge ratio µ = (m/mp)/(q/qp) normalized to the one for protons. We can
see that τCS is well ordered with µ. Clearly, this is due to the fact that µ is
proportional to the Larmor radius (see also the trajectories in Figure 15 of [49]
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Figure 4.15: PDF as a function of energy for protons fitted by a Maxwellian
distribution (red line).
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Figure 4.16: PDF as a function of energy for helium ions fitted by a
Maxwellian distribution (red line).
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Figure 4.17: PDF as a function of energy for oxygen ions fitted by a
Maxwellian distribution (red line).

and in Figure 5 of [50]). Therefore, ions that spend a longer time in the CS
interact many times with the random fluctuations and undergo a Fermi-like
process, thus developing the power law tail. Conversely, ions which spend
a limited time in the CS, have a nearly Maxwellian PDF. The power law
tails have been fitted, and the best fits give a slope γ that decreases (flatter
tails) as τCS increases, in agreement with stochastic Fermi acceleration [7].
It should be noted that the slopes of the power law part of the ion PDF,
reported in Table 4.1, are in the range γ ∼= 0.8-1.4, while in many spacecraft
observations γ ∼ 4-5 (see for example [19]). This discrepancy suggests that
other energization mechanisms, possibly more directly related to magnetic
reconnection, are prevailing in the magnetotail.

From the insets in Figure 4.18 it is possible to note that τCS has not a
unique trend with the ion mass or charge, separately (panels (a) and (b)).
Following the red lines in Figure 4.18(a), we can see that the residence time
decreases with the ion mass. In a similar way, following the green lines in
Figure 4.18(b), we find that the residence time increases with the charge
state. These results show that the residence time depends on the ion mass
for a specific charge and on the charge for a specific mass. It is also worth
noting that the maximum energy of the ions reported in Figures 4.15,4.16,
and 4.17 does not increase with the residence time in the current sheet, as
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Figure 4.18: Residence time in the CS for different ion species as a function
of the normalized mass-to-charge ratio µ. The insets show the residence time
as a function of (a) mass and (b) charge state normalized to those of protons.
The residence time is given in percentage with respect to the total residence
time in the simulation box. The red lines in (a) connect the ions with equal
charge state, while green lines in (b) connect ions with equal mass.

found by [35], too.
To quantify the acceleration dependence on the charge and mass, we

consider the 10% of the test particle population that experience the largest
energization ∆E = Ef − Ei, where Ef is the final energy and Ei is the
initial energy of each particle. Figure 4.19 shows the average energy gain
〈∆E〉10% as a function of the charge (Figure 4.19(a) and (c)), mass over
charge ratio (Figure 4.19(b)), and mass (Figure 4.19(d)) for different ions.
First we consider the case with Einj = 1 keV and ions On+, with n =1–6
(Figure 4.19(a)). We can see that the energy gain grows with the ion charge.
The best fit (black dashed line) shows that the energization linearly depends
on the charge state, and the slope was found to be 92 keV/ q with a value of
χ2 ∼ 0.008. Figure 4.19(b) displays the same quantity for different ions as
a function of the parameter µ. It can be noted that the energy gain is not
ordered in a simple way with µ for all ion species. However, from this panel it
is clear, once again, how the energization increases with the charge state at a
fixed mass (dashed lines). In order to further investigate the role of ion mass
and charge, we performed further runs introducing virtual particles that is,
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protons with charge larger than one. Testing the model with ad hoc particles
is a tool to better investigate the dependence on ion mass and charge. In
Figure 4.19(c) we report the simulation results for ions with constant mass
mi = mp and charge ratio qi/qp = 1; 2; 3; 4; while in Figure 4.19(d) for the
case with constant charge qi = qp and different mass ratio mi/mp = 1; 2; 4; 8;
16. We perform the simulations using injection energy equal to Einj = 1 keV
and Einj = 0.1 keV (red and blue symbols, respectively). The lower energy
corresponds to the cold ions that are sometimes observed in the magnetotail
[51]. The linear fits (dashed lines) in 4.19(c) return a value of χ2 < 0.02,
and the slope is ∼ 44 keV/ q for both cases. We stress that this slope is
smaller than the one obtained for oxygen ions, showing a dependence on
the mass. Altogether, we can conclude that 〈∆E〉10% linearly depends on
the ion charge. On the other hand, looking at 4.19(d), we can notice that
the energy gain has a weaker dependence on the ion mass. In particular,
〈∆E〉10% is approximately proportional to m1/5 with a χ2 < 0.018. The best
fit analysis (dashed lines), indicates that this dependence is weaker than the
square root of the mass

√
m, at variance with what was found in [81]. This

is also different from the energy gain expected for nonadiabatic orbits in the
dawn-dusk electric field E0y, for which ∆E is mass proportional (see [49] and
[54]).

4.5 Conclusions

In summary, in this chapter we performed numerical simulations in order to
study the acceleration of protons and heavy ions, due to the interaction of
time-dependent electromagnetic fluctuations in the terrestrial magnetotail.
First, we find a very weak influence of the particular current sheet configu-
ration on the acceleration mechanism. By varying the fluctuation size ` or
the initial energy Einj, we observe that there is not a resonant acceleration
with ions having their Larmor radius closer to the value of `. The study
of the ion dynamics in particular regimes, related to the value of the k pa-
rameter, demonstrates that most of the energization occurs during stochastic
(1< k <3) and quasi-adiabatic regimes (k <1). Also, we find that the ions
which spend more time in the CS, interacting with the fluctuations, undergo
a Fermi-like acceleration mechanism leading to the formation of high-energy
tail. The residence time in the current sheet τCS is well ordered with the ion
charge, at a fixed mass, and vice versa. In particular it increases with the ion
charge state. Also, we find that the average energy gain for the 10% of the
most energetic ions, 〈∆E〉10% , increases linearly with the ion charge, while it
has a weak dependence on the ion mass. Therefore, if ions have larger mass
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Figure 4.19: Energy gain of the top 10% energetic particles as a function of
(a) charge and (b) mass-to-charge ratio for the case with Einj = 1 keV. The
same quantity is given for ad hoc particles (see text for details) as a function
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show the best fit, while the thin dashed lines in (b) connect ions with equal
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and larger ion charge state they can reach higher energies. These results are
in agreement with spacecraft observations showing that, for energies larger
than ∼ 150 keV, ions are dominantly heavy multiply-charged species, as re-
ported in [26, 27] and [25]. By observing the values of the spectral indeces γ
obtained from our model for different ion species, we observe that they are
different from the typical one obtained from spacecraft observations of the
ion population in the terrestrial magnetotail [19]. This can be due to the
fact that we evaluate the spectral index for each ion species, while from the
spacecraft observations it is reported the spectral index for the distribution
of all the ions together, and not for the single species. However, our model
describes only a small portion of the possible acceleration mechanisms acting
in the magnetotail. For a complete description on the acceleration processes
we can imagine that a similar stochastic process can be at work jointly with
other mechanisms in a multi-step acceleration process. Other examples of
acceleration mechanisms are discussed in the following chapters.
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Chapter 5

Spacecraft mission and data
analysis

The Earth’s magnetosphere is the closest natural laboratory where it is pos-
sible to study in detail the plasma processes. Numerous spacecraft mission
have been devoted to study the environment around our planet by using
technological instruments and efficient design. In the last decades the study
of plasma phenomena at different scales has became very important, thus
multi-spacecraft missions became the most funded by the space agencies.
The Magnetospheric MultiScale (MMS) mission by NASA is the most re-
cent.

5.1 The Magnetospheric MultiScale mission

NASA launched the Magnetospheric Multiscale (MMS) mission on March 12,
2015. MMS consists of four identical spacecraft that orbit around the Earth
through the dynamic magnetic system surrounding our planet (see illustra-
tion in Figure 5.1), to study the mystery of how magnetic fields around Earth
connect and disconnect, explosively releasing energy via a process known a
magnetic reconnection. Such phenomena occurs when magnetic field lines
cross and release a gigantic burst of energy. It is a fundamental process
throughout the universe that taps the energy stored in magnetic fields and
converts it into heat and energy in the form of charged particle acceleration
and large-scale flows of matter. However, magnetic reconnection can only be
studied in-situ in our solar system and it is most accessible in near Earth
space, where MMS is studying it. Besides MMS, no mission is currently
dedicated to the study of this phenomena. By studying reconnection in this
local, natural laboratory, MMS helps us understand reconnection elsewhere

65



as well, such as in the atmosphere of the sun and other stars, in the vicinity
of black holes and neutron stars, and at the boundary between our solar
system’s heliosphere and interstellar space.

The mission objectives are:

• By observing magnetic reconnection in nature, MMS provides access
to predictive knowledge of a universal process that is the final gover-
nor of space weather, affecting modern technological systems such as
communications networks, GPS navigation, and electrical power grids.
MMS establishes knowledge, methods and technologies applicable to
future space weather missions and the future growth and development
of space weather forecasting.

• The four identically instrumented MMS spacecraft fly in an adjustable
pyramid-like formation that enables them to observe the three-dimensional
structure of magnetic reconnection. This enables them to determine
whether reconnection occurs in an isolated spot, everywhere within a
larger region at once, or travelling across space. MMS sensors measure
charged particle velocities, as well as electric and magnetic fields, with
unprecedented (milliseconds) time resolution and accuracy needed to
capture the elusively thin and fast-moving electron diffusion region.
MMS probes reconnection of solar and terrestrial magnetic fields in the
dayside and nightside of Earth’s magnetosphere.

5.1.1 Instrumentation used in this study

In this section are briefly described the characteristics of the instruments on
board on the MMS spacecraft. For more detail we remand to the dedicated
web-page 1. Figure 5.2 displays a view of all the four spacecraft in the
cleanroom. For brevity, in the following we focus only on the instruments
used for the analysis of the events studied in this thesis.

FIELDS

The FIELDS (electric and magnetic fields) investigation includes a sensor
suite consisting of two axial and four spin-plane double-probe electric-field
sensors (ADP and SDP), two flux-gate magnetometers (AFG and DFG), a
search-coil magnetometer (SCM), and two electron drift instruments (EDI)
per MMS spacecraft. These instruments measure the DC magnetic field with
a resolution of 10 ms, the DC electric field with a resolution of 1 ms, electric

1https://lasp.colorado.edu/mms/sdc/public/about/
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Figure 5.1: Illustration of the four MMS spacecraft in orbit in Earth’s mag-
netic field. Credit: NASA

Figure 5.2: MMS four separate-view of all four spacecraft in the MMS Clean-
room getting prepared for stacking operations. Photo credit: NASA/Chris
Gunn

.
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plasma waves up to 100 kHz, and magnetic plasma waves up to 6 kHz [57].
FIELDS consists of five subsystems: the Fluxgate Magnetometers (FGM),
the Axial Double Probes (ADP), the Spin-plane Double Probes (SDP), the
Search Coil Magnetometer (SCM), and the Electron Drift Instrument (EDI).
We describe more in detail only the instrument used for the data analysis
described in the next chapter.

• The fluxgate magnetometer (FGM) instrument on board MMS con-
sists of eight individual magnetometers, two per spacecraft. For each
spacecraft one of the magnetometers is known as the Analog Fluxgate
(AFG) magnetometer, the other as the Digital Fluxgate (DFG) mag-
netometer. Flying both the AFG and DFG magnetometers provides
redundancy, but, in addition, the overall calibration of the instrument
is significantly enhanced by inter-calibrating all eight magnetometers.
This is essential for data quantities such as current densities, that re-
quire high precision measurements. FGM measures the magnetic field
with a sampling of 128 Hz [58].

• The Spin-plane Double Probe (SDP) [59] and Axial Double Probe
(ADP) [60] electric field instruments are collectively known as EDP
(Electric field Double Probe). EDP measures the 3-D electric field
with an accuracy of 0.5 mV/m over the frequency range from DC to
100 kHz. SDP consists of four biased spherical probes extended on 60
m long wire booms 90◦ apart in the spin plane, giving a 120 m baseline
for each of the two spin-plane electric field components. ADP consists
of 2 biased cylindrical probes extended on ∼ 12 m long stiff booms
along the spacecraft axis, giving a 29.2 m baseline for the axial electric
field component.

FPI

The Fast Plasma Investigation (FPI) [61] includes four dual electron spec-
trometers (DES) and four dual ion spectrometers (DIS) per spacecraft. When
the data from the two sets of four dual-spectrometers are combined, FPI is
able to provide the velocity-space distribution of electrons from 10 eV to 30
keV and ions from 10 eV to 30 keV with a time resolution of 30 ms, and 150
ms, respectively. This high temporal resolution in 3D phase space measure-
ments is unprecedented in the history of scientific space flight and by far the
single biggest driver on the design and implementation of the experiment.
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EDP

The Energetic Particle Detector (EPD) [24] includes an Energetic Ion Spec-
trometer (EIS) and two all-sky particle samplers called the Fly’s Eye En-
ergetic Particle Sensor (FEEPS) per MMS spacecraft. These instruments
measure the energy-angle distribution and composition of ions (20 to 500
keV) at a time resolution of < 30 seconds, the energy-angle distribution of
total ions (45 – 500 keV) at a time resolution of < 10 seconds, and the coarse
and fine energy-angle distribution of energetic electrons (25 – 500 keV) at
time resolutions of < 0.5 and < 10 seconds, respectively.

5.2 Magnetic reconnection

The targets area of the MMS mission are the dayside and nightside region
where magnetic reconnection frequently occurs. These regions are high-
lighted using shadowed areas in Figure 5.3. In the next chapters we will
describe two events observed by MMS in the terrestrial magnetotail (or the
nightside area), and in the souther magnetospheric flank, which is the re-
gion souther (or northern) with respect to the solar wind direction where the
plasma from magnetosheath can mix with the plasma from magnetopause
due to some instability (see Figure 2.1 for details). We reserve a more spe-
cific description of each region for the dedicated chapters. Now we introduce
a process that is common not only in these two regions, but in all the plasmas
present in the universe, that is magnetic reconnection.

5.2.1 Phenomenological description

Magnetic reconnection is the fundamental mechanism by which magnetic en-
ergy is dissipated in the universe. It is a fundamental plasma physics process
during which a change of the topology of the magnetic field occurring at
small scales leads to energy dissipation and plasma transport, heating and
acceleration at large scales [62]. Reconnection takes place at the boundary
of different magnetic fields, which is a region of strong current, i.e., a current
sheet. The change of the magnetic topology associated with reconnection is
related to the violation of the so-called frozen-in condition, or Alfvén theo-
rem [63], in a small region within the current sheet, which is usually referred
to as the diffusion region. The theorem states that ”in a fluid with infinite
electric conductivity, magnetic field lines are frozen into the fluid and have
to move along with it”. We can summarize the theorem, using the Magne-
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Figure 5.3: Illustration of Earth’s magnetic field with the two MMS areas of
study outlined. Credit: NASA

.

tohydrodynamic (MHD) theory, with the following equation

dΦ

dt
= −

∫
S

∇× (E + v×B) · dS (5.1)

where Φ is the magnetic flux through a surface S changing in time t. The
surface moves with a velocity v, while E and B are the electric and mag-
netic fields. From Ohm’s law we have E + v × B = ηJ, where η is the
resistivity and J is the current density. For a perfectly conductive plasma
η = 0, therefore the right hand side of this equation is zero. Under such
condition, the magnetic flux is conserved and the magnetic field lines must
move with the plasma, meaning that the frozen-in condition holds. Yet, due
to microphysical plasma processes, this condition can be locally violated in
the diffusion region so that adjacent magnetic field lines can change their
connectivity, leading to a re-arrangement of the magnetic field. Such mi-
crophysical processes are able to produce a parallel electric field such that
E+v×B 6= 0. The violation of the frozen-in condition and the onset of recon-
nection eventually lead to magnetic energy being dissipated and transferred
to energy of charged particles in the form of local heating, bulk acceleration
and non-thermal particle acceleration. The rate at which magnetic recon-
nection occurs is the rate of change of the magnetic field flux. A schematic
view of the filed line configuration before and after magnetic reconnection is
shown in Figure 5.4. A first model attempting to describe the process of re-
connection is the Sweet-Parker model. The main feature of this model is that
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Figure 5.4: Schematic of magnetic field lines before (left) and after (right)
magnetic reconnection.

reconnection takes place in a thin diffusion region of thickness 2δ and length
2L, as shown by the sketch in Figure 5.5. The plasma outflow is along the
horizontal x axis. In this configuration, four distinct regions of the plasma
are formed: two inflow and two outflow regions (grey arrows in Figure 5.5),
separated by the diffusion region (red area in Figure 5.5) which is close to
the separatrix. One issue of the Sweet-Parker model is that the reconnection
rate is too slow to account, for instance, for the observations of solar flares.
Other more sofhisticated models have been developed in time. Here we give
only a simple idea of the magnetic reconnection process, a review of some
more realistic model and a more detailed presentation of the Sweet-Parker
model can be found in [64].
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Figure 5.5: Sweet-Parker model of magnetic reconnection in the reconnec-
tion plane xz. Reconnection takes place in the red shaded region (diffusion
region), where there is a localized resistivity. The reconnecting magnetic
field (horizontal axis x) is antiparallel on either side of the current sheet and
vanishes in the center. The normal to the current sheet is along the vertical
axis z. Grey arrows denote the inflow and outflow of plasma. Credit : [64].
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Chapter 6

Observations of ion acceleration
in the magnetotail

Understanding the conversion of magnetic energy into accelerated charged
particles is a long-standing problem in astrophysics. The fundamental pro-
cess of magnetic reconnection is known to transfer a significant fraction of
the stored magnetic energy into heated plasma and accelerated particles,
both electrons and ions. Whatever the geometry, reconnection is a process
common to most of the spatial and temporal scales in astrophysics. Both
numerical simulations [65, 66, 67] and in situ observations [13, 14, 15] clearly
indicate that only a few percent of particles are accelerated in the vicinity
of the reconnection site, while most of the acceleration occurs away from the
reconnection site through processes induced by reconnection. An important
example is the acceleration occurring around reconnection jet fronts.

6.1 Characteristics of the plasma jet fronts

When the magnetic reconnection occurs, magnetic energy is converted into
heated plasma which propagates in the outflow regions. The plasma jet
fronts, also called reconnection jet fronts or dipolarization fronts, are bound-
aries separating hot, fast plasma jets, from colder ambient plasma almost
at rest. Figure 6.1 shows an example of a plasma jet front observed by the
spacecraft of the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) mission [75] reported in [74]. There are many features
to recognize the passage of a plasma jet front. In correspondence with the
second vertical dashed line in Figure 6.1, for example, we observe the strong
increase of the normal component of the magnetic field Bz preceded by a
magnetic dip, or Bz decrease (between the vertical lines). It is important
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Figure 6.1: Plasma jet front observed by THEMIS on February 29, 2009.
Credit:[74].

to note that after tens of second Bz is similar to what observed before the
jet arrival. This feature distinguishes between the plasma jet front from the
dipolarization events; for the latter the value of Bz remains higher after the
strong enhancement. The dipolarization event is a global reconfiguration of
the dipole magnetic field while plasma jet fronts are more ”transient” events.
Other signatures, in correspondence with the Bz ramp, are the increase of
the electric field components, energetic ions and electrons together with the
density decreases representing the passage from the colder ambient plasma
to the hotter, and with lower density, reconnected plasma observed inside
the jet. Also, we observe an increase in the ion velocity, and the balance
between magnetic and kinetic pressure, indicating that the jet fronts are an
example of tangential discontinuities. Observations [15] and simulations [76]
suggest that multiple jet fronts are signatures of unsteady reconnection and
the mechanism of generation of energetic particles at plasma jets have exten-
sively been studied, (e.g., [77, 78, 66, 79, 80, 81, 82]), although many details
are not fully understood. Both Fermi and betatron electron acceleration at
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Figure 6.2: Spacecraft configuration (left side) and position (right side) in
the (x, z) plane.

jet fronts have been recently shown through in situ measurements in the ter-
restrial magnetotail [14, 15]. Yet, in situ observations for ion acceleration
in such a scenario are still lacking. In this Chapter, by using recent MMS
observations, we will study the acceleration of protons and heavy ions due
to different mechanism ahead the front, and between two consecutive plasma
jet fronts.

6.2 MMS event overview

During the Phase 2b, started in May 2017, the MMS mission explored the
Earth’s magnetotail, the apogee was of about 25 RE with the aim to ob-
serve the region where magnetic reconnection frequently occurs. During this
phase, the four satellites were in a tetrahedron-like formation with an inter-
spacecraft separation of 20 km. Here we study an event observed by MMS on
28 May 2017 between 06:44:40 and 06:46:40 UT. The position of the space-
craft at the beginning of the event was (-20, -12, -2) RE in the Geocentric so-
lar magnetospheric (GSM) coordinate system, a little off from the equatorial
plane in the post-midnight region. Figure 6.2 shows the spacecraft configu-
ration (left side) and the spacecraft trajectory in the (x, z) plane (right side),
where the magnetic field line (purple lines) are obtained from the Tsyganenko
model [83].
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Figure 6.3 shows MMS observations averaged among the four spacecraft.
It is reasonable to use four-probe averaged data since the separation between
the four satellites is much smaller than the typical ion scale in the magneto-
tail, that is of ρp ∼ 500 km for protons, where ρp is the proton gyroradius.
All the data shown in this chapter are in burst mode, i.e., with the highest
time resolution for each instrument. Figure 6.3 (a) and (b) show the profiles
of the three components of the magnetic and electric fields (x, y, and z repre-
sented with black, blue, and red lines respectively), measured by the Fluxgate
Magnetometers (FGM) [58], with sampling of 128 Hz, and the Electric field
Double Probes (EDP) [57, 60, 59], with sampling of 8192 Hz. In panel (a)
the total magnetic field is also shown (green line). At around 06:44:40 UT,
all the components of the magnetic field are close to zero, suggesting that
the spacecraft was in the inner current sheet (CS). At 06:45:19 UT, a strong
enhancement in the Bz profile is observed, with the magnetic field increasing
from zero to ∼16 nT in less then 2.5 seconds, and preceded by a magnetic
dip, as is typical for dipolarization fronts [84]. The Bz ramp is accompa-
nied by intense fluctuations of the electric field, in particular Ey reaches ∼
17 mV/m. In the region of strong Bz, the Bx magnetic field component is
negative, so the spacecraft are southern of the CS. At 06:45:33 UT both the
magnetic and the electric fields start to substantially decrease, and after ∼
20 s the electric field components begin again to fluctuate largely, while the
Bx is positive indicating that the spacecraft crossed the CS. Therefore, it is
possible to distinguish three regions: the two before 06:45:34 UT and after
06:45:50 UT enhanced by shaded area in Figure 6.3, are characterized by
strong Ey fluctuations and large Bz, and the one in between characterized
by weaker electric fluctuations. Similar profiles of Bz and Ey fields have
been observed in the full-particle simulations with open boundaries by [76]
where an unusual type of transient reconnection was investigated and where
the dissipation at the jets was dominated by ions. In Figure 6.4 the Bz and
Ey profiles from MMS observation (upper panel) and numerical simulation
(bottom panel) are shown. Looking at the panel (a) in the bottom side of
the Figure 6.4, we can observe that for positive values of x/di, that in [76]
corresponds to the earthward outflow region, the profile of the magnetic field
is similar to the one observed by MMS. In particular there is a typical ”V”
shape between the region of strong magnetic field. At the same time, by
looking at the electric field profiles we see that it follows the magnetic field
increasing when Bz is stronger and decreasing in between. The topology
observed in [76] suggests that the observed regions of very strong Bz and Ey
fields are like sharp fronts propagating with the Alfvén speed. A schematic
cartoon of the possible scenario is shown in Figure 6.5. The scenario with two
consecutive jets is also in agreement with the other particle data described
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Figure 6.3: MMS observations on 28 May 2017 between 06:44:40 and 06:46:40
UTC. Panels show the profiles of magnetic (a) and electric field (b) compo-
nents (x, y, and z represented with black, blue and red lines respectively,
green line in panel (a) represents the total magnetic field), (c) ion and elec-
tron density (red and black lines) together with the spacecraft potential (blue
line), (d) ion velocity components together with the E×B/B2 velocity along
x direction (green line) smoothed on 0.9 s and computed only for B > 0.3nT ,
(e) ion temperature, (f) ion energy spectrogram between [70-500] keV and
(g) [0.3-20] keV. The two pairs of vertical dashed lines represent the pas-
sage of the two consecutive plasma jet fronts. All the data are in the GSM
coordinate system and in burst mode.
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Figure 6.4: Magnetic field Bz and electric field Ey measured by MMS (upper
panel), and obtained by numeric simulations in [76] (bottom panel).

in the following.
The shadowed regions in Figure 6.3 represent the first and second jet

fronts between 06:45:19-06:45:33 UT and 06:45:51-06:46:13 UT, respectively.
The ion moments shown in Figure 6.3 are obtained from the FPI instrument
[61], which makes measurements in the energy range [0.01-30] keV with a time
resolution of 0.15 s, hence ions with larger energies are not taken into account
for the computation of moments. Figure 6.3(c) shows the density profiles for
ions and electrons, together with the negative of the spacecraft potential. We
observe a density gradient in correspondence of the first and last dashed lines,
with a density decrease of about 50% respect to the value observed in the
plasma sheet, determining the boundary between the denser ambient plasma
and the reconnected plasma inside the jets [85]. Also, we observe a slightly
higher density between the shaded regions. Panel (d) shows the x, y, and z
components of the ion velocity (black, blue and red lines respectively) and the
E×B/B2 velocity along the x direction, evaluated considering |B| > 0.3 nT.
The latter, has two peaks in correspondence of the jets. For the first jet, Vx is

78



z=0

Reconnection 
X-line

MMS

Jet 2Jet 1

Contracting 
magnetic 
bottle

Possible 
mirror points

V
1 V

2

x
GSM

Z
GSM

Y
GSM

MMS

Figure 6.5: Schematic showing the two jets observed by MMS in the terres-
trial magnetotail. The jet interaction forms a contracting magnetic bottle
with the possible mirror points along the flux-tubes.

larger, while for the second jet the Vy dominates, similarly to what observed
by [85] in the case of multiple jet fronts. In a classical scenario we should
observe only an earthward plasma flow, i.e., along x, corresponding to the
direction of jet propagation [74, 84]. The first jet may represent an obstacle in
the reference frame of the second jet, thus the plasma encountering the first
jet may be deflected along the y direction, as also suggested by the global
simulations by [86]. Furthermore, panel (e) shows a temperature gradient
in correspondence of both jets. In panel (f) the ion energy spectrogram
between [0.3-20] keV detected by FPI instruments is shown. While panel
(g) shows the ion energy spectrograms detected by the Fly’s Eye Energetic
Particle Spectrometer (FEEPS) [24], which measures energetic ions in the
range [70-500] keV with a resolution of 0.3 s. At the beginning of the event
we observe the ambient plasma, which is colder with most of the population
detected by FPI. In correspondence with the two jets (shaded regions) we
observe hotter plasma, which is mainly detected by FEEPS at energies ∼ 100
keV, while the count level for FPI is low. For these reasons, the moments
from FPI are not always fully representative in jet regions, as suggested also
by the discrepancy between the particle density measured by FPI and that
obtained from the spacecraft potential, as shown in Figure 6.3(c). In the
region between the jets, where Bz ∼ |B| has a local minimum, the plasma
is denser in correspondence with lower energies respect to the plasma in
the jets and it is more similar to plasmasheet. However, the difference in
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density is not large and it cannot be excluded that this plasma is actually
a mixture of ambient and reconnected plasma. Furthermore, we consider
that the differences between the E × B/B2 velocity and that measured by
FPI-DIS in the reconnection jets are due to the fact that part of the thermal
plasma in the jets lies beyond the FPI energy range. All these properties
support the interpretation that MMS observes a different plasma region in
between the jets where |B| has a local minimum, in agreement with magnetic
and electric field observations discussed above. We performed the standard
timing analysis (see [87]) in order to evaluate the propagation speed of each
front. Performing the analysis at the Bz ramp, at 06:45:17 UT, we obtained
a jet’s velocity of ∼ 330 km/s mainly along the x direction. Considering that
the duration of the ramp is ∆t ∼ 2.5 s, we can estimate the thickness of the
front, that results to be δF1 ∼ 900 km (i.e., ∼ 1.8 ρp). The timing analysis
performed at the ending ramp of the second jet, at 06:46:12 UT, returned a
propagation speed of ∼ 560 km/s mainly along x, that is comparable to the
local Alfvén speed VA ∼ 600 km/s, in agreement with the numerical results
by [76]. The duration of the ramp for the second front is ∆t ∼ 3 s, therefore
we obtain the front thickness δF2 ∼ 1600 km which corresponds to ∼ 3 ρp.

We note that, a scenario similar to the one suggested in Figure 6.5, has
been found in the magnetohydrodynamic (MHD) simulations of magnetic
reconnection discussed in [67] and shown in Figure 6.6. We can observe
the magnetic field line configurations at different simulation times before,
during and after the reconnection. In particular, at time consecutive to the
reconnection, as for t = 132 in the Figure 6.6, we can notice how the magnetic
field lines deform and get closer to each other, suggesting the compression of
the plasma in between.

Two consecutive earthward propagating jet fronts were observed by the
Cluster mission and reported by [15]. In that work, the energetic electrons
were found to be accelerated by the quasi-adiabatic mechanisms of betatron
and Fermi acceleration in the outflow jets, while it was not possible to study
ion acceleration. Now, using MMS data, we can investigate the mechanisms
that accelerate the ions in a similar scenario.

Figure 6.7 reports the ion distribution functions in different regions. Panel
(a) shows the profiles of the Bz magnetic field (red line), total magnetic field
(green line) and Ey electric field (blue line). We can see that |B| and Bz

almost match each other, showing that the other magnetic field components,
reported in panel (b), are smaller than Bz. The dashed vertical lines ([β] and
[δ]) in Figure 6.7, denote the regions where the ion distribution functions are
studied. The cut [β] is taken in the plasma sheet before the front passing,
where the values of the total magnetic field is |B| ∼ 3 nT and Bx ∼ 0 nT
(see Figure 6.7 (a) and (b)). Panels (c) and (d) show FPI ion distribution
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Figure 6.6: Magnetic field component Bz (color) and magnetic field lines in
the x, z plane at different times of the MHD simulation. Credit: [67]
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total magnetic field (green line) and Ey electric field (blue line). Panel (b)
shows the profiles of the x and y components of the magnetic field (black and
blue lines respectively). Right panels show the ion distribution functions,
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(magenta line) and [δ] (black line). Ion distributions are measured by the
instruments at the same instants of time.
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functions in the (v⊥,2, v//) plane, and (v⊥,1, v//) plane, where v// is the ion
velocity along the local magnetic field, v⊥,1 = v × b, and v⊥,2 = v × v⊥,1,
and where v = Vi/|Vi| and b = B/|B. We can see that the distribution is
almost isotropic. We can compare these distributions with the one obtained
in the region [δ] between the two jets. Here we are again in the center of
the current sheet since Bx ∼ 0 nT. We can notice that the ion distribution
function detected by FPI is less isotropic (see panels (f) and (g)), with most
of the ions distributed along the perpendicular direction. Panel (e) displays
the ion spectra as a function of energy detected by FEEPS in the region [β]
(magenta line) and [δ] (black line). By fitting the spectra measured in [β]
with a power law f(Ei) ∝ Eγ

i , we can evaluate the spectral index that results
to be γ = - 4, similar to those reported in [19] for ions in the Earth’s plasma
sheet. It is worth to notice that in [δ] the spectra is steeper than in [β], with
a flux enhancement at ∼ 110 keV. Also, ions reach larger energies up to 300
keV. Therefore, in the region between the two jets ions are more energetic
(black line in Figure 6.7(e)) and anisotropic (Figure 6.7 (f),(g)) respect to
the ambient plasma. This suggests that in the region [δ] a process that
confines perpendicularly the thermal part of the ion distribution and, at the
same time, energizes the ions is ongoing. However, the two profiles in Figure
6.7(e) are similar, indicating that only a small fraction of the ion population
is energized at higher energies, in agreement with the results reported for
example in [68].

6.3 Ion acceleration in the contracting mag-

netic bottle

In order to understand what is the acceleration mechanism acting in the re-
gion between the two jets, we study the pitch angle distributions (PADs).
Figure 6.10 shows the PADs in three energy ranges: [205-500] keV (panel (a)),
[70-205] keV (panel (b)), and [10-20] keV (panel (c)). The energy ranges were
chosen in order to have a sufficiently high level of counts. Figure 6.10 (d)
displays the profiles of the magnetic field Bz and of the electric field Ey.
First, we can see that the PADs have different features depending on the
energy range. In particular, between the vertical dashed lines, represent-
ing the region between the jets, the pitch angle (PA) mainly corresponds
to perpendicular velocities for energies of 10-20 keV, while the perpendicu-
lar population is almost absent for higher energies. At the same time, the
distribution for high and low value of the PAs increases at higher energies.

As discussed in the previous section, the behavior of the magnetic field
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Figure 6.8: Schematic models of collapsing magnetic field lines occurring
in models of magnetic reconnection. HTTCS denotes “high temperature
turbulent current sheet”. Credit: [69]

suggests the formation of a magnetic bottle between the two jet fronts. We
can compare this scenario with the one for the solar magnetic trap [69].
In that model, the particles are accelerated at the jets forming in the re-
connection outflow region during solar flares. The plasma jet, confined on
the newly reconnected field lines, moves downwards until it encounters the
underlying magnetic loop [69]. As a result of its motion the length of the
magnetic trap decreases accelerating the trapped particles via a first-order
Fermi process[70, 71, 72, 73]. The particle kinetic energy increases in the
magnetic trap until particles fall into the loss cone. Further, as a result
of the jet braking, particles in such magnetic field configurations may be
trapped not only between the loop’s foot points, but also between secondary
mirroring points along the flux tube, as shown by [88]. A scheme of the solar
magnetic trap model is shown in Figure 6.8.

Similarly to the model of the solar magnetic trap, we can argue that ions
from the plasma distribution between the two jets can be considered to be
magnetized, and are trapped inside the bottle; as the bottle contracts due
to the different front propagation speeds, the ions are accelerated along the
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Figure 6.9: Approximate locations of possible mirror points for particles
trapped in the model are circled. The test particle orbit initial conditions
determine in which region the particle is mirrored. Black lines are magnetic
field lines. Regions a and b may contain mirror points because of the higher
magnetic field strength associated with the braking jet. Mirror points located
in the region c occur due to the stronger magnetic field at the solar surface.
Credit:[88].

parallel direction, given that J =
∮
p‖dl = const. We also suggest that

the bottle has the mirror points along the magnetic flux tube, and not just
between the foot points, as also shown by [88]. Possible mirror points are
shown in the sketch in Figure 6.5. We also report in Figure 6.9 the possible
mirror points as obtained in the numerical simulations by [88].

We can estimate the loss cone angle α as

α = sin−1

√ | B |
Bmax

 (6.1)

where Bmax = 21 nT is the maximum value of the magnetic field magnitude
in the whole interval and is comparable to the lobe magnetic field at about
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20RE downtail, therefore it can be considered representative of the magnetic
field in the mirror points; and |B| is value of the local magnetic field mag-
nitude. The solid black lines in Figure 6.10 represent the loss cone angles
for α and 180 − α. The ions having PA between the black lines are locally
trapped in the bottle, while if the PA is below and above the black lines the
ions are not-trapped. This is in agreement with the observations showing
trapped ions with perpendicular PAD for lower energies (see Figure 6.10(c)),
while for higher energies ions have “more parallel” PAD and, entering the
loss cone, they escape from the bottle (see Figure 6.10 (a) and (b)). Indeed,
the contracting magnetic bottle causes an increase in the parallel velocity,
similar to the effects of a collapsing magnetic trap, so that very few particles
with PA ∼ 90◦ are observed. A similar mechanism was suggested by [89] to
explain the observation of energetic electrons in the solar corona. It is possi-
ble to estimate the length of the magnetic bottle along z as L = Vz×∆t. The
velocity of the structure along z is obtained performing the timing analysis
for the CS crossing. We obtain Vz ' 350 km/s. The interval between the
two jets is found to be ∆t = 20 s, similarly to [85, 15]. Therefore, we obtain
L ' 7000 km which is comparable with th typical CS thickness [90]. With
the increase of energy ions are less magnetized, so that when the ion Larmor
radius ρi is comparable or larger than L, they can escape the bottle. Using
the condition ρi > L, we can estimate the minimum energy Eesc needed to
escape from the magnetic bottle. We found that Eesc ∼ 108 keV for protons
and alpha particles. This can explain the peak at ∼ 110 keV in the ion energy
distribution in Figure 6.7 (e). This also agrees with the observations showing
parallel PAD for energies above Eesc. In particular, in Figure 6.10 (a) and
(b), a small portion of ions inside the black lines is still visible. This could be
due to the fact that the instruments are measuring not only protons but also
heavier ions, that are predominant above 150 keV in multiply charged state
(as shown by [26, 27, 25]). For a fixed ion mass Eesc is proportional to q2

i ,
where qi is the ion charge. Therefore, the ions inside the black lines in Figure
6.10 (b) and (a) are probably multiply charged heavy ions still trapped in-
side the magnetic bottle. This event is rather rare, and for the first time we
studied observations of PADs of energetic ions in the region between two con-
secutive jet fronts, with ions going from the thermal energy of about 5 keV to
more than 100 keV. The observed jet fronts are reminiscent of the downward-
moving reconnected field lines in collapsing magnetic traps during solar flares
models, where strong particle acceleration occurs. Our observations in the
terrestrial magnetotail provide in situ evidence of strong acceleration when
a contracting magnetic bottle forms between consecutive jets produced by
unsteady magnetic reconnection. This ion acceleration mechanism can have
far-reaching implications for many astrophysical environments such as stel-
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lar coronae and winds, planetary magnetospheres, accretion disks and radio
galaxies, where reconnection and jets are ubiquitous. These results are also
discussed in [98].

6.4 Interaction of ions with the single jet front

Now we focus on the ion interaction with the first jet front boundary. From
both observations and simulations, it is well known that plasma jet fronts are
one of the main regions where high-energy ions and electrons are observed
[91, 92]. For example, jet fronts in the Earth’s magnetotail, during their
earthward motion can compress the ambient plasma sheet, enhancing plasma
pressure ahead of them [93, 94, 95]. In the kinetic framework, the ambient
particles encountering and approaching the jet front, can be accelerated by
the duskward electric field behind it, and reflected earthward after a half
gyration around the enhanced Bz [78, 79, 96, 97, 31]. Some of the ambient
ions may even be reflected multiple times at the front [99, 100, 80]. The
accelerated and reflected ions could be observed in the upstream (with respect
to the front) central plasma sheet as an additional population with earthward
velocities superimposed over the ambient plasma. Furthermore, considering
the implications of the Bz negative depletion ahead of the front in numerical
simulations, [101] and then [102, 103] showed that ions can be stably trapped
at the reconnection point, formed ahead of the front, and accelerated by
the electric field associated with the front motion, similar to the surfatron
acceleration. Moreover, the acceleration mechanism can be different if we
consider different ion species. This is a resonant mechanism only qualitatively
validated using in-situ observations.

Now we focus on the region of the first jet, between 06:44:40 and 06:45:40
UT. In this case we use one-probe data from MMS3, although observa-
tions are consistent among all the spacecraft. Figure 6.11 displays a partial
overview of the event (upper side) and a zoom of the region of interest (bot-
tom side). Panel (a) reports the Bz component of the magnetic field together
with the y component of the electric field (red and blue lines respectively).
We can see that, in correspondence of the magnetic ramp, the fluctuations
of the electric field become very strong. Again, panel (b) displays the ion
and electron density and the negative of the spacecraft potential. In panel
(c) the perpendicular ion velocity (red line) and the E × B/B2 quantity
(black line) along the x direction are shown. Both signals are smoothed
for clarity. Following the black profile we can notice that the velocity in-
creases in correspondence with the jet front. The same gradient is not clear
in the red profile, due to the computation of the velocity moment being done
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Figure 6.11: Upper panels: MMS3 observations on 28 May 2017 between
06:44:40 and 06:46:40 UT. The first panel shows the three components of
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Second panel shows the ion and electron density (red and black lines) to-
gether with the spacecraft potential (blue line). Bottom panels: Zoom of
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of the z component of the magnetic field (red line) and the y component of
the electric field (blue line), (b) ion and electron density together with the
spacecraft potential, (c) perpendicular ion velocity (red line) and E × B/B2

quantity (black line) along the x direction, (d) ion temperature, (e) current
density along the x (black line) and y (blue line) directions, (f) ion energy
spectrogram between [70-500] keV and (g) [0.3-20] keV.
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using only the thermal portion of ion population up to 30 keV. Also, the
ion temperature (panel (d)) and current density increase simultaneously at
the magnetic ramp. Here the current density is computed by using the FPI
plasma moments. Finally, panels (f) and (g) show the energy spectrograms of
ions, detected by FEEPS and FPI instruments, in the energy range between
[70−500] and [0.3−20] keV, respectively. It is worth noticing the absence of
ions in the thermal energy range (panel (g)) in correspondence of the plasma
jet, while most of them are observed at higher energies (panel (f)). The low
counts of thermal ions in this region are consistent with the small gradient
of the ion moments at the same time. Also, we notice the presence of such
energetic ions also before the magnetic ramp, in the region of the magnetic
dip, suggesting that the ambient plasma can be accelerated in this region.

In Figure 6.12 we report the typical ion distribution functions in the
plasma sheet (cut α) and in the region ahead of the front (cut β), where
the magnetic dip is observed. The upper panels show (a) the total magnetic
field |B| (black line) and the Bz profile (red line), together with the Ey
component of the electric field (blue line). We notice that |B| and Bz are
comparable, suggesting that the variations of the other components of the
magnetic field are very small. In panels (b) and (c) the x and y components
of the magnetic field and ion velocity (black and blue lines respectively) are
shown. Further, the bottom side of Figure 6.12 displays the ion distribution
functions measured by FPI in the (v⊥,2, v//) plane ((d) and (e)), and (v⊥,1, v//)
plane ((g) and (f)), where v// is the ion velocity along the local magnetic field,
v⊥,1 = v×b, and v⊥,2 = v×v⊥,1, with v = Vi/|Vi| and b = B/|B|. Finally,
panel (h) shows the distribution functions as a function of energy in the
plasma sheet (magenta line) and in the region of the magnetic dip (black line).
The distribution of the thermal ion population is almost isotropic, as shown in
panels (d) and (e). Concerning the supra-thermal population, we estimated
the spectral index γ by fitting the profile, represented by the magenta line
in panel (h), with a power law fi(Ei) ∝ Eγ

i , and γ = −4 as discussed in
previous section. In the region of the magnetic dip, the spacecraft was again
in the plasma sheet since Bx ' 0 nT (see panel (b)), so that we are basically
observing the same plasma of the cut α and we can make a comparison.
The thermal distribution in the region β is less isotropic, in particular it is
possible to observe larger population along the perpendicular direction v⊥,2,
that correspond mainly to the y direction in GSM. This is in agreement with
the increase of Vy and Vx observed in that region (panel (c)). If we compare
the two profiles for the supra-thermal population in α and β (see panel (h)),
we can see that there is a larger portion of ions with energies between [160-
200] keV (black line) with respect to the one previously observed (magenta
line), therefore there is a mechanism that produce energetic ions in this
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Figure 6.12: Panel (a) reports the profiles of the magnetic field Bz (red
line), total magnetic field (black dashed line) and electric field Ey (blue line).
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field and current density (black and blue lines respectively). Right panels
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time.
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region. The presence of the Bz dip before the magnetic ramp, together with
the increase in Vx and Vy, are signatures of ion reflection at the plasma jet
fronts and acceleration due to the large Ey electric field, as also suggested
by both simulations and observations [78, 104, 79, 31, 105, 106, 80]. In the
following section we suggest a somewhat different acceleration mechanism,
previously observed only in numerical simulation, that possibly may better
explain the observations.

6.5 Trapping and squeezing the valley ahead

of the jet front

Figure 6.13 shows the energetic spectrograms for protons, helium and oxygen
ions between [130-300] keV (panels (a)-(c)), measured by the Energetic Ion
Spectrometer (EIS) with a resolution of 0.6 s. Panel (d) displays the spec-
trogram for the thermal ion population between [0.3-20] keV, while panel
(d) shows the profiles of the Bz magnetic field (red line) and Ey electric
field (blue line). Data in panels (a)-(c) are at sub-spin resolution so that,
during each spin period of 20 s, the spacecraft is looking in the direction
of the plasma jet and measuring the energetic ions. The dependence of the
measurements on the spin period, corresponding to regions with higher and
lower level of counts, is more visible for example in panel (c). Analyzing
the spectrograms we can observe that the population inside the jet, around
06:45:30 UT, is hotter than the plasma sheet, observed around 06:44:40 UT.
The plasma observed ahead of the jet, in correspondence of the magnetic
dip between 06:45:10 and 06:45:15 UT, is similar to the one in the plasma
sheet, but with larger population around 160 keV for protons and helium,
and 200 keV for oxygen ions. These beams of energetic ions are highlighted
using the black circles in Figure 6.13, and are consistent with the black pro-
file observed in Figure 6.12 (h). The proton beam at 06:45:11 UT exactly
coincides with the change of the Bz sign, due to the electric current carried
by ion beams. The presence of the beams suggests that, in the region ahead
of the jet, a mechanism is acting that accelerates to high energies only a part
of the ions, and so that it is a resonant acceleration mechanism. Indeed, if
the ions were simply reflected at the boundary and then accelerated by the
dawn-dusk electric field, we would have observed a larger portion of energetic
ions at energies proportional to four times the thermal energy [78, 104].

Recently, a model that support the resonant acceleration at plasma jet
fronts, has been developed and numerically investigated by [101, 102, 103].
According to their studies, ions are performing Larmor orbits before the
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Figure 6.13: Differential energy flux for protons, helium and oxygen ions
(panels (a), (b) and (c) respectively) measured by EIS between [130-300]
keV. In panel (d) is shown the flux for thermal ion population between [0.3-
20] keV. Last panel shows the profiles of the magnetic field Bz (red line) and
electric field Ey (blue line).

93



Figure 6.14: Simulated particle trajectory in velocity space. Credit: [101].

jet arrival, then they can interact with the approaching jet in a resonant
manner if they satisfy the Cherenkov resonant condition in the velocity space,
that is Vi,x = Vφ, where Vi,x is the ion velocity along x, and Vφ is the jet
front propagation speed. If the resonant condition is satisfied, then ions are
captured along the jet in the y direction and, since the jet propagates, are
accelerated by the electric field Ey via the surfatron acceleration mechanism
[107, 108, 109].

Figure 6.14 shows the particle trajectory in the velocity space as obtained
in two-dimensional numerical simulations by [101]. The trajectory is com-
posed by two different behaviours: initially the particle is performing Larmor
orbit, then the jet arrives and the particle starts to be trapped in the region
ahead of the front.

In particular, if the magnetic field Bz has a negative depletion ahead
of the front and goes through zero in two points, a potential well forms
between those two points, and the ions are stably trapped therein [102].
Figure 6.15 shows the effective potential of the particle motion ahead of the
front obtained by three-dimensional simulations in [102]. Red vertical lines
indicate the region where Bz change sign, i.e., the trapping points. We can
observe the formation of a potential well ahead of the front which can easily
lead to the particle trapping. The particle trapped in this region are ”stably
trapped”, while without the negative Bz depletion, the ions are quasi-trapped
and accelerated behind and ahead of the front by a mechanism more similar
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Figure 6.15: Simulated effective potential of particle motion along plasma jet
fronts with a negative depletion of Bz, computed at different moments. Red
vertical lined indicate the region where Bz change sign. Credit: [102].

to the diffusive shock acceleration [102, 103].
Figure 6.16 shows the mechanism of stable trapping for ions with energies

of 280 keV (c), 140 keV (b) and 70 keV (e), as obtained by [103]. The
mechanism works for all the energies and ions are well trapped inside the
separatrix. Also, in Figure 6.17 is shown the trajectories for protons with
initial energy of 50 keV. We can observe that the most of the energetic
particles are trapped in the region ahead of the front.

In our observations the magnetic field Bz has a negative depletion ahead
of the jet, passing through zero at 06:45:10 and 06:45:17 UT (see Figure 6.12
(a)), so ions are stably trapped in this region.

Figure 6.18 shows the distribution functions for protons, helium and oxy-
gen ions (upper, middle, and bottom panel respectively) in the region of the
plasma sheet (magenta lines), Bz dip (black lines), and plasma jet front (blue
lines). In this case we used the data at spin resolution, so each line is a 20
s average of the data shown in Figure 6.13. Thus, the magenta profile de-
scribes the distributions between 06:44:32 and 06:44:52 UT, the black profile
between 06:44:52 and 06:45:12 UT, and the blue profile between 06:45:12
and 06:45:32 UT. By comparing the three profiles it is clear that: the blue
profile is strongly different from the magenta profile, while the magenta and
black profiles have similar slope. Furthermore, comparing the profiles in the
plasma sheet and in the magnetic dip, the formation of the ion beams at
energies around 160 keV is visible for protons and helium, and larger than
200 keV, for oxygen ions, consistently with the spectrograms in Figure 6.13.
By following the model in [101], we can estimate the size Ry of the jet front
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Figure 6.16: The mechanism of stable trapping. (a) The component of the
front, without background magnetic field, in the equatorial plane of the co-
ordinate system moving with the front; (b) total Bz, the separatrix between
the open and closed Bz = const contours is shown with a magenta line; (c-e)
the phase portraits of the equatorial guiding-center motion for various ini-
tial energy, sample stably trapped trajectories are shown with magenta lines.
The parameter ur/K represents the ion energy which is of 280 keV (c), 140
keV (b) and 70 keV (e). Credit: [103].

Figure 6.17: Three-dimensional test particle simulations of proton trapping
and energization at the jet front. (a-c) The snapshots of the equatorial
crossings of protons with the initial energy of 50 keV; particle energy is
indicated with color. Credit: [103].
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along the y direction, that is the size of the trapping region, as

Ry =
Wi

|qi〈Ey〉|
(6.2)

where Wi is the energy of the beam, qi is the ion charge, and 〈Ey〉 is the
average value of the electric field in the region of the magnetic dip. Using
the observed value of 〈Ey〉 ∼4 mV/m, and qi = qp for all the protons and
helium ions, we obtained a value of Ry = 5RE, that is in agreement with
previous studies [110, 111]. To obtain a consistent result also for oxygen
ions, we should consider qi ≥ 2qp, since Wi is larger for these ions. This
is in agreement with observations reported by [26, 27] and [25], showing
the dominance of multiply-charged heavy ions for energies larger than 150
keV in the magnetotail. Furthermore, we notice that, in order to satisfy
the resonance condition with Vφ = 330 km/s, ions should have an initial
energy of 0.5 keV for protons, 2 keV for helium, and 8 keV for singly charged
oxygen ions. The ions gain energy proportionally to the time τ that they
spend in the trapping region [101]. We can estimate the efficiency of the
acceleration mechanism as ∆W = Wi −Wres, where Wi is the energy of the
observed beam and Wres is the energy which satisfy the resonant condition.
We found that ∆Wi is equal to 159.5 keV for protons, it is 156 keV for helium,
and of the order of 192 keV for oxygen ions. The resonant acceleration
mechanism is more efficient for the ion species which spend more time in the
trapping region, as protons and multiply charged oxygen ions. This result is
reasonable, since light or heavy multiply charged ions have smaller Larmor
radius, and consequently, they can spend more time in the trapping region,
as also discussed by [102].

6.5.1 Conclusions

We reported high resolution MMS spacecraft measurements of earthward
propagating plasma jet fronts as drivers for suprathermal ion acceleration
during unsteady magnetic reconnection. The observed magnetic and elec-
tric field profiles as well as plasma measurements are consistent with the
formation of a magnetic bottle between the two jets. Since the fronts have
different propagation speeds, the second jet being faster, the bottle contracts.
We found that the ion pitch angle distributions (PADs) depend on the spe-
cific energy range, namely lower energies ions ∼ 10 keV have PA around 90◦,
while higher energy ions ∼ 100 keV are almost field-aligned. We propose
that thermal ions from the ambient plasma population are initially trapped
inside the magnetic bottle, and as the bottle contracts ions are energized
along the parallel direction through a first-order Fermi mechanism until they
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fall into the loss cone. Due to the interaction between the two jets, mirror
points are likely formed along the flux tubes closer to the CS rather than
at their foot points. We estimate a typical scale of the magnetic field gra-
dient L ∼ 7000 km, corresponding to an energy threshold ∼ 108 keV for
protons, above which ions are no more trapped and they can escape from
the bottle. The value of Eesc increases considering multiply charged heavier
ions, in agreement with the distributions reported in Figure 6.10. A similar
Fermi-like acceleration mechanism at reconnection jet fronts was observed for
electrons [15] but has not been reported for ions. Here, we show for the first
time in situ evidence of such mechanism for ions, which are accelerated up
to ∼ 10 times their thermal energy. The observed jet fronts are reminiscent
of the downward-moving reconnected field lines in collapsing magnetic traps
during solar flares, where strong particle acceleration occurs. In contrast
to the classical scenario of magnetic traps where mirror points are formed
at foot points, our observations suggest that mirror points could instead be
formed closer to the CS due to the interaction of subsequents jets, as also
suggested by [88]. We speculate that during unsteady reconnection many
magnetic bottles could form upon interaction of jets, which could lead even
to acceleration to high energies.

Furthermore, we study the acceleration occurring ahead of the plasma jet
front. We observe that, in the region of the magnetic field depletion where Bz

changes sign, a potential well can form and ions can be stably trapped therein.
Since the jet propagates along the x direction, this region can be squeezed
and the ion can be accelerated via a resonant surfing mechanism. We actually
observe the formation of ion beams for the different ion species, suggesting
that only a portion of the ion population is energized. This is in agreement
with the ion trapping in the magnetic depletion region. Also, the beams
are observed at different energies for the different ion species, accordingly
to the resonance surfing acceleration mechanism which can preferentially
energize one species. We qualitatively compare the MMS observations with
the numerical model developed by [101, 102, 103]. We suggest that this
mechanism is more efficient for the ion species which spend more time in the
trapping region, as protons and multiply charged oxygen ions. This is also
in agreement with results reported by [26, 27] and [25], showing observations
of multiply-charged heavy ions dominating for energies larger than 150 keV
in the magnetotail.

These ion acceleration mechanism can have far-reaching implications for
many astrophysical environments, in particular solar and stellar flares where
unsteady reconnection and jet fronts are ubiquitous.
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Chapter 7

Introduction to Turbulence and
Kelvin-Helmholtz instability

In the next two chapters we study the kinetic dissipation in the Kelvin-
Helmohtz (KH) instability at the Earth’s magnetopause as observed by MMS.
In particular we analyse observations showing the formation of ion beam
driven by turbulence in the magnetospheric KH instability. Before to present
the observations we discuss theoretically the characteristics of the KH insta-
bility and of the turbulence in plasmas.

7.1 Basics of the KH instability

A very important problem in space plasma physics is how solar wind inter-
acts with the Earth’s magnetosphere after interactions through the Earth’s
bow shock. Many processes are at play for the mixing of the two plasmas
nearby the interface, eventually leading to solar wind plasma entering into
the Earth’s magnetosphere. The solar wind carries throughout the solar sys-
tem the Sun’s magnetic field, also known as the Inter-planetary Magnetic
Field (IMF). Because of the rotation of the Sun, the magnetic field has a
spiral shape, known as Parker spiral [112]. According to the frozen-in theo-
rem the plasma and the magnetic field lines are linked one to each other so
that, in principle, no mixing between solar wind and magnetospheric plasma
should exist. Observations show instead the presence of cold dense solar wind
plasma inside the magnetosphere. The IMF component Bz, perpendicular
to the ecliptic, has a fundamental role in solar wind plasma transfer into the
magnetosphere. Indeed, if Bz,IMF is directed southward, it interacts with an-
tiparallel terrestrial field lines making possible reconnection processes at the
dayside. This phenomena is at the origin of solar wind plasma enter into mag-
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Figure 7.1: Development of a Kelvin-Helmholtz instability in the laboratory.
The upper and faster moving layer is slightly less dense than the lower layer.
At first, waves form and overturn in a two-dimensional fashion but, eventu-
ally, three-dimensional motions appear that lead to turbulence and complete
the mixing. Credit: [114].

netopause [113]. The solar wind particles are accelerated and pushed inside
the magnetosphere as a consequence of the reconnection process. However
satellites observations have revealed that even under northward IMF condi-
tions cold and dense plasma is injected into the magnetosphere, in particular
along the flanks of the magnetosphere. Different possible mechanisms have
been proposed to explain these observations. One of the most accepted is
the Kelvin–Helmholtz instability. The Kelvin–Helmholtz instability can oc-
cur when there is a velocity shear in a single continuous fluid, or where there
is a velocity difference across the interface between two fluids. An example of
KH obtained in laboratory using two fluids with different densities is shown
in Figure 7.1.

Kelvin-Helmohtz instability (KHI) can also occur on the equatorial flanks
of the magnetopause at Earth [115] and other planets [116]. Global simu-
lations have also shown that the KHI can be generated by jets in the mag-
netosheath [117]. The development of the KHI begins as an antisunward
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propagating surface wave, which “rolls up” into a train of vortices in the
wave’s non-linear phase. The presence of the KHI can have consequences for
the coupling of the magnetosphere to the magnetosheath, leading to magnetic
reconnection even for northward interplanetary magnetic field and allowing
momentum and mass transport across the magnetopause [118]. KHI sim-
ulations show the development of turbulence within the vortices, which is
thought to be driven by secondary instabilities that form as the KH vortices
roll up [117, 119]. Turbulence provides a pathway for the transfer of energy
from the large-scale KH vortices to small scales where collisionless processes
can lead to dissipation and particle heating. Simulations show that turbu-
lence aids in plasma mixing within the KHI [120]. The tangling of magnetic
fields due to turbulence may also lead to additional reconnection sites in
the KHI. While some observational studies suggest the presence of turbu-
lence, extensive observational examination of the properties of KHI related
turbulence has been performed in [121].

7.2 On the MHD theory

Very often it is interesting to use a large scale description of the plasmas,
neglecting the effect of particle collisions and considering the dynamics of
each single kind of particle as a whole. In this case the fluid description
can be used. In this picture, the plasma can be seen as a superposition of
interacting fluids. Still, the fluid equations are quite difficult to use, and
further approximation can be made to simplify it. This assumption lead
to the magnetohydrodynamic (MHD) description of a plasma. The involved
particles are electrons and ions with mass me and mi, and eventually heavier
ions. Since mp ∼ 2000me, terms containing me/mp can be neglected. This
correspond to ignoring the inertia of the electrons in the flow. In the MHD
theory the plasma can be seen as a proton fluid, described by a fluid-like
equations, followed by and electron current obeying to the Ohm’s law. In a
simplified case, when the flow is incompressible, the mass density ρ = const
and we easily obtain the equation for the conservation of the mass which is
∇·v = 0, where v = v(r, t) is the flow velocity. We introduce a new variable
for the magnetic field as

b(r, t) =
B√
4πρ

, (7.1)

where B is the magnetic field. Since in the incompressible case ρ is constant,
b is proportional to B but has the dimension of a velocity. Introducing the
cinematic viscosity ν, the magnetic diffusivity µ, and the kinetic pressure p,
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the MHD equations in the incompressible approximation results to be

∂v

∂t
+ (v · ∇) v = (∇× b)× b−∇p+ ν∇2v (7.2)

∂b

∂t
= ∇× (v× b) + µ∇2b (7.3)

∇ · v = ∇ · b = 0. (7.4)

The equation systems is composed by the Newton equation (7.2), the induc-
tion equation (7.3), both cointaining non-linear terms, and by the conser-
vation equations (7.4). Previous equations can be compacted by using the
Elsasser variables [122]:

z± = v± b. (7.5)

These variables are useful to study the correlation between the fluctuation of
magnetic field and velocity. The MHD equations using the Elsasser variables
become

∂z±

∂t
+
(
z∓ · ∇

)
z± = −1

ρ
∇
(
p+

B2

8π

)
+
ν + µ

2
∇2z+ +

ν − µ
2
∇2z− (7.6)

∇ · z± = 0. (7.7)

This is a very compact four-equations system. It is worth to notice that
non-linear terms are proportional to both the variables, so non-linearities
vanish if one of the Elsasser field is zero z± = 0.

7.3 Main properties of the turbulence

The non-linear structure of the MHD equations leads to turbulence. In MHD
equations are present both non-linear and dissipative terms. In fluid theory
the Reynolds number Re is used to look at the balance between these two
terms. Lets set `0 the typical length of the system, v0 and B0 the typical
(averaged) velocity and magnetic field. It is also useful to introduce the
Alfvén velocity vA = B0/

√
4πρ, representing the typical propagation veloc-

ity for Alfvén waves. By dimensional analysis, the non-linear term in the
MHD equation (v ·∇)v corresponds to v2

0/`0. Similarly, the dissipation term
ν∇2v corresponds to νv0/`

2
0. The ratio between the two terms is the kine-

matic Reynolds number Rv = v0`0/ν. In analogy we can define the magnetic
Reynolds number Rm = vA`0/µ. For low Reynolds number it is clear that
the linear dissipative term dominates the dynamics. This regime is called
laminar. While, if the Reynolds number overcome the unity the non-linear
term become important.
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Figure 7.2: Schematic view of the Richardson cascade. The hierarchy of
structures represents the non-linear transfer of energy at smaller scales.

One of the feature of the turbulent regime is the presence of singular
structures as, for example, vortices. At low Reynolds number large structures
are formed at typical scale `0. As the Reynolds number increases, the energy
is transferred from largest vortices to smaller and smaller structures, due to
the non-linear interactions. When the Reynolds number exceeds some critical
value, the flow is said to be in fully developed turbulence. In this regime it is
possible to distinguishes three important scales:

• the integral scale is the large scale at which the energy is injected in
the system from some external force (the dynamics is linear)

• the inertial scale correspond to the regime where non-linear interactions
transfer the energy at smaller scales (the dynamics is non-linear)

• the dissipative scale correspond to the regime where the dissipative
terms dominate.

This idea have been visualized as an energy cascade by Richardson in 1922
[123]. In Figure 7.2 is shown a scheme of such cascade. In this framework
the energy is injected in the system at the integral scale, due to the non-
linear interactions, the energy cascades through the hierarchy at smaller and
smaller scales. At dissipation scale the cascade is stopped and the energy is
eventually dissipated.

7.4 Introduction to the Yaglom law

The Yaglom law is useful t evaluate the local value of the energy transfer
flux. For laboratory plasmas both the dissipative and viscosity coefficients
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are known, so it is easily to evaluate the energy transfer flux. While, for
spacecraft observations, those parameters are unknown, so that the energy
transfer is indirectly measured by using the Yaglom law. This law makes
a linear scaling relation between the third-order energy transfer rate and
the mean energy dissipation rate. In MHD theory, by using the Elsasser
variables, the Yaglom law can be written as

Y ±(`) = 〈|∆z±(`)|2∆z∓l (`)〉 = −4

3
〈ε±(`)〉`, (7.8)

where Y ±(`) is the third-order mixed moment, ∆z± is the increment of the
Elsasser variables at the scale `, 〈ε±〉 is the average of the energy transfer
flux. The sign in the right hand of the Equation (7.4) it is important because
it indicates the ”direction” of the energy transfer flux, which can be towards
smaller scales or in the opposite direction. The Yaglom law have been also
derived by [124] by using temporal scales instead of spatial one. The Politano
& Pouquet (PP) law for the mixed third-order moment Y ±(∆t) is

Y ±(∆t) = 〈|∆z±(t,∆t)|2 ∆z∓l (t,∆t)〉 = −4

3
〈ε±〉∆t〈v〉 . (7.9)

∆ψ(t,∆t) = ψ(t + ∆t) − ψ(t) indicates the increment of a generic field ψ
across a temporal scale ∆t, and the subscript l indicates the longitudinal
component, i.e., parallel to the bulk speed. When considering the total en-
ergy flux Y = (Y + + Y −)/2, the proportionality factor of the PP law is the
mean energy transfer rate 〈ε〉 = (〈ε+〉+ 〈ε−〉)/2. The PP law has been vali-
dated in numerical simulations [125], in the solar wind and in the terrestrial
magnetosheath. Based on the PP law (7.9), an heuristic proxy of the local
energy transfer rate (LET) at the scale ∆t is thus defined by introducing the
quantity:

ε±(t,∆t) = −|∆z
±(t,∆t)|2 ∆z∓L (t,∆t)

∆t〈v〉
, (7.10)

and then computing the average ε(t,∆t) = (ε+(t,∆t) + ε−(t,∆t))/2. At a
given scale, each field increment in the time series can thus be associated
with the local value of ε(t,∆t) [126, 127]. Moreover, when written in terms
of velocity and magnetic field, the LET can be separated in two additive
terms, one associated with the magnetic and kinetic energy advected by
the velocity fluctuations, εe = −3/(4∆t〈v〉)[∆v||(∆v2 + ∆b2)], and the other
with the cross-helicity coupled to the longitudinal magnetic fluctuations, εc =
−3/(4∆t〈v〉)[−2∆b||(∆v ·∆b)] [126, 127]. The dominance of one of the last
two terms may strongly influence the heating process, and so that the velocity
distribution function (VDF) of the particles may present different shapes.
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Chapter 8

Observations of turbulence in
magnetospheric KH instability

We discuss measurements in the turbulent terrestrial magnetosphere pro-
vided by the Magnetospheric MultiScale (MMS) mission [23]. The unprece-
dented high-cadence for ions [61] and magnetic fields [58] data explore more in
depth the link between the MHD energy cascade and the kinetic processes as-
sociated with deviation from Maxwellian distribution functions. The Earth’s
magnetopause flanks constantly experience a variable flow shear between
stagnant or weakly drifting plasma in the magnetosphere and a strong and
variable antisunward plasma flow in the adjacent magnetosheath due to the
shocked solar wind. Certain conditions of plasma flow shear and directions
of the ambient magnetic field across the low-latitude magnetopause current
sheet (CS) allow the Kelvin-Helmholtz (KH) instability to grow and form
magnetopause surface waves that propagate in the antisunward direction of
the magnetosheath flow. The wave amplitude is expected to grow and gen-
erate rolled-up flow vortices in the nonlinear phase of its evolution along the
flank. Here we report MMS observations for the study of turbulence proper-
ties in association with a KHI, studying the link between the MHD energy
cascade and the kinetic processes associated with deviation from Maxwellian
distribution functions.

8.1 Event overview

On 8 September 2015, MMS was located in the dusk-side magnetopause,
moving from the low-latitude boundary layer into the magnetosheath, be-
tween 10:07:04 UT and 11:25:34 UT, at approximately (x, y, z)GSE = (4.9, 9.2, 0.1)RE

with an interspacecraft tetrahedron separation of 150 − 185 km. Figure 8.1
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Figure 8.1: Spacecraft configuration (left side) and position (right side) in
the (x, y) plane.

shows the spacecraft configuration (left side) and the spacecraft trajectory
in the (x, y) plane (right side), where the magnetic field lines (purple lines)
are obtained from the Tsyganenko model [83]. Figure 8.2 (left) shows MMS1
fast survey observations between 09:00 and 11:50 UT on 8 September 2015.
Energy-time spectrograms of ions and electrons show that MMS was inside
the magnetosphere proper until 09:21:24 UT (first vertical dotted line) char-
acterized by a low plasma density and high ion temperature, slow average ion
velocity, and a geomagnetic field BGSE = (20, 5, 65) nT. This was followed
by a 2 h long interval of boundary layer plasma. Significant variations were
observed in the ion temperature and B during the last ∼80 min of this period
between 10:07:30 UT (second vertical line) and 11:27:40 UT (third vertical
line) when MMS exited into the cold, dense magnetosheath plasma.

8.2 Analysis of turbulence in KHI

In the following we focus on the interval shown in the right side of Figure
8.2. During this period the spacecraft orbit experienced multiple crossings
of the large-scale vortices generated by Kelvin-Helmholtz (KH) instability.
Crossings were revealed by several ion-scale periodic current sheets [128], sep-
arating the hotter plasma inside the magnetosphere from the colder, denser
magnetosheath. Turbulence in the magnetosphere intervals was studied in
depth, showing the presence of a well defined inertial range and intermit-
tency [121], after validating the Taylor hypothesis. In this work, we have
selected 53 of the same boundary layer (BL) subintervals, carefully exclud-
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Figure 8.2: MMS1 observations are shown 09:00–11:50 UT (left, fast survey)
and 10:44–11:04 UT (right, burst mode) on 8 September 2015. The figure
displays omni-directional energy-time spectrograms for (a) ions and (b) elec-
trons, (c) B magnitude, (d) GSE components of B, (e) GSE components of
the ion velocity, (f) ion plasma number density (Ni), (g) average ion tem-
perature (Ti,avg), (h) sum of the magnetic pressure Pb = B/2µ0 , ion plasma
pressure Pi = NikBTi,avg, and electron plasma pressure Pe = NekBTe,avg
(black: fast survey; red: burst), and (i) total plasma β. Credit: [128].
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Figure 8.3: Power spectral density (PSD) of the magnetic field from the KHI
sequence considering the contribution of the 53 magnetospheric intervals only.
Fitted spectral indices are indicated for the magnetic field components Bx,
By and Bz, and for the trace Em. The scale used to estimate the LET in
this work, ∆t= 1.2 s, is indicated by the orange, dashed, vertical line. The
rightmost gray line indicates the ion cyclotron frequency fci, while the other
two gray lines delimitate the magnetohydrodynamics inertial range.

ing the current sheets and magnetosheath regions. This provides an ensemble
of turbulent plasma [119, 121], with typical ion-cyclotron frequency fci ' 1
Hz and magnetic fluctuation level δBrms/B0 ' 0.15.

In Figure 8.3 we present the magnetic field component power spectral
density (PSD), estimated using the compressed sensing technique [137, 138],
previously developed for Voyager’s solar wind gapped dataset [139] and he-
liosheath and interstellar data [140]. Here the technique allows us to recover
the PSD of the KHI sequence considering the contribution of the 53 magneto-
spheric intervals only. The spectral indices are computed by linear regression
in the log-log space in the ranges f ∈ [0.04, 0.4] Hz and f ∈ [1, 3] Hz, for each
magnetic field component. The presence of a broad Kolmogorov scaling range
is evident, between the KH forcing frequency 0.016 Hz (63 s) [128] and the
first spectral break. The location of the spectral breaks compares well with
spacecraft-frame frequencies of proton cyclotron-scale structures and ion in-
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ertial structures, respectively (fci ≈ V/2πrci ≈ 1 Hz and fci ≈ V/2πrci ≈ 0.45
Hz). The ion plasma βi = 2v2

th/v
2
A, with the thermal speed vth =

√
kBTp/mp

and the Alfvén speed vA = B/
√

4πρ, is around unity, fluctuating in the range
0.5—1.5.

The proxy ε(t,∆t) given in Equation (7.10) was calculated at different
scales ∆t using the MMS1 spacecraft velocity, magnetic field and density
measurements for the turbulent regions of the 53 sub-intervals described
above [121].

Upon averaging over the whole ensemble of 53 sub-intervals, the scale-
dependent third-order moment (7.9) is approximately in agreement with the
linear PP-law prediction (7.9), as evidenced in Figure 8.4. A rough linear fit
in a region extending from the MHD inertial range down to ion scales provides
a mean energy transfer rate 〈ε〉 ' 53 ± 8 MJ kg−1s−1. To our knowledge,
this is the first observation of the PP law inside the Earth magnetosphere.
Such result falls well within the range of values recently found in a survey
of the compressible third-order scaling in the magnetosheath, which spanned
[1—107] J kg−1s−1 [141]. Incidentally, it was shown using solar wind data
that including compressive effects can result in the increase of mean energy
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transfer rate up to one or more order of magnitude. Notice that the standard
deviation associated to the mean energy transfer obtained in our sample is
σ = 3016 J kg−1s−1, highlighting the known fact that only a small fraction
(1.8% in this case) of the turbulent energy exchange across scales accounts
for the neat energy cascade.

Measurements of ion distribution functions and moments are provided by
the Fast Plasma Investigation (FPI) instrument, covering an energy range of
[0.1—30] keV, with cadence of 150 ms. Magnetic field were measured by the
Flux-Gate Magnetometers (FGM) [58], with a cadence of 128 Hz, and were
carefully synchronized to the plasma data. The local longitudinal direction
was determined as the average speed evaluated over 30 s running windows, of
the order of the velocity correlation scale [121]. In the following, we will focus
on the scale ∆t = 1.2 s, which corresponds to a scale of transition between the
MHD inertial range and the ion kinetic scales [121]. At such scale, the PP law
is still valid, so that the local proxy LET gives a reasonable description of the
rate at which energy is locally transferred, being available to excite smaller
scales processes. Therefore, it represents the cross-scale connection between
the fluid and kinetic plasma regimes. In order to simplify the notation, the
LET explicit t and ∆t dependency will be dropped in the following.

Panels (A)–(D) of Figure 8.2 show MMS measurements of several quan-
tities in one of the 53 selected BL subintervals. Panel (E) illustrates the
bursty, intermittent nature of ε. A representation of the energy flow across
scales is provided by the scalogram of the LET [129], shown in panel (F).
The energy path across scales is clearly visible, as well as the small-scale in-
termittent structures (the bright regions at small scales) that contain a large
fraction of energy. Intense, small-scale LET events often present a double
channel of positive-negative energy flux (see e.g. around t=36:01), revealing
the complexity of the energy transport mechanism [130].

In order to investigate in detail the possible correlations between the
turbulent energy being transferred towards small scales and the deformation
of the proton VDF at smaller scales, we identified 94 positive and 94 negative
peaks of LET by setting the two thresholds ε > θ+σ and ε < θ−σ. Here
θ+ = 1.3 and θ− = −1.2 are the threshold values in units of the LET standard
deviation, the subscripts indicating the positive or negative LET ensemble.
At the time of each peak, the ion VDF was smoothed over 0.45 s (i.e. 3 VFDs)
in order to reduce the measurement noise, and then normalized to the local
thermal speed vth. We have checked that smoothing over larger intervals, up
to 1.2 s, does not modify our results. Two-dimensional cuts of each VDF
were visually examined in order to identify possible features and deviation
from Maxwellian. All selected VDFs were then classified according to the
following categories: (a) quasi-Maxwellian; (b) presence of broad particle
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Figure 8.5: A one-minute subsample from the MMS1 data interval, starting
at 10:35:21.359 UT on 2015-09-08. Thick vertical gray lines enclose one of the
subintervals used for the analysis. Panel A: velocity components (in GSM);
B: magnetic field components (in GSM); C: ion density and temperature; D:
ion plasma βi; E: ε, εe and εc at ∆t = 1.2 s, with the indication of the two
thresholds θ+σ and θ−σ as blue horizontal dotted lines; F: the scalogram of
ε, the horizontal dashed lines indicating the scale ∆t = 1.2 s. The dashed or
dotted vertical lines in all panels and the markers in panels C and E indicate
the VDFs observed for this subinterval, separately for beams (blue diamonds
and dashed line) and heating (dark-orange circles and dotted line).
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Figure 8.6: Examples of two-dimensional cuts of the 3D proton VDF, mea-
sured at LET peaks (panels B—D) or at small LET (panel A). In each panel,
the type of VDF is indicated, along with the LET value in standard deviation
units. Axes are normalized to the thermal velocity Vth. The white crosses in
panels C and D represent the local value of the normalized Alfvén velocity.

energization (here labeled as “heating”); (c) presence of one or two beams;
(d) other uncategorised features.

Examples of classes (a)—(c) are shown in Figure 8.6. Each panel shows
a two-dimensional cut in the (v⊥2,v‖) plane, so that the magnetic field di-
rection is along the positive x-axis. Here v‖ is along the local magnetic field

and v⊥,2 = v̂× (v̂× b̂), where v̂ = v/|v| and b̂ = B/|B|. None of the events
above the threshold presents Maxwellian VDF (panel A). Broad particle en-
ergization (panel B) is the most common feature (more than two-thirds of the
cases), while beams (panels C, D) are clearly visible in about 27% of the cases.
Note that beams are more likely generated by a positive local energy trans-
fer. In order to compare the statistics with occurrence rates corresponding
to small LET values, we have randomly selected 188 VDFs with |ε| < 10−3σ.
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Table 8.1: Occurrence rate of each class of VDF measured at positive and
negative LET peaks and at small LET |ε| < 10−3σ.

Classes |ε| ∼ 0 ε > θ+σ ε < θ−σ

q-Maxwellian 0.57 0.00 0.00
Heating 0.26 0.63 0.76
Beams 0.17 0.33 0.21
Other 0.00 0.04 0.03

More than half of these are roughly quasi-Maxwellian, confirming that lower
energy transfer results in weaker deviation form Maxwellian; heating is seen
for about one fourth of the cases, and only one sixth show presence of beams.
Results shown in Figure 8.6 and collected in Table 8.1 demonstrate that the
particle VDFs are characterized by more evident non-Maxwellian features in
the proximity of larger turbulent energy transfer.

The ratio εe/c = εe/εc allows to establish whether the cascading energy
driving the kinetic processes is dominated by strong gradients, such as current
sheets and vorticity filaments (|εe/c| > 1, found in about two thirds of the
cases), or rather by Alfvénic-like, aligned fluctuations (|εe/c| < 1, as in one
third of the cases). Figure 8.7 shows the distribution of VDFs with beams or
heating as a function of the total (ε) and partial (εc or εe/c) energy transfer
rates. VDFs with heating (70%) are marked with orange symbols, while
beams (27%) are in blue. The cases with beams identified for the small LET
random cases (17%) are also plotted for reference (light blue circles).

In the top panel of Figure 8.7, the first thing to notice is that heating
is increasingly dominating for larger, positive energy transfer, while most
of the beams are approximately limited to 1σ ≤ |ε| ≤ 3σ. This seems to
indicate that particularly intense energy transfer may prevent the generation
of ordered particle energization, such as beams. A closer look reveals that the
large majority of beams are observed for positive cross-helicity contribution
εc > 0 (overall ∼ 73%, including ∼ 80% positive and ∼ 60% negative LET
peaks). Looking at the ratio between the energy and cross-helicity terms
(bottom panel), in the cases with positive energy transfer the beams are
predominantly seen for |εe/c| < 1 (i.e., within the two horizontal dotted
lines). Therefore, while highly energetic, uncorrelated current and vorticity
structures produce mostly disordered particle energization, the generation of
beams seems to be mainly associated with the presence of Alfvénic velocity
and magnetic fluctuations carrying energy towards smaller scales. Note that
all beams were observed to be magnetic-field aligned (92% of the cases),
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and are robustly located at vbeam ' ±vA, the mean ratio being Vbeam/VA =
0.98± 0.09, where the error is the standard deviation.

As shown in Figure 8.8, strikingly similar results were observed in a pre-
liminary study of Hybrid Vlasov-Maxwell numerical simulations in two spa-
tial (10242 grid points) and three velocity (513 grid points) dimensions [136].
In the top panel we show the local energy transfer rate, as well as its energy
and cross-helicity components, in a one-dimensional cut of one time snap-
shot of the simulation, taken at the maximum of the turbulent activity. In
the bottom panel, we plot an example of a two-dimensional cut of the full
three-dimensional proton VDF, selected at the LET peak dominated by the
cross-helicity term and marked by the vertical grey line in the upper panel.
An evident ion beam parallel to the ambient magnetic field is located near
the Alfvén speed (vth ' 0.7vA) for this simulation.

Figure 8.9 provides indication of localized wave activity in the proximity
of the selected events, for the same sub-interval shown in Figure 8.2. The
magnetic field components for this interval are shown in the panel (a). This
Figure displays the wavelet coerence (panel b), suggesting the presence of
some phase relation between two magnetic components perpendicular to the
mean field direction. Coherent parallel propagating wave activity manifests
itself between this pair of components as narrow regions of high coherency
in frequency (typically near the spectral break) and extended in time[143].
Panel (c) of the same Figure shows the corresponding phase difference be-
tween the above components, showing regions of left and right circular polar-
ization, with a phase difference close to ±90◦ [143] near the selected events.
Furthermore, panel (d) suggests the presence of some phase coherence be-
tween two different magnetic field components (the parallel component and
one perpendicular component), where coherent structures can be identified
as regions of high coherency extended in frequency. Again, this is visible
near the identified events (although not exclusively). Panel (e) shows the lo-
cal intermittency measure (LIM) [144] of the perpendicular fluctuations, and
panel (f) the LIM of the parallel fluctuations, evidencing the localization of
magnetic spectral power in the time series. The correlation with the selected
events is only partial, showing some substantial difference with respect to
the LET, which additionally includes a cross-helicity component.

Figure 8.10 provides an example of an Alfvénic vortex-like structure ob-
served around the location of one of the VDFs with beams. The graph shows
the components of the magnetic field fluctuations in the minimum variance
reference frame estimated within the structure timescale. The magnetic field
fluctuations have been defined in the timescale range between 0.04 s and 1.2
s, i.e. from the scale of the fluid transition towards ion kinetic scales, by
using a bandpass filter based on the wavelet transform [145, 146]. Minimum
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Figure 8.9: Panel (a): the magnetic field components in the GSM reference
frame for the interval of Figure 8.2 of the main Letter, starting on 8 Septem-
ber 2015 at 10:35:21.359 UT. Panel (b): the wavelet coherence [142] between
the two components of the magnetic field perpendicular to the mean field
direction. Panel (c): the corresponding phase difference between these two
components. Green and red contours denote regions of left and right circular
polarization respectively [143]. Panel (d): the coherence between the parallel
and one perpendicular magnetic field components. Panel (e): the local inter-
mittency measure (LIM) [144] of the perpendicular fluctuations. Panel (f):
the LIM of the parallel fluctuations. In all panels, the white line denotes the
cone of influence region [145] below which the contour plots are unreliable,
while the red and pale blue lines denote sites where heating and beams are
seen in the VDFs. Heating can be seen to be located near regions of strong
LIM in panels (e,f) and coherence in panel (d) while two beams are located
near coherent circularly polarized fluctuations in panels (b,c). Courtesy of
O. W. Roberts.
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variance analysis indicates that the intermediate component is not negligible
(the eigenvalues ratios being λint/λmax = 0.47), i.e. it is a bi-dimensional
structure, while the directions of variance, with respect to the local mean
magnetic field (computed in the same interval as the minimum variance sys-
tem), are θmax = 85.4◦, θint = 54.5◦, θmin = 35.9◦, respectively.

In Figure 8.11, we show the conditional power spectral density of the
parallel electric field, estimated using 2-second intervals centered at the time
of VDFs characterized by beams, heating or quasi-Maxwellian, and then
averaged over 10 events each. Peaks indicating persistent wave activity are
evident near 100 Hz and 1 kHz [133] only for the VDFs with beams.

All these observations point to the possible interpretation in terms of
beams being generated by resonant interaction of protons with Alfvénic-
like fluctuations. From quasi-linear theory [134], the resonance condition
can be written in the form ω − k‖v‖ = nΩc, where ω represents the wave
frequency, Doppler-shifted to the plasma rest frame of the particle motion
along the magnetic field, k‖ and v‖ the longitudinal wavenumber and veloc-
ity, n = 0, 1, 2, 3 · · · , and Ωc the proton gyrofrequency. In particular, for
n = 0 one gets the Landau resonance involving only the parallel velocity
component v‖; in this case, as proved in [134], a diffusive plateau in the
longitudinal proton velocity distribution is generated as the result of reso-
nant wave-particle interaction. For large amplitude fluctuations, the plateau
is replaced by a bump [135] in the direction parallel to the magnetic field.
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Moreover, if particles interact with fluctuations of the ion-cyclotron branch,
whose phase speed is vφ ≤ VA, this beam is located at v‖ ' VA [131, 132], as
observed in the MMS data discussed here.

8.2.1 Conclusions

The cross-scale coupling between fluid turbulence and kinetic processes has
been studied though the high-resolution plasma measurements recorded by
the MMS spacecraft during one Kelvin-Helmholtz event at the Earth magne-
topause. Inspired by the PP law, a heuristic proxy has been used to identify
regions of large energy transfer in the time series, where the specific features
of the ion VDFs have been examined. Despite the many underlying approx-
imations, the simplified descriptor used here is able to successfully localize
regions of magnetospheric plasma with ion VDFs that have more pronounced
non-Maxwellian features, corresponding to larger energy transfer. More in
particular, field-aligned beams at VA are more likely generated when such
energy is predominantly carried by Alfvénic, aligned velocity and magnetic
fluctuations, suggesting the possible role of turbulence-driven Landau reso-
nance in the energy dissipation processes. The results presented here thus
expose the strong connection between the local details of the inertial-range
turbulent energy transfer and its transformation through small-scale kinetic
processes in non-collisional space plasmas. Additionally, they provide part
of the answer to one of the major open questions in space plasma physics,
namely what are the mechanisms responsible for the dissipation of turbulent
energy.

The simple MHD-scale proxy used here could also be considered as a
estimator of likelihood for the localization of VDFs with the presence of
parallel beams. Indeed, when both conditions of a positive peak in the local
energy transfer rate (ε > θ+), and a dominating cross-helicity term (εe/c < 1)
are satisfied, then there is a robust 53% probability of having one or two
parallel beams in the ion VDFs. These results may thus be relevant for
current and future space plasma missions such as MMS, Parker Solar Probe
and Solar Orbiter, both for the interpretation of the observations, and as a
possible trigger for plasma distributions burst mode and telemetry.

The path towards future steps to improve the proposed diagnostics in-
clude: the use of high-resolution Vlasov numerical simulations; the extension
of the PP law to small-scale dynamics (Hall-MHD and Vlasov); the inclu-
sion of compressive and anisotropy effects; the study of turbulence in the
open solar wind (as soon as MMS data are available) and in other space
plasma systems; and the definition of automated, quantitative techniques to
determine the VDF type. These results are also discussed in [147].
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Chapter 9

Final remarks

In this thesis the ion heating and ion acceleration mechanisms have been
investigated by using both numerical simulations and in situ spacecraft ob-
servations.

First, we numerically investigated the acceleration of protons and heavy
ions, due to the interaction with three-dimensional time-dependent electro-
magnetic fluctuations in the terrestrial magnetotail. The ions interact with
the electromagnetic fluctuations leading to a Fermi-like acceleration mech-
anism. Studying the dependence of the model on the different free param-
eters, we found that it is weakly influenced by the particular current sheet
configuration. Also, by varying the fluctuation size or the initial ion en-
ergy, we observed that there is not a resonant acceleration with ions having
their Larmor radius closer to the fluctuation size. The analysis of the ion
dynamics demonstrated that most of the energization occurs during stochas-
tic and quasi-adiabatic regimes, having the adiabatic parameter k <3. We
evaluated the ion residence time in the current sheet finding that the ions
which spend more time in the CS, have the chance to interact numerous
time with the fluctuations leading to the formation of high-energy tail. Fur-
thermore, we showed that the average energy gain for the 10% of the most
energetic ions, 〈∆E〉10%, increases linearly with the ion charge, while it has
a weak dependence on the ion mass. Therefore, if ions have larger mass and
larger ion charge state they can reach higher energies. These results are in
agreement with spacecraft observations showing that, for energies larger than
∼ 150 keV, ions are dominantly heavy multiply-charged species, as reported
in [26, 27] and [25]. This model describes only a small portion of the possi-
ble acceleration mechanisms acting in the magnetotail and we can imagine
that a similar stochastic process can jointly work with other mechanisms in
a multi-step acceleration process.

About the possible acceleration processes in the terrestrial magnetotail,
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we reported high resolution MMS spacecraft measurements of earthward
propagating plasma jet fronts as drivers for suprathermal ion acceleration
during unsteady magnetic reconnection. The observed magnetic and elec-
tric field profiles as well as plasma measurements are consistent with the
formation of a magnetic bottle between the two jets.

We suggested that, since the fronts have different propagation speeds,
the second jet being faster, the bottle contracts. We found that the ion
pitch angle distributions (PADs) depend on the specific energy range, namely
lower energies ions ∼ 10 keV have PA around 90◦, while higher energy ions
∼ 100 keV are almost field-aligned. We proposed that thermal ions from the
ambient plasma population are initially trapped inside the magnetic bottle,
and as the bottle contracts ions are energized along the parallel direction
through a first-order Fermi mechanism until they fall into the loss cone. The
observed jet fronts are reminiscent of the downward-moving reconnected field
lines in collapsing magnetic traps during solar flares, where strong particle
acceleration occurs [69]. In contrast to the classical scenario of magnetic traps
where mirror points are formed at foot points, our observations suggest that
mirror points could be formed closer to the CS possibly due to the interaction
of subsequents jets, as also suggested by [88]. Here, we showed for the first
time in situ evidence of such mechanism for ions, which are accelerated up
to ∼ 10 times their thermal energy.

Furthermore, we studyed the acceleration occurring ahead of the first
plasma jet front. In the region of the magnetic field depletion, a potential
well can form and ions can be stably trapped therein. Since the jet propa-
gates along the x direction, this region can be squeezed and the ion can be
accelerated via a resonant surfing mechanism. Ion beams are observed for
the different ion species, suggesting that only a portion of the ion population
is energized. These beams are observed at different energies for the differ-
ent ion species, accordingly to the resonance surfing acceleration mechanism
which can preferentially energize one species. We qualitatively compare the
observations with the numerical models developed by [101, 102, 103].

Both these two ion acceleration mechanism can have far-reaching impli-
cations for many astrophysical environments, in particular solar and stellar
flares where unsteady reconnection and jet fronts are ubiquitous.

Finally, we studied the cross-scale coupling between fluid turbulence and
kinetic processes by using the plasma measurements recorded by the MMS
spacecraft during one Kelvin-Helmholtz event at the Earth magnetopause.
A heuristic proxy has been used to identify regions of large energy transfer
in the time series, where the specific features of the ion velocity distribution
functions have been examined. We found that the simplified descriptor used
here is able to successfully localize regions of magnetospheric plasma with ion
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velocity distribution functions that have more pronounced non-Maxwellian
features, corresponding to larger energy transfer. Field-aligned beams at
VA are more likely generated when such energy is predominantly carried by
Alfvénic, aligned velocity and magnetic fluctuations, suggesting the possible
role of turbulence-driven Landau resonance in the energy dissipation pro-
cesses.

The presented results suggest a strong connection between the local de-
tails of the inertial-range turbulent energy transfer and its transformation
through small-scale kinetic processes in non-collisional space plasmas.
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