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Abstract

High speed plasma flows (jets) are ubiquitous phenomena in the universe. For

example, they carry energy from the most powerful sources (e.g active galactic

nuclëı AGN) to the medium at rest surrounding them. When the plasma at

rest encounters the front of the fast flow, it gains energy via conversion from

magnetic field energy to particle heating and acceleration. High speed plasma

flows are also common in planetary magnetospheres including the Earth’s

magnetotail. In particular the fast Earthward magnetic reconnection outflows

in the Earth’s magnetotail provide a laboratory to address some of the open

questions related to plasma jet fronts and the associated energy conversion.

In this thesis, we use the four Magnetospheric Multiscale (MMS) spacecraft

to investigate current sheet flapping, particle heating and particle acceleration

associated with the fast magnetotail flows.

In paper I, we investigate a short-period kink-like flapping motion of an

ion scale current sheet in the wake of a plasma jet front. We show that the

kink-like motion propagates along the current direction toward the flank of

the magnetosphere, and that the prediction of the wavelength of the drift-kink

instability of a thin current sheet agrees with our estimation of the wavelength

of the observed kink-like current sheet.

In paper II, we investigate particle acceleration at turbulent Earthward jet

fronts during a moderately active substorm. We show that a proton with a

gyroradius smaller than the scale of the Earthward convected structures gain

energy from the bulk flow. On the other hand, we show that, depending on

the time scale of the electromagnetic fluctuations with respect to the proton

scale, protons with larger gyroradius get accelerated via resonant interaction

with the jet front or via direct acceleration by the dawn-dusk electric field in

a spatially limited electric field pulse.





”Nothing in life is to be feared, it is only to be understood. Now is the time

to understand more, so that we may fear less.”

- Marie Curie





List of papers

This licentiate thesis is based on the following papers:

Paper I

Richard, L., Khotyaintsev, Y. V., Graham, D. B., Sitnov, M. I., Le Contel,

O., & Lindqvist, P.-A. (2021). Observations of short-period ion-scale cur-

rent sheet flapping. Journal of Geophysical Research: Space Physics, 126,

e2021JA029152. https://doi.org/10.1029/2021JA029152

Paper II

Richard, L., Khotyaintsev, Y. V., Graham, D. B., Vaivads, A., Nikoukar,

R., Cohen, I. J., Turner, D. L., Le Contel, O., Fuselier, S. A., Lindqvist, P.-

A., Giles, B. L., & Russell, C. T., Ion Acceleration at Magnetotail Turbulent

Plasma Jet Fronts.

In preparation

Reprints were made with permission from the publisher.



Papers not included in this thesis

S. W. Alqeeq, O. Le Contel, P. Canu, A. Retinò, T. Chust, L. Mirioni, L.
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1 Introduction

Plasma is the most common state of visible matter in the universe from light-

ning to accretion discs forming around active galactic nuclëı. Beyond the

familiar three states of matter (solid, liquid and gas) plasma, which is often

called the fourth state of matter, is a quasi-neutral soup of ions and electrons.

Whereas in solid, liquid and gaseous states, the electrons are bound to the nu-

cleus, in a plasma the electrons and the ions are unbound. Many efforts to use

plasma as a heat source to produce energy are still ongoing. In particular, the

magnetic confinement strategy (e.g the International Thermonuclear Experi-

mental Reactor), endeavours to replicate the thermonuclear fusion reactions

that occur at the center of stars like the Sun.

The Sun is a massive ball of gas, that, due to the high temperature in

its interior (1.5 × 107 K in its core), is ionized, and thus becomes a plasma.

A significant amount of this plasma is ejected from the Sun into the solar

system. This emitted plasma, called the solar wind, has a typical density of

∼ 1 − 10 cm−3 at Sun-Earth distances, and propagates in the interplanetary

space at a speed of ∼ 350 km s−1. As the solar wind propagates it interacts

with the bodies that it encounters. In particular, at planets that possess a

large scale magnetic field, such as the Earth, the interaction of the solar wind

with the magnetosphere leads to the stretching of the magnetic field lines in

the night side of the body. It results in a region called the magnetotail where

the magnetic field lines from the Earth and the solar wind are coupled and

aligned with the Sun-Earth direction.

In the magnetotail, the magnetic field lines which originate from the op-

posite hemispheres are in opposite directions along the Earth-Sun axis. These

opposite magnetic field directions give rise to the magnetotail current sheet

which separates the two hemispheres. Changes in the magnetic field config-

uration occur when the magnetic field lines with different orientation merge

together and reconnect. The process responsible for the change of the magnetic

field configuration is thus called magnetic reconnection. One of the key aspects

of magnetic reconnection is the conversion of energy from magnetic energy to

particles energy. This energy conversion in the magnetotail results in a very

efficient heating of the plasma up to ∼ 10 keV (∼ 1× 108 K). One of the well

known signatures of magnetic reconnection are the aurora. The field-aligned

current which results from magnetic reconnection, accelerates the electrons
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into a high latitude region called the auroral acceleration region, where the

particles are further accelerated, precipitate into the ionosphere and excites

oxygen and nitrogen giving rise to the aurora. Thus, the auroras are a conse-

quence of the interaction of the solar wind with the Earth´s magnetosphere,

and hence aurora are a signature of intense solar activity.

Another signature of intense solar activity is the injection of energetic par-

ticles in the radiation belts (Van Allen belts). Indeed, magnetic reconnection

creates an outflow of particles transported from the magnetotail toward the

Earth. At the leading edge of this outflow, particles are accelerated up to

hundreds of keV and eventually, when reaching the outer radiation belt, are

injected into it, where they are further accelerated to even higher energies.

In this thesis, we study processes related to reconnection jets and in par-

ticular, the flapping motions in the wake of the reconnection jet and ion ac-

celeration at the reconnection jet fronts using data from the Magnetospheric

Multiscale (MMS) mission. In paper I, we investigate a short period flapping

motion of an ion-scale current sheet in the wake of a fast plasma flow. In

paper II, we focus on the acceleration of multiple ion species at two turbulent

jet fronts.
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2 The Earth’s Magnetotail

The magnetotail is the region where, as shown in Figure 1, the Earth’s mag-

netic field is stretched. Figure 1 shows the near Earth environment in the

GSM (Geocentric Solar Magnetic) coordinate system which is commonly used

for magnetotail studies. The X axis is directed toward the Sun and Z axis

is the projection of the Earth’s magnetic dipole axis onto the plane perpen-

dicular to the X axis. The magnetotail is also the seat of the accumulation

of solar wind particles and interplanetary magnetic field flux. The energy ac-

cumulated in the magnetotail is released in the form of sudden ”explosive”

(Sitnov et al., 2019) increase of the northward component of the tail magnetic

field. The sudden increase of the northward magnetic field is called dipo-

larization. A possible candidate to explain the sudden dipolarization of the

magnetic field, is the unsteady, ”explosive” (lasting ∼ 1 min) magnetic re-

connection. Because of its short duration, the reconnection outflow takes the

form of transient (bursty) bulk flows (BBF) which transport the energy re-

leased by magnetic reconnection toward the Earth (Angelopoulos et al., 1992,

1994; Baumjohann et al., 1990).

Bursty bulk flows (BBF) have been extensively studied in the magnetotail

at distances of R ∼ 10 − 30 RE , where RE is the Earth’s radius. Observa-

Figure 1: Sketch of the near Earth environment (adapted from https://

mms.gsfc.nasa.gov/science.html). The red boxes are the regions where
magnetic reconnection typically occurs.
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tions revealed that BBFs are high speed jets (V > 400 km s−1) which last

∼ 10 − 100 s (Baumjohann et al., 1990) and extending over a few RE in the

cross-tail direction (Nakamura et al., 2004). An example of an Earthward

travelling bursty bulk flow, taken from the Lyon-Fedder-Mobarry (LFM) sim-

ulation by Merkin et al. (2019) is shown in Figure 2. The left and right panels

show the Earthward component of the ion velocity (Vx) and the northward

component of the magnetic field (Bz) in the equatorial plane. As seen in the

right panel, the BBFs are accompanied by a significant northward magnetic

field, traveling together with the jet toward the inner magnetosphere. These

magnetic structures embedded within the BBF, are called dipolarizing flux

Figure 2: (a) Earthward bulk velocity and (b) northward magnetic field form
the LFM simulation around the time of the substorm onset. The isolines in
(a) show the Bz = 25, 40 and 55 nT isocontours [Adapted from Merkin
et al. (2019)]. (c) Example of a dipolarization front with: (i) magnetic field in
GSM coordinates, (ii) electric field in GSM coordinates, (iii) ion bulk velocity
in GSM coordinates, (iv) ion number density and (v) ion temperature.
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bundles (DFBs) (Liu et al., 2013) and they transport a significant amount of

the magnetic flux accumulated in the magnetotail (Angelopoulos et al., 1994;

Nakamura et al., 2002; Ohtani, 2004; Runov et al., 2009; Schödel et al., 2001).

Due to the intense dipolarization of the magnetic field at the leading edge of

the reconnection jet, the reconnection jet front is often called a dipolarization

front (DF).

These dipolarization fronts are tangential discontinuities (Fu et al., 2012),

similar to vertical current sheets (Liu et al., 2013; Runov et al., 2011), sepa-

rating hot tenuous plasma in the fast jet from the ambient cold dense plasma

at rest (Fu et al., 2013a; Khotyaintsev et al., 2011). This vertical current sheet

has a typical thickness on the order of the ion scale, so that the ion motion

is decoupled from the electron motion. Hence, a Hall electric field arises from

the decoupled motions similar to the classical picture of thin current sheets.

Observations have revealed that the dipolarization fronts are sharp increase

of the northward magnetic field Bz with a time scale of ∼ 1 s. On the other

hand, the decrease following the DF usually occurs on a longer time scale

∼ 30 s Runov et al. (2011). Thus, the magnetic field stays dipolar throughout

a region where a motional electric field (Ey = −VxBz) exists which drives

particle acceleration.

As a signature of unsteady magnetic reconnection (Sitnov et al., 2009), DFs

have been extensively used to investigate electron acceleration during unsteady

reconnection (Breuillard et al., 2018; Fu et al., 2013a,b; Turner et al., 2016).

On the other hand, in spite of the numerous numerical studies (Artemyev

et al., 2012, 2015; Birn et al., 1997, 2000, 2012, 2015; Ukhorskiy et al., 2017,

2018), ion acceleration at jet fronts is still an open topic.
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3 The Magnetospheric Multiscale Mission

The Magnetospheric Multiscale (MMS) mission, was launched in 2015 aiming

to investigate the electron scale physics of magnetic reconnection. Figure 3b

shows few orbits of the MMS spacecraft projected onto the ecliptic plane from

September 21, 2018 to September 12, 2019. Figure 3b shows the wide range of

conditions that the MMS spacecraft encounter including the solar wind, the

Earth’s magnetosheath and the Earth’s magnetosphere. The mission consists

of four identical spacecraft flying in a tetrahedron configuration. Since the

primarily objective of the mission is the electron scale physics, the separation

between the spacecraft is set to be of the order of the electron scale which can

be as low as a few kilometers.

Figure 3: (a) The MMS instrument deck layout [Adapted from Burch et al.
(2016)]. (b) MMS orbits in the ecliptic plane from September 28, 2018 to
September 29, 2019 [source: https://lasp.colorado.edu/galaxy]

In addition to the capability to resolve the electron spatial scales, the

instruments onboard of the spacecraft have been designed to measure the

electromagnetic fields and the ion and electron velocity distributions on the

electron time scales. Figure 3a shows the MMS instruments deck. The back-

ground magnetic field is measured by the Flux Gate Magnetometer (FGM)

(Russell et al., 2016) and the fluctuating magnetic field is measured by the

Search Coil Magnetometer (SCM) (Le Contel et al., 2016). The electric field

is measured by the Electric field Double Probe (EDP) that consists of 2 pairs of

spherical Spin-Plane Double Probes (SDP) (Lindqvist et al., 2016) and 2 Axial

Double Probes (ADP) (Ergun et al., 2016). The electric field and the mag-

nitude of magnetic fields are also measured by the Electron Drift Instrument
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(EDI) (Torbert et al., 2016). The ion and electron 3D velocity distributions

are measured by the Fast Plasma Investigation (FPI) (Pollock et al., 2016)

in the energy range 0.01 keV − 30 keV. The ion composition is measured by

the Hot Plasma Composition Analyser (HPCA) (Young et al., 2016) for ions

with energies 10 eV − 40 keV. The ion and electron velocity distributions in

the high energy range 10 keV− 1000 keV are measured by the Fly’s Eye En-

ergetic Particle Spectrometer (FEEPS) (Blake et al., 2016) and the Energetic

Ion Spectrometer (EIS) (Mauk et al., 2016).

In this thesis, we use all the aforementioned instruments except for EDI.

In particular, in Paper I we make use of the fields measurements from FGM,

SCM and EDP and the particle moments from FPI. On the other hand, in

Paper II, we focus on the high energy ions using HPCA, FEEPS and EIS.
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4 Flapping Motions

Flapping motions are large-scale oscillations of the magnetotail current sheet.

As the name suggests, current sheet flapping motions are similar to a flapping

flag in the wind. The flapping motions have been observed not only at Earth’s

magnetotail (Sergeev et al., 2004, 2006), but also at Mercury (Poh et al.,

2020; Zhang et al., 2020), Venus (Dubinin et al., 2012; Rong et al., 2015), Mars

(DiBraccio et al., 2017; Dubinin et al., 2012), Jupiter (Volwerk et al., 2013) and

Figure 4: (a) Schematic views of the global flapping motion of the Earth’s
magnetotail current sheet [Adapted from Gao et al. (2018)]. (b) 3-D structure
of the flapping perturbations of the tail current sheet shown by the corru-
gated translucent Bx = 0 surface. The neutral plane (z = 0) is color coded
by Bz to indicate distributions of the concurrent reconnection and balloon-
ing/interchange perturbations. Green traces within the plane depict the new
O- and X-lines ahead of and behind the front (closest to the viewer and in the
middle of the simulation box, correspondingly), as well as the new O-line which
supersedes the initial equilibrium X-line (in the back of the box). [Adapted
from Sitnov et al. (2014)]
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Saturn (Ramer et al., 2017). One has to distinguish the so-called kink-like (or

wave-like) flapping from the steady flapping. While the latter one consists of a

simple up and down motion of the whole current sheet, the former one, as its

name suggests, is a wave-like oscillation of the current sheet that propagates

throughout the current sheet (see Figure 4a). An example of current sheet

flapping motion is shown in Figure 4b, where the translucent surface indicates

the neutral plane, that exhibits large scale wave-like oscillations propagating

along the Y direction.

In observations, the flapping motions are observed as oscillations of the

Earthward magnetic field component. As a spacecraft crosses the current

sheet once (or multiple times) it goes from the northern/southern hemisphere

where the magnetic field points Earthward/tailward, to the southern/northern

hemisphere where the magnetic field has the opposite direction. In particular,

for multi-spacecraft missions such as Cluster and MMS, since the relative

spacecraft location is known, the relative times at which the spacecraft cross

the current sheet, in other words when the magnetic field reverses, indicates

the direction of propagation of the kink-like flapping motion. Figure 5 shows

the three cases of kink-like flapping propagating duskward (first row), kink-like

flapping propagating dawnward (second row) and steady flapping (third row).

In all three cases, the left column shows the spatial configuration of the current

sheet (black) and the trajectory of the spacecraft with respect to the current

sheet (green), while the right column shows the time series of the magnetic

field as seen from the four virtual spacecraft. For instance in Figures 5a and

5b, if C2 is the leftmost probe and C4 the rightmost probe, then if Bx reverses

first at C2, it indicates that C2 crossed the current sheet first, and hence that

the flapping motion propagates from the left to the right. Relative crossing

times can also be used to differentiate between steady flapping and kink-like

flapping. While for the later one the order of crossings of the current sheet

does not change, crossing orders as depicted in Figure 5c is a signature of

steady flapping.

4.1 Origin

Although current sheet flapping motions have been widely studied, the mecha-

nism that drives the kink-like flapping motion remains unclear. Studies found

that the flapping motions can be triggered by disturbances in the interplane-

tary magnetic field (IMF) (Tsutomu & Teruki, 1976), or changes of the solar
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wind Earthward magnetic field component and northward velocity component

(Wang et al., 2019). Moreover, statistical studies found that, on one hand,

kink-like flapping motions are well correlated with BBFs (Sergeev et al., 2006),

and on the other hand it was found that in the midnight sector (|Y | < 5 RE)

of the magnetotail the current sheet is steadily flapping while further in the

flank the flapping is kink-like (Gao et al., 2018). The latter result indicates

that the kink-like flapping in the flanks is induced by the steady flapping of

the midnight sector as depicted in Figure 5a. The former result, suggests that

the kink-like flapping might be excited by the fast flows resulting from the

Figure 5: The different flapping motions of tail current sheet (CS) and the
corresponding time variation of Bx component as detected by the Cluster
tetrahedron. Panels from top to bottom show the kink-like flapping waves
propagating toward the (a) −Y direction (a) and propagating toward the (b)
+Y direction, and (c) the up and down steady flapping without propagation.
In each panel of the left column, the black solid line represents the CS center,
the black arrows represent the normal orientation of the encountered local
CS, and the red arrows represents the moving direction of flapping kink-like
waves. The green lines represent the trajectory of spacecraft relative to CS.
The colored dots represent the spacecraft. The panels in the right column
show the corresponding time series of the recorded Bx component. [Adapted
from Gao et al. (2018)]
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”explosive” magnetotail activity. In paper I, we investigated a kink-like flap-

ping in the wake of a DF embedded in a BBF, which is consistent with the

scenario of excitation by fast flows.

Another possible mechanism of excitation of the kink-like flapping motions

is the MHD double gradient instability, originally presented by Erkaev et al.

(2007) and later demonstrated in simulations by Sitnov et al. (2014). The

characteristic flapping frequency given by an MHD description in Equation 1

depends on the Earthward gradient of the northward magnetic field ∂xBz, and

on the northward gradient of the Earthward magnetic field ∂zBx. In particular,

in the case of the magnetotail, ∂zBx > 0 so that a negative ∂xBz < 0 leads

to an exponential growth of the double gradient instability. Hence, the strong

∂xBz gradients due to the dipolarization of the magnetic field at the leading

edge of the bursty bulk flows might excite the kink-like flapping, which explains

the correlation between BBFs and FMs.

ωf =

√
1

4πρ

∂Bx
∂z

∂Bz
∂x

(1)

On the other hand, the kinetic treatment of the thin (ion-scale) current

sheets (TCSs), suggests a new type of instability called the drift-kink insta-

bility (DKI) as a possible excitation mechanism for the kink-like flapping. In

the TCSs, the ions are demagnetized while the electrons remain magnetized,

so that their motions are decoupled from each other. The relative drift be-

tween the ions and the electrons results in a current density dominated by

the electron current within the TCS. The current density in the TCS provides

a source of free energy for a class of instabilities called the current driven

instabilities and in particular for the DKI. In a thorough analysis of the eigen-

solutions of the 1D current sheet equilibrium, (Yoon et al., 2002) showed that

the DKI corresponds to the low order (low mode-number) solutions, while

the density inhomogeneity driven lower hybrid drift instability (LHDI) cor-

responds to the high order (high mode-number) solution. Furthermore, they

found that the latter is the most unstable and exist at the edge of the current

sheet where the density gradients are maximum. Hence their result suggests

that the inhomogeneity-driven LHDI grows in the early phase of the TCS

evolution, saturates and leads to the growth of lower order modes such as the

DKI. However, in the limit of a 2D current sheet with a finite normal magnetic

field Bn 6= 0, according to Pritchett & Coroniti (2001), the LHDI is strongly

12



stabilized by the normal magnetic field, and hence the possibility of growth

of the DKI remains unclear. In paper I, we show that, in the case of the

1D current sheet with negligible normal magnetic field, the prediction of the

wavelength of maximum growth rate of the drift-kink instability is consistent

with our estimation of the wavelength of the kink-like current sheet in terms

of current sheet thickness h so that kh ∼ 1.15± 0.21.

4.2 Propagation

The most distinctive property of kink-like flapping motions near Earth, is

their flankward propagation. Indeed, as shown in Figure 6, statistical studies

of kink-like flapping motions reveal that they propagate toward the flanks of

the magnetosphere away from the midnight sector (Gao et al., 2018; Yushkov

et al., 2016). A possible interpretation given by Gao et al. (2018) comes

from the Figure 4a. Since the steady flapping in the midnight sector induces

Figure 6: (a) Current sheet crossings (dots) and current sheet normals (vec-
tors) in the ecliptic plane [Adapted from Yushkov et al. (2016)]. (b) Average
fast Earthward flow vectors during steady magnetospheric convection (SMC)
[Adapted from Kissinger et al. (2012)]. Variations of the magnetic field at (c)
and behind (d) the dipolarization front [Adapted from Sitnov et al. (2014)].
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the kink-like flapping on both flanks, the kink-like flapping propagates away

from the midnight sector. Another, interpretation was given by Sitnov et al.

(2014) who found that for an ion scale current sheet with a thickness h ∼ ρi

in a bulk flow with a velocity dominated by the ion velocity, the kink-like

flapping motions are essentially non-propagating in the ion frame. Hence,

their flankward motion can be explained by the direction of the ion bulk flows

shown in Figure 6. In paper I, we show that the kink-like flapping observed

by MMS propagates along the current density consistent with the statistical

observational studies (Yushkov et al., 2016; Gao et al., 2018). Furthermore,

we show that, similar to the simulation by Sitnov et al. (2014), the observed

kink-like flapping motion is non-propagating in the ion frame.

In order to investigate the instability which drives the kink-like flapping,

it is important to compare between the predicted wavelength and the esti-

mated one. As mentioned earlier, according to Yoon & Lui (2001), the DKI

and LHDI are namely the low mode number (i.e long wavelength) and high

mode number (i.e short wavelength) eigensolutions of the 1D current sheet

equilibrium. Earlier, Pritchett et al. (1996) showed that the fastest growing

drift-kink mode has a wavelength such as kyh ∼ 1, where L is the current sheet

thickness. Later, Daughton (2003) showed that the long-wavelength extension

of the LHDI has a wavelength of λ ∼ 2π
√
ρiρe. More recently, Sitnov et al.

(2014), showed kink-like flapping in the wake of the DF with a wavelength at

the DF on the order of the ion gyroradius ρi (Figure 6b). Since this result

is consistent with both the DK and the long-wavelength LHDI predictions

(up-to mass ratio correction), it indicates that kink-like flapping motions are

likely to be a long-wavelength extension of the LHDI. Nonetheless, as seen in

Figure 4b, further from the DF, the wavelength increases. Sitnov et al. (2014)

showed that behind the DF, at late times, the kink-like flapping propagation

velocity slows down leading to the increase of the wavelength. Eventually, the

kink-like flapping stops propagating. In paper I we show that the estimated

wavelength of the kink-like flapping observed by MMS is of the order of a

few ion inertial length di consistent with that seen far from the DF in the

simulation by Sitnov et al. (2014).
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5 Ion Acceleration at Dipolarization Fronts

The acceleration of particles to high energies is an ubiquitous phenomena

in the universe. In particular, in the Earth environment, the Earth’s bow

shock and the Earth’s magnetotail are known regions of production of high

energy particles (ions and electrons). The energy of these particles typically

ranges from a few times the thermal energy, which are thus called supra-

thermal particles, to more than ten time the particle temperature so that such

particles are called energetic particles. Because of their energy far from the

thermal population, the supra-thermal and energetic particles are far from the

equilibrium state (Maxwell-Boltzmann distribution) and follow a power law

and/or a kappa distribution (Livadiotis, 2015a,b). Figure 7 shows 5 possible

distributions depending on the non-thermal fraction Rε = εnt/εtot, with εnt

the non-thermal particle energy and εtot the total electron energy.

Figure 7: Schematic illustrations of basic non-thermal distributions for differ-
ent non-thermal fraction [adapted from Oka et al. (2018)].

In the magnetotail, the acceleration of particles to high energies energies

can result from plasma transport (e.g BBFs) or magnetic reconfiguration (e.g

magnetic reconnection). Supra-thermal and energetic ions and electrons have

been extensively observed at DFs (see Fu et al. (2020) for a review). In

particular, the observations of electron acceleration found that both Fermi

(Fu et al., 2011, 2013b), betatron (Fu et al., 2011; Malykhin et al., 2018) and

wave-particle interaction (Khotyaintsev et al., 2011) are at play. On the other

hand, the acceleration mechanisms behind the generation of supra-thermal

ions is much more complicated because of their larger gyroradii, and remains

an open question. In this chapter, we review some of the suggested acceleration

mechanisms behind the energization of the ions to supra-thermal energies at

DFs.
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5.1 Betatron Acceleration

Betatron acceleration is based on the conservation the magnetic moment called

the first adiabatic invariant.

µ =
miv

2
⊥

2B
=
K⊥
B

(2)

The basic interpretation is that in an increasing magnetic field, the perpen-

dicular energy of the particle will increase. It results that, under conservation

of the magnetic moment, the ions moving in a spatially (Birn et al., 2013,

2015) or temporally (Ukhorskiy et al., 2017, 2018) increasing magnetic field

will be accelerated in the direction perpendicular to the magnetic field. In

the observations, perpendicular anisotropy of the ion distribution as shown in

Figure 8a, is interpreted as a signature of betatron acceleration (Zhou et al.,

2018).

In the case of an ion flow where the ions are E ×B drifting, the betatron

Figure 8: (a) THEMIS E observations of the magnetic field components in
the GSM coordinates (top panel) and the ion distribution functions observed
within the DFBs (bottom panel) during a DFB event [Adapted from Zhou
et al. (2018)]. (b) Trajectories of a proton (orange) and electron (dark red),
accelerated to a final energy of 83.5 keV, overlaid on snapshots of the cross-
tail electric field (color) in the equatorial plane. Temporal evolution of the (c)
kinetic energy and of the (d) magnetic moment of the two particles [Adapted
from Birn et al. (2013)].
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acceleration due to the increasing magnetic field toward the Earth can be seen

as an equivalent of the grad-B/curvature drift. Indeed, from the conservation

of the first adiabatic invariant and assuming that the drift is dominated by

the E ×B drift, it comes:

d

dt

miv
2
⊥

2
= µ

dB

dt
≈ µ∂tB + µv‖∂sB + µvE · ∇B (3)

where, vE = E×B
B2 is the drift velocity and ∂s is the field aligned gradient. The

last term of the right hand side of the Equation 3 can be written as

µ
E×B

B2
· ∇B = µE · B×∇B

B2
= eE · v∇B, (4)

where v∇B is the grad-B drift. So that, the first term of the right hand side

of the Equation 3, µ∂tB, which is the betatron acceleration, is equivalent to

the last term eE · v∇B which corresponds to the acceleration of an ion grad-

B-drifting along the electric field. Hence, the acceleration of an Earthward

E × B drifting ion that grad-B-drifts along the dawn-dusk electric field is a

betatron-like acceleration.

The betatron-like acceleration mechanism was demonstrated by Birn et al.

(2013, 2015) in a test particle simulation using the electromagnetic field from

a MHD simulation of the magnetotail magnetic reconnection. The orbits of a

test proton (orange) and electron (red) are presented in Figure 8b. During the

last part of the simulation (t=130-132), the protons gyrate in the Earthward

moving electric field structure while encountering an increasing magnetic field

(Earth’s dipole). Due to the increasing magnetic field, the proton is grad-B

drifting in the duskward direction, which results in a shorter length of the orbit

in the dawnward (anti-parallel to Ey) direction than in the duskward (parallel

to Ey) direction. Hence, the energy gained from the electric field during the

duskward part of the orbit is not compensated by the energy loss during the

dawnward part of the orbit, which results in a net energy gain (Figure 8c).

Furthermore, Birn et al. (2013) showed that the magnetic moment (Figure 8d)

during the betatron-like acceleration is not conserved on time scales smaller

than the proton gyroperiod, which indicates that the protons are accelerated

in a non-adiabatic manner. However, since the magnetic moment oscillates

around a constant value, Birn et al. (2013) concluded that the magnetic mo-

ment is approximately conserved on larger time scales (multiple gyroperiods).

Hence, they qualified the proton acceleration as a quasi-adiabatic betatron-like
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acceleration process.

In paper II, we show that the protons which gyrate within the Earthward

propagating electric field structure in the mid-tail ∼ 25 RE , do not gain energy

from a betatron-like mechanism but instead the observed energy gain is due

to the ion bulk flow. Our result suggests that the betatron-like acceleration

process described by Birn et al. (2013) occurs only for large-scale electric field

structures travelling Earthward over long distances.

5.2 Fermi acceleration

The Fermi acceleration mechanism is based on the conservation of the second

adiabatic invariant also called the longitudinal invariant defined as

J =

∫ b

a
v‖dl, (5)

where dl is a line element along the magnetic field line and a and b are the

magnetic mirror points. The mirror points are points in the field line where

the magnetic field reaches such a value so that under conservation of the first

adiabatic invariant, the velocity is fully perpendicular to the magnetic field

with v = v⊥ = µB, so that v‖ = 0 and particle reflects. From Equation 5,

it comes that the conservation of the second adiabatic invariant implies that

shortening of the magnetic field lines results in an increase of v‖ so that the

particle is accelerated parallel to the magnetic field. The Fermi acceleration

mechanism is the gain of energy from the reflection between two magnetic

mirrors moving with respect to each other.

Fermi acceleration has been extensively investigated for electrons by means

of observations (Fu et al., 2013a) and simulations (Birn et al., 2004; Drake

et al., 2006). Using a simulation, Drake et al. (2006) showed that electrons

moving along the field lines in a magnetic island formed by the magnetic

reconnection, undergo Fermi acceleration due to shrinking of the magnetic

island. The same process was shown to occur for ions trapped in magnetic

islands in the wake of a DF (Lu et al., 2016). The 2D PIC simulation of a flux

rope type DF (i.e eroded flux ropes formed by multiple reconnection lines)

by Lu et al. (2016) showed that ions, like the electrons, are trapped in the

magnetic island, which is the 2D slice/projection of the flux rope, and gain

energy via multiple reflection from the magnetic mirror point (i.e the leading

and the trailing edge of the Earthward propagating flux rope).
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5.3 Reflection by the Dipolarization Front

The observations of energetic ion beams ahead of the DF revealed that ion can

be significantly energized via reflection from the DF. The reflection of ions at

DF was first suggested by Zhou et al. (2010) to explain the observation of

an Earthward streaming ion population. The typical trajectory of a reflected

ion is shown in Figure 9a and its corresponding energy in Figure 9b. The

ion, initially far from the DF, moves tailward (-X) until it encounters the DF.

Then, the ion does half a gyration in the enhanced magnetic field that shrinks

its gyroradius, and the ion gains energy from the cross-tail dawn-dusk (+Y)

motional electric field. Finally, the energized ion is moving in the Earthward

direction, leaves the enhanced magnetic field region, and can be observed a

few gyroradii ahead of the DF.

The ion energy enhancement is directly related to the propagation velocity

of the DF. Assuming an Earthward propagating DF with a propagation veloc-

ity vDF = vDFx, and an ion with a velocity v = v0x in the spacecraft frame.

In the frame of reference moving with the DF the ion velocity is v0 − vDF .

Since that in the DF frame there is no accelerating motional electric field, the

Figure 9: (a) Ion trajectory in the test-particle simulation, with the numbers
denoting the time line of the evolution. (b) Kinetic energy of the sample ion,
along the time line. [Adapted from Zhou et al. (2010)]

19



ion energy is constant so that the velocity of the reflected ion is −(v0 − vDF )

in the DF frame and 2vDF − v0in the spacecraft frame. Hence the energy gain

in the spacecraft frame is δK = 2mvDF (vDF − v0).

5.4 Resonant acceleration

The model of acceleration via non-adiabatic resonant interaction between the

ions and the DF, was introduced by Artemyev et al. (2012) to explain the

Interball-tail observations of a bulge of ion flux enhancement in a narrow

energy range. The model description is the following. The ions gyrating ahead

of the Earthward propagating DF, can be trapped in a magnetic dip that is

commonly observed preceding the DF (Runov et al., 2009) (see Figure 10a)

and get accelerated along the front by Ey = vDF δBz with vDF the velocity

of the front and δBz the DF amplitude. Assuming that the ion acceleration

time is much smaller than the time scale of the electromagnetic fluctuations

(i.e the background magnetic field is constant), Artemyev et al. (2012) wrote

the non-relativistic ion equations of motion:

{
u̇x = (1− hf(φ))uy

u̇y = −uDFhf(φ)− (1− hf(φ))ux
(6)

where u = v/v0 and uDF = vDF /v0 are the dimensionless ion and DF ve-

locities with v0 the ion thermal speed, h = Bδ/Bz0 is the normalized ampli-

tude of the DF, δBz = Bδf(φ) is the DF amplitude (see Figure 10a), and

φ = k (x− vDF t) describes the DF propagation with k the DF thickness and

vDF the velocity of propagation of the DF. Using f(φ) = φe−(φ+φ0)
2

and

Figure 10: (a) Model of the electromagnetic fields used in the resonant ion ac-
celeration formalism and (b) phase portrait of the Hamiltonian for φ [Adapted
from Artemyev et al. (2012)].
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assuming that the Cherenkov resonance condition ux = −uDF is satisfied,

Equation 6 becomes

{
φ̈ = κuy

(
1− hφe−(φ+φ0)2

)

u̇y = −uDF
(7)

Hence, the ions captured in the oscillation region (grey region in Fig-

ure 10b) are accelerated along the DF according to u̇y = −uDF . Later,

Ukhorskiy et al. (2013) showed that, assuming a soliton-like structure of the

DF based on observations by Runov et al. (2009), the ions can gain energy

from stable trapping or quasi-trapping depending on whether the dip preced-

ing the DF is negative or positive. In the case of a negative dip preceding

the DF, the ions are stably trapped in the potential well (Figure 11c) formed

by the magnetic island seen in Figure 11b and get accelerated in the −y
direction due to the electric field −B0u resulting from the Lorentz transfor-

mation ξ = x− vDF t of the background magnetic field B0 into the DF frame.

Ukhorskiy et al. (2013) showed that the width of the DF and the magnetic

field curvature control the time the ions spend in the oscillation region which

determines the energy gain.

Figure 11: Equatorial profiles of total magnetic field and field lines of model
dipolarization front in the magnetotail where the ambient magnetic field is
weaker than the negative depletion of the field associated with the front. The
reconnecting line is shown in red in (b). (c) Corresponding effective potential
of particle motion along dipolarization fronts computed at different moments
of time. (d) Phase portraits of equatorially mirroring protons interacting with
the dipolarization fronts. [Adapted from Ukhorskiy et al. (2013)]
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In paper II, we show that in a case of electromagnetic fluctuations close

to the proton gyrofrequency, the protons with a gyroradius of the order of the

scale of the structure gain energy via resonant interaction with the DF.
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6 Outlook

As seen, the magnetotail high speed plasma jets, and in particular the jet

fronts, are a widely studied topic in space physics. However, many questions

regarding to the role of these fast flows in the magnetotail activity and in the

magnetotail energy budget remain open.

For instance, the BBF constitutes a source of free energy to excite the ion

scale current sheet drift-kink instability which is one candidate for driving the

kink-like flapping motions (see Paper I). As shown by Yushkov et al. (2016);

Gao et al. (2018), the kink-like flapping motion propagates towards the flanks

of the magnetosphere and carries electromagnetic energy in the form of current

sheet oscillations. Then, one can reasonably assume that the kink-like flapping

motion should somehow stop propagating in the flank of the magnetosphere

and dissipate the electromagnetic energy carried from the central magnetotail

to the stopping point in the form of particle acceleration and heating. However,

since the underlying instability is still not fully understood, the questions

regarding both the role of the energy carried by the kink-like oscillations from

the magnetotail to the flanks in the magnetotail energy budget and their

dissipation mechanism are still open.

On the other hand, the electromagnetic energy carried from the magneto-

tail to the inner magnetosphere in the form of dipolarization fronts, dissipates

into particle acceleration (see Paper II). However, the energy conversion from

electromagnetic energy to particle acceleration is only part of the energy con-

version which occurs at DFs with the additional energy being dissipated in

particle heating. The question of the energy partition between particle ac-

celeration and particle heating and the variability of both energy dissipation

channels in the range of scales from the large plasma flows to (sub-)ion scales

is still an open question. In particular, the turbulent energy cascade leads to

the formation of ion scale structures at jet fronts (Balikhin et al., 2014) that

can be the topic of future studies because of their great interest to answer the

aforementioned question. Hence, although the turbulent jet fronts are com-

plicated magnetic field structures, they constitute a privileged laboratory in

order to address the question of the variability of the energy conversion down

to ion scales.
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