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Abstract

The Jupiter orbiting spacecraft Galileo has provided evidence that the Jovian magneto-
tail is subject to a periodic process with a typical timescale of several days by which the
Jovian system is presumably releasing its excess iogenic mass. This process is analyzed
using data returned from the Energetic Particles Detector (EPD), the magnetometer and
plasma wave experiment on Galileo. The mass release process resembles a terrestrial
substorm in the sense of a global reconfiguration of the magnetotail. During the initial
"loading" phase the plasma convection is at a moderate speed in the corotational direction,
and the Jovian plasma sheet appears to be in a stable configuration. In the release phase
reconnection through a thinned current sheet leads to radially inward and outward plasma
flows and the ejection of plasmoids. The striking difference from terrestrial substorms
is the periodical appearance of the reconfiguration events. Such an intrinsic periodic be-
havior cannot readily be explained by a solar wind driven process. Therefore the role of
the solar wind as energy source is of less importance than for terrestrial substorms. In-
stead, ion mass-loading from internal plasma sources and fast planetary rotation causes
stretching of magnetotail field lines. The resulting magnetotail configuration favors mag-
netic reconnection. This leads to the formation and release of plasmoids. Continued
mass-loading then again leads to stretching of tail field lines. Thus assuming that this
quasi-periodical process is internally driven, a simple conceptual model to estimate the
time period of the periodic reconfiguration process is constructed. The model shows that
the suggested intrinsic mechanism can explain the observed several days periodicities of
Jovian substorm-like processes.

13






1 Introduction

1.1 Jupiter and itsdynamical surrounding

Jupiter in many aspects is the most outstanding planet in our solar system. Jupiter is the
biggest planet with a radius of R; =7.1-10” m and a mass of ~ 1.8987 - 10?7 kg. Jupiter
also has the fastest rotation period of ~ 9 h 55 min and the largest magnetic moment
of ~ 4.2-107* T R3. The radiation belts of Jupiter are the most intense and the radio
emissions are the strongest. Jupiter has the largest moon of the solar system Ganymede,
and the strongest source of plasma located deep in the inner magnetosphere, the moon lo,
releasing about 1000 kg s~* of material.

This fascinating solar system body is embedded in a very dynamical plasma and mag-
netic environment. An example of its dynamical behavior are sudden changes in the
circulation of plasma and corresponding topological changes in the magnetic field.

One external factor which influences the dynamics is the solar wind. Its dynamic
pressure shapes the planetary field lines forming a cavity which contains a low-density
hot plasma that comes from internal and external sources. This cavity is called a mag-
netosphere. Jupiter has the largest magnetosphere in our solar system which is so large
that, if it could be observed from the Earth, it would appear larger than the Earth’s moon.
The size of the Jovian magnetosphere is defined by a balance between the dynamic pres-
sure of the solar wind, the magnetic pressure of the planet and the plasma pressure from
internal sources. The reason of the gigantic size is that the solar wind mass density and
hence its dynamic pressure decreases as the inverse square of the distance from the Sun.
Consequently the dynamic solar wind pressure at Jupiter is 27 times smaller than at Earth
(Russell 2001). Specifically this affects the size of the magnetosphere’s outer boundary
which is called magnetopause. Thus the dayside magnetopause of Jupiter was observed
at distances from ~ 45 to over 100 R, (Joy et al. 2002).

Further factors, which make the Jovian magnetosphere strikingly different from the
Earth, are the presence of the internal mass source lo and the fast planetary rotation.
Jupiter’s rotation is the engine that drives its magnetosphere and the mass addition from lo
is the fuel that powers the magnetosphere. This leads to additional stress which stretches
out the magnetic field forming a magnetodisc beyond about 24 R ; (Smith etal. 1975). The
plasma (mainly consisting of oxygen, sulfur, protons and helium) generates an azimuthal
current in the equatorial region of the Jovian magnetosphere which is confined to a thin
current sheet with a thickness of ~ 4 R in the dawn sector and around 7.6 R in the
dusk sector (Khurana et al. 2004). Plasma is confined in the magnetodisc region where
the loss cone is small. Thus the plasma and currents are found approximately in the same
sheet-like region. Therefore the terms current sheet and plasma sheet can be used equally.

15
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Figure 1.1: A scheme of Jupiter’s magnetosphere in the noon-midnight meridian surface
(top) and the equatorial cross-section (bottom), from Khurana et al. (2004).
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1.1 Jupiter and its dynamical surrounding

The magnetic dipole tilt is ~ 9.8° and the 10-hour planetary rotation leads to periodi-
cal modulation (latitudinal motion) of the plasma sheet (see example in Figure 3.1).

The orientation of the planetary magnetic dipole is directed as the rotation axis and
the field inside the plasma sheet is mainly southward orientated.

In Figure 1.1 this magnetic configuration is presented as a sketch of the Jovian mag-
netic field in the noon-midnight meridian plane. The boundary in front of the dayside
magnetopause is called the bow shock, which reduces the speed and changes the di-
rection of motion of solar wind particles. The region between the bow shock and the
magnetopause is called the magnetosheath. A so called cushion region separates the mag-
netodisc from the magnetopause on the dayside. The magnetospheric regions above and
below the current sheet are called lobes.

The Jovian magnetosphere is usually divided into three basic regions: the inner (< 10
Ry), the middle ( 10 - 40 R;) and the outer (> 40 R ;) magnetosphere.

1.1.1 Theinner magnetosphere: Region of plasma sources

The inner magnetosphere is the location of the inner radiation belts and the plasma sources.
The magnetic field in this region is in first order produced by sources in the interior of the
planet, i.e. the configuration is mostly dipole-like.

At5.9 R, , i. e. within the inner magnetosphere the moon lo is orbiting Jupiter. More
than 100 active volcanoes have been discovered on lo releasing a mixture of ions and
neutrals (mainly SO.) through the lo atmosphere (for a review see Saur et al. 2004). The
neutrals are ionized by electron impact ionization, charge exchange or by UV radiation.
Thus the plasma composition in the Jovian magnetosphere is different from Earth, since it
contains mainly heavy ions. The main mass loading region is about 2 lo diameters (5000
km) around the moon and is called lo torus. lo’s orbital velocity is 17 km s~! and the
plasma at lo orbit corotates with a speed of 74 km s~!. For example, the acceleration of
ions released with a rate of 800 kg s~* from orbital energies to corotational energies by the
lo-torus interaction is equivalent to the power transferred into the Earth’s magnetosphere
during the storms, whereas at Jupiter this energy transfer is active continuously. The
amount of magnetic flux convected into the region between ~ 5.2 and ~ 10 R is about
80 000 Wh s~ (Russell 2001). The lo torus contains several million tons of plasma which
slowly moves outward by the centrifugal force. Radial transport from lo is a possible loss
mechanism which is usually associated with the interchange instability. A mass-loaded
inner flux tube interchanges radially with an “"empty" outer flux tube so that the heavily
loaded tube moves outward (Hill et al. 1981, Thorne et al. 1997, Kivelson et al. 1997).
This process preserves the magnetic flux and transports ions outward. If interchange is not
accompanied by scattering, flux tubes will keep their total content until they get emptied
at some very large distance. An example is the loss of ions in the magnetotail. The loss
mechanism in the magnetotail is the main topic of this work.

Different estimates for the total mass-loading rate of ions from lo into the magneto-
sphere exist. Using a simplified model based on Galileo data of the plasma perturbations
in lo’s wake Bagenal (1997) estimated the lo source of ions within 5R;, to 180 - 580 kg
s~!. Saur et al. (2003) reanalysed the work mentioned above, incorporated Hubble Space
Telescope UV measurements and model calculations and concluded that lo supplies at
most 200 kg s~ in form of ions. From three-dimensional calculations Smyth and Mar-
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1 Introduction

coni (2003) derived a total mass-loading rate of ions (due to electron impact and charge
exchange) as large as 275 kg s~1. Thus lo is the main source of plasma in the Jovian mag-
netosphere. If mass-loading would be totally absent the magnetopause standoff distance
would be only 40 R ;.

The second important source of ions in Jupiter’s magnetosphere is the solar wind.
The solar wind particle source is estimated by a consideration of the solar wind mass flux
incident on the Jovian magnetopause to a maximum of < 100 kg s ~! of protons (Hill
et al. 1983), which is relatively small compared with the lo mass source.

lonization in the upper atmosphere by precipitating particles and subsequent acceler-
ation by an electric field into the magnetosphere is the source for additional ~ 20 kg's —!
ions, assuming that most of these ions are protons (Krimigis et al. 1981).

The Jovian moons Europa, Ganymede and Callisto presumably produce around 50 kg
s~1 of oxygen ions (Schreier et al. 1993, Saur et al. 1998, Cooper et al. 2001).

1.1.2 Themiddle magnetosphere: Rotation effects

The plasma trapped by the strong magnetic field (with exception of a small part which
precipitates into the ionosphere of Jupiter) is transported within the magnetosphere. The
radial outflow of plasma is governed by diffusion and interchange motion.

The rotation of Jupiter provides the main source of energy for the magnetosphere and
leads to the corotation pattern of the plasma convection. A mechanism to tap rotational
energy is the field-aligned current system that transmits torque from Jupiter’s ionosphere
to the magnetospheric plasma (Balogh et al. 1992). Thus the radial current which enforces
corotational flows in the equatorial plane and field-aligned currents close this current sys-
tem through the ionosphere (see Figure 1.2). Large electric potentials associated with
the field-aligned currents accelerate electrons into the ionosphere. This leads to the gen-
eration of the main auroral oval in the ionosphere. Conservation of angular momentum
enforces an angular velocity decrease with distance, but the field-aligned current system
opposes any corotation lag (Pontius 1997).

Where the ionosphere is not able to support sufficient angular momentum to the mag-
netosphere a break down of corotation occurs. Corotation of the magnetospheric plasma
starts to decrease in a region beyond about 20 R ;. The angular plasma velocity lags coro-
tation and the plasma which drags the frozen-in magnetic field field lines leading to a
bent-back configuration as seen in Figure 1.3.

The swept-back configuration of the magnetic field implies the transfer of angular
momentum from the planet to the equatorial plane. However, signatures of the swept-
forward configuration have been also observed. That means the transfer of the momentum
from a source in space to the planet’s ionosphere (Dougherty et al. 1993).

Additionally the so called "region 2" current system (which is similar to the terrestrial
one) was observed by Galileo. It consists of the partial ring current closed by a field-
aligned current system (see Figure 1.4 Khurana 2001). The interpretation of the origin
of this current system is still under discussion. Either this current system is generated by
internal sources (Vasyliunas 1983) or by the solar wind (Khurana 2001).

In the inner magnetosphere the plasma /5 (plasma pressure divided by magnetic pres-
sure) is low (< 0.2) and plasma effects on the magnetic field are minor. The magnetic
field switches the configuration at about 10 to 17 R ; from dipolar to non-dipolar (Tomas

18
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Figure 1.2: A sketch of the radially directed current enforced by corotational flows in the
equatorial plane, from Vasyliunas (1983).
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Figure 1.3: The configuration of the magnetotail Jovian is shown from above (left) and in
a YZ cross section near X=50 R; (Khurana et al. 2004).

et al. 2004) and at a distance of about 24 R it becomes decidedly non-dipolar (Russell
2001). It has been suggested that the force balance in the middle magnetosphere is princi-
pally between the magnetic forces, centrifugal forces of the cold nearly corotating plasma

and the pressure gradient of the hot plasma.
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Figure 1.4: The current systems in Jupiter’s magnetosphere. Adapted from Khurana
(2001).

1.1.3 Theouter magnetosphere: Internal and external influences

The plasma (3 in the outer magnetosphere is increasing to the order of unity in the current
sheet. The magnetic field becomes strongly stretched in order to keep the plasma in
balance with the centrifugal and thermal pressure forces. These forces together with the
solar wind dynamic pressure define the location, structure and thickness of the current
sheet.

The azimuthal plasma flow velocity becomes slower than corotation with increasing
distance and levels off at an approximately constant speed of ~ 200 km s~* to ~ 400 km
s~! depending on local distance beyond 20 to 40 R, (see Figure 1.5 Krupp et al. 2001).
The connection of the magnetodisc currents to the magnetopause currents as a conse-
quence of the magnetotail current system (tail current closed via neutral sheet current)
further stretches the magnetic field lines to a long magnetotail which sometimes extends
to the orbit of Saturn (Khurana et al. 2004). The current sheet at large distances (r > 60
R;) orients itself more and more parallel to the solar wind flow (Khurana 1992).

The study of Kivelson and Khurana (2002) deduced from the local time variations of
the meridional magnetic field component B, shows that the magnetic field lines are less
stretched on the dusk side than on the dawn side. The current sheet thickness is thinner on
the dawn side than on the dusk side. This is sketched in Figure 1.3 (Khurana et al. 2004).

1.1.4 Thedynamics of the magnetotail

As the dynamical behavior of the Jovian magnetotail is the main topic of this work the
evolution of the understanding of the governing processes will be discussed chronologi-
cally.

Already before spacecraft missions reached Jupiter, Vasyliunas in 1976 developed a
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Figure 1.5: Average flow pattern in the Jovian magnetosphere, from Woch et al. (2004).

conceptual model for the middle and outer Jovian magnetosphere which was first pub-
lished in 1983. The sketch of this model is presented in Figure 1.6. Vasyliunas described
the force balance associated with the corotational motion of the plasma including cen-
trifugal effects. The dynamics of the Jovian magnetotail was represented as an internally
driven reconnection scenario. The rigidly rotating magnetic flux tubes are filled with
additional plasma and consequently the centrifugal force increases. This increases the
outward directed force and leads to a stretching of the magnetic field lines. The increased
centrifugal force can be balanced by magnetic stress only up to a limited distance. Beyond
this distance force balance is no longer possible. This leads to changes in the magnetic
field topology and the formation of an x-line and o-line at the limiting distance and a
continuous development of plasmoids®. The plasmoids can move nearly free outward
into interplanetary space. This centrifugally driven reconnection process proposed by
Vasyliunas (1983) is a continuous steady state process inherent to the Jovian magnetotail.

The first spacecraft missions which investigated the dynamics and flow pattern in the
distant Jovian magnetotail were Voyager 1 and 2. Plasma discontinuities in the tail regime
at about 55 to 60 R, have been discovered and the plasma flow changes its direction
from corotational to radially outward at about 130 to 150 R;. Krimigis et al. (1980)
detected the radially outward ion flow burst outside the Jovian plasma boundary (in the
magnetosheath) at 150 R ; which lasts for about four hours and mainly consisted of heavy
ions with Jovian origin. This event provided a dramatic example of the dynamics of the

1See Section 1.2 for details.
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EQUATORIAL PLANE MERIDIAN SURFACE
MAGNETIC X-LINE

Figure 1.6: Qualitative presentation of the plasma flow in the equatorial cross-section
(left) and of the associated magnetic field and plasma flow in the meridian surfaces (right),
(adapted from Vasyliunas 1983).

Jovian magnetosphere.

Magnetometers onboard Voyager 1 and 2 detected signatures of reconnection? in the
Jovian magnetodisc. Anti-sunward streaming particle events associated with northward
field inclinations were observed beyond about 80 R ;. They were interpreted as the need
to adjust the length of the extended nightside field lines to the dimension of the dayside
magnetosphere which leads to the separation of the tip of the flux tubes by reconnection
(Nishida 1983). Since the events showed considerable variability they were suggested not
to be due to a steady-state process as in Vasyliunas model. The observed field component
across the neutral sheet exceeded the dipole field strength, which was proposed to be the
result of the tearing mode.

Zimbardo (1993) using a self-consistent axisymmetric magnetic field model based on
the Voyager data found that the distended magnetic field at night side (~ 60R ;) of Jupiter
can cause a tearing instability which leads to the change of the magnetic field topology.
It is shown that observations of particle streaming, auroral emissions and radio bursts
support the growth of the tearing instability in Jupiter’s magnetosphere as a frequent and
widespread phenomenon.

Further evidence for transient magnetic field reconnection across the current sheet be-
yond 50 R; was found in the Galileo magnetometer data (Russell et al. 1998) with an
example shown in Figure 1.7. Localized regions of strong northward and southward mag-
netic field components were attributed to episodic reconnection of confined patches of
the near Jovian magnetotail. These disturbances appear to be spatially large but not of

2Details on reconnection process see Section 1.2
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Figure 1.7: An example of explosive reconnection as observed by Galileo on DOY (Day
of Year) 165, 1997. Taken from Russell et al. (1998).

a global nature, with the patches having a size of about 25 R, in radial and azimuthal
direction. The events clearly indicate that the fast rotation of the Jovian magnetosphere
produces important differences compared to Earth’s magnetotail. At Jupiter angular mo-
mentum conservation leads to predictable perturbations in the azimuthal component of
the magnetic field, because the magnetized plasma is convected either inward or outward
by the reconnection process.

Based on Galileo Energetic Particles Detector (EPD) data Krupp et al. (1998) reported
that energetic particle bursts frequently occurring in the Jovian magnetotail. They discov-
ered a quasi-periodical occurrence of these events. The typical reoccurrence period on
the Galileo orbit G2, studied by Krupp et al. (1998), was 2 to 3 days. This example of
the variable dynamical behavior of the plasma flows in the predawn region of the Jovian
magnetotail is presented in Figure 1.8. There the first order anisotropy vectors?® in the
equatorial plane are shown along the orbital track. Under the assumption that the first or-
der anisotropy is due to plasma flow the particle bursts mainly consist of radially outward
flowing ions embedded in a corotational flow sometimes followed by short intervals of
inward flowing ions.

Woch et al. (1998) using the Galileo EPD data set noted that the middle magnetotail
of Jupiter is also affected by quasi-periodic modulations of several parameters of the
plasma sheet particle population and found a very similar periodicity of about 3 days.
Most remarkably the particle energy spectra gradual softened within 2 days followed by
an abrupt hardening within 1 day. It was suggested that these modulations correspond

3The details how the first order anisotropy vector have been derived are presented in the Section 2.7.1
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Figure 1.8: One hour averaged the first order anisotropy vectors of protons (80-220 keV)
projected into the equatorial plane along G2 orbit. The lengths of the vectors are given
by the first order anisotropy amplitude relative to the isotropic component. The radial and
azimuthal directions are perpendicular and tangential to concentric circles, (Krupp et al.
1998).

to a quasi-periodic transition between two basic states of the Jovian magnetotail. One
state is characterized by the plasma flow dominated in the corotational direction, a thick
plasma sheet with high intensities of energetic particles and a hard energy spectrum. The
other state is associated with tailward/sunward plasma flow, a thin plasma sheet with low
intensities of energetic particles and considerably softer energy spectra.

Louarn et al. (1998) using observations of the Galileo PWS instrument found that
intensification of auroral emissions and creation of new radiation sources in the outer
regions of the lo torus recurrently appear with a periodicity of 2 to 3 days. They occur
simultaneously with modifications of the plasma sheet structure in the Jovian magnetotail
and could be linked to large-scale instabilities of the Jovian magnetotail.

Also, in other studies of the Jovian magnetosphere periodic processes were reported
as well though with different periodicities. Based on measurements of keV electrons by
Galileo Vasyliunas et al. (1997) showed that the plasma sheet configuration as described
by its thickness, the hinging distance, and/or its meridional motion undergoes time vari-
ations with a period of 5 to 7 days. Prangé et al. (2001), analyzing FUV auroral spectra
(Hubble observations) from the Jovian magnetosphere, identified a variability of the au-
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Figure 1.9: The x-line location, adapted from Woch et al. (2002).

roral activity index on time scales of 5 to 10 days, which was well correlated with dis-
turbances of the magnetic field measured by the magnetometer on board of Galileo. The
auroral activity obviously builds-up and decreases during a couple of days.

A single case study of a prominent particle burst event was carried out by Woch et al.
(1999) by combining energetic particles, magnetic field and plasma wave data. It was
suggested that this event represented a global configurational instability and in that sense
the Jovian counterpart of a terrestrial substorm. This event was interpreted as a dynamical
process where the Jovian magnetotail becomes unstable due to mass loading of magnetic
flux tubes leading to reconnection. Likewise, Russell et al. (2000a) referred to magnetic
field disturbances attributed to irregular transient reconnection events as Jovian substorms.
Woch et al. (2002) deduced the most probable location of a near-Jupiter neutral line from
a statistical study of particle flow bursts directions, (see Figure 1.9). It was shown that
reconnection in the Jovian magnetotail is rather a transient than a continuous, steady state
process.

At Earth the direction of the interplanetary magnetic field (IMF) is critical in the con-
trol of the circulation. At Jupiter the plasma circulation is dominated by the corotational
electric field. The mass loading at lo triggers a gradual outflow of plasma. Eventually
beyond about 50 R in the post midnight sector reconnection empties the magnetic field
lines creating magnetized islands that flow down the Jovian tail and empty flux tubes that
return to the inner magnetosphere. These flux tubes appear to be both small and fast
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moving in order to return the required magnetic flux to the inner magnetosphere (Russell
2001).

1.1.5 TheJovian auroraand equatorial plasma flow

Aurora is the emission of light produced by the impact of any external particles on a
planet’s upper atmosphere (Chamberlain and Hunten 1987). The aurora provides a projec-
tion of magnetospheric processes. This allows to study magnetospheric processes which
are not directly visible. Thus the association of dynamical processes in the Jovian magne-
tosphere and in particulary in the Jovian magnetotail with the corresponding main char-
acteristic of the Jovian auroral emission will significantly enhance the understanding of
many magnetospheric processes.

First we will consider the theoretical aspects of the Jovian aurora and then discuss the
observations.

According to Cowley et al. (2003) the Jovian equatorial plasma flow in the steady state
situation consists of three components, (see Figure 1.10). The first component of the Jo-
vian flow is the sub-corotating "Hill region", which comprises the main part of the Jovian
middle magnetosphere, extending in the equatorial plane to distances of several tens of
R;. Itis associated with the breakdown of rigid corotation in the middle magnetosphere
(see Section 1.1.2). This region is then surrounded by a second region where the flow is
still driven by planetary rotation, in which current sheet dynamics and reconnection play
an important role in the loss process of iogenic plasma downtail in a way first discussed
by Vasyliunas (1983), see Section 1.1.4. In Figure 1.10 this is shown as a steady-state
process associated with a reconnection line marked by the dashes and X’s denote the "Va-
syliunas-cycle tail X-line". By an "O" the O-type line of the plasmoid is marked (see also
the sketch of Vasyliunas in Figure 1.6). The outer edge of the plasmoid is shown by the
dot-dashed line marked "P".

The third region contains the flow associated with the solar wind interaction and the
Dungey-cycle (Dungey 1961). This process is initiated by magnetopause reconnection
with the interplanetary magnetic field which presumably takes place over wide regions of
the dayside boundary. This is indicated in Figure 1.10 by the dashed line with X’s and the
notation "Dungey-cycle magnetopause X-line". It is proposed that the reconnection site
associated with the solar wind driven process will be confined to the dawn sector, as shown
by the dashed line and X’s labelled “Dungey-cycle tail X-line". The flux tubes closed at
the "Dungey-cycle tail X-line" are transported back towards the dayside magnetopause
(denoted as the "Dungey-cycle return flow") to complete the cycle.

The Dungey- and Vasyliunas-cycle tail reconnection sites are associated with the
mass-release processes in the Jovian magnetosphere. The ionospheric plasma flows which
correspond to the equatorial plasma flows considered above are sketched in Figure 1.11.
A sketch of plasma flows in the northern Jovian ionosphere is transformed to a frame
where the planetary dipole is at rest, so that the flow pattern does not vary with time. The
three corresponding ionospheric plasma flow components from lower to higher magnetic
latitudes are as follows. First is the sub-corotating "Hill region". The "Hill region" is
presumably directly related to the main auroral oval as consequence of the upward Birke-
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Figure 1.10: Sketch of the flows in the Jupiter’s equatorial plane, from Cowley et al.
(2003).

land current? (depicted by the circled dots) that enforces partial corotation of the outward
moving iogenic plasma. Secondly, the Vasyliunas cycle flow region which correspond to
a (sub) corotating region where iogenic plasma is lost down tail. Empty flux tubes which
initially carried the detached plasmoid return to near corotation in a narrow sector in the
dawn region. The third region is occupied by Dungey-cycle flows. It consists of a region
of open magnetic flux and anti-sunward flow, shown hatched in Figure 1.11 and a region
of closed flux and return sunward flow taking place only on the dawnside of the region
of open flux. This occurs presumably due to the magnetospheric asymmetry imposed by
the Vasyliunas cycle, especially by the outflow of iogenic plasma down the dusk and mid-
night tail. The dayside reconnection associated with the solar wind interaction is roughly
symmetrically with respect to noon. It is represented as the Dungey cycle magnetopause
X-line.

According to observations the structure of the Jovian auroral emission is usually di-
vided into several major components: the footprints from lo, Europa and Ganymede; the
main oval associated to the breakdown of rigid corotation with brightness ~ 50 to ~ 500
kiloRayleighs® (kR); a discrete belt of emissions equatorward of the main auroral oval -
the secondary oval; and the polar emissions which appear poleward of the main oval with
rapid temporal variations (Grodent et al. 2003a,b). These components are presented in
Figure 1.12 which shows an image of the northern auroral region observed by the Space
Telescope Imaging Spectrograph (STIS) onboard the Hubble Space Telescope (HST).

Grodent et al. (2003b) suggested to distinguish the polar emissions into three regions

4See the sketch 1.2 in Section 1.1.2.
51 kRayleigh = 10° photons *~! from a 1 cm? column of the atmosphere radiated into 4 steradians.
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Figure 1.11: Sketch of the different flow regimes in the Jupiter’s northern ionosphere,
from Cowley et al. (2003).

fixed in magnetic local time (MLT)®: the dark region, the swirl region and the active
region. These polar emissions contribute about 30 % to the total auroral emission in the
northern hemisphere and show emission bursts lasting for approximately 100 s.

The dark polar region - an ionospheric crescent-shaped region at dawn void of auroral
emissions (< 10 kR) (Stallard et al. 2001, Grodent et al. 2003b) - is postulated to be con-
nected to the return flow of emptied flux tubes (Cowley et al. 2003) from the Vasyliunas’
x-line or Dungey cycle. The dark region continues duskward with a region of faint emis-
sion (tens of kR) which may be interpreted as the duskside part of the Vasyliunas cycle
flows where previously emptied flux tubes are gradually mass loaded by plasma from lo
(Grodent et al. 2003b).

The swirl region is a region of faint patchy emission features (< 200 kR) occurring
near the magnetic pole, with a residence time of ~ 5 - 10 days, and possibly associated
with the region of open flux tubes in the tail lobes (the solar wind-driven Dungey cycle
hatched in the sketch 1.11).

The active region is confined to the noon to dusk side (between the swirl region and the
main oval). The polar flares (brightness increase up to 400 kR) belong to this region. It is
feasibly connected with the site of dayside magnetic reconnection of the Jovian magnetic
field lines with the IMF, (see Dungey-cycle magnetopause X-line in sketch 1.11).

In addition auroral dawn storms (Clarke et al. 1998) or multiple dawn arcs (Grodent
et al. 2003a) are observed in the Jovian aurora. They are characterized by a strong and

SMLT is the system of reference connected with the magnetic pole. As the globe rotates, all points on
the same magnetic longitude have a certain magnetic local time. At MLT=12 a point faces in the "upwind"
direction, and at MLT=24 or 0 in the "downwind" direction.

28



1.1 Jupiter and its dynamical surrounding

18 Dec 2000

Main oval

CML=161.6 0 footprint and trail

Figure 1.12: HST-STIS images of the northern polar region of Jupiter. Top image shows
the main oval, the secondary oval, the polar emissions and nightside polar spots (NPS)
(Grodent et al. 2004). Bottom image presents the features of the polar emissions: the
swirl region, the dark region and active region with "flare™ (Grodent et al. 2003b).

localized (in the dawn sector of the main oval) brightening (in excess of 1 MR). Those can
be interpreted as follows: an upward current is necessarily associated with the break of the
fast return flow in the high-pressure subcorotational regime in the middle magnetosphere
and this could lead to intensive emissions. It was also suggested by Woch et al. (2002)
and Cowley et al. (2003) that dawn storms may be associated with magnetic reconnection
events in the Jovian magnetosphere.

Another morphological feature of the polar emissions is the so-called ’Nightside Po-
lar Spots’ (Grodent et al. 2004) - isolated auroral spots frequently observed poleward of
the main auroral oval. The duration of these auroral spots is between 5 minutes and 1
hour with a reoccurrence period of about ~ 1 to 2 days. *Nightside Polar Spots’ may be
the auroral imprints of the transient reconnection events in the magnetotail. According to
Khurana’s *1997-model" these spots map roughly to the pre-midnight region of the mag-
netosphere beyond 100 R (~ 21:00 LT - local time). The apparent magnetic conjugacy
of the two phenomena and their compatible duration corroborates such a relation.
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1.2 Substorm or substorm-like processes at Earth and
Jupiter

The dynamics of the Jovian magnetotail show some similar features and signatures as the
Earth’s magnetotail during substorms.

One of the outstanding problems in magnetospheric substorms is why the magnetotail
is stable most of the time, and why do substorms occur just when they do (Huang et al.
2003)? Can substorms have some specific periodicity?

The key physical process in a terrestrial substorm is a reconnection process by which
energy is added to the system and transformed to thermal and Kkinetic energy. Figure 1.13
presents a scheme of possible magnetic field and plasma flow configurations for steady
state reconnection. Plasma and the frozen-in magnetic field flows from the ideal” region
into the diffusion region. Due to the resistivity in this region the magnetic field is not
frozen into the plasma anymore and the connectivity of the magnetic field lines change.
Magnetic energy transforms into kinetic and thermal energy during this process. The
outflowing plasma has (in the simplest, 2D-incompressible models) Alfvén speed.

Magnetic reconnection occurs at the dayside magnetopause when the interplanetary
magnetic field and the Earth’s field lines are antiparallel. Magnetic flux is added to the
magnetosphere which leads to a stretching of the magnetotail and a thin current sheet
formation. Current driven micro instabilities produce resistivity on hydrodynamic scales
and magnetic reconnection occurs in this near Earth (~ 10 to 30 Ry) non-ideal MHD
region. The whole process is called a substorm.

The substorm process is divided into three phases: growth phase, expansion phase and
recovery phase, (see schematic representation in Figure 1.14). The most widely accepted
model of the substorm process is named the Near Earth Neutral Line (NENL) model. The
substorm onset leads to plasma sheet thinning and a NENL formation. After reconnection
the plasma sheet field lines form a plasmoid (closed field lines) which move tailward. The
plasmoid forms between this near Earth neutral line and a distant neutral line. During
the reconnection process magnetic energy is transformed into kinetic energy. This leads
to acceleration of the plasmoid which is expelled into the interplanetary space. A small
amount of plasma is accelerated along the magnetic field lines toward the Earth and causes
auroral emissions. In the substorm recovery phase the configuration returns to the initial
state.

Let us consider the main substorm phases in detail.

e Growth phase

The substorm process starts from the growth phase, which lasts around one hour.
Substorms require the loading of energy prior to its unloading (Baker et al. 1999).
The solar wind energy is transferred to the magnetosphere through reconnection
between interplanetary and magnetospheric field lines. The energy loading leads to
the magnetic field increase in the tail lobe and as consequence compression of the
plasma sheet. The increase of the cross-tail current drives a tailward stretching of

"Ideal means ideal Magneto Hydro Dynamics (MHD), which is defined by ideal Ohm’s law E+V xB =
0. The diffusion region has a term on the right side which is usually small, e. g. (nj).
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Figure 1.13: A schematic representation of the steady-state magnetic reconnection pro-
cess. Plasma flows into the diffusion region carrying the frozen-in magnetic field. The
connectivity of the magnetic field lines changes at the X-point. By this process magnetic
energy is transformed into kinetic and thermal energy.

the near-Earth tail field lines. A current sheet becomes thin tailward of the dipole-
like field lines (6-15 R®).

The thinning of the current sheet is associated with flux dropouts (decrease of the
flux of energetic particles at a given location). The flux dropouts for both elec-
trons and ions are observed together with noticeable increase in the magnetic field
strength during ~ 1 hour and abrupt enhancements occur as the magnetic field
rapidly decreases. This field variations are consistent with intensification of the
cross-tail current during growth phase (Lopez et al. 1989) and followed by current
disruption and magnetic field relaxation during the expansion phase.

e Expansion phase

The explosive part of the substorm process is associated with the expansion phase
and the start of this phase is called the onset of the substorm. Stored energy is
released.

The typical duration of this phase is about 30 min with variations from 10 minutes
to 2 hours. How substorm onsets are triggered is still not fully known. Several
models are currently discussed. For example the current disruption model suggests
that the process initiates in the near-geostationary region (Lui 1996), the neutral

8The Earth radius Ry, is 6378 km
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Figure 1.14: Schematic presentation of the plasma sheet evolution during substorm. DNL
is a Distant Neutral Line, NENL is a Near Earth Neutral Line. Adapted from (Baumjo-
hann 1991).

line model suggests that magnetic reconnection in the midtail releases the energy
stored in the tail lobes (Baker et al. 1996), the role of the solar wind variations as
initiation process was considered by Lyons (1996), the role of the ionosphere by
Kan and Sun (1996). The phase is characterized by earthward and tailward high
speed plasma flows. The plasmoid-associated ion bursts will be considered below
in further detail. Part of the cross-tail current in the near-Earth disappears. The
current disruption leads to closure of the interrupted current lines through the iono-
spheric current system and the creation of a substorm current wedge. This is ac-
companied by dipolarization of the magnetic field. Magnetic field oscillations with
low frequency are often seen during and after the onset. Sketch 1.15 illustrates the
substorm current wedge relationship to near-Earth current disruption and magnetic
field line changes during the expansion phase. The most intense discrete aurorae
occur due to electron acceleration down into the ionosphere by field-aligned electric
potential drops during substorms. The observations established that reconnection
occurs in the tail region around 25 R away from the Earth.

Recovery phase

In the recovery phase the plasma sheet and magnetic field return into the pre-
substorm state within typically one hour.

Observations and numerical models show that terrestrial substorms are a global, co-
herent set of processes within the magnetosphere and ionosphere (Baker et al. 1999). The
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Figure 1.15: The substorm current wedge and reconfiguration of the nightside magneto-
sphere during substorms (Russell and McPherron 1973).

magnetosphere extracts energy from the solar wind flow, the energy is stored in the mag-
netotail, an extremely thin plasma sheet forms in the magnetotail, leading eventually to the
explosive disruption of the current sheet at a geocentric distance of ~ 25R ; in the night-
side magnetotail. The details of the plasma physics may be different from case to case, but
the magnetospheric system almost always passes through this loading-unloading cycle so
that it can be considered as a “configurational™ instability: The energy-loaded magneto-
sphere develops a magnetic stress state until the entire system collapses and the global
reconfiguration leads back to a lower energy state. The loaded magnetosphere almost
always develops rapidly to the same basic reconnection reconfiguration independently of
the details of the localized initiation mechanism. The explosive disruption is associated
with a catastrophic collapse comparable to a sand dune that has reached a very unstable
configuration. Any small local perturbation can lead to a large-scale collapse irrespective
of the nature of perturbations.

The fact that the magnetosphere behaves in a self-organized and coherent way lead
to the description of the global system by a "state" vector (Vassiliadis et al. 1995). The
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system evolution can be described in terms of a "bifurcation" diagram (Schréer et al.
1994). The magnetotail collapses catastrophically and the highly stressed reconfiguration
changes by the relaxed, dipolar state.

121 The release process at Earth - plasmoid-associated energetic
ion bursts

The plasmoids are formed after substorm onset, either due to a tailward retreat of the
neutral line and further pinching off or due to formation of loops within the postplasmoid
plasma sheet. The plasmoid-associated ion burst signatures were divided by Richardson
et al. (1987) using the data from the ISEE 3 spacecraft into four different phases:

Phase 1 is the initial period associated with strongly tailward streaming energetic ions
in a "tail lobe" region. The bursts constitute a major component of a "plasma sheet bound-
ary layer" region surrounding the plasmoid/plasma sheet.

Phase 2 is the plasmoid phase with signatures of depressed magnetic field and the
strong north and thereafter south field tilts. The energetic ions show high intensities with
a broadened angular distribution.

Phase 3 is the postplasmoid plasma sheet. It is characterized by a depressed and
usually continuously southward directed magnetic field. The ion intensities often slowly
decrease and the angular distributions are getting narrow.

Phase 4 is a return into a plasma sheet boundary layer region lasting for a few minutes
which has characteristics similar as Phase 1, before exiting into the tail lobe where much
lower energetic ion intensities are residing.

The observations from Richardson et al. (1987) may be interpreted using the "neutral
line" model of substorm behavior (Hones 1979, Richardson and Cowley 1985). Sketches
of plasmoid formation and propagation in a meridional cross sections through the ge-
omagnetic tail are presented in Figure 1.16. Solid lines represent magnetic field lines,
the hatched areas show the regions of plasmoid (PM) and postplasmoid plasma sheet
(PPPS) occupied by the hot thermal plasma. The dotted regions between the plasma sheet
boundary and the magnetic field separatrix connected with the neutral lines represent the
plasma sheet boundary layers (PSBL). The first panel presents the geomagnetic tail after
substorm onset, where rapid reconnection of the magnetic field lines within the near-Earth
plasma sheet forms closed loops of magnetic flux (the plasmoid). In the second panel the
disconnected plasmoid starts to move tailward. Open tail lobe flux reconnects at the near-
Earth neutral line and the interplanetary field surrounds topologically the plasmoid. In the
third panel the plasmoid is accelerated downtail by the tension of interplanetary field lines
and by dynamic pressure. During substorm recovery, the near-Earth neutral line moves
downtail and the reconnection rate drops, until quiet time conditions will again dominate.

1.2.2 Periodic substorms

Whereas mostly the terrestrial substorms occur randomly and more or less as singular
events, observations have shown that "periodical substorms™ occur in the Earth’s magne-
tosphere, i. e. a sequence of substorms with quasi periodical repetition time. Huang et al.
(2004) reported about the proton particle fluxes which exhibit a well-defined "sawtooth"
profile with gradual decreases (flux dropouts) followed by rapid increases (injections).
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Figure 1.16: Sketch of the formation and propagation of plasmoids according to the
NENL model. Magnetic field lines are denoted by solid lines, the hatched areas sur-
rounded by dashed lines show plasma sheet regions as the plasmoid and postplasmoid
plasma sheet. The dotted regions located between the plasma sheet boundary (bounded
by dashed lines) and the field separatrices mapping to the x-line are the plasma sheet
boundary layers containing energetic particles flow. The phase (a) shows the state briefly
after substorm onset. The rapid near-Earth reconnection leads to the formation of the plas-
moid within the quiet time plasma sheet. The phases (b,c) presents the plasmoid tailward
motion after its disconnection from Earth. The plasmoid is topologically surrounded by
interplanetary field lines formed by near-Earth reconnection of open tail lobe field lines.
The contraction of the reconnected lines accelerate the lobe plasma from the neutral line,
this leads to development of a wedge-shaped region Earthward of the tailward moving
plasmoid called "postplasmoid plasma sheet" (Richardson et al. 1987).

These sawtooth injections coincided well with the AE index® increases, a southward turn-

9The Auroral Electrojet Index, AE, provides a global, quantitative measure of auroral zone magnetic
activity which results from enhanced ionospheric currents flowing below and within the auroral oval. It is
the total range of deviation at an instant of time from quiet day measurements of the horizontal magnetic
field around the auroral oval.
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ing of the meridional magnetic field component, an enhancement of energetic neutral
atom emission in the ring current, and an intensification in the auroral emissions. The
periodic magnetospheric substorms have an intrinsic cycle time of 2 to 3 hours (Huang
et al. 2003). The sawtooth events occur at all local times also on the day side and the
injections are dispersionless (Clauer and Cai 2005). Ganushkina et al. (2005) associated
the tail current enhancements with growth phases of the sawtooth events and decrease of
the tail currents with dipolarization. They found no signatures of an external driver for
the sawtooth events.

The periodic substorms occurred after a solar wind pressure impulse has acted on the
magnetosphere during magnetic storms. However, the solar wind did not show periodic
variations with a repetition period of the sawtooth injections. The solar wind pressure
oscillations or impulses can excite the periodic substorms, but the period of the substorms
is determined by the magnetosphere itself. Isolated substorms can also occur when there
is no obvious triggering from the solar wind. They occur during stable IMF as well as
during fluctuating IMF (Huang 2002, Huang et al. 2003).

The observations provide evidence that the magnetosphere needs about 2 to 3 hours
after a substorm onset to become again unstable for the next substorm. If the magneto-
spheric state is stable towards the respective plasma instability considered to be responsi-
ble for substorm onset, substorms will not occur, regardless whether the solar wind sud-
denly changes its direction or not. On the other hand, if the magnetosphere has reached
the unstable state, an internal plasma instability can trigger substorm onsets, even if there
is no external triggering condition of the solar wind. The investigations of Huang et al.
(2004) show that the period of substorms is also not defined by the amount of solar wind
energy transferred into the magnetosphere.

The near-tail reconnection (e.g., leda et al. 1998) and the current disruption (e.g., Lui
1996) are identified as possible mechanisms responsible for the generation of the periodic
substorms. The "minimal substorm™ model of Freeman and Morley (2004) based on three
principles propose a statistical and physical description of the timing of substorm onsets
in the Earth’s magnetosphere and suggests that the substorm cycle may be intrinsically
simple on a global scale and that the complicated pattern of substorm occurrence arose
from the complexity of the solar wind driver.

The solar wind power P drives the substorm and leads to the accumulation of energy

E in the magnetotail at a rate of
dE
— =P 1.1
dt (2.1)

At any given time, the solar wind boundary condition define an energy state F that the
magnetotail would like to exist in:

F=C-DP 1.2)

where the constant C is a critical energy threshold and the constant D is related to the
substorm periodicity. The magnetotail is constrained by its magnetic configuration from
adopting the energy state F until it becomes sufficiently stressed with an energy C and
then the magnetotail moves to the lower energy state:

E — Fwhen £ > C. (1.3)

This transition is associated with the substorm onset and the expansion phase.
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1.2 Substorm or substorm-like processes at Earth and Jupiter

This model can simulate periodic substorms driven by a steady solar wind. For real
solar wind conditions this model gives distribution of a waiting time between pairs of
adjacent substorms onsets in an agreement with the observations.

1.2.3 Possibledriversfor reconfiguration processesin the Jovian mag-
netotail

The dynamics of the Jovian magnetotail described in Section 1.1.4 lead to the discussion
which physical processes can enforce reconfiguration processes associated with recon-
nection and mass-release in the Jovian magnetosphere.

It is most natural to associate the dynamical processes revealed in the Jovian mag-
netosphere with terrestrial substorms®®. However, before doing that it seems necessary
to clarify our notion of a substorm. In order to avoid misunderstanding due to different
conceptions of the term substorm.

Nishida (1983), Russell et al. (2000a), Woch et al. (1999), Louarn et al. (1998) sug-
gested that substorm-like processes in the sense of a global configurational instability of
the magnetotail or even the whole magnetospheric-ionospheric system occur also in the
Jovian magnetosphere. The overall observational signatures of a substorm process in the
Jovian magnetosphere appear at first sight very much similar to the terrestrial one. The
onset of auroral wave emissions, outward and inward flows of plasma, magnetic field dis-
tortions resembling plasmoid structures have all been reported (Louarn et al. 1998, Woch
et al. 1999). Potential auroral signatures of these magnetospheric phenomena have re-
cently been identified (Grodent et al. 2004). However, in application to Earth the term
"substorm" often inherently comprises the loading of the magnetosphere by solar wind —
magnetosphere interaction.

For Jupiter there exist different points of view regarding the driving mechanism of such
dynamical disturbances. Can reconnection with the IMF produce the substorm processes
as at Earth? Or are the dynamical disturbancesinternally driven?

In contrast to the "classical" substorms at Earth which under favorable conditions
happen randomly under suitable conditions, substorm-like disturbances at Jupiter seem
to reoccur with a characteristic time constant of several days (Woch et al. 1998, Louarn
et al. 2000, Krupp et al. 1998). This intrinsic periodicity has led to the suggestion that
the Jovian substorms are not driven by solar wind - magnetosphere interactions but by an
internally driven process.

At Earth, in the classical externally driven case driven by addition of magnetic flux in
the tail, reconnection of tail flux tubes are the prime relaxation process of a substorm. At
Jupiter, the driving mechanism is believed to be the centrifugal force on rapidly rotating,
mass-loaded flux tubes which lead to a thinning of the plasma sheet which enables spon-
taneous reconnection. This centrifugally driven reconnection process was first proposed
by Vasyliunas (1983) as a steady state process inherent to the Jovian magnetotail (see
Section 1.1.4).

The plasma dynamics are principally driven by rotational forces rather than by inter-
action with the solar wind (Pontius 1997). This is explained by the strong magnetic field
and the fast rotation of Jupiter and additionally by the weaker solar wind flux at Jupiter’s

10See Section 1.2 in details.
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orbit. Another evidence that reconnection with IMF is less effective at Jupiter than at
Earth is obtained from the study of the flux transfer events at the Jovian magnetopause
(Walker and Russell 1985). They were typically smaller and less frequent than at Earth. In
fact, reconnection is less efficient for high plasma (3 conditions (Scurry et al. 1994). High
plasma /3 conditions occur behind the Jovian bow shock and lead to lower efficiency of the
reconnection process in comparison with the terrestrial case. The dynamics of the Earth’s
magnetosphere are very much affected by the product of the solar wind velocity and the
component of the magnetic field perpendicular to the solar wind flow. At Jupiter, the
mechanical energy flux in the solar wind intercepted by the huge magnetosphere would
be small compared to the energy flux into the Jovian magnetosphere associated with the
mass release from lo. Thus the reconnection driven by solar wind energy appears to be
minor at Jupiter and would not affect the rapidly rotation plasma of the magnetosphere
whose corotational electric field is much than that of the solar wind (Russell 2001).

Grodent et al. (2004) associated the Night Side Polar emissions with the "Jovian mass
ejection”. An overloading by thermal and rotational energy occurs due to iogenic mass
loading. This excess mass and energy is released by a process analogous to solar coronal
mass ejections.

Russell et al. (1998) has estimated the magnetic flux of reconnection events and cor-
responding magnetic flux that is mass-loaded at lo and came to the conclusion that the
reconnection processes and the mass loading process are approximately in balance. The
magnetic flux tubes that has been convected radially outward mass-loaded by the iogenic
plasma can be returned to the inner magnetosphere as emptied magnetic flux tubes. The
emptied magnetic flux tubes in the vicinity of lo were discussed by Kivelson et al. (1997),
Russell et al. (2000b).

Louarn et al. (2000) suggested that enhancements in the various auroral radio emis-
sions, with the creation of new sources of radiation in the lo torus and corresponding large
fluctuations in the magnetodisc density are related to an instability developing in the ex-
ternal part of the lo torus or in the close to the lo torus magnetodisc. This instability leads
to sporadic injections of new plasma populations into the magnetotail.

Slightly aside of the conventional points of view is the idea that the observed quasi-
periodic fluxes of the energetic ion populations occur due to the existence of a low-
dimensional and chaotic mechanism corresponding to the internal magnetosphere dynam-
ics of Jupiter (Pavlos et al. 2004).

In order to investigate the importance of the IMF, Fukazawa et al. (2005) simulated
the interaction between the Jovian magnetosphere and the solar wind using a time depen-
dent three-dimensional global magnetohydrodynamical code. The simulations show that
periodical plasmoid injections with a repetition period of 32-37 hours can be driven dur-
ing long lasting periods of the northward IMF turn (185 hours). The magnetic flux feeds
the magnetosphere and the convective flow determines the period of plasmoid emissions.
However, the time to respond to changes in the IMF is very long (Walker and Ogino 2003)
and the solar wind variations are usually on shorter time scales. Thus this mechanism can-
not explain the commonly observed periodicities in the Jovian magnetosphere.

Also considering the solar wind as driving mechanism, Southwood and Kivelson
(2001) pointed out the influence of compression and rarefaction of the Jovian magne-
tosphere induced by solar wind shocks on the stability of the Jovian plasma disc. They
suggested that specifically during times of rapid expansion forces on mass-loaded flux
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tubes will lead to the formation of detached plasma "blobs" breaking off at the outer edge
of the middle magnetosphere and lead to subsequent outward transport of plasma.

Galopeau and Boudjada (2005) using the combination of Galileo/PWS and Wind/-
WAVES observations found that the Jovian hectometric emissions (HOM) and the solar
wind parameters have quasi-similar variations when a time lag of about 153 days is taken
into consideration. They claim changes in the solar wind cause the observed hectometric
emissions and/or injection events investigated by Louarn et al. (1998).

Based on Cassini and Galileo data, Gurnett et al. (2002) reported that HOM and ex-
treme ultraviolet auroral emissions from Jupiter are triggered by interplanetary shocks
propagating outward from the Sun, leading to similar processes that occur during geo-
magnetic storms at Earth.

1.3 Open Questions

The understanding of the dynamics of the Jovian magnetosphere has improved substan-
tially in the past decade. However, some questions still remain unanswered, among these
are.

e \What is the nature of the observed radially outward and inward ion bursts / recon-
figuration events in the Jovian magnetotail?

e Do substorm-like processes occur in the Jovian magnetosphere? What are the sim-
ilarities and what are the differences to terrestrial substorms?

e What is the role of the solar wind and the interplanetary magnetic field in driving
substorm-like processes at Jupiter?

e Why do these release processes occur periodically? Which mechanism is responsi-
ble for the release of plasma into the interplanetary space?

o Are there fundamental commonalities with substorms and periodical substorms oc-
curring at Earth?

These questions will be investigated in this work. The main task of the thesis is to study
in detail the dynamical processes in the Jovian magnetotail and their driving mechanisms.

The study is organized as follows. The instruments and tools used to investigate recon-
figuration processes are described in Chapter 2. In Chapter 3 reconfiguration processes
are studied using observations. First the single reconfiguration events are analyzed in de-
tail and then summarized statistically. The quasi-periodical nature of the reconfiguration
events is presented and compared with the periodical terrestrial substorms. To quantify
the characteristics of the reconfiguration events and to compare them with the character-
istics of terrestrial substorms a statistical study of the ion flow bursts is provided. The
general characteristics of the reconfiguration events derived from the presented study are
summarized after that. To explain the intrinsic time constant of the Jovian reconfiguration
process a simple conceptual model is developed and presented in Chapter 4. Finally the
summary of the main results is given in Chapter 5.
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2 Instrumentation and Data Analysis
Methods

2.1 Exploration of the Jovian magnetosphere

Seven spacecraft have explored the Jovian magnetosphere so far. Six of these were flyby
missions which spent only a few days in the magnetosphere.

Pioneer 10 in 1973, was the first spacecraft to pass by Jupiter on a low inclination tra-
jectory (SIII* latitude < 15°) at a distance within 1.8 12 of its cloud tops. Pioneer 10 pro-
vided a reasonably accurate measurement of the magnetic dipole moment and magnetic
field strength. The azimuthal asymmetry in the structure of the Jovian magnetosphere was
detected.

A year after, Pioneer 11 flew by Jupiter in December 1974, on a highly inclined tra-
jectory (maximum Sl latitude 52°) at a distance within 0.6 R, of Jupiter’s cloud tops.
Pioneer 11 observations have confirmed the earlier Pioneer 10 observations of the large
size and extreme variability of the outer magnetosphere. Both Pioneers observed the dy-
namic interaction of the Jovian magnetosphere with the solar wind.

Voyager 1 made extensive measurements of the Jovian system in early 1979 on a
nearly equatorial trajectory. Scientific studies of the Jovian magnetosphere focused on
the source of the Jovian radio emissions, the dynamical properties of the magnetospheric
plasma, aurora, and satellite-magnetosphere interactions.

Evidence was found for a transition of the magnetic field lines from a dipolar (<
25 Ry) to a current sheet like configuration. The plasma flow was detected to be in
corotational direction throughout the magnetosphere to distances of 130 to 150 R ;. At
this distance the plasma flow direction changes to a persistent antisunward flow. It was
discovered that the lo torus is populated by heavy ions. Voyager 2 started substantive
Jovian measurements on 25 April 1979, as Voyager 1, on a nearly equatorial trajectory.
The configuration of the equatorial current sheet was studied in detail.

Ulysses passed by Jupiter in February 1992 on a mid to high latitude trajectory. The
spacecraft investigated the dusk high latitude region of the Jovian magnetosphere. It was
revealed that the size of the Jovian magnetosphere changes dramatically in response to
different dynamic conditions.

Galileo was the first spacecraft which orbited around Jupiter and will be described in
Section 2.2 in detail. This spacecraft covered the Jovian magnetotail particularly well.

Finally, Cassini briefly passed the dusk boundary region in December 2000, provid-
ing the unique opportunity of simultaneous observations with Galileo and ground-based

1See Section 2.6 for details.
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Figure 2.1: The trajectories of the different missions to Jupiter, projected onto the equa-
torial plane (z - y plane of the Jupiter Solar Ecliptic (JSE) coordinate system). Pioneer 10
and 11 fly-bys are presented in red and orange (respectively), Voyager 1 and 2 are shown
in green, Ulysses is presented in yellow, Cassini in violet and Galileo orbits in blue. The
Sun is located to the right of the Figure. Dashed lines show nominal bow shock (outer
line) and magnetopause (inner line) locations.

observations of the near Jovian system.

2.2 TheGalileo mission

The unrevealed questions about Jupiter which appeared after the flyby missions of the
Pioneers, Voyagers and Ulysses spacecraft led to the development of Galileo as the first
Jupiter orbiting mission.

The NASA mission was named in honor of Galileo Galilei who first made telescope
observations of Jupiter and discovered four satellites (lo, Europa, Ganymede and Callisto,
now known as the Galilean satellites) which suggested to him that the Copernican system
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Figure 2.2: A sketch of the Galileo orbiter. Credit: JPL/NASA.

with the Sun in the center of the solar system could be correct.

The mission was planed and developed in 12 years. Galileo was initially scheduled to
be launched in 1982 but it was postponed because of difficulties in both the Shuttle and the
Centaur upper stage. Galileo was launched on October 18, 1989 aboard the space shuttle
Atlantis. Its travel through the interplanetary space took 6 years. The spacecraft reached
its orbit around Jupiter on December 7, 1995. It transferred data from the Jovian system
for 8 years. The mission ended on September 21, 2003, when Galileo was intention-
ally steered into Jupiter’s dense atmosphere. The interplanetary travel of the spacecraft
followed the trajectory named VEEGA (Venus-Earth-Earth Gravity Assist), this allowed
Galileo to get sufficient speed to reach Jupiter. The travel of the spacecraft from launch
to impact was 4,631,778,000 km. On the way to the giant planet Galileo’s scientific pay-
load was used to investigate Venus, Earth, the Moon, the asteroid belt, with close look at
the asteroids Gaspra and lda, and Dactyl the moon of an asteroid. Galileo observed the
collision of the comet Shoemaker — Levy 9 with Jupiter. Even the interplanetary cruise
itself was fruitful, for example with recording the most intense dust storm ever detected
by a spacecraft.

The Galileo mission included two spacecraft: the Galileo orbiter and the Galileo
probe, the latter for in situ studies of the Jovian atmosphere. A sketch of the orbiter
is presented in Figure 2.2.

The Galileo orbiter is the combination of a spinning spacecraft as the Pioneers, and
Ulysses and of a three-axis stabilized spacecraft as the Voyagers. An innovative "dual-
spin" design provided conditions favourable for instruments which require rotation e. g.
to measure fields and particles, as well as for remote sensing experiments which demand
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steady pointing. The Galileo orbiter had 12 scientific experiments.
The instruments and their area of investigation are shown in Table 2.1.

Table 2.1: Scientific experiments on board of the Galileo orbiter.

Name of an instrument

Field of investigation

Remote-sensin

g instruments

Solid-State Imaging Camera (SSI)

satellite study including small satellites,
the Jovian atmosphere, auroral phenom-
ena, rings

Near-Infrared Mapping Spectrometer
(NIMS)

surfaces of the satellites of Jupiter, the Jo-
vian atmosphere

Photopolarimeter/Radiometer (PPR)

the intensity and polarization of sunlight

Ultraviolet Spectrometer/ Extreme Ultra-
violet Spectrometer (UVS/EUS)

atmospheres of the Jupiter and Galilean
satellites, aurora, satellites surfaces

Fields and Partic

les Instruments

Magnetometer (MAG)

the strength and direction of the magneto-
spheric magnetic field

Plasma Wave Subsystem (PWS)

the properties of varying electric and
magnetic fields

Energetic Particles Detector (EPD)

the energies and flux of ions and electrons

Plasma Instrument (PLS)

the energies, directions of ions and elec-
trons, defining of the ion composition by
mass-spectrometer, in the energy range (9
eV -52keV)

Dust Detector Subsystem (DDS)

measurements of dust (10— - 10~7) par-
ticles mass, electric charge, velocity

Engineering

Experiment

Heavy lon Counter (HIC)

measurements and monitoring of the very
high-energy heavy ions, hitting spacecraft

Radio S

cience

Celestial Mechanics

detection of small changes in the trajec-
tory of the spacecraft

Radio Propagation

ionospheres of the Galilean satellites and
Jupiter, Jupiter’s neutral atmosphere

The main scientific goals of the Galileo orbiter mission are:

o study the circulation and dynamics of Jupiter’s atmosphere;

e investigate the Jovian upper atmosphere and ionosphere;
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e reveal the morphology, geology and physical state of the Galilean satellites;
o study the composition and distribution of surface minerals on the Galilean moons;

e determine dynamic properties, the gravitational and magnetic fields of the Galilean
satellites;

o study the interaction of the Jovian magnetosphere with the Galilean satellites;

e characterize the vector magnetic field, the energy spectra, composition, and angular
distribution of energetic particles and plasma.

The orbits of Galileo have encounters with the Galilean moons. Each orbit is denoted
by the initial of the respective satellite and the sequential number of the orbit. Thus the
G2 orbit is the second orbit, and has an encounter with Ganymede.

Galileo covered distances up to 150 R;. The closest approach to Jupiter was at a
distance of 2.5 R ;.

The present work uses data sets from the EPD and MAG instruments as well as the
PWS instrument. These instruments will be described in the following sections.

2.3 TheEnergetic Particles Detector

The Energetic Particles Detector (EPD) is an instrument on board of the Galileo space-
craft designed to measure the characteristics of the charged particles population such as
energies, intensities, composition and angular distribution to determine, in particular, dy-
namics and configuration of the Jovian magnetosphere. The Galileo EPD in comparison
with the respective instruments on previous missions is more advanced in terms of pos-
sibilities to measure the time and spatial variations of the energetic particles. The advan-
tages of the EPD instrument are the 47 steradian angular coverage for Jovian energetic
particles and the extended coverage of particle energies. The EPD instrument was built
in a joint effort of the Johns Hopkins University Applied Physics Laboratory (JHU/APL),
Max-Planck-Institut fir Aeronomie (MPAE) (nowadays The Max-Planck-Institut fiir Son-
nensystemforschung (MPS)), and the National Oceanic and Atmospheric Administration
Space Enviroment Laboratory (NOAA/SEL). For a complete description of the EPD in-
strument see Williams et al. (1992). The mass of the EPD instrument is 10.5 kg, its size
is 19.5 cm x 27 cm x 36.1 cm, the power requirement is 4 W for heaters and 6 W for
electronics.

A scheme of EPD is given in Figure 2.3. The EPD consists of two double-headed
detector telescopes: the Low Energy Magnetospheric Measurement System (LEMMS)
and the Composition Measurement System (CMS). These detectors will be considered in
more detail below.

The rotation of the detector heads, which are mounted on a platform, by a stepper
motor in combination with the satellite spin provides the almost 47 steradian angular
coverage with exception of a small solid angle (< 0.1 sr) along the spin axis which is
blocked to avoid direct sun light into the detector. A sketch of the stepper motor positions
(view point from above) on EPD is shown in Figure 2.4. After a full spacecraft rotation
the stepper motor moves by 30°. The 47 coverage is achieved after 7 spacecraft spins
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GALILEO SPACECRAFT
ENERGETIC PARTICLES DETECTOR (EPD),

Figure 2.3: A sketch of the Energetic Particles Detector, from Williams et al. (1992).

(~ 140 seconds), when the motor stepped through positions 1-7. Position 0 is used for
calibration purposes. The stepper motor moves during the rotation through 8 positions,
separated by 30° and in case of the position 0 and 1, by 45°.

It was planned that the Galileo spacecraft will transmit data with two different rates:
from a high gain antenna at a rate of 134 kbps, and low resolution data at a rate of 160

46



2.3 The Energetic Particles Detector

Spacecraft Mounting Feet
spin axis 9 Pesition 0
s
P

(Platform Spin axi 7

latform Spin axis Foreground
perpendicular to shieelg o
drawing plane)

O

Position 7
ot — - |+ — — Position 1

~ -
P Position 2
Position § L

Position 5 Position 3
Position 4
Pointing Direction
refative to 0
degree end

Figure 2.4: The stepper motor positions if looked on EPD from the top. The spin axis of
the spacecraft is parallel to the position 1 to 7 line, from Williams et al. (1992).

bps. But because of technical problems with the high gain antenna the data had to be
transmitted by the low gain antenna only. The transmission was rearranged in two differ-
ent modes, real time mode and record mode. In this work the real time data were used,
which are available during almost the whole mission. In real time mode the available bit
rate is 5 to 40 bps, in this mode the unit sphere is divided into 16 angle sectors (see Figure
2.5) and scanned with a time resolution of 3 to 11 minutes depending on the transmission
rate to Earth.

2.3.1 Low Energy Magnetospheric Measurement System (LEMMYS)

The intention of the LEMMS telescopes is the measurement of ions in the energy range
from 22 keV to 55 MeV and electrons from 15 keV to 11 MeV with high angular (<
20°) and temporal (1/3 to 4/3 s) resolution. The energy ranges are split into the 32 rate
channels. The LEMMS instrument is a double-ended telescope consisting of 8 strongly
shielded silicon solid state detectors with a totally depleted barrier surface. A sketch of
the instrument is shown in Figure 2.6.

To separate ions and electrons in the A, E and F channels LEMMS uses a baffled
collimator and a magnetic field deflection method.

The separation of the ions and electrons in A, E and F channels of LEMMS is done as
follows: the charged particles entering the telescope at the 0° end are parallelized by the
collimator and then deflected by the magnetic field. Due to the action of the Lorentz force
ions and electrons will be separated in opposite directions and deflected from the original
direction with an angle depending on the initial energy and charge of the particle, and be
registered by different detectors. lons are registered by detectors A and B in 12 energy
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Figure 2.5: The sectorization of the real-time data, from Lagg (1998).

Table 2.2: LEMMS rate channels.

lons Electrons
Channel | Energy range (keV) | Channel | Energy range (keV)

A0 22-42 EO 15-29
Al 42-65 El 29-42
A2 65-120 E2 42-55
A3 120-280 E3 55-93
Ad 280-515 FO 93-188
A5 515-825 F1 174-304
A6 825-1680 F2 304-527
A7 1680-3200 F3 527-884
DCO 1450-3350

channels from 22 keV to 100 MeV. In this study the channels presented in the Table 2.2
will be used. Electrons are counted by the detectors E and F, divided in 8 energy channels,
with an energy range between 15 keV and 884 keV. The ions and electrons with a higher
energy range are measured by the double absorber detector telescope, mounted on 180°.
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Figure 2.6: The EPD LEMMS telescope, from Williams et al. (1992).

There are two detectors C and D. lons are measured in an energy range from 14.5 MeV
to 100 MeV, electrons in two integrated channels > 2 MeV and > 11 MeV.

The detectors provide measurements in count rate (counts s~*) which is converted
to the differential, directional particle flux I [cm—2s~'sr~'keV~"]. The flux describes the
trapped radiation intensities, energies and directionality of particles.

The conversion from count rate to differential, directional flux requires the knowledge
of the geometric factor of the telescope, the energy bandwidth of the channels and the
efficiency of the detectors. The detector efficiency is assumed to be unity, the energy
bandwidth of the channels is known from pre-launch calibration measurements and sim-
ulations. Due to the magnetic deflection system the geometric factor of the telescope is a
function of energy. The computation of the geometric factor for these channels therefore
requires the knowledge of the energy dependence of the particle distribution. A power law
spectrum I(E) o E~7 is a good approximation for most of the particle fluxes measured.

The spectral index ~ is a priori unknown. The geometric factor and the spectral index
can be iteratively calculated by the following procedure: for any value of ~ the geo-
metrical factor is defined and from the measured count rates the energy distribution is
computed. From this energy distribution the new ~ is obtained and then the procedure is
repeating until the  will not change anymore.

L ow-energy ions: detectors A and B
The detectors A and B measure the low energy ion population (from 22 keV to 100
MeV). lons enter the 15° full angle collimator, pass eleven baffle plates defining seven

hexagonal entrance aperture channels and converging towards the detector A. The detec-

49



2 Instrumentation and Data Analysis Methods

tor A has 8 different rate channels to detect ions (Z > 1) in the energy range between
22 keV and 3.2 MeV and the detector B discriminates three outputs for high energy (Z
> 2) ions as well as high-energy electrons using coincidence logic between A and B. To
minimize the background contamination, the LEMMS instrument uses coincidence/anti-
coincidence conditions between the detectors and is protected by platinum-iridium shield-
ing. Electrons (< 22 MeV) are deflected from detector A and entering the detectors E and
F.

L ow-energy electrons: detectorsE1, E2, F1, F2

The deflected electrons are entering the magnetic deflection region — an inhomo-
geneous magnetic field generated by permanent magnets with a maximum center line
strength of 650 G. There are two detectors recording the incoming electrons: E1 in the
energy range (> 15 to 200 keV) and F1 (~ 100 to 1000 keV). The outputs of detectors
E1 and F1 are separated into 8 rate channels (see Table 2.2). The detectors E2 and F2 are
operated in anticoincidence to reduce background effects.

High Energy Electronsand lons: detectors C and D

Detectors C and D are used to measure high energy ions and electrons. Both detectors
have two thresholds, of > 2 MeV and > 11 MeV for electrons, and of 14.5 MeV and 51
MeV for ions, in detectors C and D respectively.

2.3.2 TheComposition Measurement System (CMS)

Whereas LEMMS cannot separate ion species, the CMS is an instrument to measure the
composition of ions in the Jovian magnetosphere. Measurements are performed in the
energy range of ~ 2 keV nuc~! to > 10 MeV nuc—!. The CMS consists of two different
particle telescopes: the time-of-flight (TOF) and the AE x E solid state detectors, which
are schematized in Figure 2.7. The data from the AE x E detector are not used in this
work.

CM S TOF telescopes

The TOF telescope is orientated in the 0° direction while the A E x E solid state de-
tector which covers higher energies looks in the 180 ° direction. The CMS TOF telescope
consists of a collimator with a sweeping magnet followed by a thin parylene front foil, and
a solid state detector, at the rear of the time-of-flight path. After entering the telescope the
ions hit a front foil causing the emission of secondary electrons from the inner surface of
the foil. The electrons are accelerated by an electric field and travel to the microchannel
plates (MCP). MCP’s provide start’ and ’stop’ fast timing pulses for measurement of the
ion time-of-flight between the front foil and K. The time-of-flight between the front foil
and K as well the ion energy measurements by K allow to define the ion mass. The
energy ranges and species registered by TOF telescope are presented in Table 2.3.
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Figure 2.7: EPD CMS detector head, from Williams et al. (1992).

Table 2.3: CMS TOF channel description.

Species Channel name | Energy range(MeV nucl—)
Protons TP1 0.08-0.22
TP2 0.22-0.54
TP3 0.54-1.25
Alphas TAl 0.027-0.155
TA2 0.155-1.00
Oxygen TO1 0.012-0.026
(Medium TO2 0.026-0.051
Nuclei) TO3 0.051-0.112
TO4 0.112-0.562
Sulfur TS1 0.016-0.030
(Intermediate TS2 0.030-0.062
Nuclei) TS3 0.062-0.31
Heavy TH1 0.02-0.20
Nuclei (Fe)

2.4 Magnetometer

The magnetometer (MAG) had two sets of triaxial fluxgate magnetometers, where each
set covers a different range of magnetic field strength. To avoid the influence of the
Galileo spacecraft on the measurements of the magnetic field, the sensors were located on
long

booms (11.03 m and 6.87 m from the spin axis of the spacecraft, respectively). The
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T
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Figure 2.8: Jovian System IlI.

magnetometer instrument measures magnetic field vectors in three different sensitivity
ranges with the sampling frequency dictated by the available downlink (Kivelson et al.
1992). During the intervals used in this work, the MAG sensor on the tip of the boom was
in the + 512 nT range with a resolution of 0.25 nT and a temporal resolution of 24s. The
orientation of the sensor is known with an accuracy better than 0.1°. The magnetic field
data will be presented in the SIII -coordinate system.

2.5 ThePlasma Wave Spectrometer (PWS)

The purpose of the Plasma Wave spectrometer is to measure the varying electric and
magnetic fields characteristics in the frequency range 5 Hz to 5.6 MHz and 5Hz to 160
kHz, respectively, for the identification of plasma waves. An electric dipole antenna was
mounted at the tip of the magnetometer boom to study the electric field. The measure-
ments of the magnetic field were provided by two search coil magnetic antennas, which
were mounted on the high-gain antenna feed. The electric and magnetic fields were mea-
sured almost simultaneously which allows to distinguish between electrostatic waves and
electromagnetic waves.

2.6 Coordinate system

The scheme of the Jovian System 111 (1965) (SIII -coordinate system) is shown in Figure
2.8. The Jovian system Il is a left-handed Jupiter-centered system which rotates with
the planet. The z-axis of the system is defined as the rotation axis of Jupiter with the
positive direction oriented northward. The x-axis is fixed on the Jovian prime meridian,
Arrr = 0°, as defined by the International Astronomical Union in 1976. The longitude
is measured clockwise from this prime meridian. For most of the studies the magnetic
field data will be presented in this coordinate system. In this system the radial component
of the magnetic field is positive in the outward direction, the azimuthal component is
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positive in the direction of Jupiter’s rotation and the south-north (meridional) component
is positive southward.

2.7 Anisotropy, velocity and pressure calculations

From the measurements of the ion intensities by EPD the ion flow anisotropies, flow
velocities and the ion pressure can be estimated.

2.7.1 Anisotropy

The angular distribution of convected ions at Jupiter can be interpreted in terms of low-
order spherical harmonics as long as 2v /v, < 1, where v is the convection velocity
and v;,, 1S the ion speed.

Assuming that the particle intensity /(E, 6, ¢) can be described by a continuous func-
tion on a sphere, the spherical harmonic expansion can be written as

o0 m=n

I(E, 07 @) = Iomm' Z z ‘ATZ’ITL(E)}/TL’ITZ(07 (/))~

n=0 m=—n

where E is the energy and the omnidirectional ion intensity is so that Agg = 1. I, IS

E\
Iomm'(E) = IO <E> 3
0

where ~ is a spectral index. The functions Y,,,, are defined as
Yom(0, ¢) = Pun(cos ) cos(me)m > 0,
Yum(0, &) = Ppjmy(cos 0) sin(|m|p)m < 0,

where P,,, are the normalized Legendre polynomials, the angles # and ¢ are given by
the motor position of EPD and the spin rotation of the spacecraft, respectively (Krupp
et al. 2001). Details on this technique can be found in (Sanderson and Page 1974). The
16-sector measurements of ions are analyzed by using spherical harmonics. In this study
only the vector of the first-order anisotropy A; = (A;_1, Ao, A11) Will be considered.

The first-order anisotropy vector is generally composed of a combination of vec-
tors such as ion convective flow A g, field-aligned streaming, intensity gradient effects
A raa and other, usually small, components

Al = Aﬂow + Agrad + ..

Under the condition 2vr/vs,, < 1 the convective anisotropies of ions at Jupiter can be
represented as

Angw = 205 DViow 2.1)

Vion
where vaow IS the convection velocity, v;,, is the ion speed (Krupp et al. 2001). A first
approximation for the intensity gradient anisotropy A graq IS

MUjon VI
Agl'ad - qB2 (B * Iomni)7 (22)
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where m and ¢ is the mass and the charge of the ion, B is the magnetic field. However,
no evidence was found of large contributions from the intensity gradient in the analysis of
EPD data. In a first approximation the flow component appears to dominate the first-order
anisotropy (Krupp et al. 2001).

2.7.2 Velocity

From expression (2.1) for the flow anisotropy it is possible to estimate the total convection
velocity (flow velocity)
AfiowVion
2y+ 1)
The derived flow velocity is sensitive to the accuracy of the determination of energy spec-
tral slope . In this study the omnidirectionally averaged ~ values are used. v;,, is deter-
mined from the geometric mean energy of the respective ion channel.

The transverse component of vgoyw iN Expression 2.1 is dominated by the drift velocity

Viow —

ExB
B2’

v, =

which is independent of the properties of the energetic ions (mass, charge, energy). When
Agraa ~ 0in 2.2 and when the field-aligned flows are also species-independent then all
ion velocities are the same (Krupp et al. 2001).

2.7.3 Pressure

An estimate of the plasma pressure is important for understanding the dynamics within
the plasma sheet. Therefore a tool to calculate a proxy for the plasma pressure from the
EPD measurements was developed. A relationship between the pressure P and the particle
energy E is given by:
2

P = gnE, (2.3
with n being the particle number density. The quantity nE is the energy density of the
particles and can be expressed as the second integral moment of the velocity distribution:

nkE = m/f(v)vzds‘v, (2.4)

where f is a distribution function, m is the particle mass and v the particle velocity. To
determine the particle pressure it is necessary to know the velocity distribution f(v) of
each ion species populating the Jovian magnetosphere. Instead of the velocity distribution
the Galileo EPD measurements allow to determine the energy distribution for the individ-
ual ion species, which can easily be converted to the velocity distribution.

Determination of particle distribution from EPD measurements

To define the energy distribution of hot ions the so-called kappa distribution (a Max-
wellian core with a power law tail) is often used to characterize particle spectra in a
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planetary magnetosphere. The kappa-distribution expressed through the ion energy can
be written as follows

I= %E JE + ET(1+7)]7 . (2.5)

where I is the differential intensity [cm~2s~'sr~! keV~!], E is the measured energy [keV],
C'is the fitting parameter, k7 is the core Maxwellian temperature and - is the kappa
distribution power law spectral index (Mauk et al. 2004).

The energy spectra of S, O, H and He are assumed to be represented by Equation 2.5.
So the best parameters for these distributions in order to fit the all-ion channels (LEMMS
instrument) as well as the species-discriminated CMS/TOF-channels are searched. Thus
to derive the spectra of every single species it is required to determine the fitting parame-
ters C, kT and ~ for these distributions. All reliable ion channels (al — a7, tpl — tp3, to2
—to4, ts1 — ts3, tal and ta2) were used for these calculations. The detectors that provide
these channels also allow the measurement of angular distributions, but due to the poor
statistics of the count rates in the magnetotail angle-averaged rates have been used for this
study.

The task now is to find the values of the energy spectra parameters. First an initial
set of distribution parameters is guessed, then the parameters are calculated by using a
Pikaia? algorithm (Charbonneau 1995) to fit a kappa distribution to all used ion channels.

Figure 2.9 shows an example of the energy distributions obtained by this fitting al-
gorithm at the current sheet crossing in the middle magnetosphere at 24 R; during a
11.5 min time interval. The top panel shows ion channel rates measured by EPD (small
symbols connected by the solid lines) and the count rates computed by integrating the op-
timized analytic spectra over the channel’s energy bandwidth (big symbols connected by
the dashed lines) for the ions of H, He, O and S. Table 2.7.3 contains information about
the presented data and the optimized parameters of these analytic spectra. The bottom
panel of Figure 2.9 shows the best energy spectra for the given count rate distribution of
ion species. The goodness of fit (“fitness") is derived from converting energy distributions
back to count rates and then calculating the least square differences between the experi-
mental and analytical rates "sigma" and the value of the "fitness" (see values of "fitness"
and "sigma" in Figure 2.9, the top panel).

Figure 2.10 presents derived sample spectra for the magnetotail region at 80.6 R
using this technique.

In general the obtained spectral fits are not perfect. The dynamical processes in the
Jovian magnetotail do not always follow the spectral law given in Equation (2.5), which
leads to additional systematic errors. The problems of some energy channels, e. g. a0,
a8, dc0, dcl, introduce uncertainties in the shapes of the spectra. An error propagation
calculation was performed taking into account the statistical effects of low count rates. An
example of the statistical error for the sulfur intensity is shown in Figure 2.9 by dashed

2The Pikaia fit is a method which finds the single parameter set that minimizes the difference between
the model’s predictions and the given data set. The algorithm is as follows: (1) Evaluate the goodness of fit
("fitness™) of each number of the dataset (through a chi square measure with the data). (2) Select pairs of
solutions from the dataset, with the probability of a given solution being selected made proportional to that
solution’s fitness. (3) Breed the two solutions selected in (2) and produce two new solutions (“offspring™).
(4) Repeat steps (2)-(3) until the number of offspring produced equals the dataset. (5) Use the new dataset
of offspring to replace the old dataset. (6) Repeat steps (1) through (5) until some termination criterion is
satisfied.
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Figure 2.9: Top: An example showing ion channel rates measured by EPD, and rates
obtained with analytic spectra for the ions of H, He, O and S at 24 R;. Bottom: The
ion energy spectra obtained by optimization of the EPD ion channel rates. The color-
coding defines the energy ranges which covered by EPD measurements: blue by the all-
ion channels from LEMMS instrument, red by CMS/TOF channels and green by both
channels. The statistical error of spectra for the sulfur is show by dashed lines.

lines. This estimation is based on the variations observed in the energy spectra calcula-
tions when the input count rates were randomly varied according of the Poisson distribu-

tion.
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Figure 2.10: Same format as Figure 2.9. Spectra are measured in the magnetotail at 80.6

Ry.

Pressure calculations

With this knowledge of the ion spectra the pressure can be found as the second veloc-
ity moment of the ion velocity distribution or as the second integral moment of the ion
spectra. Under the assumption of the isotropic angular distributions of ions in the con-
vected frame and of nonrelativistic speeds of ions (£ = mw?/2), meaning that £/2 o v,
(I/E) < f(v), and (E'/2dE) oc d*v, Equation 2.4 can be transformed to the following
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Table 2.4: lon spectral parameters derived from the fit to the measured distributions for
the ion energy range from 50 keV to 50 MeV.

‘ c ‘ KT, [keV] ‘ 7
C9, 1997 180 04:30 UT, 24 R, LT=19:18
H 223 24 2.65
o 82 58 3.44
s (3608 95 3.63
He | 0.2 30 2,81
C9, 1997 188 17:15 UT, 80.57 R, LT=22:55
H[0019] 8 3.97
0 |00s8| 99 3.99
s |0245| 185 4
He | 0019 | 55 5.4

expression:

P(dynes cm™?) = A / (E'2)(1/E)(EdE) 26)

where A = 2-47(m/2)'/?/3, mis the ion mass [g], E is the energy [erg]. The ion pressure
is derived from the analytic spectral fits by numerically integrating over the energy range
between 50 keV and 50 MeV (the range is chosen as in paper of Mauk et al. (2004) to
compare the results).

Unfortunately the determination of the ion pressure has some severe limitations. For
instance, the spacecraft is in the actual center of the current sheet only for short periods
of time (~ 10 minutes), which is even shorter than the measurement interval needed for
the pressure derivation. Another limitation is that in order to investigate the dynamics
of the plasma pressure the 68 consequent current sheet crossings were selected over a
wide radial interval from 24 R; to 114 R; of the C9 orbit. The spectral fit for every
data point in the ion pressure estimations was calculated automatically. Thus the same
set of weighting factors (weight of each ion channel in the fitting process) and the same
ranges of the fitting parameters were used for every current sheet crossing, independent
of the radial distance. Generally (in the case of smaller number of current sheet crossings)
the pressure would be better defined by searching the best set of parameters individually
for every single current sheet crossing.  Even if the estimated quantities are roughly
defined, the qualitative dynamical trend can still be investigated. The statistical error for
the pressure determination is about +16% at 24 R, about +£45% at 80 R; and about
+185% from 97.8 to 112 R;. Therefore the statistical error increases with the radial
distance due to the decrease of the count rates per second with distance.

An example of the pressure calculation is shown in Figure 2.11. Our pressure calcula-
tions and the results of Mauk et al. (2004), Kane et al. (1999) and Frank et al. (2002) are
in reasonable agreement.

The thermal plasma pressure was measured with the PLS instrument over the range of
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0.9 eV to 52 keV and the partial energetic particle pressure was calculated from 50 keV
to 5 MeV. Mauk et al. (2004) estimated that the hot particle pressure dominates the ther-
mal pressure closer to the planet. In the middle magnetosphere the ratio of the averaged
thermal plasma and the partial energetic particle pressure (on the C9 orbit) is about unity
which agrees with the result obtained by Mauk et al. (2004). In the Jupiter’s magnetotail
the ratio of the partial energetic particle pressure (on the C9 orbit) to the averaged thermal
plasma pressure is about 0.5 which means that cold pressure is dominating.

An important parameter to characterize the plasma confinement is the plasma /3, which
is defined as the ratio of plasma to magnetic pressure

2 OP
= ’1;2 , @2.7)
where 14 is magnetic permittivity. The estimations show that the plasma /3 in the Jovian
magnetotail is high in the current sheet center (high plasma pressure and low magnetic
filed) with 5 ~ 10 and low in the lobe region (low plasma pressure and high magnetic
filed) plasma with 3 ~ 0.01, as expected.

In order to follow the evolution of the pressure balance between magnetic field and
hot ion plasma it is necessary to consider the relation of the plasma pressure in the current
sheet center to the magnetic pressure in the lobe region. Unfortunately current sheet
encounters take place in average only every 5 hours. That gives some restrictions for
the investigation of the plasma pressure dynamics. In contrast to the ion pressure the
magnetic pressure can be determined rather reliably. The magnetic pressure is calculated
when the spacecraft is located in the lobe region. Lobe encounters last usually around 4
hours, which is rather long compared to the current sheet crossings. The bottom panel in
Figure 2.11 shows the calculated pressure balance. As expected, the average value is a bit
lower than unity.

Regrettably, the thermal plasma pressure was impossible to include in the plasma
pressure calculations due to inaccessibility of the data.

It would be very interesting to check the changing dynamics and relation between the
plasma pressure perpendicular to the current sheet P, and the parallel plasma pressure P,
to investigate the triggering processes in the Jovian magnetosphere but unfortunately the
statistics does not allow it.

In summary, the EPD measurements in the tail region are not fully sufficient to mon-
itor the evolution of the ion pressure in the magnetotail, especially not in a quantitative
manner. The conclusions that can be drawn on the plasma pressure estimations are there-
fore limited.
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Figure 2.11: Comparison of the pressure estimations with the results obtained in previous
studies to verify the method and its extension to the distant magnetotail. The time period
from DOY 180 04:30 to 197 16:30 in 1997 is displayed. Top: The partial ion pressures
(from 50 keV to 5 MeV) close to the current sheet center plotted as a function of radial
distance for different ion species (O, S, H and He ions). The different symbols denote the
results of Mauk et al. (2004) and Kane et al. (1999), for the individual species.

Middle: The sum of partial pressure for O, S, H and He versus radial distance presented
by the green line with crosses. The statistical error of the EPD pressure is shown by
the vertical thick green lines. The asterisk symbols present the magnetic pressure in the
lobe regions which proceeded or followed the corresponding current sheet crossing. For
comparison the variations of the thermal plasma pressure from the Galileo PLS instru-
ment, obtained by Frank et al. (2002) and the magnetic pressure during DOY 1997 is
shown. The total energetic ion pressure calculated by Mauk et al. (2004) is denoted by
red triangles.

Bottom: The partial pressure balance as function of the radial distance.
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3 Reconfiguration processesin the
Jovian magnetosphere

To extend the knowledge about the dynamical processes in the Jovian magnetotail the
EPD data set from Galileo orbits G2, E6, G7, G8, C9, C10 and E16 was scanned for the
occurrence of particle flow burst events, i.e., intervals with significant deviation of the
particle flow from the usual corotational direction. These events are the most prominent
observable signature of substorm-like processes (Woch et al. 1999). From the set of flow
burst events the 34 most prominent events were selected for further analysis.

The 34 periods with flow bursts are usually associated with considerable structural
changes of the plasma sheet / current sheet, which indicate a general and global config-
uration change of the Jovian magnetotail. These events are referred as “reconfiguration
events". The wobble of the Jovian magnetodisc provides the possibility for a latitudinal
scan through the entire plasma sheet / lobe region twice each 10-hour rotations. Since
a magnetotail reconfiguration process generally lasts for several planetary rotation (see
below) it is possible to monitor the evolution of the plasma and magnetic field properties
in all key regions of the magnetotail throughout the process.

Figure 3.1 shows the consequences of the magnetodisc wobbling for the observed en-
ergetic particles and the magnetic field. When Galileo encounters the current sheet we
observe the highest ion intensities and the lowest magnetic field. During lobe encounters
the inverse situation takes place: we observe a maximum in the magnetic field and a min-
imum in the ion intensities. The flat magnetodisc is well seen from the short duration of
the current sheet crossings (~ 1) hour and by the long lobe encounters of ~ 4 hours. Fig-
ure 3.1 exemplifies the "background" quiet time variations observed by a spacecraft in the
equatorial plane. The significant changes to this pattern introduced by the reconfiguration
events will be discussed in the following sections.

3.1 Reconfiguration events—single event studies
To give an impression on properties common to the majority of reconfiguration events and

also to show interesting signatures of individual events we will present 3 typical examples
of reconfiguration events in the Jovian magnetotail.

3.1.1 Eventl

Figure 3.2 shows data for the time interval of Galileo’s orbit G7 from DOY 269, 05:00
to DOY 272, 05:00. Galileo was in the predawn sector of the magnetotail (02:30 LT) at
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Figure 3.1: Omnidirectional ion intensities (42 - 3200 keV) (first panel); and the radial
and total magnetic field component (second and third panel respectively) on Galileo orbit
G7 from DOY 091, 18:00 to DOY 092, 16:00 in 1997. The plot illustrates the "quiet time"
changes of the ion intensities and magnetic field data due to the periodical magnetodisc
modulations with a period of ~ 10 hours.

around 103 R ;. The first panel shows omnidirectional ion intensities in 7 energy channels
covering the energy range from 42 keV to 3.2 MeV. The second panel displays the radial
and azimuthal components of the ion directional flow anisotropy. The next four panels
show the magnetic field magnitude and its components in the Slll-system. The time
resolution of the particle measurements is 11 min. The magnetic field is displayed with a
time resolution of 24 s. The event was presented in Kronberg et al. (2005). The description
below is following the one given in their paper.

Over the whole displayed interval the large amplitude periodic fluctuations in the mag-
nitude of the magnetic field and its direction (primarily visible in the radial component)
are observed. As discussed above these fluctuations are caused by the wobble of the flat-
tened Jovian magnetosphere and its current sheet topology (Dessler 1983), see also Figure
3.1. Simultaneously, changes of the ion intensities are seen, with the largest intensities
around the current sheet center and decreasing intensities when the spacecraft is moving
towards the lobe region.
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At the beginning of the displayed interval from 05:00 UT on day 269 up to 09:00
UT on day 270 the ion intensities vary gradually in response to the changing relative
position of the spacecraft and plasma sheet center imposed by the planetary rotation. No
distinct plasma sheet / lobe boundaries are encountered. During the first two rotations
Galileo is south of the plasma sheet center with the exception of a brief dip through
the current sheet at 10:00 on day 269, as evidenced by the polarity change of the radial
magnetic field component. Thus the plasma sheet is displaced northward from its nominal
position. Except for times of close proximity to the current sheet the magnetic field shows
a persistent and significant southward tilt. The azimuthal component of the ion directional
flow anisotropy is dominating throughout this interval. It indicates that the plasma flow
can be estimated to be in the corotational direction. The average flow speed is about
300 km s~!. The magnetic field is consistently in the expected swept-back® orientation
(anticorrelation between azimuthal and radial component).

This initial phase can be characterized in many aspects as a quiet, undisturbed period,
with a plasma sheet being in a stable configuration. The lack of plasma heating, particle
beams or flow bursts, and transient magnetic field distortions support this view. The
plasma sheet is possibly also rather extended in latitude with a magnetic field showing a
significant southward tilt i.e., a residual dipole component.

Possibly triggered by a change of the relative position of Galileo with respect to the
current sheet, the spacecraft crosses the current sheet at around 04:00 UT on day 270, and
Galileo is for the first time substantially above the current sheet engulfed in the northern
plasma sheet. During this period the azimuthal flow anisotropy component rises gradu-
ally, indicating faster corotational flows and at the current sheet encounters an increase in
the particle intensity is seen to values higher than those seen before. At about 07:30 UT
magnetic field oscillations are observed (see Figure 3.3 in detail). Shortly after these oscil-
lations, the plasma sheet transits abruptly from a "quiet" into a disturbed state. The coro-
tational flow breaks down. Instead, a large radial flow anisotropy component is observed
together with a component in anti-corotational direction. The plasma is now streaming
tailward. Simultaneously, ion intensities rise significantly. Right at the onset of the tail-
ward streaming, the magnetic field, which has been primarily current sheet-like before,
with a dominant radial and a small southward component, now shows short spike-like
intensity increases by several nT, above values seen during the adjacent lobe encounters.
The increases are primarily due to a significant bipolar excursion of the south-north com-
ponent which indicates that the magnetic field is strongly tilted in the meridional plane for
short periods of time. For about 20 min before the onset of the strong northward turn the
magnetic field is in a swept-forward configuration, see Figure 3.3, since the azimuthal and
radial component show the same polarities (Dougherty et al. 1993). This period shows all
characteristic signatures of a plasmoid. From this time onwards, also a different topology
of the plasma sheet is observed.

Instead of ion intensities gradually decreasing towards higher latitudes now distinct
boundary layers between the plasma sheet and the lobes have developed. The core plasma
sheet appears to be thin and strongly collimated at the current sheet position. The bound-
ary layers consist of high intensity beams of tailward streaming ions and electrons. Whereas
during the "quiet” time interval, ion intensities have peaked at the current sheet center,

1See explanation in Section 1.1.2
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3 Reconfiguration processes in the Jovian magnetosphere

highest intensities are now observed in the boundary layers (see bursts labelled D1, D2,
and D3).

Until 20:00 UT on day 270 the strong tailward anisotropy (flow) persists. During
this period a further spike in the magnetic field intensity is seen. This time the spike is
primarily produced by a substantial component in the northward direction. During the
spike the magnetic field becomes swept forward out of the meridian plane.

Between 20:00 and 22:00 UT on day 270 the particle flow anisotropy has reversed
its direction. A large radial inward component with a significant corotational component
is observed during the subsequent plasma sheet crossings, which indicates a sunward
moving plasma. The first plasma sheet crossing with inward motion shows the highest
particle intensities encountered during the whole event and the strongest confinement of
the plasma at the current sheet center (D4). At the subsequent crossings the plasma sheet
widens and distinct boundary layers with inward streaming particle beams again become
discernible (burst D5).

Around 17:00 on day 271, the plasma sheet has returned to its "quiet” topology. The
ion intensity has dropped, the sheet has widened in latitude and the flow is back in coro-
tational direction.

Figure 3.4 combines ion intensities and observations of the Galileo PWS experiment
previously published by Louarn et al. (1998). It shows that the disturbed time interval
is associated with the onset and intensification of broad kilometric emissions (b0KOM).
Intensifications of bKOM emissions are usually attributed to the onset of auroral activity
(Ladreiter et al. 1994). It strongly indicates that the observed disturbances of the magnetic
field and plasma population is not localized but part of a global process.

A striking feature of the presented time interval is that the magnetic field intensity
measured in the lobe remains approximately constant throughout the event, in particular
during the time period preceding the disturbance. From the "quiet" to the disturbed and
back to the "quiet" condition the magnetic field remains approximately at the same level.
In contrast, the ion intensities exhibit an increase shortly before the disturbed interval.

The last panel of Figure 3.2 shows for completeness the magnetic pressure and the
partial pressure due to ions above 50 keV (in red). The magnetic pressure measured
in the lobe regions remain roughly constant throughout the event. The values of the
partial pressure in the current sheet center are denoted by asterisks. In this case during
"quiet" period only three data points monitor the evolution of the plasma pressure and
this is insufficient to make conclusions. However, there is an indication for a significant
increase of the plasma pressure just prior to the onset of the disturbances. In the disturbed
phase itself, the plasma pressure could not be calculated with the procedure described in
Section 2.7.3. Due to the appearance of intense beams and strong temporal variations it
is impossible to fit the ion population with the help of a kappa distribution.
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Figure 3.2: Energetic particle and magnetic field observations on Galileo orbit G2 from
DOY 269, 05:00 to DOY 272, 05:00 in 1996. From top to bottom are displayed: omni-
directional ion intensities (0.042-3.2 MeV) (first panel); first order ion anisotropies in the
radial (positive is outward) and corotational direction (second panel); the magnetic field
components (third to fifth panels) in SIII coordinates (the radial component is positive
in the outward direction, the azimuthal component positive in the direction of Jupiter’s
rotation, the south-north component positive southward) and its magnitude (sixth panel);
the partial ion pressure (from 50 keV to 5 MeV) (red lines) and the magnetic pressure
(black line) (seventh panel); continuous vertical lines outline "quiet" and disturbed peri-
ods, dashed lines labelled Q and D refer to some representative current sheet crossings.
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same time period as in Figure 1 (DOY 269, 12:00 to DOY 272, 05:00 in 1996).
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312 Eventll

In contrast to the previous event with a constant magnetic field intensity Figure 3.5 shows
the most prominent example of a reconfiguration event with a magnetic pressure increase.
During this event Galileo was in the tail region at roughly 95, in the predawn sector
(02:00 LT). Figure 3.5 covers 4 days of observations from day 159 to day 163 in 1997.

Before day 159, 21:00 UT the magnetic field and the energetic particle population
show regular variations imposed by the planet rotation. The magnetic field strength in
the lobe regions is moderate and at a level usually seen at these distances. The plasma
flow is in the corotational direction, as shown by the dominant azimuthal component
of the ion anisotropy. The north-south component of the magnetic field is small and
consistently southward as expected for an undisturbed Jovian magnetic field topology.
The corotational flow velocity is about 300 to 500 km s—. All these observations suggest
that the Jovian magnetotail is in a quiet, undisturbed state.

This situation changes after 21:00 on day 159. At the next lobe encounter the total
magnetic field has increased by a factor of 1.5 and remains enhanced during the next lobe
encounters. Likewise, there is an indication for a stronger confinement of the plasma
sheet. However, there are no significant disturbances of the current sheet topology and
the flow remains corotational. It takes about 20 hours to 20:00 on day 160 until clear
indications for a disturbed state of the magnetotail are observed. The azimuthal compo-
nent of the magnetic field starts to exhibit pronounced fluctuations. The magnetic field
changes from an, in average, southward orientation to a slightly northward direction. At
00:00 UT on day 161 the breakdown of corotation and the first ion burst flow event is
observed. Right in the center of the current sheet an ion intensity enhancement is seen si-
multaneously with a strong increase of the ion anisotropy in the radial outward direction,
exceeding the co-rotational anisotropy by far.

The particle event is associated with bipolar fluctuations of the azimuthal and north-
south components of the magnetic field. A second, less pronounced, particle flow burst
event is seen at the following crossing, a third one at the crossing thereafter.

The latter is the most pronounced one in terms of ion intensity and radial anisotropy.
It again has a radial outward direction, but the azimuthal component is in anticorotational
direction, which indicates a tailward flow. At the same time a bipolar change of the north-
south component of the magnetic field is seen. The ion intensities reach their highest
values for the displayed interval. The particle burst has clear bulk flow properties in the
sense that different species (protons, oxygen and sulfur) have the same velocity of up to
1800 km s~!. These velocities exceed the rigid corotation velocity of 1200 km s~!. A
detailed view is presented in Figure 3.6. The ion intensities exhibit a sharp boundary
towards the lobe and the strong confinement around the current sheet, indicating a thin
plasma sheet. After the intense outward flow burst the magnetic field intensity in the lobe
has dropped significantly to a level even below that of the undisturbed time period.

A fourth ion burst event is seen during the next plasma sheet encounter right at the
northern lobe boundary. This time the burst is directed towards Jupiter. Following this
last burst event the plasma flow is returning to the corotational direction. No further
anisotropies or magnetic field disturbances are observed. The ion intensities return to the
predisturbed level.

This event displays many significant features similar to terrestrial substorms. The
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Figure 3.5: Same as Figure 3.2 but for the time interval DOY 159 to DOY 163 in 1997 on
Galileo orbit G8.
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Figure 3.6: Flow velocities of the protons (top), sulfur (middle) and oxygen (bottom) for
the time period DOY 161 11:45 to DOY 161 13:40 in 1997.

magnetic pressure increase preceding the disturbance might indicate that this event is
solar wind driven.

The ion pressure in the current sheet crossings (denoted by asterisks in Figure 3.5)
does not show a clear variation. Significant increase of the magnetic pressure does not
correspond to the similar increase in the plasma pressure.

3.1.3 Eventlll

Another example for a substorm-like event is shown in Figure 3.7. During this event
Galileo was in the tail region at roughly 112 R, in the predawn sector (03:10 LT). Figure
3.7 covers almost 3 days of observations from day 279 12:00 to day 282 07:00 of 1996.
It exhibits the key features of the reconfiguration event, i. e. a change of the plasma
flow direction and in the magnetic field topology. The particle flux evolution indicates the
formation of a thin plasma sheet. The azimuthal component of the ion anisotropy shows
a gradual increase during the "quiet" time period. This is followed by the breakdown of
the corotational flow direction to a radially outward flow. Thereafter, the flow changes
its direction from radially outward to radially inward. Bipolar fluctuations superimposed
on a persistent northward tilt are observed in the south-north magnetic field component.
The main reason for presenting this event is the possibility to observe the gradual increase
of the plasma pressure in the center of the current sheet together with an increase of the
magnetic pressure in the lobe region preceding the disturbance.

All presented cases are different in terms of the evolution of the magnetic pressure as
far as possible to resolve the hot plasma pressure.

Summarizing this section it is concluded that the reconfiguration events are very simi-
lar to substorms at Earth. It is hard to derive which mechanism drives such reconfiguration
events in the Jovian magnetosphere out of three examples. In order to get more insights
in these processes a statistical study will be carried out.
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Figure 3.8: The G2, E6, G8, C9, C10 and E16 orbits of Galileo in Jupiter Solar Ecliptic
coordinates. The locations of the detected reconfiguration events are marked by black
signs.

3.2 Reconfiguration Events—statistical study

Overall 34 clear cases of reconfiguration events were identified in the data base used for
this study. 3 characteristic examples of which were presented in the previous section.
The events generally show a complex sequence of radially outward and inward bursts,
associated with increasing particle intensity, thinning of the plasma sheet, bipolar fluctu-
ations of the south-north magnetic field and a distortion of the azimuthal magnetic field.
Some of the characteristic properties of the events (orbit, date, radial distance, local time,
duration, flow direction and change of the total magnetic field at the pre-substorm phase
in respect to the field of the corresponding preceding "quiet" period of the magnetotail)
are summarized in Table 3.1. Figure 3.8 presents a map of the location of the 34 events.
The reconfiguration events are mostly seen in the sector from midnight to dawn consis-
tent with the location of the statistical x-line derived by Woch et al. (2002). This region
is favored for the occurrence of reconfiguration events also in the Vasyliunas model (see
Section 1.1.4) due to the relatively thin plasma sheet.

In analogy to the “classical" terrestrial substorm (a solar wind driven process) it would
be expected to observe a substantial increase of the magnetic flux in the magnetotail be-
fore the onset of substorm-like processes (Cheng 2004). In the case of an internally driven
process this is not necessary.

Thus, of specific importance with respect to the physical processes behind the recon-
figuration events is the behavior of the magnetic field. Out of the 34 selected reconfigura-
tion events 15 events show no increase of the magnetic field intensity, some of them even
a decrease. For one event which is included in this group it is hard to derive a value of the
magnetic field change, but it will be in the range of less than 10%. For these events the
magnetic field intensity stays essentially constant in the period prior to the disturbance
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onset. An increase in the order of 1 nT to 2 nT (corresponding to a 10 to 20 % increase)
was observed for 14 events. This increase was for the majority of events limited in time,
essentially just affecting the last lobe encounter (or a fraction of it) before the disturbance
onset. Such magnetic field increases are often associated with an increase of the plasma
pressure in the plasma sheet during plasmoid formation. The gradual increase of the ra-
dial magnetic field component can be also associated with the stretching of the current
sheet during the mass-loading process (see details below).

Only a small number of events, about 5 out of 34, show a distinctively different be-
havior of the magnetic field, namely a substantial, long-lasting increase of the magnetic
field in the lobe regions prior to the disturbed time periods, (e. g. event Il as discussed in
Section 3.1.2).

If the reconfiguration events are internally driven it is expected to observe signs of the
periodical mass-loading and mass release process.

An increase of the plasma pressure (especially the parallel component) in the pre-
reconfiguration process period could be a possible signature of the stretching of mass-
loaded flux tubes by the centrifugal force. The stretching of magnetic flux tubes can
identified by meridional magnetic field component (see Section 4) and/or as was men-
tion before, by an increase of the radial magnetic field component. These signatures are
actually very similar to the signatures observed during the growth phase of a terrestrial
substorms.

The investigation of the ion pressure evolution during the predisturbed phase were
attempted for the 15 most promising events. However, it is essentially impossible to draw
definitive conclusions regarding to the evolution of the plasma pressure based on the EPD
data set due to the big statistical error for the plasma pressure in the distant magnetotail.

In order to show that the reconfiguration events are global disturbances, the time in-
tervals of these events (as presented in Table 3.1) were compared with the time periods of
the auroral intensity increases from Louarn et al. (2000). About 73 % of the reconfigura-
tion events from the G2, G7 and G8 orbits coincide with enhancements in the flux of the
various auroral radio emissions.

Thus, the statistical study of the Jovian reconfiguration events exemplifies that they
are global disturbances which are very similar to terrestrial substorms. The difference is
the absence of the substantial magnetic flux increase in the magnetotail before the onset
of substorm-like process. Instead the observed slight increases in the magnetic field can
be associated with an increase of the plasma pressure.

2See Section 1.1.4 in detail
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Table 3.1: Reconfiguration / substorm-like events and their properties.

Orbit  Time interval, Radial distance Local Duration Direction  Increase/
uT Ry Time Hours i-inward,  Decrease,
o-outward®  B,,,%,%

G2 1996 26213-26308 79 01:40 19 i 0
G2 1996 2641230-2642230 88 01:58 10 0 30
G2 1996 26700 -26704 94 02:10 4 0 5
G2 1996 26807 -26810 97 02:17 3 0 -25
G2 1996 27008 -27117 103 02:30 33 oi 0
G2 1996 2721930-2730430 100 02:38 9 0i 15
G2 1996 27510 -27600 110 02:50 14 oi -15
G2 1996 27716 -27812 112 03:00 20 o 10
G2 1996 27908 -27912 112 03:05 4 o} 0
G2 1996 28012 -28108 113 03:09 20 oi 20
G2 1996 28312 -28403 112 03:30 15 0 -20
G2 1996 28500 -28518 111 03:28 18 oi 15
G2 1996 28800 -28904 109 03:40 28 oi 20
G2 1996 29208 -29306 101 03:57 20 oi 23
E6 1997 07815 -07915 84 02:55 24 oi 0
E6 1997 08300 -08314 76 03:20 14 i 10
E6 1997 08601 -0862330 63 04:00 225 i 20
G8 1997 15207 -15322 100 01:20 39 oi 20
G8 1997 15804 -15809 97.5 01:43 5 0 20
G8 1997 16022 -16118 94 01:55 20 oi 50
G8 1997 16500 -16505 85.5 02:17 5 0 25
G8 1997 16620 -1662330 79.5 02:30 35 0 15
G8 1997 1680130-1681430 75 02:40 13 0i 5
C9 1997 22200 -2220730 142 00:23 7.5 0 5?
C9 1997 22808 -22812 139 00:39 4 [0} 10
C9 1997 23011 -23110 136 00:45 23 i 15?
C9 1997 23621 -23709 127 01:00 12 io 0?
C10 1997 28120 -28204 95 00:16 8 oi 10
C10 1997 28504 -28508 96 00:30 4 oi 25
C10 1997 28711 -28721 98 00:40 10 oi 5
C10 1997 29417 -29510 90 01:15 17 oi 25
E16 1998 23708 -2371830 124 23:00 10.5 0i -10
E16 1998 24613 -24702 116 00:22 13 0 -20
E16 1998 25907 -2591630 78 01:20 9.5 0i 20

Prime direction of the burst events relative to the planet (0: outward, i: inward).

2The increase of the total magnetic field at the pre-substorm phase is given with respect to the field of
the corresponding preceding “quiet” period of the magnetotail.

3In this case it was hard to define the change of the magnetic field.
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3.3 Quasi-periodicity of the Jovian reconfigur ation events

Studies regarding the periodic behavior of different quantities in the Jovian magneto-
sphere on time scale of days were reviewed in Section 1.1.4.

To exemplify the periodical 2 to 3 day (i.e. 5to 7 Jovian day) modulations in the Jovian
magnetosphere a segment of orbit G2 in the distant predawn magnetotail is presented in
Figure 3.9. It shows one of the clearest periodicities of the ion flow anisotropy (Woch
etal. 1998, Krupp et al. 1998), the associated distortions of the south-north magnetic field
component (Kronberg et al. 2005) and the auroral emissions together with the plasma
sheet modulations (PWS data Louarn et al. 1998).

Figure 3.9 presents the azimuthal and radial components of the ion directional flow
anisotropy (top panel); the south-north component of the magnetic field in high temporal
resolution (second panel); and a highly smoothed time series (third panel); the average
radial magnetic field values in the lobe regions (fourth panel); and a compressed view
of wave spectra recorded every 36.7 s (152 frequency channels ranging from 5.6 Hz to
5.6 MHz, bottom panel). Above 500 kHz, the spectra show detected emissions of au-
roral origin. Between 500 kHz and 50 kHz, two kinds of radiation are observed: the
b-KOM of auroral origin (Ladreiter et al. 1994) and the n-KOM characterized by a 10
hour recurrence. The n-KOM originates from a few distinct sources which corotate in the
outermost part of the lo torus (Reiner et al. 1993). Below 10 kHz the continuum radiation
is detected. The presence of this emission is discovered almost everywhere in the mag-
netospheric cavity (Louarn et al. 2000). It shows a very clear low-frequency cut-off close
to the plasma frequency. This will be used to estimate the local plasma frequency. The
5-hour modulation of the continuum radiation is due to wobbling of the magnetodisc and
indicates that the spacecraft regularly crosses the plasma sheet. The time interval from
day 265 12:00 to day 280, 00:00 is displayed.

A pronounced 2 to 3 day modulation of the anisotropy and its magnitude is seen,
indicating alternating times of corotational flow and outward/inward flow. Times of out-
ward/inward flow are generally associated with transient bipolar south-north magnetic
field distortions. The smoothed time series clearly shows quasi-periodic oscillations of
the magnetotail magnetic field. The magnetic field changes its polarity from southward to
northward just before the onset of the burst events. Then, after the disturbed period, the
magnetic field gradually returns to a southward configuration and continues to increase
until the next flow direction change. These magnetic field changes imply a change of
the current sheet/plasma sheet topology from a thin postplasmoid type configuration to a
"dipolarized" thicker structure (plasmoid-like). Magnetic field line reconnection occurs
from the center of the forming plasmoid structure toward the planet and leads to mass
release (see G2 orbit in Figure 3.12). The radial component of the magnetic field does
not show any clear periodical modulations, in particular no substantial increases in pre-
disturbed time periods. Slight decreases of the radial magnetic field component are seen
during disturbed phases. The whole time interval can be divided in "quiet" phases (~
2 days) associated with mass-loading of the Jovian magnetotail and disturbed phases (~
1 day) which imply reconnection, the disruption of the tail and mass release (Kronberg
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Figure 3.9: First order anisotropies in the radial (black, positive is outward) and coro-
tational direction (gray) (first panel); the south-north component of the magnetic field
(high-resolution: second panel; smoothed: third panel); the average absolute radial mag-
netic field values in the lobe regions (fourth panel); a time-frequency spectrogram from
PWS observations: The observations have been taken in the time interval DOY 265, 12:00
to DOY 280, 00:00 in 1996 (Galileo orbit G2). The magnetic field data are presented in
the SllI-coordinate system. Dashed vertical lines outline "quiet" and disturbed periods.

et al. 2005).

The intensification of the auroral radio emissions and the b-KOM activity together
with the thinning of the plasma sheet (identified by the intensification of the continuum
radiation) are clearly associated with ion bursts and bipolar fluctuations in the south-north
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magnetic field.

Another example of periodic modulations in the Jovian magnetosphere is presented
in Figure 3.10, as a segment of orbit E16. In this example Galileo was located in the
distant midnight magnetotail in contrast to the close dawn region in the first example (see
Figure 3.9). Usually in the distant midnight magnetotail region the particle burst events
are not well developed, as shown in the statistical study of Woch et al. (2002). The plasma
sheet is probably thicker in this region and reconnection occurrence is different from the
dawn region. But even in this region one can observe periodic changes of the magnetotail
topology with a repetition period of around 3 days. In this time period the spacecraft
was located planetward to the region of the statistical neutral line formation derived by
Woch et al. (2002). It is close to the local time sector where the x-line can be expected to
develop according to the Vasyliunas model, whereas the previous example was observed
at a local time at which the plasmoid formation process is developing.

This example allows to follow the change of the current sheet morphology. As in
the previous example the time period is divided in "quiet" phases and "disturbed" phases
(Kronberg et al. 2005). The top panel presents the ion flow anisotropy (radial and az-
imuthal components) which shows recurrent disruptions of the ambient particle flow in
the corotational direction by radially outward/inward flow bursts. The second panel shows
the absolute value of the radial magnetic field component. To better visualize the evolu-
tion of the radial magnetic field component in the lobe regions maximum B, data points
are connected by a black line. The radial magnetic field component in the lobe regions
exhibits pronounced increases during "quiet” periods. At the same time periods the south-
north magnetic field component (third panel) shows an overall decrease. Such a behavior
of the radial and the meridional magnetic field components is consistent with a gradual
stretching of the plasma sheet configuration. The fourth panel presents the energy spectral
index ~ for sulfur. The spectra gradual softening (increasing ~) within 2 days followed
by an abrupt hardening (decreasing +) within 1 day. The increase of the spectral index is
associated with the thinning of the plasma sheet. This will be considered in more detail
in Section 3.3.3. The spectral periodicity is most obvious in the variation of the spectral
index of sulfur (inner source). These type of ion spectral index variations are typical for
the middle magnetosphere and the distant dusk to midnight tail region. The modulations
can be explained by topological changes of the Jovian magnetosphere (Woch et al. 1998).
The fifth panel shows the ratio of the south-north component of the magnetic field to the
absolute value of the radial component. In order to calculate the ratio, values of the south-
north magnetic field component closest to the current sheet center and the values of the
radial magnetic field component in the lobe region were taken. These values and the cor-
responding ratio are presented in Table 3.3. Clear decreases of these ratios corresponds
to a stretching of the magnetic field during "quiet" periods. To the end of the "quiet" peri-
ods the magnetic field is distended to such a degree that the condition for an onset of the
tearing mode instability is satisfied. According to Zimbardo (1993) the threshold for the
tearing mode instability is (B, /B, = 0.025). This value is denoted by a red line in Figure
3.10.
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Table 3.2: The evolution of the magnetic field values during the "quiet" phases of the
reconfiguration events during orbit E16. The absolute value of the radial magnetic field
component in the lobe region and the south-north component in the current sheet center
as well as the ratio of these are given.

Time, UT |B,|, (lobe), nT | By (csc), nT | By/B.
1998 235 14:44 3.01
1998 235 21:13 0.22 0.07
1998 236 00:04 3.92
1998 236 06:55 0.11 0.028
1998 236 09:35 4.35
1998 236 12:27 0.15 0.034
1998 236 19:25 4.35
1998 236 22:28 0.04 0.0091
1998 239 01:24 3.39
1998 239 02:09 1 0.29
1998 239 04:15 3.44
1998 239 05:35 1.18 0.34
1998 239 08:04 3.81
1998 239 10:32 1.22 0.32
1998 239 14:21 0.57
1998 239 18:23 3.85 0.14
1998 240 04:04 4.78
1998 240 08:26 0.15 0.031
1998 242 04:15 4.72
1998 242 06:44 0.66 0.139
1998 242 23:06 5.5
1998 243 01:46 0.068 0.012
1998 244 19:23 3.89
1998 244 22:03 0.82 0.21
1998 245 05:40 5.39
1998 245 10:03 1.22 0.22
1998 245 14:37 5.29
1998 245 17:17 0.07 0.013
1998 247 04:43 34
1998 247 09:06 0.61 0.17
1998 248 00:24 352
1998 248 03:27 0.16 0.045
1998 248 12:48 0.09
1998 248 15:06 4.81 0.018
1998 248 20:14 4.03
1998 249 00:03 0.042 0.01
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Magnetic field [nT]

Magnetic field [nT]

Magnetic field ratio
° South-north / |radial|

Figure 3.10: First order anisotropies in the radial (black, positive is outward) and corota-
tional direction (grey) (first panel); the absolute value of the radial magnetic field compo-
nent, the black line presents the rough envelope (transient events are neglected) (second
panel); the south-north component of the magnetic field, the black lines show again the
envelope (third panel); the sulfur energy spectral index , averages over 10-hour-averages
(fourth panel); the ratio of the south-north magnetic field component in the current sheet
crossing to the absolute value of the radial magnetic field component, the red line shows
the threshold for the ion tearing instability (Zimbardo 1993) (fifth panel). The time inter-
val DOY 235, 00:00 to DOY 251, 00:00 in 1998 (orbit E16) is shown. The dashed lines
indicate times at which the Jovian magnetotail transits from a "quiet" to "disturbed" state

or vice versa.
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Figure 3.11: The G2 - 1033 orbits of Galileo in Jupiter Solar Ecliptic coordinates (exclud-
ing time periods with insufficient data coverage). Time periods with a periodical behavior
of the ion spectral index ~ are indicated by a wavy line. The locations of the reconfigura-
tion events are marked by black dots. The grey marker close to midnight shows the time
period presented in Figure 3.10. The grey marker in the predawn region corresponds to
the time period presented in Figure 3.9

Orbital segments during which clear periodicities of the spectral index are observed
are shown in Figure 3.11. The figure presents a summary map of observed spectral index
periodicities in a range of approximately 1.5 to 6 days, which are shown by wavy lines
(extended version of Figure 3.8). The figure covers the interval from mid-1996 to end
of 2002 (Galileo orbits G1 to 1033), excluding orbital segments with insufficient data
coverage. In most regions of the Jovian magnetosphere visited by the Galileo spacecraft
periodic variations have been observed.

Based on this striking similarity of the modulation period for the burst events and
the periodicities observed in the ion spectral shape it is suggestive to assume that the
reconfiguration events in the magnetotail and the modulation of particle properties in the
middle magnetosphere are inherently related and thus the whole Jovian magnetosphere is
affected by the reconfiguration process.

3.3.1 Topological changes of the Jovian magnetotail

The presented two examples of periodical modulation in the Jovian magnetotail (Figure
3.9 and 3.10) show clearly a different periodical behavior of the south-north magnetic
field component. The first example observed at predawn exhibits a gradual dipolarization
of the plasma sheet during "quiet" time period. The second example observed close to
midnight shows a gradual thinning of the plasma sheet. The increase in the south-north
magnetic field component during the "quiet" mass-loading phases observed during the
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Figure 3.12: Topology of the magnetic field lines in the in the nightside Jovian magneto-
sphere. The grey crosses show the x-line derived by Woch et al. (2002). The blue lines
are tracks of the G2 and E16 orbits. They show the trajectories of Galileo during the time
presented in Figure 3.9 (orbit G2) and Figure 3.10 (orbit E16). The x-line and trajectories
are plotted in real proportions. The black lines represent the possible configuration of the
magnetic field lines during the mass- loading process. The field lines become stretched
in the region planetward of the x-lines (shown in Figure 3.10). A "dipolarization" of the
magnetic field lines is observed during the formation of plasmoid when Galileo is located
tailward of the plasmoid center (see Figure 3.9).

first example implies that Galileo was located tailward of the plasmoid center, when the
plasmoid was forming. The different nature of the magnetic field variations implies a
different plasma sheet configuration which obviously depends on local time. It is known
that the flux tubes are less stretched on the dusk side than on the dawn side (Kivelson and
Khurana 2002). At the same radial distance the current sheet thickness at dusk is twice
as thick as at dawn. The varying radial location of the x-line with local time derived by
Woch et al. (2002) can be explained by the different thickness of the plasma sheet: the
tearing instability, for example, occurs when the current sheet becomes thinner than a
certain threshold which is of the order of the ion gyroradius (Pritchett et al. 1991). Thus
this condition can be satisfied closer to the planet in the dawn region than at midnight in
accordance with the x-line position found at 70 R ; in the predawn region and at 130 R ;
at midnight (Woch et al. 2002).

The magnetic field data suggest that during the "quiet" period the plasma sheet is
stretching in both regions planetward of the x-line location and tailward plasmoid-like
structures form. But the signatures of this plasmoid-like structure at midnight are not as
prominent as at dawn. At midnight the thin plasma sheet is gradually stretched out by
the centrifugal force and not confined by the solar wind pressure. The configuration of
the plasma sheet is "flat" and in the pre-dawn the plasma sheet configuration is slightly
"dumb-bell-like". A possible cause might be due to compression of the flux tubes by the
dawn-side magnetopause. Independently from the occurrence of reconfiguration event
such a general local time dependence of the topology was derived from magnetic field
data (Kivelson and Southwood 2005). The topology of this configuration is presented in
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Figure 3.13: Plasma pressure for the time period 1997 DOY 180 04:00 to DOY 197 16:30.
The dotted lines present the smoothed plasma pressure.

Figure 3.12.

3.3.2 Plasma pressure evolution

As it was discussed in Section 3.1, the ion pressure evolution is difficult to monitor at
time periods with burst events. In order get a rough idea of the plasma pressure evolution
a segment of the C9 orbit was chosen. This segment presents a Galileo pass through the
middle and outer magnetosphere in the pre-midnight sector and is almost free of burst
events. The few occurring were excluded from the ion pressure calculations. Figure 3.13
shows the periodical dynamics of the plasma pressure for the time period in 1997 from
day 180 04:00 to day 197 16:30. Figure 3.14 presents a close-up view of a time interval
of Figure 3.13 which exemplifies the variation of various parameters during the periodic
stretching of the magnetotail (the stretching is seen from the decrease of the south-north
magnetic field component and the high energy ion flux drops). It shows the fluctuations
of the plasma pressure the particle flux and the south-north magnetic field component.
The changes of the magnetic pressure do not coincide with the plasma pressure fluctu-
ations. The high energy ion flux drops and the tailward stretching of the magnetic field
lines correspond to the increase of the particle pressure. These phases have the same
characteristics as the growth phase of a terrestrial substorm. Thereafter one can observe
the increase of the particle flux and a "dipolarization" of the magnetic field (from the
south-north magnetic field component). Towards the end of this phase the plasma pres-
sure substantially decreases. These features are characteristic for the expansion phase of a
terrestrial substorm. Thus, general features of the Jovian reconfiguration process are very
similar to the characteristic of the terrestrial substorms. At the same time the same signa-
tures (the plasma sheet stretching, plasma pressure increase) can indicate a mass-loading
— unloading process. A signature of mass-loading of the flux tubes could be an increasing
plasma pressure during the loading phase. The stretching of the mass-loaded flux tubes
by the centrifugal force leads to increased cross-tail currents. This is in contrast to the
Earth’s case where an enhanced cross-tail electric field increases the plasma convection
towards Earth during the growth phase and this plasma convection leads to an increased
plasma pressure (Cheng 2004).
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Figure 3.14: Plasma pressure (black), the dotted line present the smoothed plasma pres-
sure and magnetic pressure (red) (top panel); the proton flux for tpl, tp2 and tp3 energy
channels (second panel) and the south-north magnetic field component for the time period
1997 DOY 183 03:00 to DOY 191 14:00. The time periods marked in grey are phases
associated with the loading phase of the Jovian magnetosphere.
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3.3.3 Periodical substormsat Jupiter and Earth

While usually the terrestrial substorms appear as sporadic singular events, periodical ter-
restrial substorms have been observed (see Section 1.2.2). Let us compare the periodical
terrestrial substorms and the periodical Jovian reconfiguration events. To demonstrate the
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Figure 3.15: A comparison of the proton fluxes and the meridional component of the
magnetic field (in GSE, respectively SlII) during the periodic magnetospheric substorms
at Earth (17-18 April, 2002), left; and at Jupiter ( DOY 180-191, 1997); right. The plot
for the terrestrial case is taken from Huang et al. (2003).

similarities of the proton flux behavior and of the south-north magnetic field component,
Figures 3.15 and 3.16 compare periodical events at Earth and Jupiter.

Figure 3.15 presents an example with striking similarities of the proton flux variations
in the terrestrial and Jovian magnetotails. In both cases high energy fluxes drop stronger
than lower energy fluxes. In both cases the magnetic field shows quasi-periodical fluctu-
ations which, however, differ in form. The magnetic field of the terrestrial magnetotail
shows a plasma sheet "dipolarization™ during the flux drops. The magnetic field of the
Jovian magnetotail shows a stretching of the plasma sheet. The lack to detect a "dipolar-
ization" or a plasma sheet stretching depends on the spacecraft location and was discussed
in Section 3.3.1.

Figure 3.16 compares a different Jovian periodic event with the same terrestrial event
as in Figure 3.15. This time the flux dropouts are not as clear as in the previous example
but instead the behavior of the magnetic field is very similar. The gradual "dipolarization"
of the plasma sheet during the time of flux decreases are followed by an abrupt thinning
of the plasma sheet during the times of sharp particle flux increases.

Therefore, both the periodical substorms at Earth and Jupiter undergo similar pro-
cesses leading to high energy flux dropouts during the growth phase. The interpretation
of the high energy flux dropouts is the following: energetic ions drift against the electric
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Figure 3.16: A comparison of the proton fluxes and the meridional component of the
magnetic field of the periodic magnetospheric substorms at Earth (17-18 April, 2002) and
at Jupiter ( DOY 266-282, 1996), in the same format as in Figure 3.15. The plot for the
terrestrial case is taken from Huang et al. (2003).

field induced by the stretching of the tail magnetospheric field and undergo a significant
betatron deceleration (Sauvaud et al. 1996, Woch et al. 1998). Thus the stretching of the
magnetic field leads to high energy flux decrease.

The comparison of the periodical substorms at Earth and Jupiter shows a striking sim-
ilarity. This suggests that the same cyclic mechanisms of energy loading and unloading
affects both magnetospheres. However, the sources of energy seem to be different.
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3.4 Reconfiguration process - featuresin details

In this section we will present further detailed features of the Jovian reconfiguration /
mass release processes and compare them (where applicable) with terrestrial substorms.

3.4.1 Characteristicsof ion burst events

Mass release processes are associated with ion flow burst events. The radially outward
and inward ion bursts selected from the anisotropy data were detected when the spacecraft
crossed the current sheet center (B, = 0), the sheet/lobe boundary layers and the lobe
region (B, approximately constant). This allows to conclude that the release of the plasma
affects all magnetotail regions.

It seems possible to apply the model of Richardson et al. (1987), see Section 1.2,
to the mass-release process at Jupiter. One may expect to observe in contest with the
plasmoid-associated ion bursts three typical phases (in analogy to the Earth’s substorms)
the formation of Plasma Sheet Boundary Layers, Plasmoids and Post Plasmoid Plasma
Sheet (PPPS). In the Jovian magnetosphere, the Plasma Sheet Boundary Layers (PSBL)
are identified by an increase of the particle flux in the sheet/lobe boundary layers (com-
pared to the particle flux in the current sheet center). The formation and evolution of the
PSBL is well shown in the substorm-like event on day 270 00:00 in 1996 (see Figure 3.2).
The first strong southward and then northward field tilts together with a high ion intensity
is considered as a signature of plasmoids. The continually northward directed magnetic
field and the slow decrease of the ion intensity is considered as a signature of the PPPS
(Richardson et al. 1987).

A detailed view of an ion flow burst and the associated magnetic field variation for
the time interval 06:00 to 10:30 on day 268, 1996 is presented in Figure 3.17. The
magnetic field components exhibit signatures of leading corotation for most of the time
period between 06:00 and 09:15. Thereafter the configuration attains again the usual
lagging state.

At 07:15 the radial component of the ion directional flow anisotropy starts to increase.
Simultaneously, indicated by the first vertical line, the data show the onset of magnetic
field fluctuations. The 3 to 8 min period of these fluctuations is comparable to several
gyroperiods of heavy ions. The gyroperiods of protons, O%*, S** are ~ 16, 125 and 375
s, respectively for a lobe magnetic field intensity of 4nT. Analogous low frequency oscil-
lations associated with terrestrial substorms have a characteristic period of 15 to 25 s or
several proton gyroperiods. At Earth such oscillations are interpreted as a signature for the
onset of a substorm (Ohtani et al. 1998). Magnetic fluctuations on a time scale of an ion
gyroperiod suggest that ions play an important role in the excitation of the fluctuations re-
lated to the substorm onset. The fluctuations in the meridional and azimuthal components
are slightly dominating those in the radial component which indicates that the currents
flow preferentially in the equatorial plane. The magnetic fluctuations at Earth last around
2 to 3 min (Ohtani et al. 1998); at Jupiter they last ~ 45 min. It is still unknown even for
the terrestrial case which mechanisms trigger these fluctuations. Takahashi et al. (1987)
suggested that the spacecraft observed radial oscillations of the position of a nearby neu-
tral line accounting for the reversal of the sign of the magnetic field. On the other side
instabilities that occur in a thin current sheet can also produce such magnetic field oscil-
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Figure 3.17: First panel: First order ion anisotropies in the radial (red, where positive is
the outward direction and corotational (green) direction;). Second panel: The magnetic
field variations during a reconfiguration event for the time period DOY 268 06:00 to
DOY 268 10:30 in 1996. The vertical lines divide the magnetic field data in time periods
comprising the onset oscillations, the plasmoids (PM) and the Post Plasmoid Plasma Sheet
(PPPS).

lations. For example the tearing mode instability is one of the substorm trigger models
in which kinetic ions play an essential role. Schindler (1974) suggested that ions are un-
magnetized near the current sheet because their gyroradius is comparable to the field line
curvature radius, and such ions destabilize the configuration and lead to ion tearing mode.
The current sheet disruption model shows that a substorm can be triggered by the Kinetic
cross-field-streaming instability where unmagnetized ions play an important role (Ohtani
et al. 1998) or by the kinetic ballooning instability which can be driven unstable in the
enhanced cross-tail current sheet region due to the high plasma /3, pressure gradient and
enhanced tail-like magnetic curvature (Cheng 2004).

At 07:47 the signatures of a plasmoid are visible in the south-north magnetic field
component. At 09:00 a strong northward tilt of the magnetic field component together
with a a gradual decrease of the particle flux (not shown) are observed, which could be a
signature of the PPPS. The expansion phase (from ~ 08:00 to ~ 10:00) which includes the
formation of plasmoid and the PPPS lasts around 2 hours whereas at Earth it typically lasts
only around 30 min. The azimuthal component of the flow anisotropy starts to dominate
again at 09:27 and is back to the pre-disturbance level shortly thereafter.
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Figure 3.18: The magnetic field variations during a current sheet crossing tailward of a
reconnection line for the time period DOY 264 10:00 to DOY 264 17:30 in 1996. Dis-
tortions of the field which can be attributed to plasmoids or wavy structure in the post
plasmoid plasma sheet are encircled by dashed lines. The vertical lines indicate the time
period when the magnetic field was swept forward out of the meridional plane. This type
of configuration is sketched at the top right. The sketch at the bottom right shows the
structure of a plasmoid and the post-plasmoid plasma sheet (adapted from Mukai (2000)).
The plot was constructed by binning the ion flow burst samples into 0.5-hour-wide inter-
vals.

Another event (Figure 3.18) shows the fine structure of the magnetic field during a
Jovian mass-release event. Superimposed on a consistently northward inclined field a se-
ries of small-scale disturbances occur. These are either sporadic increases of the magnetic
field intensity (above lobe levels) primarily due to a substantial increase of the south-north
component or bipolar deflections in the south-north component. This implies that also in
the PPPS plasmoid-like structures form (see the sketch of Mukai (2000) in Figure 3.18).
At the onset and in the course of a mass release process one can often observe magnetic
field changes from a swept-back to a swept-forward configuration. The leading configu-
ration is consistent with the field rotating faster than corotation which indicates a transfer
of momentum from high to low altitudes. Thus the planet’s ionosphere gains momentum
from the magnetospheric plasma (Dougherty et al. 1993). Such events have been dis-
cussed by Russell et al. (1998) as an indication for small-scale reconnection events. In
contrast to that we presented evidence that these events are part of a global mass recon-
figuration process.
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Figure 3.19: Occurrence rate of the flow burst events versus event duration. Black bars
show the total number of the burst events (outward, inward) and grey bars present the
amount of radially outward directed events. The plot was constructed by binning the data
into 30 min intervals.

Each such reconfiguration and substorm-like event consists of radially outward and/or
radially inward ion burst events. In the set of the substorm-like events from Table 3.1,
there were 48 radially inward and 61 radially outward bursts identified. From this set,
the general magnetic field variations during the burst events can be deduced. The radially
inward bursts are associated with a positive meridional component of the magnetic field
By > 0 and radially outward bursts (excluding the plasmoids with bipolar signature) are
associated with B, < 0, according to the topology of the magnetotail configuration during
substorms.

Figure 3.19 displays the occurrence rate of the bursty events versus the event duration.
The average duration of the inward events is 1 + 0.7 hours and 1.8 & 1.3 hours for the
outward events. The duration of radially inward burst events is twice shorter than for radi-
ally outward events. A possible conclusion is that the outward mass-release process takes
longer than the radially inward transport of emptied flux tubes. Another interpretation is
that the radially inward bursts are generally closer to the x-line because it is supposed that
the x-line is moving radially outward during the "disturbed" phase. This also explains
why the radially inward bursts are commonly observed towards the end of the "disturbed
phase".

The following study will concentrate on those ion burst events which are associated
with plasmoid signature in the magnetic field.
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Magnetic structures in the terrestrial magnetotail
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Figure 3.20: Magnetic structures detected in the terrestrial magnetotail as (a) Plasmoid,
(b) plasmoid with a flux rope core, (c) Flux rope and (d) TCR in the magnetotail. Credit:
(Zong et al. 2004).

3.4.2 Characteristics of plasmoids

In two dimensions the typical observational signatures of a plasmoid have been defined
by a bipolar magnetic deflection the meridional direction By, B,. This magnetic signa-
ture is usually associated with high-speed tailward directed energetic ion and electron
beams (Zong et al. 2004). Such a large tailward-moving loop-like magnetic structure
is generated as the result of X-type reconnection in the near magnetotail (Hones 1979).
The examination of the three dimensional topology and morphology of plasmoids in the
Earth’s magnetotail showed that they possess rather complicated configurations (see in
Figure 3.20, Zong et al. 2004). From left to right the four sketches present (a) the orig-
inal 2-dimensional Hones scenario, (b) a helical flux rope embedded in an outer closed
loop magnetic field, (c) a helical flux rope and (d) a travelling compression region (TCR)
which is detected as moving magnetic imprint of a plasmoid in the lobes.

Magnetic signatures of Jovian plasmoids were discussed by Russell et al. (1998). The
main signature appears as a bipolar deflection of the meridional component, similar as in
the case of Earth. However, a major difference occurs due to the fast rotation of Jupiter.
The conservation of the angular momentum leads to predictable perturbations in the az-
imuthal component of the magnetic field as the magnetized plasma is convected either
toward or away from Jupiter by reconnection. The angular velocity of the plasma initially
increases inward of the reconnection point, causing a corotational lead, and as a conse-
quence the magnetic field sweeps forward out of the meridional plane. Outward from this
point the angular velocity of the plasma declines and the field is swept backward out of
the meridional plane (see examples in Figures 1.7, 3.3, 3.18).

To recognize the signatures of flux ropes in the magnetic field data of Jupiter is an even

89



3 Reconfiguration processes in the Jovian magnetosphere

more complicated task because the corotational lag of the magnetic field and the wobbling
of the plasma sheet introduce further magnetic field variations, which are superimposed
on the flux rope signature.

There is another magnetic feature which can also be detected in the magnetotail. A
tailward moving plasmoid in the central plasma sheet will temporarily compress the mag-
netic flux in the tail lobes because the cross-sectional area of the lobe is reduced. A
structure with a transient increase in the lobe field strength and a deflection of the mag-
netic field vector, first northward and then southward in Earth’s case, and first southward
and then northward in Jupiter’s case, is called TCR (Slavin et al. 2003). TCRs in the
Jovian magnetotail will be discussed later in Section 3.4.3.

Velocity of plasmoids

It is expected that the plasma confined in a plasmoid has the same speed for differ-
ent species which is the macroscopic plasma flow velocity. To derive this flow velocity,
ion burst events associated with a strong bipolar signature in the B, component of the
magnetic field were analysed. Furthermore the field configuration has to be sufficiently
stable to allow to identify an anisotropy parallel or perpendicular to B. We limit our
study to those events which then have a field-aligned anisotropy (the ion directional flow
anisotropy component in the magnetic field direction) close to zero. In these events the
ions move essentially perpendicular to the instantaneous magnetic field direction. Fig-
ure 3.21 presents a comparison of the derived velocity for different ion species for such
burst events in different plasma sheet regions. In the lobe region mostly field-aligned
beams (a dominating field-aligned anisotropy) are observed but also signatures of two
plasmoid-like events which are probably TCRs. The latter two are included in Figure
3.21. Obviously the flow burst events which satisfy the above conditions have approxi-
mately the same velocities for the different ion species. Most of the plasmoid signatures
are observed in the central plasma sheet (17 events) and in the plasma sheet boundary lay-
ers (11 events). In Figure 3.22 we present the occurrence rate of plasmoids with respect
to the ion bulk velocity measured in the plasmoid. The plot was constructed by binning
the plasmoid velocities into 100-km s—! — wide intervals. The range of velocities and the
velocity distribution are very similar to the results found for high speed flows in the terres-
trial plasma sheet (Baumjohann et al. 1990). The most typical plasmoid speed is in a range
between 400 and 500 km s~ and the mean speed of the plasmoids is 461+173 kms~' in
the current sheet, 4634142 kms~! in the plasma sheet boundary and 887+142 kms~*
in the lobe region. In contrast to that the local plasma speed in non-plasmoid intervals is
about ~ 250 km s~ !,

Duration and length of plasmoids

The distribution of the duration of plasmoids is presented in Figure 3.23. The figure
was constructed by first determining the difference between the end time and start time
of the plasmoids as shown in the four examples in Figure 3.20, and then by binning
these events into 10-min-wide intervals. The 10-min-width is the minimum meaningful
width of the bins. For this study the events with the most prominent bipolar signature
were chosen. It is necessary to avoid the mixture of less prominent events with e. g.
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Figure 3.21: Velocity distribution for plasmoid events. S, O and protons plotted versus
each other in the different regions of the magnetotail, i.e. the current sheet center, the
plasma sheet boundary layers and the lobe regions.
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Figure 3.22: The occurrence rate of plasmoids versus to the ion bulk velocity measured
in the plasmoid.
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Figure 3.23: The occurrence rates of plasmoids versus the duration of the events.

surface waves. The number of events included in this statistics is less than in the case
of the velocity statistics because of the availability of the high-resolution magnetic field
data. It is necessary to take into account that the events with durations longer than 30
min could not be included because that the current sheet crossing by the spacecraft takes
around 30 minutes. The majority of plasmoid events lasts between 10 and 20 minutes.
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Figure 3.24: The occurrence rates of plasmoids versus the length of the events. The panel
was constructed by binning these events into 5- R j-wide intervals.

For comparison the typical duration at Earth is ~ 1.5 min (leda et al. 1998).

The length of plasmoids is calculated by multiplying the plasmoids downtail velocities
over the plasmoid duration in each event (presented in Figure 3.24). Most events have
a length in the range between 5 and 10 R, with the mean plasmoid length being around
9+ 2.6R;. The length of the Jovian plasmoids compared with the current sheet thickness
is similar as for terrestrial plasmoids: from about 5 to 10 R length for a typical 2 R,
current sheet thickness in equilibrium state at Jupiter and ~ 4 to 10 Ry length for a
typical 1 Ry current sheet thickness at Earth (leda et al. 1998, Huang et al. 2003).

Table 3.4.2 presents the plasmoid duration, the plasmoid speed and the plasmoid
length versus the radial distance from Jupiter. In this case all chosen events were lo-
cated in the predawn sector observed during the orbit G2 in 1998. The radial distance was
divided into two ranges (because of poor statistics): 85 - 100 R ; the region close to the
x-line, and a region at 100 - 115 R, further away from the x-line.

Table 3.3: Characteristic quantities of the Jovian plasmoids versus the radial distance.

85-100 R,

100 - 115 R,

Plasmoid duration

~ 20 £ 7.7 min

~ 24 + 5 min

Plasmoid speed

~ 440 + 30 kms™!

~ 561450 kms!

Plasmoid length

~T4+29R;

~11+24R;
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This rough estimation shows that in the near x-line region plasmoids are slightly ac-
celerated in the downtail direction and are more expanded. The same behavior is observed
at the Earth’s magnetosphere where leda et al. (1998) showed that the average length of
plasmoids depends on the downtail distance, varying from 4R j; in the near tail to 10R in
the distant tail. However, conclusions to be drawn for the plasmoid evolution in the Jovian
magnetotail are very limited, because the Galileo coverage is restricted in the downtail re-
gions to rather close distances from the x-line.

Alfvén Mach number of plasmoids

To compare the speed of plasmoids V}, with the Alfvén speed V, the Alfvén Mach
number M 4 can be estimated as follows (Goedbloed and Poedts 2004)

v, Z B
My=-L Vy=218x10' —

Va Ay ¢

with n(= n. ~ Zn;) where n, is the electron density, n; the ion density and Z the ion
charge number (multiples of €) and with A the ion mass number (multiples of 2,) and
B the magnetic field. The values of the electron number density n. are derived from the
cut-off frequency of the electromagnetic waves using Galileo PWS data. The values for
the magnetic field B are taken in the lobe region, the average ion mass number A is as-
sumed as 16 and the ion charge Z = +2 as the average value for the Jovian magnetotail
(Geiss et al. 1992). Figure 3.25 shows the Alfvén speeds for the individual plasmoids in
the three plasma sheet regions. The error of the Mach number estimations is ~ 50% and
that of the flow velocity ~ 25%. In the figure it is visible that most plasmoids show close
to Alfvénic flows (M4 ~ 1). Only few events, mainly in the current sheet center reach
super-Alfvénic speeds. This result also confirms the similarity of the Jovian substorm-like
process with the terrestrial ones where plasmoids are moving with Alfvénic speed.

Convection electric field during the plasmoid release

Plasmoids moving in the central plasma sheet with a dominant velocity component
perpendicular to the instantaneous magnetic field. They are characterized by a dipolariza-
tion of the central plasma sheet and are associated with strong electric fields E = -V xB.
The average electric potential in the central plasma sheet during the plasmoid release can
be estimated as follows £ = —(/V;2 + V}2) - By. It is studied that in the vicinity of the
x-line (from x-line to 25 R ;) the degree of dipolarization does not depend on the distance
from the x-line. Also the change of the velocity with distance to the x-line is not very
prominent. Thus one can assume an average ion bulk velocity of ~ 500 km s~! and an
average A By of ~ 3.3 nT which result in an average convection electric field of ~ 1.6
mV m ~L. This average value is comparable to values for the reconfiguration events at
Earth and is around one order of magnitude higher than the ambient Jovian value of the
convection electric field which is approximately 0.25 mV m —1.
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Figure 3.25: Alfvén Mach number M, = V},/V,4 of plasmoids in the three plasma sheet
regions against the ion flow speed.

3.4.3 Determination of a substorm onset

A typical substorm-like event in the Jovian magnetosphere is shown in Figure 3.26. This
event occurred in the time interval from day 97 151, 06:00 to day 97 154, 02:00. In
this time Galileo was located in the midnight sector of the magnetotail (0116 LT) at R =
100 R;. The first panel displays omnidirectional ion intensities in seven energy channels
covering the energy range from 22 keV to 3.2 MeV. The second panel shows the radial
and azimuthal component of the ion directional flow anisotropy of 65-120 keV ions. The
next four panels present the magnetic field magnitude and its components in the SllI-
system. First signatures of a mass-release process are observed at day 152, 07:00 with
an unusual (for the lobe region) increase of the particle intensities (see vertical dashed
line (1) in Figure 3.26). The corotational flow is disrupted by a strong tailward directed
anisotropy spike. At day 152, 10:00 the next bursty flow ion anisotropy event arrives
with bipolar features in the south-north magnetic field component. About 16 hours later
another group of tailward directed bursts occurs and then in the subsequent plasma sheet
encounter radially inward directed bursts are observed.

More details for the first burst event are presented in Figure 3.27 where omnidirec-
tional ion intensity in six energy channels and the intensity of protons in three channels
(first panel), the intensity of electrons in eight channels and the total magnetic field and
its components are displayed.

The omnidirectional ion intensity and the intensity of the protons exhibit an energy
dispersion in the sense that first the intensities of high energy ions increase. At 06:50
UT, on day 152 an increase of electron intensities in the lobe region can be interpreted
as substorm onset. The higher energy ions arrive nearly simultaneously (within the time
resolution of the measurements). Medium energy protons and ions arrive 10 minutes later.
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Figure 3.26: Energetic particle and magnetic field observations on Galileo orbit G8 from
DOY 151, 06:00 to DOY 154, 02:00 in 1997. From top to bottom are displayed: omni-
directional ion intensities (0.042-3.2 MeV) (first panel); first order ion anisotropies in the
radial (positive is outward) and corotational direction (second panel); the magnetic field
components in SllI coordinates (third to fifth panel) and its magnitude (sixth panel).

Assuming that the electrons are released at the reconnection site during the reconnection
onset the distance of Galileo to the reconnection line can be roughly estimated from the
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Figure 3.27: Energetic particle and magnetic field observations on Galileo orbit G8 from
DOY 152, 06:00 to DOY 152, 09:00 in 1997. From top to bottom are displayed: omni-
directional ion intensities (22 - 825 keV, 8 energy channels) and proton intensities (80 -
1250 keV, 3 energy channels) (first panel); omnidirectional electron intensities (15 - 884
keV, 8 energy channels) (second panel); the magnetic field and its components in SliI
coordinates (third panel). The first vertical line outlines the arrival of the electrons (15 -
93 keV) the second line the arrival of the protons (220 - 1250 keV) and the third line the
arrival of the plasmoid.

proton delay time. The proton spike consists of a field-aligned beam and thus the proton
field-aligned speed can be estimated from the proton energy. Protons with an energy of
132 keV (estimated as the geometric mean of the tp1 channel which is best defined), i.e. a
speed of ~ 5100 km s~ arrive about 10 min later. This yields to a distance of 40 12,4 20
Ry and implies the formation of the x-line at ~ 60 R ; from the planet. Alternatively, the
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Figure 3.28: Energetic particles and magnetic field observations on Galileo orbit G8 from
DOY 153, 04:30 to DOY 153, 08:00 in 1997, same format as Figure 3.27.

distance to the x-line can be estimated from the flow energy dispersion. lons measured in
al channel (mainly protons) with a geometric mean energy of 52 keV (speed of ~ 3200
km s~!) arrive ~ 11 min later. This gives a distance of 20 R,=+ 10 R, and an x-line
formation at ~ 80 R ;. Thus both methods give consistent results within the limitation of
the methods due to the poor time resolution.

At 07:25 UT the beginning of a TCR is observed. The center of the TCR is observed at
07:45 UT, i. e. about 55 min after reconnection onset. If this plasmoid was moving from
the x-line to Galileo (~ 20R ;) with a speed 500 km s~! (during this time period the exact
speed is not possible to estimate) it has a time delay of 50 min. That is in correspondence
with the time delay from the substorm onset to the arrival of the plasmoid’s center.

During this event another TCR is observed at DOY 153 06:20, (denoted by dashed
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Figure 3.29: Energy spectra for ions in a quiet time during the lobe encounter on DOY
152 03:00 (blue), and in the burst times DOY 152 07:11 (red) and 07:22 (grey). The thick
black line shows an envelope of the energy spectra during the burst event.

The drop in ion flux occurs at about 100 keV/nuc.

line (2) in Figure 3.26 and for details see Figure 3.28). First the radial component of
the magnetic field is possibly compressed by an arriving plasmoid and the electrons and
later also the ions are observed. The energetic particle injections are associated with the
northward turn of the meridional magnetic field component. This particular event shows
a reverse dispersion when first low energy ions and later high energy ions are observed.
Additionally, the electrons arrive after the ions. The reversed dispersion implies a different
spatial distribution of the ions and electrons which could be caused by the generation of
the cross-tail current or by an azimuthal expansion of the field-aligned currents of the
substorm wedge (Birn et al. 1997).

Figure 3.29 presents the time development of the burst spectra for the burst event
shown in Figure 3.26 and an envelope of these individual spectra (thick black line) in
comparison with a spectra taken in the lobe region preceding the event (blue line). The
plasma heating for all ion channels and especially a strong acceleration of the low energy
ions are observed while a drop of the ion flux at 100 ke\/nuc is obvious. In analogy to the
terrestrial case this drop can be due to a potential drop produced by field-aligned currents
which are produced during the substorm. Podgorny et al. (2003) found that the potential
drop produced by a substorm field-aligned current circuit is ~ 50-100 kV. The potential
drop EL is estimated by EL = B,,,By/(2mone)L. In the current sheet during the above
considered burst event the total magnetic field B;,; is ~ 8 nT, the meridional magnetic
field component B, ~1 nT, the plasma density is n ~0.01 cm~!. With a typical current
sheet thickness during a substorm of o ~0.5R ;, the potential drop at a distance L=100R ;
will be ~ 150 kV which is close to the voltage which can be deduced from the ion spectra
presented in Figure 3.29.
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3.5 General view of the reconfiguration events

Based on 34 investigated events the present study allows to establish the fundamental
properties of the reconfiguration process. A reconfiguration event consists of a quasi-
periodic transition between two elementary different states of the magnetotail. The gen-
eral topology and properties of these two phases are sketched in Figure 3.30.

10 - 30 hours

Figure 3.30: A sketch of the two basic states of the Jovian magnetotail. Top: "Quiet"
state; bottom: disturbed state (details see text). The dashed lines and numbers correspond
to the respective current sheet crossings labelled D1 to D5 in Figure 3.2 (Kronberg et al.
2005).

In the initial "quiet" state the plasma flow is directed in the corotational direction.
The plasma sheet is thick, i.e., largely expanded in latitude around the current sheet and
without a distinct boundary towards the lobe region. Depending on the location with
respect to distance and local time (see Section 3.3.1) the plasma sheet is affected by
gradual stretching or thickening (in the region of plasmoid formation). Thus the "quiet"
state of Jupiter’s magnetosphere is not an equivalent to the "ground state" of the Earth’s
magnetosphere. Due to continuous loading with energy the "quiet" state in the Jovian
magnetosphere is very similar to the "growth" phase during terrestrial substorms. Apart
from the gradual stretching or thickening (in the region of plasmoid formation) the current
sheet itself resides in a state without significant large or small-scale disturbances.
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In addition, the magnetic field is in a swept-back configuration, as expected for angular
momentum transfer to the magnetospheric plasma (Russell et al. 1998, Dougherty et al.
1993). The ion intensities in the plasma sheet center are initially at a low level. The
"quiet" phase usually persists for 3 to 5 Jupiter rotations.

Towards the end of the "quiet" phase the ion intensity rises, the flow velocity slowly
increases both in the corotational direction as well as in the radial outward direction. The
"quiet" phase ends with a breakdown of the corotational pattern of the plasma flow and
the magnetotail transits into the "disturbed" phase.

At a given location the transit occurs abruptly within minutes. In the disturbed phase
the particles are initially streaming tailward. In the course of the events the streaming
direction reverses to planetward streaming. A continuous thinning of the plasma sheet is
observed, with the strongest confinement of the plasma around the current sheet reached
at the point of the flow reversal. Distinct boundary layers at the plasma sheet - lobe
interfaces evolve which consist of intense, high-velocity particle beams. To first order the
magnetic field topology shows a current sheet configuration. However, during the period
of tailward streaming the magnetic field in the plasma sheet has a persistent northward
tilt, i.e. opposite to what is expected from the normal planetary field orientation. After
reversal of the flow direction, the tilt changes back to a southward tilt. Additionally
transient, small-scale disturbances are superimposed over the average field configuration.

The observed particle and field characteristics are consistent with a reconnection sce-
nario. Whereas in the "quiet" phase the plasma convection in the corotational direction
is sustained in the magnetotail, in the disturbed phase the magnetotail has evolved into
a configuration which enables the onset of reconnection and allows for the release of
plasma. That reconnection is indeed occurring is primarily evidenced by the distinct
tailward- and inward-streaming particle beams. They are presumably observed on field
lines which have recently been reconnected. Furthermore, characteristic magnetic field
distortions, most readily explained by the passage of plasmoid-like structures, confirm
on-going reconnection.

The reconnection topology is neither spatially nor temporally static. Inherent to the
plasma release process is an apparent outward motion of the reconnection region, with the
result that the actual active x-line is generally first planetward of the observation point,
then progresses through it, and finally ends up at a location tailward of the observation
point.

The general characteristics of the "disturbed™ phase is very similar to the features of
the "expansion" phase during the Earth’s substorms. Thus the Jovian "disturbed" phase
can be compared with the terrestrial “expansion” phase.

3.5.1 Temporal, spatial scalesand other characteristics

The configuration favoring reconnection is maintained from several hours to several tens
of hours, with a maximum detected duration of 30 hours and an average of approximately
15 hours. This means, the reconnection configuration is observed usually for several - in
some cases up to six - consecutive current sheet crossings.

Table 3.5.1 presents a summary of the typical durations of the main substorm phases
at Jupiter in comparison with those at Earth. Apparently the duration of the substorm
phases at Jupiter is more than an order of magnitude longer than at Earth.
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Table 3.4: Typical duration of the main substorm phases at Jupiter and Earth.

Phase Jupiter Earth

Growth phase ~ 48 hours | 1 hour
("quiet" phase at Jupiter)

Onset ~45min | ~1min

Expansion ~ 15 hours | 0.5 hour

("disturbed" phase)

Generally the release phase in the Jovian magnetosphere consists of several releases
of individual plasmoids embedded the post plasmoid plasma sheet. This implies multiple
x-line formations (see events in Figures 3.2, 3.5, 3.7).

A summary of some basic parameters of the Jovian substorm-like processes in com-
parison to the Earth’s substorms is presented in the Table 3.5.1. The table shows that the
mass-release processes in the Jovian magnetosphere have larger spatial scales than Earth’s
substorms. The basic quantities, however, such as the speed of the bursty bulk flows, the
convection electric field and associated potential drop are in the same range. It shows that
the basic mass and flux release processes are very similar in both magnetospheres. The
relatively small scale of the plasmoids in Jupiter’s magnetotail has to be compared with
the large-scale topology favoring reconnection that persists for up to several planetary
rotations during the reconfiguration events. The reconnection process certainly affect the
major part of the Jovian magnetotail.

The apparent tailward motion of the reconnection topology which can be deduced
from the flow reversal from tailward to inward seems to be an intrinsic feature of the
reconfiguration / mass release events. A flow reversal in this sense is observed for the
large majority of events. It suggests that inherently the breakup of flux tubes first starts
relatively close to the planet. In the course of the mass release process the x-line retreats
further downtail whereas the inward mass-emptied region might already return to the
"quiet" corotational state. The outward motion could be associated with a progression
of the local time sector being affected by the process towards dusk. Such a combination
of outward and azimuthal motion of the reconnection region could explain the average
location of the x-line deduced in statistical studies (Woch et al. 2002), which was shown
to be located closer to the planet at pre-dawn compared to pre-midnight.

The values for the bursty bulk flows are taken from Angelopoulos et al. (1994).
2The values of the potential drop created by the field-aligned current system during terrestrial substorms
are taken from Angelopoulos et al. (1994) and Podgorny et al. (2003).
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Table 3.5: Characteristic quantities of Jovian substorm-like processes in comparison with
Earth’s substorms.

Quantity Jupiter Earth
Burst duration

inward ~ 1 hour ~10 mint

outward 1.8 hour ~370s!

Plasmoid speed ~ 350 -500 kms~! | ~ 400 -700 kms™!

Plasmoid duration ~ 10 - 20 min ~ 1.5 min
Plasmoid length ~9R, 10 Ry
Convection electric field ~12mVm-t ~2mVm!

Potential drop? ~ 100-150 keV ~ 50-100 keV

3.5.2 Relation to auroral phenomena

The overall auroral activity at Jupiter is well correlated with the disturbance level of the
magnetic field in the Jovian magnetosphere (Prangé et al. 2001). The activity shows a
variability with time scales of several days. Thus these observations also suggest that a
dynamic process with cyclic nature affects the Jovian magnetosphere. A detailed relation
of individual auroral features with various signatures of the mass release process has
yet to be established. However, it is tempting to speculate that isolated auroral spots
frequently observed poleward of the main auroral oval, the so-called ’Nightside Polar
Spots’ (Grodent et al. 2004), may be the auroral imprints of transient reconnection events.
The apparent magnetic conjugacy of the two phenomena and their compatible duration
corroborates such a relation. It has been suggested that the sub-corotational part of the
dark polar region - an ionospheric region at dawn void of auroral emissions (Stallard et al.
2001, Grodent et al. 2003b) - is connected to the return flow of emptied flux tubes (Cowley
et al. 2003) from the Vasyliunas’ x-line. On other hand, it could also be speculated that
the upward current necessarily associated with the braking of the fast return flow in the
high-pressure subcorotational regime in the middle magnetosphere could lead to intensive
emissions. Those may be associated with the so-called auroral dawn storms (Clarke et al.
1998) or multiple dawn arcs (Grodent et al. 2003a).

Due to the orbital characteristics of the Galileo trajectory the mass release events could
be identified in the magnetotail region. However, the occurrence of plasma release events
may not necessarily be restricted to the Jovian magnetotail. They might occur also on the
dayside specifically during times of magnetospheric expansion, when outward stretching
of mass-loaded flux tubes is no longer prevented by solar wind pressure forces. Thus mass
release events might also account for dayside auroral intensifications.
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4 Modelling of the periodic
reconfiguration process

In the previous chapter it was shown that the Jovian magnetosphere is affected by a pro-
cess similar to the substorms at Earth. However it was also shown that this Jovian recon-
figuration process is most likely driven by internal sources. Moreover, whereas at Earth
periodically recurring substorms are rather rarely observed, the reconfiguration process at
Jupiter seems to be intrinsically quasi-periodical. It is of interest to model the periodic
reconfiguration processes in the Jovian magnetosphere, in order to confirm the assump-
tions that substorm-like processes at Jupiter can be internally driven, to explain why they
are periodically recurring and to derive an intrinsic time constant of the process. In this
section a simple modified version of the Vasyliunas model will be presented which allows
an explanation of the periodic nature of the Jovian reconfiguration events.

4.1 Introduction tothe model

Our model assumes that the observed quasi-periodic variations of the middle and outer
magnetosphere of Jupiter are cyclic processes driven by internal dynamics. Starting from
an initial mass-loaded state (see Figure 4.1) further mass-loading leads to a continuous
stretching of the tail magnetic field configuration due to the increasing moment of inertia
of the tail plasma and the centrifugal force (the second panel of Figure 4.1). This implies a
situation where the field lines become more and more anti-parallel. Ata certain moment of
time the stretched out magnetic field line configuration undergoes magnetic reconnection
and consequently formation of an x-line and plasmoid release becomes feasible (third
panel of Figure 4.1). The forth panel of Figure 4.1 shows the configuration after plasmoid
formation and mass-release which is basically the same as the initial mass-loaded state
shown in the first panel. Now further mass-loading leads to newly stretched field lines and
the process starts again. In this manner the magnetosphere can undergo quasi-periodically
different states. The crucial parameter to be estimated is the intrinsic time constant of the
tail stretching from the initial state up to the configuration that favores reconnection.

In generation of reconnection and plasmoids the tearing-mode instability is a possible
candidate. It is a resistive instability in the plasma which is associated with a topological
change of the magnetic field.

During the stretching of the magnetotail the meridional component of the magnetic
field in the current sheet center will decrease. Let us now consider the collisionless ion
tearing instability. The stretching of the current sheet can lead to the state when its thick-
ness will become smaller than a typical ion gyroradius. Consequently the ions do not
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Figure 4.1: A sketch demonstrating the periodical nature of the reconfiguration process
in the Jovian magnetosphere. The top panel shows the initial largely "mass-unloaded"
state prior to excessive mass-loading from the internal sources. The second panel ex-
hibits a stretching of the configuration as a consequence of continuous mass-loading and
the centrifugal force. The third panel presents a reconnection state which leads to for-
mation of x-line and mass-release in a form of plasmoids. This state is reached after
sufficient thinning of the plasma sheet allowing for spontaneous reconnection. The forth
panel shows the configuration after reconnection. The Jovian magnetosphere undergoes
periodic changes between the first and the third state.

gyrate anymore around the magnetic field lines and the ion motion becomes chaotic.
These chaotic ions can in turn become resonant with a tearing mode (the ion Landau
resonance). This instability can occur when the following condition is satisfied (Wiechen

and Schindler 1991):
By d\?
Q B E ('rizm) '

here d is the typical plasma sheet thickness, 7;,,, is the typical gyroradius, By is the merid-
ional magnetic field component in the current sheet center and B, is the typical magnetic
field in the lobe. The possibility of such a tearing-mode instability in the Jovian magneto-
sphere was discussed by Zimbardo (1993). Collisionless ion tearing modes can grow in a
thin quasineutral sheet with the thickness in the order of an ion gyroradius. In the Jovian
magnetotail with a typical current sheet thickness of 2 R; and B, ~ 4 nT (Khurana and
Kivelson 1989) the mode has a growth rate of v = 0.03 - ,,,, = 1-107s~! and a growth
time of ¢4, = 7~! = 11 min, where ©,, is the cyclotron frequency (Zimbardo 1993).
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4.2 Basic Equations

4.2 Basic Equations

To describe the hypothetical processes in the Jovian magnetosphere a spherical coordinate
system is chosen, where the observer is rotating together with the largely azimuthal, (sub)
corotational plasma flow. The velocity of the plasma v in the inertial system is given by

v=v +Qxr, (4.2)

where v’ is velocity of plasma in the rotational system of reference and hence v/ = 0 in
this consideration, € is the angular velocity, here the angular velocity of planet Jupiter
and r’ the radial distance. Using the Equation

dv
dt

dv

= +Q2 xv
Inertial dt

Rotational

and Equation (4.1) an expression which connects the force density in the inertial system
with the force density in the rotational system is obtained:

d(pQ2 x '
_ AT o x @), (4.2)

Inertial dt

dov
dt

where p is the mass density. The local stress balance in this co-rotating system, following
Vasyliunas (1983), can be written as

PAXTH2pQ X T+ p X (2 xr)+V-P=jxByg. (4.3)

where r = r’ is the radial distance, P the plasma pressure tensor, j the electric current
density, Bo the magnetic field strength, while the dot denotes the local time derivative in
the co-rotating system. Note that mass-loading is allowed in Equation (4.3) by including
the local time derivative of the mass density. In the following consideration the Coriolis
term 2p€2 x 1 is neglected under assumption that the predominant plasma velocity is
azimuthal. In order to determine the transverse part of j, Equation (4.3) is multiplied with
Bo:

P2 Xr)xBo+pQx (2 xr)xBg+ V- -P xBg= (j x Bp) X By. (4.4)

The derivation proceeds by considering the local stress balance in the ¢, (equatorial)
plane. The pressure is assumed to be isotropic. As the time dependent changes are ob-
served at the current sheet center primarily in the south-north magnetic field component,
the B, component will be neglected in the following. At the current sheet center B, = 0
(please note that (9B,.)/(rd0) can not be equal 0), this leads to

(2 xr) x Bg = —pQ(Bor) + pr(Bof) >~ prByQe,,

P x (2 x 1) x By = p(2(Qr) — 10?) x By ~ pQ* Byre,,
(j x Bo) x Bg =~ —e,j, Bj — e4j,B3,
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4 Modelling of the periodic reconfiguration process

and Equation (4.4) reads

prByQe, + pQQBgre,ﬁ + %Bger — Z—I:Bge,ﬁ = —j.Bie, — jq,Bge,/). (4.5)
Thus there are two components of the electric current density in the equatorial plane, a
radial and an azimuthal one. The radial component is proportional to the mass-loading
rate p, is closed via field-aligned currents in the Jovian ionosphere, and serves to support
corotation (Hill et al. 1983).
The azimuthal current is determined by the gradients of the magnetic field in radial
and field-aligned direction:

. 1opPr 0P 0By 108,
HoJe = - =

By Bydr — or o 90
where 11 is the magnetic permittivity. The magnetic field data show that in the mag-
netotail spatial variations of B, in the radial direction are 100 times smaller than the
meridional variations of B,, therefore (0By)/(0r) may be neglected (see also, Khurana
and Kivelson 1989). Thus, the azimuthal current density is related to the radial magnetic
field via

(4.6)

10B, HopSYr _ moP
r 00 - Bg Bga’f ’

Furthermore assuming |0B,/rd0| ~ |B,|/d, where d denotes a typical scale of the
magnetic field normal to the Jovian current sheet, equation (4.7) reads

4.7)

HoJg =~ —

__ ~-r

d Bg B()a’l
or B, B oprP
r 0 2
—— ~ pQr — —. 4.
1od P gy (48)

The last expression describes the azimuthal component of the local stress balance in the
equatorial plane.

4.3 Estimation of thetypical time constant

In order to derive the typical time constant of the Jovian reconfiguration process one has
to first estimate the terms in expression 4.8.

Magnetic field

First we consider the evolution of the magnetic field. The change of the magnetic
field components with distance can be estimated in different ways. One possibility is to
use the dependencies derived by Khurana and Kivelson (1989). Here the magnetic field
components B, (in the lobe) and By, (at the equator) are:

B, = 6.12-10°% ",
By = 25-10% 24, (4.9)
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Figure 4.2: The change of the magnetic field components versus radial distance. The
comparison of Khurana and Kivelson (1989) results and observations on Galileo orbit
Co.

where B, isinnTand rin R;.

Another possibility is to use in situ measured data for a characteristic orbit. As an
example the data from the Galileo C9 orbit is chosen. This orbit is located in the midnight
sector and shows clear plasma sheet thinning signatures over a large radial interval. The
magnetic field in the lobe has been fitted by a power law

B, = 1.04 - 10%7~ "1,
For the B, component at the equator the power law fit yields
By = 9.14 - 10%7 %12,

Here the units are the same as in Expression 4.9.

Figure 4.2 shows the comparison of the magnetic field change versus radial distance
derived from the Galileo data (C9 orbit) and taken from Khurana and Kivelson (1989)
model. The magnetic field changes are quite similar, but the derived power laws from
the data of the C9 orbit give slightly higher values than those from Khurana and Kivel-
son (1989). This fact can be explained by difficulties in obtaining exact values of By in
the current sheet center and of B, in the lobe region, (see Khurana and Kivelson 1989).
Another reason could be the local time variation in the magnetic field.

Both of these estimations of the magnetic field will be used in the following.
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4 Modelling of the periodic reconfiguration process

Thickness of the plasma sheet and the centrifugal force

The half thickness d of the current sheet in the case of a pressure anisotropy can be
estimated by (Khurana and Kivelson 1989)

| Bo B |

po(=pQ2r + 510 (B2 + B3))

d= (4.10)

In the denominator the contribution of the gradient of the meridional magnetic field com-
ponent, 9B3/0r in comparison to the gradient of the radial magnetic field component
0B?/or is negligible in the magnetotail as seen in Figure 4.2. To estimate the maximum
current sheet half thickness, Khurana and Kivelson (1989) dropped the term with the cen-
trifugal force because when publishing their work the mass density distribution was not
well established.

Here we include the centrifugal force. For its estimation it is necessary to know the
mass density and the angular velocity. The mass density according to Frank et al. (2002)
can be described by: p = 2.5- 107712 assuming that the average ion mass is 16 - m,,,
where m,, is the proton mass. The angular velocity is calculated as Q2 = v?/r, where v is
the azimuthal velocity with an average 200 km s~! in the magnetotail (Krupp et al. 2001).

In Figure 4.3 two different approximations of the gradient of the radial magnetic field
component are presented. In addition, the centrifugal force is shown for comparison.
Khurana and Kivelson (1989) assumed in their calculations that the pressure balance is
equal to unity and therefore

opP 10 ,

or 2 Or "
This approximation is valid because the plasma sheet thickness is estimated in a steady
state. Figure 4.3 demonstrates that the centrifugal term and the pressure terms from Khu-
rana and Kivelson (1989) and the Galileo data are of the same order in the distant mag-
netotail. Therefore, using the similarity of the centrifugal term and pressure term and
implying that the pressure term changes due to the mass-loading process, we can assume
that

(4.11)

% ~ i%Bf ~ — 11 Q. (4.12)
The temporal variations of both terms are supposed to be similar: the centrifugal force
increases due to the mass-loading, while the increase of the gradient of the radial magnetic
field component is shown indirectly (the radial magnetic field component increases with
time during the loading time period) in Figure 3.10. Thus the expression of the current
sheet half thickness 4.10 can be simplified as:

d— |BBBr| o ‘BHBT‘

o po(—p2r + ﬁa%Bf) T 2pp 2

(4.13)

Figure 4.4 presents three estimates of the current sheet half thickness, one is from
the Khurana and Kivelson (1989) model without centrifugal force, the two other estima-
tions include the centrifugal force with the use of the magnetic field data derived from
the Galileo C9 orbit and with the use of the magnetic field data from the Khurana and
Kivelson (1989) model.
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Figure 4.3: The centrifugal term (dotted thick line) and the pressure term expressed
through the magnetic field using Khurana and Kivelson (1989) model, (dashed line) and
data from Galileo C9 orbit, (dashed-dotted line).
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Figure 4.4: The thickness of the current sheet versus radial distance obtained by the dif-
ferent approaches described in the text.
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Figure 4.5: The relation of the plasma pressure in the current sheet center to the magnetic
pressure in the lobe region. The dashed line denotes where the plasma pressure is equal
to the magnetic pressure.

Pressure

Now let us return to the expression 4.8. While studying the dynamical behavior of
the Jovian magnetosphere it is not evident that one can make the same approximation
with respect to the pressure as in Expression 4.11. This assumption is only valid when
the pressure balance is approximately constant and close to unity. Figure 4.5 presents the
values of the plasma pressure in the current sheet centers derived from the EPD instru-
ment and the magnetic pressure in the lobe regions for the C9 orbit. It shows that the
stress balance indeed stays approximately constant with the correlation coefficient v =
0.89, just the magnetic pressure is slightly higher than the plasma pressure. However, this
difference is expected because the plasma pressure derived from the EPD instrument is
only the partial plasma pressure (see discussion in Section 2.7.3). Therefore the pressure
can be approximated as “;—’: ~ 2;%0%33- Under the considered conditions and by using
the results from Figure 4.3 one can approximate the pressure also as ‘Z}—f ~ — 10 PSP

Time constant derivation

With relation 4.5 we can define the ratio « between the product of both the radial
and the meridional magnetic field components and the typical scale of the magnetic field
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normal to the Jovian current sheet (current sheet thickness):

By B,
Jod

~ 2002, (4.14)

This ratio |(ByB,)/(10d)| is independent of the sign of the field components and
this shows that the temporal evolution of the current sheet topology is driven by mass-
loading in rotating flux tubes. The stretching of the current sheet is caused by the Lorentz
force influences the parameter «. The Lorentz force j x B is supposed to increase in
the current sheet center because the stretching of the current sheet leads to an increased
current density.

The expression for the current sheet thickness 4.13 and the expression 4.14 are similar.
This is not surprising because both expressions are derived from the local stress balance.

The main aim of our conceptual model is to calculate the time, which the magnetotail
needs to change from a dipolarized to a stretched-out situation. Therefore we need to find
the temporal variation of the current sheet topology parameter a

da _ 2pQ%r. (4.15)
dt

Here the temporal evolution of the Lorentz force is assumed to be linear. The data show

that the temporal variation of B, and B, can be roughly approximated by a linear fit, (cf.

Figure 4.6).

The product By - B, is monotonously decreasing in the time interval [0, oo] (see Fig-
ure 4.6), consequently the current sheet thickness d is also decreasing monotonously. The
stretching of the current sheet can also be seen from the decreasing of the ratio B,/ B, (cf.
the last panel in Figure 4.6). Close to the time when this ratio approaches the threshold
for ion tearing instability (marked by the horizontal line) the usual southward directed
magnetic field of the current sheet changes to a northward directed field. After this con-
figurational change the radially outward ion burst follows (see the first burst in Figure
3.10).

The example presented in Figure 3.10 is one of the best. In other cases all ratios of
By/ B, show a decrease with time (time starts when the previous reconfiguration event is
over), but this ratios do not always exceed the Zimbardo’s threshold (=0.025) just before
the likely beginning of the reconfiguration event. The value of the ratio can be maximum
three times higher than the threshold. The reason is presumably that we do not register
the actual ratio just prior to the reconfiguration event onset. Due to the limited temporal
resolution of the magnetic field data and mainly because it is impossible to detect the
magnetic field values simultaneously in the current sheet center and the lobe region. Fur-
thermore, Galileo is not necessarily taken measurements fully in the lobe region. Thus the
lobe field might be underestimated. Also the linear approximation of the magnetic field
increase/decrease is a rather rough approach.

Using the linear approximation a robust estimation of the typical time constant of the
stretching process 7 can be written as:

a’ec — (‘YU R::ECBgEC _ M
~ o drec a0 4.16
T - 2 —_— . 2 ] .
2ppo$2?r 2ppo$2r

113



4 Modelling of the periodic reconfiguration process

where the terms with "0" correspond to the initial state of the magnetotail configuration
(i.e. just after the preceding disturbed state), the terms with "rec" imply values taken just
before the disturbed period starts. By using Formula 4.10, 7 can be written as:

T~ 2/“0/’7‘68927‘ - QII’UPOQZT (prcc - [’0)

2pp102%r - ) ' “17)

In comparison of the expressions for 7, it is important to discern that the typical time
constant in expression 4.16 depends on the initial current sheet configuration, the angu-
lar velocity and the mass-loading rate. It is also determined by the configuration of the
current sheet at which the generation of the reconnection process is possible. With the
help of 4.17 we get 7 as a function. And in expression 4.17 = depends only on the initial
mass density, mass-loading rate and the threshold mass density at which the reconnection
process could be generated.

Reconnection conditions

The reconnection process can be triggered by micro instabilities in thin current sheets
when d ~ r;,,, where r;,, is the ion Larmor radius (Pritchett et al. 1991), and the magnetic
field is distended as |By/B,| < 0.025, where B, is measured outside of the current sheet
and B, within the equatorial plane (Zimbardo 1993). It was shown in Section 3.3.1 that
the last condition is fulfilled just before the reconnection process starts.

Now let us consider the current sheet thickness at which the reconnection process
becomes initiated. The ion Larmor radius is equal to

Y -7

Tion, o 9.47 x 10
where v, = vy, is the thermal velocity of ions, €; is the ion cyclotron frequency, A is the
ion mass number (in multiples of m,), T" is the temperature in Kelvin, Z is the ion charge
number and B is the magnetic field strength in the lobe region in Tesla. Thus for typical
plasma temperature in the Jovian magnetotail in the order of 10% K (Frank et al. 2002)
and a typical magnetic field strength in the lobe region of 4 nT the gyroradii of the most
abundant ions are about 0.1 R; for sulfur 3+ and oxygen 2+ and 0.05 R for protons.

In the following we show that the current sheet thickness in the Jovian magnetotail can
indeed become very thin. It will be estimated from Equation 4.10 using data from the E16
orbit (1998 248-249 DQY). This time interval is chosen because it shows the signatures
of the current sheet thinning followed by reconnection. The magnetic field components
are B¢ = 4.35 nT and Bj*® = 0.04 nT (see Table 3.3). The azimuthal velocity is v =
200 km s~ (to calculate the angular velocity 2 = v?2/r) and the mass density is assumed
as 1.3-10~2! kg m— (Frank et al. 2002). So at a distance of 124 R the thickness of the
current sheet just prior to the reconnection onset was ~ 0.17 R ; which is of the order of
the ion gyroradius. The time resolution and the wobbling of the current sheet do not allow
to detect the real thickness directly before reconnection starts. Thus the above value con-
stitutes an upper limit. In our estimation of the current sheet thickness only one parameter
is defined not well enough: the mass density. The mass density can be twice higher or
twice smaller but the current sheet thickness will still be of the order of the ion gyroradius.

AT
Z B’
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Figure 4.6: Top panel: the absolute value of the radial magnetic field component. The
thick line shows an envelope of local maximum values of the magnetic field in the lobe
region and the dashed line shows the linear fit of the envelope. Second panel: the south-
north component of the magnetic field, where the thick line shows an envelope of local
maximum values of the azimuthal magnetic field (in the vicinity of the current sheet
center) and the dashed line shows the linear fit to this envelope. Third panel: the ratio of
the linear fit of the south-north magnetic field component to the linear fit of the envelope
of the radial magnetic field component. The horizontal line marks the threshold for the
ion tearing instability (Zimbardo 1993) and the dashed line shows the time development
of a product of the radial magnetic field component and the meridional magnetic field
component. The data was taken in the time interval between DOY 235, 00:00 to DOY
237, 00:08 in 1998, (this corresponds to the first "quiet" interval in Figure 3.10). The grey
area marks the disturbed state.
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4 Modelling of the periodic reconfiguration process

Mass-loading rate

To estimate the average change of the mass density in the Jovian magnetosphere p =
m/V, itis necessary to define the mass-loading rate 7 and the mass-loaded plasma sheet
volume V.

Estimations of the mass-loading rate is in the range between 100 and 600 kg s !, with
an assumption of 250 kg s~ as the most likely value, (see Section 1.1.1).

The partial volume of the Jovian magnetosphere which is affected by plasma loading is
approximated by a cylindric volume V' = whr? where h is the height of the cylinder given
by the average plasma sheet thickness which can be estimated as » = 5R; (Khurana et al.
2004). The cylinder radius r is assumed to be around 90 R ; which is the radial distance
from lo up to the probable neutral line location in the pre-dawn region (Woch et al. 2002).
With these estimates the ion mass loading rate is in the order of p = 6 - 10~2"kg (m®s)~".

Estimation of the typical time constant

The estimation of the typical time constant can be made using either expression 4.16
or expression 4.17.

Estimation 1 (from Formula 4.16)

The values of the magnetic field and the current sheet thickness are presented in Table
4.3. The determination of the angular velocity was shown above.

Table 4.1: Typical values of the current sheet configuration in the midnight magnetotail.

B:pr B(] Bsrr Bg dree d[]

T

45nT | 35nT | 0.1nT | 1.AnT | 0.148 R, (~ lion gyroradius) | 2.5 R;, 4 R;

With these parameters the estimation of the typical time constant versus the mass-
loading rate using expression 4.16 is presented in Figure 4.7. The time constant for vari-
ous mass-loading rates and two initial current sheet thicknesses are displayed. The shaded
area indicates the observed time constants, i. e., the characteristic repetition rate of the
reconfiguration events.

The derived time constant 7 has a value of ~ 3.5 days for a mass-loading rate of 250
kg s~! and for a current sheet thickness of 2.5 R, which is in good agreement with obser-
vations. However, it should be noted that both the initial current sheet thickness as well
as the mass-loading rate are not well constraint.

Estimation 2 (from Formula 4.17)

Here the estimation of the typical time constant is provided using expression 4.17
where the time constant depends on the initial mass density, the mass-loading rate and the
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Figure 4.7: The time constant of the Jovian magnetosphere needed for mass loading until
reconnection onset versus the ion mass-loading rate. Values of 4 R ; and 2.5 R are used
for a current sheet thickness after the disturbed time period in the magnetotail region
(initial current sheet thickness). The shaded area is the observable time constant.
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Figure 4.8: The time constant of the Jovian magnetosphere versus the mass-loading rate
of the ions. As parameter we used the difference of the number density from the initial to
the pre-reconnection state, 6n = 0.09, 0.05, 0.01 cm~—3. The shaded area is the observable
time constant.

mass density just before the reconnection starts. The difference of the initial number den-
sity and the number density just before the beginning of the reconnection in Expression
4.17 can be approximated as 01 = (pre.—po) - my,- 16. Using the approximate values of 6n
from the number density values derived by Frank et al. (2002) the result of the estimation
is shown in Figure 4.8.

Both estimations made above show similar results, as expected.
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4 Modelling of the periodic reconfiguration process

4.4 Discussion

It can be seen that the simple conceptual model presented here is able to explain the
observations well if the mass-loading rate is of the order of a few hundred kg s—!.

The basic assumptions for our estimations are:

(1) The radial and meridional magnetic field components as well as the current sheet
thickness vary linearly with time.

(2) The angular velocity is assumed to be constant in time. This is corroborated by
observations which show no clear indication of an angular velocity change.

(3) The pressure is isotropic and the pressure gradient term is equal to the centrifugal
term in the stress balance as shown by observations.

The result of this simple conceptual model for the Jovian reconfiguration process is
basically the same as the result of the "minimal substorm model" of Freeman and Mor-
ley (2004) with difference only regarding the energy sources. Equations 4.15 and 1.2 are
basically equivalent. Thus oy ~ py is a prototype of an energy state F' that the magne-
totail would like to exist in, ... ~ p... IS a prototype of a critical energy threshold C'
and da/dt ~ 7 - (p2r) is a prototype of D P, where P is solar wind power and D is a
constant related to a substorm periodicity. Therefore the parameter «, as well F' in the
Earth case is determined by the solar wind boundary conditions. The parameter .. is
determined by the conditions for the current sheet configuration favoring reconnection,
i.e., the current sheet thickness is of the order of the ion gyroradius and by the distention
of the magnetic field. The parameter da/dt basically depends on the mass-loading power
and the centrifugal force. Thus it is an internal energy source. Thus the / in the magne-
totail region strongly depends on the mass-loaded volume and hence as well on the solar
wind conditions.

Therefore it is suggested that the main driving mechanism of the Jovian periodical
substorms is the mass-loading of the rotating flux tubes with some external influence
imposed by the solar wind conditions.
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The energetic particle and high-resolution magnetic field data from the Galileo orbits
which cover the time interval from mid-1996 to end of 2002 were scanned for the occur-
rence of particle flow burst events, i.e. intervals with significant deviation of the particle
flow from the usual corotational direction. From these we selected the 34 most promi-
nent events for further analysis. Essentially they comprise those events which last longest
while short-lasting events consisting of singular flow spikes were discarded. This choice
was conditioned by the resolution of the EPD instrument which does not allow to study
particle features on short time scales. Also the main aim of this study is the investigation
of the large-scale processes. So the 34 periods with flow bursts are usually associated with
considerable structural changes of the plasma sheet that indicate a general configuration
change of the Jovian magnetotail. These events are referred to as reconfiguration events.

We have presented a detailed study on these events which allows to at least partly
answer fundamental questions not only with respect to the nature of the burst / reconfigu-
ration events but more generally on process governing the Jovian magnetosphere. These
are:

e \What is the nature of the observed radially outward and inward ion bursts / recon-
figuration events in the Jovian magnetotail?

The detailed analysis of individual reconfiguration events shows that the reconfigura-
tion process in the magnetotail consists of a transition from a "quiet" state to a "disturbed"
state. The initial "loading" phase is characterized by plasma convection at a moderate
speed in the corotational direction and by a gradual stretching of the Jovian plasma sheet
configuration. In the release phase reconnection through a thinned current sheet leads to
radially inward and outward plasma flows and the ejection of plasmoids. This phase is
associated with signatures of radio emissions of auroral origin.

e Do substorm-like processes occur in the Jovian magnetosphere? What are the sim-
ilarities and what are the differences to terrestrial substorms?

This study exemplifies that these events are very similar to terrestrial substorms in
terms of the characteristic features. In analogy with the terrestrial substorm process the
initial "loading" phase resembles characteristics of the growth (loading) phase and the
"disturbed" phase (unloading) resembles the expansion phase of terrestrial substorms.
The transition between these two states (in terrestrial substorm terminology called onset)
of the substorm-like processes in the Jovian magnetosphere occur very rapidly like in the
terrestrial case.
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The recovery phase of the Jovian reconfiguration process seems to be very short in
relation to the other phases similar as in the terrestrial case. The recovery phase of the
Jovian reconfiguration process coincides with the beginning of the next loading phase.
Thus the recovery phase is not defined as a distinctive phase.

A closer look at the substorm-like processes in the Jovian magnetosphere also reveals
further features similar to the terrestrial substorms, such as the onset of magnetic fluc-
tuations on a time scale of an ion gyroperiod in the magnetotail, plasma sheet boundary
layer formation, signatures of travelling compression regions and the formation of a post
plasmoid plasma sheet. The signatures of cross-tail and field-aligned current generations
during the reconfiguration process (e. g. potential drop, reversed dispersion of ions and
electrons, timing of reconfiguration events) support the substorm scenario.

The substorm-like configuration with x-line formation is backed up by a statistical
study of the magnetic field configuration. There are evidences for multiple x-line forma-
tion phenomena like multiple releases of plasmoids.

The topological morphology of the reconfiguration process shows that the formation
of the x-line, as deduced in a statistical study by Woch et al. (2002), could be explained
by a different plasma sheet thickness in different local time sectors. The relatively thick
plasma sheet in the midnight sector is presumably able to reconnect only at a more distant
point from the planet than the relatively thin plasma sheet in the predawn region. Thus
different signatures of magnetic field changes are observed at distinct positions relative
to the x-line. If the spacecraft is located planetward of the x-line then the signatures
of the current sheet stretching (seen in the magnetic field and the spectral index) are
observed. When the spacecraft is located tailward of the x-line signatures of current sheet
dipolarization (or plasmoid formation) are observed. Another topological feature is the
apparent tailward motion of the reconnection topology that can be deduced from the flow
reversal from tailward to inward. It seems to be an intrinsic feature of the reconfiguration
/ mass release events.

The investigated quantitative characteristics of the mass-release process show that the
processes in the Jovian magnetosphere are about 10 times longer and larger in spatial
scales than in the terrestrial one. The duration of the onset could be different due to dif-
ferent ion species abundance in the magnetospheres. Thus the reconnection growth rate is
slower if the instability (tearing) is driven by heavier ions. At the Jovian magnetosphere
the heavy ions as sulfur and oxygen more likely drive the instabilities because their gy-
roradius is larger and more comparable to the current sheet thickness. The quantities of
the electric field and the velocities are similar to those during terrestrial substorm. Also
the plasmoids in the Jovian magnetosphere are moving with Alfvénic speed as in the
terrestrial case.

e \What is the role of the solar wind and the interplanetary magnetic field in driving
substorm-like processes at Jupiter?

Despite of the overall similarities of the terrestrial substorm and the Jovian reconfig-
uration process there is an important difference which let us to conclude that the Jovian
reconfiguration process is fundamentally different from the terrestrial one. The Jovian
reconfiguration process is inherently periodic. The cycle of topological stretching + dipo-
larization repeats every several days. Storage of magnetic energy in the lobe region by
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interaction with the interplanetary medium seems not to be the prime driver of the recon-
figuration process. Rather, the Jovian reconfiguration process is internally driven. The
most prominent argument for an internally driven process is, of course, the intrinsic pe-
riodicity itself. Most regions of the Jovian magnetosphere covered during the Galileo
mission undergo quasi-periodic modulations with a time period of several days. These
modulations appear as periodically recurring ion flow bursts associated with disturbances
in the meridional component of the magnetic field in the Jovian magnetotail, as changes
of the ion spectral index and convection pattern as well as plasma sheet thickness in the
middle magnetosphere. Each individual cycle of these modulations is believed to repre-
sent a global reconfiguration of the Jovian magnetosphere. Furthermore, in contrast to
the Earth’s case for most of the events no substantial magnetic flux increase during the
presubstorm phase is observed rather the derived plasma pressure is gradually increasing
during the "quiet state". This can be interpreted as a signature of mass-loading.

For these reasons it can be stated that the role of the solar wind as an energy source
is of less importance for Jovian substorms than for terrestrial substorms. Instead, it can
be envisaged that plasma loading of fast rotating magnetic flux tubes and the associated
centrifugal forces drive the reconfiguration process.

e Why do these release processes occur periodically? Which mechanism is responsi-
ble for the release of plasma into the interplanetary space?

In order to confirm the observational conclusions a simple conceptual model for this
periodic process was developed. It assumes that the ion-mass loading from internal
plasma sources and the fast planetary rotation causes magnetotail field line stretching
due to centrifugal forces. This leads to the development of a magnetotail configuration
favoring magnetic reconnection. It is established that the condition for the onset of a tear-
ing mode instability is satisfied just before each disturbed period of the reconfiguration
process. It is shown that the current sheet thickness at that time is comparable to a heavy
ion gyroradius. It is suggested that the tearing instability causes both plasmoid formation
and their release with continuing mass loading leading to renewed stretching of tail field
lines. The model yields that the intrinsic time constant of the Jovian reconfiguration pro-
cess depends primarily on internal parameters like the mass-loading rate and is affected
by the external solar wind conditions (the initial mass density). This model shows that
the suggested intrinsic mechanism can explain the observed periodicities of several days
of the Jovian substorm-like process.

o Are there fundamental commonalities with substorms and periodical substorms oc-
curring at Earth?

The similarity of the processes at Jupiter and Earth supports the idea of Baker et al.
(1999) that the substorm process is an energy loading-unloading process. The energy
accumulated from different sources needs to be released. In the case of the Jovian mag-
netosphere it is its internal energy supplied by mass loading of flux tubes. Since the mass
loading occurs more or less continuous this leads to an inherently periodic process. The
repetition period is depending on the energy input and the ability of the magnetosphere
to reconfigurate itself. Thus the repetition period of the Jovian reconfiguration events as
well as occasionally observed periodical terrestrial substorms (as concluded by Freeman
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5 Summary and Outlook

and Morley 2004) depend on the energy input in to the magnetosphere, the solar wind
boundary conditions and a critical energy threshold. The evolution of the Jovian recon-
figuration process resembles a bifurcation as suggested by Schroer et al. (1994) for the
terrestrial substorms case, i. e. the magnetotail collapses catastrophically and the highly
stressed reconfiguration changes to the relaxed dipolar state. In this sense Jovian peri-
odical substorms can be identified as a configurational instability as it was suggested by
Baker et al. (1999) for the terrestrial case.

The carried out study suggests to investigate further the problem of the Jovian mag-
netosphere dynamics from different aspects.

e The developed model can be improved by implementing terms which were ne-
glected in the simplified approach as for example the pressure anisotropy. It would
be also interesting to take into account non-linearized time evolution of the terms
in the local stress balance in the current sheet center.

e The dynamics of the Jovian magnetosphere (including the effects of mass loading)
could be investigated with the help of time dependent MHD-simulations. To do do
one has to construct first an equilibrium which includes the centrifugal force.

e Using a constructed magnetic field model from Belenkaya (2004) where the electric
fields and plasma motions caused by Jupiter’s rotation and the solar wind MHD
generator it would be interesting to include the mass-loading via the change of the
current strength, and then compare the results of our model with the current increase
in the Belenkaya (2004) model which will lead to reconnection in the magnetotail.

If the results are successful it would be interesting to apply the model to Saturn’s
magnetosphere. Similar reconfiguration processes might also occur in Saturn’s magne-
tosphere, because Saturn like Jupiter is a rapidly rotating planet with significant internal
mass sources. The Energetic Neutral Atoms observations by Krimigis et al. (2005) de-
tected that the nightside source varies with 11 hours periodicities. MHD simulations from
Hansen and Gombosi (private communication ) also predict periodical variations in Sat-
urn’s magnetotail. Preliminary results of our model predict time variations of about 10
hours.

Furthermore, further observational constrains on the Jovian reconfiguration process
will be provided by the planned NASA mission JUNO with its Jovian Auroral Distribu-
tions Experiment and Juno Ultraviolet Spectrograph. They will allow to establish the con-
test between tail processes and the Jovian aurora, specifically to identify particle source
population responsible for aurora generation. These could bring new understanding of the
reconfiguration processes at Jupiter.
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