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Abstract

We present the discovery of seven new flux transfer events (FTES) at Saturn’s dayside
magnetopause by the Cassini spacecraft and analyze the observations of all eight
known FTEs. We investigate how FTEs may differ at Saturn where the magnetopause
conditions are likely to diamagnetically suppress magnetic reconnection from occurring.
The measured ion-scale FTEs have diameters close to or above the ion inertial length
di~1-27 (median and mean values of 5 and 8), considerably lower than typical FTEs
found at Earth. The FTEs magnetic flux contents are 4-461 kWb (median and mean
values of 16 and 77 kWb), considerably smaller (<0.1%) than average flux opened
during magnetopause compression events at Saturn. This is in contrast to Earth and
Mercury where FTEs contribute significantly to magnetospheric flux transfer. FTEs
therefore represent a negligible proportion of the amount of open magnetic flux
transferred at Saturn. Due to the likely suppression of the two main growth-mechanisms
for FTEs (continuous multiple x-line reconnection and FTE coalescence), we conclude
that adiabatic expansion is the likely (if any) candidate to grow the size of FTEs at
Saturn. Electron energization is observed inside the FTEs, due to either Fermi
acceleration or parallel electric fields. Due to diamagnetic suppression of reconnection
at Saturn’s magnetopause, we suggest that the typical size of FTEs at Saturn is most
likely very small, and that there may be more di~1 FTESs present in the Cassini
magnetometer data that have not been found due to their brief and unremarkable

magnetic signatures.
1 Introduction

Magnetic reconnection is a phenomenon that rearranges the topology of magnetic fields
resulting in magnetic energy being transferred to particles, and is therefore a primary
mechanism for energizing space plasmas (see recent book Gonzalez & Parker, 2016).
Magnetic reconnection occurs at various locations in the solar system, for example, in
the solar chromosphere during solar flares, in the solar wind and inside coronal mass
ejections (e.g. Gosling, 2012; Liewer et al., 2013). Magnetic reconnection also occurs at

the magnetopause boundary at planetary magnetospheres and has important effects on
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the structure and dynamics of the terrestrial magnetosphere (Dungey, 1961). Flux
transfer events (FTESs) are transient magnetic structures that are a result of
reconnection occurring at the dayside magnetopause of a magnetosphere (e.g. Fear et
al., 2008). FTEs are twisted helical flux tubes which are often called flux ropes, and
were first observed at the Earth’s magnetopause (Russell and Elphic, 1978, 1989;
Rijnbeek, 1984). The FTE flux rope structure is shown in Figure 1a, with a core field
directed orthogonally to the outer layers of magnetic flux. The mechanism that
generates FTEs at the magnetopause is generally accepted to be simultaneous multiple

x-line reconnection (e.g. Lee and Fu, 1985; 1986).

FTEs are commonly observed at the inner planet magnetospheres of Earth and
Mercury. At Mercury, FTEs are so common and are generated at such high rates at the
dayside magnetopause that their observation during a typical magnetopause crossing
by a spacecraft have earned the name of “FTE showers” (Slavin et al., 2012; Sun et al.,
2020a). FTEs are also commonly observed and well-studied at Earth’s magnetopause
by a variety of spacecraft as well as in numerical simulations (e.g. Lockwood &
Hapgood, 1998; Varsani et al., 2014; Eastwood et al., 2016; Akhavan-Tafti et al., 2020).
However, the conditions at a magnetopause vary at different planetary
magnetospheres. As the solar wind radially expands throughout the solar system, the
solar wind magnetosonic Mach number increases with radial distance from the Sun,
resulting in higher plasma-f3 magnetosheaths at the outer planet magnetospheres
(where plasma-f3 is the plasma to magnetic field pressure ratio). This leads to a large
difference in plasma-[3 across the magnetopause, which acts to suppress magnetic
reconnection from occurring unless the magnetic shear across the boundary is very
high (e.g. Quest & Coroniti, 1981; Swisdak et al., 2003).

At the outer planets, such as at Saturn’s magnetopause this effect is most pronounced.
A survey of Cassini magnetopause crossings at Saturn (Masters et al., 2012) found that
the change in plasma-f3 across the magnetopause was significantly higher than at
Earth, and that typical conditions would require significantly higher magnetic shears to
be conducive to reconnection. The requirement for higher shear results in the general

assertion that reconnection at Saturn’s magnetopause is usually suppressed from
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occurring (Masters, 2015). This suppression however does not mean that reconnection
is absent at Saturn. Many studies have reported evidence of reconnection at Saturn’s
dayside magnetopause, such as: the discovery of the first FTE at Saturn (Jasinski et al.,
2016a); magnetospheric electron beams present in the magnetosheath due to the
occurrence of reconnection (Badman et al., 2013; Fuselier et al., 2014, 2020; Sawyer et
al., 2019); magnetosheath plasma injected into Saturn’s high-latitude cusps after low-
latitude dayside magnetic reconnection (Jasinski et al., 2014, 2017; Arridge et al., 2016)
and high-latitude lobe reconnection (Jasinski et al., 2016b) as well as a multitude of
auroral observations of reconnection signatures (e.g. Badman et al., 2013; Radioti et al.,
2013; Palmaerts et al., 2016; Kinrade et al., 2017).

There is however, the existing question of the exact nature of FTE flux rope generation
at a magnetopause such as Saturn’s, where reconnection is typically suppressed from
occurring. How important are FTEs in contributing to the flux circulation in Saturn’s
magnetosphere? How (and can) FTEs grow to large scales such as those observed at
Earth, with diameters equal up to ~500 di (ion inertial lengths)? In this paper we attempt
to understand FTEs and FTE generation at Saturn’s magnetopause, by presenting the
discovery of 7 new FTEs at Saturn’s magnetopause, and analyzing all 8 known FTEs
(including the first and only previously reported FTE observation reported by Jasinski et
al., 2016a). We present the Observations and Analysis in the following section, and then
discuss the results in Section 3.

2 Observations and Analysis

We label the FTEs by the date they were observed in the “dd-mmm-yyyy” format.
If multiple FTEs were observed on the same day, we provide a letter suffix listed

alphabetically (i.e. a, b).
2.1 Instrumentation

In this paper we use the following Cassini instrumentation: the Magnetometer
[MAG; Dougherty et al., 2004]; Cassini Plasma Spectrometer [CAPS; Young et al.,
2004] and the Low-Energy Magnetospheric Measurement System [LEMMS; Krimigis et
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al., 2004]. MAG data is presented in a spherical polar coordinate Kronographic-Radial-
Theta-Phi (KRTP) system. R is directed in the planet-spacecraft direction, @is in the
direction of Saturn’s rotation, and 6 completes the right-hand set and is directed in the
colatitudinal direction and is positive southwards. For readers more familiar with a
magnetospheric cartesian system, 6 is approximately in the -Z direction, while R and ¢
are dependent on the location of Cassini with respect to Saturn and the Sun. At the
subsolar region this would correspond to R~ -X and @~Y, while at dawn local time R~Y
and @-X. KRTP is useful when studying the dayside magnetopause as the vector
direction normal to the magnetopause is in the ~-R direction, @is approximately pointing
duskward along the dayside magnetopause and 0 lies along the projection of the dipole

axis onto the magnetopause and is positive southwards.

The CAPS instrument consists of the Electron Spectrometer (ELS) and the lon
Mass Spectrometer (IMS). ELS is a hemispherical top-hat electrostatic analyzer that
measures electron flux as a function of energy-per-charge with an energy range of 0.58-
28250 eV/e. The electrons pass into the instrument and strike a microchannel plate
which causes a secondary electron cascade that are then collected by eight anodes.
The eight anodes field-of-view (FOV) point in different directions, which means the
instrument can therefore sample different pitch angles. The instrument is also mounted
on an actuating platform to increase the FOV. For more details on the ELS instrument
we direct the reader to the methods section (i.e. section 2) of Jasinski et al., (2019) and
references therein. IMS is also a hemispherical top-hat electrostatic analyzer, also with
eight anodes. IMS measures the ion flux with an energy-per-charge range of 1-50280
eV/e. IMS also uses a time-of-flight analyser to measure the mass-per-charge of the
ions, and can therefore determine the ion composition. We refer the reader to Thomsen
et al., (2010) and Felici et al., (2018) for more information about IMS and processing of
its data. We also present electron measurements from the LEMMS instrument, in an
energy range of 15 keV-0.88 MeV (i.e. a higher energy range than ELS), which is part

of the Magnetospheric Imaging Instrument (MIMI).
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2.2 Example of an FTE-type flux rope observation at Saturn

Observations from the crossing of an FTE on February 4t 2007 (i.e. 04-Feb-2007) are
shown in Figure 1b-f as an example of a newly discovered FTE in the Cassini
magnetometer data. Figure 1b shows electron measurements made by CAPS-ELS. The
background flux and photoelectrons have been removed, and data from all eight anodes
have used to estimate an omnidirectional flux. This has been completed using the
method developed by Arridge et al., (2009) and also used and described by Jasinski et
al., (2019).

The CAPS-ELS measurements show that Cassini was in the magnetosheath at the start
of the timeseries, as observed by the high fluxes of electrons observed at energies of
<100 eV. The magnetopause current layer (MPCL) is centered at ~11:10 UT, and the
dashed line just before shows the center of the FTE crossing. Upon crossing the MPCL,
Cassini enters the magnetosphere where more energetic electrons (i.e. 10-1000 eV) are
measured with lower fluxes. Figure 1c-f show the magnetometer measurements. In the
magnetosheath the magnetic field is lower (2-4 nT) than in the magnetosphere (~6 nT).
The magnetic field upon entering the magnetosphere rotates to be directed in the
magnetospheric direction (i.e. Bg). During the FTE crossing we observe the magnetic
field rotate and peak in B, corresponding to the measurement of the core field of the
FTE (in the schematic of Figure 1a this would be the core field labelled as “INT”); as
well as bipolar signatures in Br and Be. This is a typical observation of an FTE, with
signature characteristics such as a peak in the core field as well as a bipolar transition

in the R and 6 components.

In addition to the new FTE shown in Figure 1, we have also discovered six other new
FTEs. All seven new FTEs are listed in Table 1, along with their times and location with
respect to Saturn. We also list the FTE reported by Jasinski et al., (2016a), marked by

an asterisk, and this FTE is also included in all the analysis shown in this paper.
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Date FTE Time (UT) R (Rs) Latitude Local Time

©) (hh:mm)

09-Oct-2005 (a) 17:28:41 — 17:28:58 23.9 -0.3 08:58
09-Oct-2005 (b) 17:32:32 - 17:32:35 " " "

10-Oct-2005 06:06:53 — 06:07:05 20.5 -0.3 09:19
02-Feb-2007 (a) 11:28:31 - 11:28:54 16.4 -37.7 12:05
02-Feb-2007 (b) * 23:33:55 — 23:34:21 17.3 -24.0 12:50
04-Feb-2007 11:09:26 — 11:09:40 20.6 8.2 14:14
02-May-2008 15:44:16 — 15:44:22 18.8 -3.0 10:55
30-Aug-2008 10:17:01 - 10:17:21 20.3 9.9 10:50

Table 1. List of FTEs date, time and location with respect to Saturn, including the first
FTE discovered (denoted in the table by *) at Saturn which was reported by Jasinski et
al., (2016a). Multiple FTEs observed in one day are assigned a letter suffix (i.e. ‘a’ and
‘b’ and are referred to as such in the article).

2.3 Minimum variance analysis (MVA)

We use minimum variance analysis (MVA) to categorize and understand the magnetic
signatures of the observed FTE flux ropes at Saturn’s magnetopause. First developed
by Sonnerup and Cahill (1967) MVA transforms the magnetic field data into an
orthogonal coordinate system where the unit vectors are aligned in the minimum,
maximum and intermediate variance directions. The minimum variance direction
represents the direction that the flux rope passed over the spacecraft, while the
intermediate vector corresponds to the axis of the flux rope (e.g. Xiao et al., 2004). If the
spacecraft crossed through the center of the flux rope then Bmin Will be zero throughout
the flux rope crossing. However, as the impact factor (‘IP’ — i.e. closest approach to the
flux rope core) increases then Bmin Will also increase. In a cylindrically shaped FTE as
shown in the schematic in Figure 1a, a bipolar signature will be observed in Bmax, with a
value of zero at closest approach to the flux rope core; this will also be where Bint will
peak. MVA has been used with various magnetometer measurements to understand
magnetic structure at planetary magnetospheres throughout the solar system (e.g.
Eastwood et al., 2002; Knetter et al., 2004; Slavin et al., 2014; Jasinski et al., 2016a;
Sun et al., 2020b).

The magnetic field measurements of each FTE crossing in MVA coordinates are shown

as a timeseries in Figure 2. All FTE crossings feature an obvious bipolar signature in
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Bwmax, an increase in magnitude in the core (Bint) direction at the midpoint of the FTE
crossing, as well as a non-varying Bwn field. The start-stop times of the FTEs were
based on the method by Jasinski et al., (2016a) and were selected qualitatively by-eye
to coincide with the peaks of the bipolar signature in Bmax, and contain the increase in
core field as well as maintain a minimally varying Bmin. More detailed MVA results for
the 04-Feb-2007 FTE observation can be seen in Figure 3. Figure 3a-b show
hodograms of the magnetometer measurements in the minimum, intermediate and
maximum vector directions, while a timeseries of these observations are shown in
Figure c-e in black. The hodograms and timeseries show that Bmin was close to zero
throughout the FTE, which shows that the spacecraft crossed through the FTE close to
its center (i.e. the impact factor was close to zero). Bmax shows a very discernible
bipolar signature in both hodograms and timeseries, beginning at ~1.5 nT and ending at
~-2.5 nT. Bint peaks at ~3 nT and is orientated largely in the By direction (see Table 2),
which points azimuthally along the magnetopause, which is the generally the direction
expected for multiple x-line generated FTEs as described by Lee and Fu (1987). A
summary of the MVA results for all the FTEs are shown in Table 2.

2.4 Flux rope modeling

Magnetic signatures of the FTEs were compared to a force-free cylindrical flux rope
model, first described by Lundquist (1950) and further developed by Lepping et al.,
(1990, 1995). In a force-free magnetic field the current density J is parallel to the

magnetic field (i.e. JxB=0), and therefore:
VxB=p =aB 1)
Taking the curl of both sides of equation (1):
V?B = —a’B (2)

In cylindrical coordinates, the solution to equation 2 is a Bessel function of the first kind:

B, = BoJo (5) Br = HByJ1 () Bz =0 3)

RpR RpR
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Where By is the magnitude of the magnetic field at the center of the rope; r/Rrr is the
normalized impact factor, Jo and J; are the zeroth and first-order Bessel functions, and
H is the helicity of the structure (equal to +1). a is a constant proportionality factor, set to
2.405, so that the magnetic field in the flux rope is in the axial direction (the intermediate
direction) at the center of the flux rope and is tangential at the edge of the flux rope (i.e.
the value at which Jo is equal to zero is at 2.405, and therefore represents the edge of
the flux rope where the axial magnetic field is zero, e.g. Burlaga et al., 1988; Lepping et
al., 1990; Slavin et al., 2003; Akhavan-Tafti et al., 2017). Bo and the impact factor (IP)
are both unknowns. The normalized impact factor is a measure of how close the
spacecraft crossed to the FTE core and is in dimensions of flux rope radii (Rrr), with O
signifying that the spacecraft crossed through the center of the flux rope and 1 being the
edge of the flux rope. IP was estimated from a x? least-squares minimization, and Bo
was then scaled accordingly from the observations (see Slavin et al., 2003 for more
details). The measurements for the axial direction, Ba, are in the intermediate direction,
whilst the tangential direction Bt are from the minimum and maximum MVA vector
directions, and where fit geometrically. This method has been used previously by
Jasinski et al., (2016a) as well as at Earth studies such as Akhavan-Tafti et al., (2018).
We refer the reader to Akhavan-Tafti et al., (2018) for an in-depth description of the
method.

An example of the model that was fit to an FTE observation is shown in Figure 3c-e.
The model is in blue compared to the data in black. It can be seen that the structural
shape of the force-free flux rope model is well represented in the data. This provides
evidence that this particular FTE flux rope (04-Feb-2007), is close to being in the force-
free state.

2.5 Magnetic flux content estimation

The magnetic flux content (®) of each FTE is calculated using:

® = BREp/1 () (4)
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To estimate the magnetic flux content of each FTE, the velocity of the flux rope passing
over the spacecraft requires estimation, and then, using the transit time, we calculate
the size of the FTE (i.e. Rrr). To do this we use the estimated velocity of the plasma
from CAPS-IMS observations. We use the calculated moments that are presented in the
PDS (link in acknowledgements), using the velocities estimated for protons. The PDS
data presents a quality flag for the plasma measurements with three levels of quality —
1) “Not-Bad”: corotation direction is in the FOV; 2) “Not-Bad”: corotation direction is not
in the FOV; and 3) “Bad”: spacecraft is rolling or CAPS is not actuating. We take extra
precaution when the quality is listed as “Bad” — and therefore for August 30" 2008 we
give a range for the possible velocity centered on the estimate available from PDS. The
range is based on a liberal error of 50% and is therefore 200 = 100 km/s. The estimated

flux content for each FTE is listed in Table 2.

The errors associated with the estimation of the size, and flux content of these FTEs are
considerably large. The size is dependent on velocity moment calculations which due to
the lack of full 4t measurements results in the ion moments that are very dependent on
look direction. We therefore advise caution in interpreting these values and indicate that

these are order of magnitude estimates.
2.6 Analyzing the level of twisting of the magnetic field inside the FTE s

We estimate the twisting of the magnetic field Bg, inside the FTE as a ratio of the

tangential and axial components of the magnetic field inside the FTE, i.e. 65 =
tan~?! (g—T). This is estimated as a function of the impact parameter (IP). In Figure 4 we
A

differentiate the leading and trailing sides (i.e. the entry and exit points of the FTE by the
spacecraft, respectively) of the FTE by negative and positive IP values, respectively.
Each FTE is shown individually by a separate color. 6g shows how the core (i.e. axial)
component of the FTE magnetic field becomes more dominant at the center of the FTE,
and the tangential component is larger to towards the edges. There isn’t a significant
difference in 6z between the leading and trailing sections of the FTE, except for possibly
the 04-Feb-2007 FTE (orange line), where 6g is greater on the trailing side. This

analysis is very dependent on the exact trajectory of the spacecraft through the FTE,
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the FTE shape (which will not be perfectly cylindrical), as well as the velocity. However,

generally this shows that the FTE magnetic structures at Saturn are mostly symmetric.
2.7 Electron measurements inside the FTEs

Using ELS data, we compared the electron energy distributions inside the FTEs and for
the accumulation times outside the FTE, directly adjacent to the FTE. Due to the IMS
accumulation time being 32 seconds (longer than FTE durations), we did not do this
analysis for the ion measurements because any evidence for energization may be lost

due to the averaging of the data inside and outside the FTE in a single accumulation.

ELS has a shorter averaging time (of 8 s) than IMS, and therefore we were able to
analyze data separately inside the FTE. Due to the ELS instrument being mounted on a
moving actuator, the FOV and therefore the pitch angle (PA) coverage of each of the
instrument’s eight anodes varies from accumulation to accumulation. Therefore, in the
analysis we compare data from individual anodes that shared similar PA coverage. An
example of this can be seen in Figure 5, which shows the perpendicular (PERP) and
guasi-anti-parallel (APAR) pitch angle measurements for the 10-Oct-2005 FTE. We
show the electron phase space density (PSD) measurements immediately before the
FTE crossing, during the FTE and immediately after. “Before” the FTE corresponds to a
measurement adjacent to the “leading” edge of the FTE, while “after” corresponds to the
measurements adjacent to the “trailing” edge of the FTE. Different anodes are used to
compare to each other so that measurements for a similar pitch angle can be
compared. Unfortunately, an electron comparison for all three pitch angle directions (i.e.
0°, 90° and 180°) is not available for any of the FTEs. For 02-Feb-2007b and 30-Aug-
2008, two directions are available but not for all three bins (i.e. inside FTE and two

adjacent bins).

The results can be seen in Figures 5a and 5b which shows two electron measurements
inside the FTE (red and green). For perpendicular pitch angles, there is no difference in
the electron energy PSD distribution inside and outside the FTE. However, it can be
seen that the trailing half of the FTE observation has an enhancement (labelled by

green arrow) at higher energies in the quasi-anti-parallel direction during the FTE (at ~1
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kev; green line). This energization is not observed upon leaving (“after”) the FTE which
shows that this energization is taking place inside the FTE, and that the energized
electrons are streaming along the magnetic field. Although it should be noted that, the
measurement for the enhanced electrons (green line) has a larger spread in pitch angle,
and therefore there will be a small contribution from electrons with slightly higher pitch
angles. The CAPS-ELS pitch angle coverage to investigate this at the other FTEs is
only suitable at the 09-Oct-2005a and 02-Feb-2007b and 30-Aug-2008 FTEs, where the
instrument could sample both 90° as well as one of either 0° or 180° pitch angles. For
09-Oct-2005a and 02-Feb-2007b there is evidence for energization of electrons flowing
in the quasi-0° and quasi-180° respectively, while no evidence is seen for 30-Aug-2008.
This analysis therefore shows there is energization of electrons inside the FTEs (except
for 30-Aug-2008).

2.8 Magnetopause plasma observations and analysis of streaming electrons

Similar to Fuselier et al., (2014 ,2020), we analyzed the magnetopause crossings for
streaming electrons in the magnetosheath which provide evidence that reconnection is
taking place at the magnetopause locally to the spacecraft. Figure 6 shows plasma
observations for a magnetopause crossing (02-May-2008) where an FTE was observed.
Figure 6a shows energetic electrons observed by LEMMS. Figure 6b-e show energy-
time spectrograms from ELS measurements for different pitch angles. For this particular
time period we do not have full pitch angle coverage, with a lack of coverage at a pitch
angle of 0°. We therefore present quasi-parallel measurements for a pitch angle bin of
26° - 51° (Figure 6b). Figure 6¢ shows electrons at perpendicular pitch angles (77° -
103°). Figure 6d and 6e shows quasi-anti-parallel (129° - 154°) and anti-parallel (154° -
180°) electron measurements, respectively. In the magnetosphere, before entering the
magnetopause current layer at ~15:37 UT, the electrons are higher in energy (~1000 eV
in ELS) and have higher fluxes at the observed quasi-parallel and anti-parallel pitch

angles, when compared to the perpendicular direction.

Once Cassini is in the magnetosheath, ELS continues to observe the magnetospheric

electron population as evidenced by the higher fluxes at higher energies (~1000 eV), at
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the quasi-anti-parallel and the anti-parallel pitch angles. This is in comparison to the
perpendicular direction, which largely measures high fluxes only at magnetosheath
energies of ~100 eV. The observation of heated streaming electrons in the
magnetosheath suggests evidence of reconnection and an open magnetopause, where
magnetosheath electrons have been heated due to reconnection at the magnetopause
(e.g. McAndrews et al., 2007; Fuselier et al., 2014). Streaming electrons have been
used in various studies to understand the open magnetopause at Saturn (e.g.
McAndrews et al., 2008; Badman et al., 2013; Fuselier et al., 2014, 2020; Sawyer et al.,
2019), as well as at Earth (e.g. Gosling et al., 1990; Fuselier et al., 1997, 2012). A
summary of this analysis for the magnetopause observations at the FTEs is listed in
Table 3. The pitch angle (PA) coverage of ELS is shown as well as the direction where
streaming electrons were observed. We find that for all the FTEs except for 30-Aug-
2008, there are plasma signatures showing evidence for an open magnetopause during
the time of our FTES.

2.9 Assessment of magnetopause conditions with respect to reconnection

We analyzed the magnetopause conditions with respect to reconnection suppression
(described in the introduction). A large difference in plasma-3 acts to suppress the
magnetopause from reconnection if the magnetic shear across the magnetopause is not
antiparallel (i.e. <180°). Figure 7a-c shows this analysis for a magnetopause crossing
on 10-Oct- 2005. Cassini crossed from the magnetosheath into the magnetosphere.
Figure 7a shows the magnetic field measurements from MAG and Figure 7b shows data
from ELS. The magnetopause current layer (MPCL) was selected where there is a clear
rotation from a magnetospheric orientation (i.e. in the 0 direction), as well as a change
in the plasma properties (lower-energy and higher fluxes in the magnetosheath in
comparison to higher-energy and lower fluxes in the magnetosphere). Figure 7c shows
the magnetic pressure (grey) from MAG and plasma pressure moment estimations from
CAPS as well as MIMI. ELS pressures are shown in black, while IMS pressures are
shown for protons (blue) and ions with a mass-per-charge ratio of 2 (i.e. H>* and He*";
red). Also shown is the high-energy (“High-E”) plasma pressure component measured

by MIMI (green). Using the magnetic and plasma pressures we can then estimate the
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plasma- (i.e. the plasma to magnetic pressure ratio) by taking averages of 1, 5, 10,
and 15 minutes for MAG, ELS, MIMI and IMS data respectively (method previously
used by Masters et al., 2012 and Jasinski, 2015). The plasma-[3 for this magnetopause
crossing is shown to be ~4 in the magnetosheath and ~1 in the magnetosphere. We do
not use pressure estimates for thermal water-group ion (W+) measured by IMS,
because there were not enough data available to make reliable moment estimations for
these heavy species. However, in a survey of plasma-3 at Saturn’s magnetopause
(using this method) Masters et al., (2012) found that the estimation of plasma-f3 is not
sensitive to W+ moments, and accounts for less than 10% of the magnetospheric
plasma pressure. We also do not use data from 30-Aug-2008 since the moments are
flagged as “Bad” (as described above). A summary of the results for the other

magnetopause crossings are shown in Table 3.

The theory of diamagnetic suppression suggests that reconnection is suppressed when

the following condition is satisfied:
2L )
|AB| > d—itan (E) (5)

Where A is the difference in plasma-3 across the magnetopause, L is the width or
thickness of the magnetopause current layer (i.e. the density gradient layer) and d; is
the ion inertial length, and © is the magnetic shear across the MPCL. To estimate d; in
the magnetosheath, we use Thomsen et al., (2018) — who completed a survey of
magnetosheath plasma properties using CAPS data — and use an average of the

electron density measured by ELS and the proton density measured by IMS.

Figure 7d shows the plasma-3 and magnetic shear conditions at the magnetopause for
the magnetopause crossings during which an FTE was observed. Equation 5 shows the
expression for the theoretical boundary between “reconnection suppressed” and
“reconnection possible” conditions and is shown as the black line for a current sheet
thickness of L = 1 d;, and as dotted lines for L = 0.5 and 2 d; (Figure 7d). Half the
observations occur in the theoretically “reconnection possible” regime. Given the

uncertainties associated with estimating AB, as discussed by Masters et al., (2012), this
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may not be the most accurate test of diamagnetic suppression of reconnection
proposed by Swisdak et al., (2003). Furthermore, the magnetic shear is given as a 20°
uncertainty as described by Fuselier et al., (2014). When using the pressure moments
which are considered “Not-bad”, we can see that FTEs all lie on MP boundaries where
the conditions are close to the theoretical boundary of being possible (and not
suppressed). However, considering the low estimated magnetic shear angle for 30-Aug-
2008, it is very likely that this event would lie in the suppressed regime, considering how

the typical magnetosheath plasma-3 value is ~10 (Masters et al., 2012).
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FTE Date Core direction IP BO | x2 Duration | Vror FTE FTE Flux
(R,8,¢) (nT (s) (km/s) diameter diameter | Content
) (km) (di) (kWb)
09-Oct-2005 (a) (0.25,-0.4,-0.88) |0.11 |69 |05 |17 141 2397 3.7 13
09-Oct-2005 (b) | (-0.74,0.68,0.04) |0.16 |39 |0.46 |3 178 534 0.8 0.4
10-Oct-2005 (0.26, -0.40,-0.88) [0.27 | 6.5 |0.39 |12 195 2340 4.7 12
02-Feb-2007 (a) |(0.97,0.15,-0.20) |0.03 |45 [0.26 |23 206 4738 10.7 34
02-Feb-2007 (b) * | (-0.15,0.31,-0.94) |0.34 | 6.9 | 0.16 | 26 540 14040 27 461
04-Feb-2007 (-0.31,-0.25,-0.92) | 0.14 |34 |0.05 |14 114 1596 25 3
02-May-2008 (-0.13,0.25,-0.96) | 0.43 8.8 |0.35 |6 165 990 1.5 3
30-Aug-2008 (-0.40,0.91,0.13) [0.35|3.7 |0.17 |20 100-300" | 2000-6000" | 5.5-16.6" | 20-180"

Table 2. FTE flux rope parameter estimates from MVA and force-free modeling. IP is the impact factor, which is a

measure of how close the spacecraft was to the FTE core at its closest approach. TWe provide a range due to

guestionable velocity moment estimation.

FTE Date Msh di (km) | PA coverage (°) | Heated e ? | MPCL (time) | MSh-B | MSp-B | |AB|] | Shear (°)

09-Oct-2005 (a,b) | 644 0, 90 Yes 0° 17:23:00 - | 24.5 1.0 23.5 | 124
17:33:30

10-Oct-2005 498 90, 180 Yes 180° 06:06:45—- | 3.8 1.1 2.7 111
06:10:00

02-Feb-2007 (a) | 441 0,90,180 Yes 180° 11:26:16 — | 47.0 1.2 45.8 | 153
11:26:29

02-Feb-2007 (b) * | 516" 0,90,180 Yes 180° 23:29:00 — 16 0.3 15.7 | 155
23:44:18

04-Feb-2007 639 0,90 Yes 0° 11:07:00 - 1.8 0.3 1.5 |141
11:13:00

02-May-2008 671 90,180 Yes 180° 15:35:30 - 1.8 0.8 1.0 |99
15:45:30

30-Aug-2008 361 0,90,180 No 10:10:00 - |- - 52
10:11:10

Table 3. Analysis of magnetopause conditions including evidence of streaming electrons and plasma-3 estimations. TThis
length is estimated from density measurements at the FTE, since the magnetosheath (“Msh”) is crossed later.
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3 Discussion

In this paper we have presented the discovery of 7 new FTE flux ropes at Saturn’s
dayside magnetopause. Including the FTE flux rope reported by Jasinski et al., (2016a),
we have analyzed together all 8 known FTEs at Saturn’s dayside magnetopause. The
process of multiple x-line reconnection is considered the generation mechanism for
FTEs (e.g. Lee and Fu, 1985; Raeder 2006), and FTEs have been widely studied at
Earth and Mercury (e.g. Akhavan-Tafti et al., 2019; Slavin et al., 2012). However, the
magnetopause conditions at the outer planets differ vastly from the inner planets as the
solar wind expands radially outwards throughout the heliosphere. Therefore, it is
important to understand - through observations - how this process differs at an outer
planet magnetosphere such as at Saturn’s, using plasma instrumentation onboard the

Cassini spacecraft.

Using MVA and force-free flux rope modeling, we analyzed the structure of each of the
FTEs. All the FTEs featured bipolar signatures in the Bmax component of the magnetic
field, as well as peaks at closest approach to the FTE core in the Bint direction. These
are typical FTE signatures seen at Earth and Mercury. The vector direction of INT
shows the direction of the axial field and consequently the orientation of the expected
reconnection x-line at the magnetopause (shown in Table 2). As is mostly expected, the
core direction (shown in Table 2) for most of the FTEs is in the azimuthal (¢rTp)
direction as would be expected from quasi-antiparallel reconnection (i.e. a magnetic
shear close to 180°). However, not all of the FTEs are orientated in this expected
direction, most notably (and most interestingly) the FTEs observed on 02-Feb-2007a
and 20-Aug-2008, which have their core axis aligned in the Rkrtp and Bkrrp directions,
respectively. For 02-Feb-2007a, this may be somewhat explained by the fact that this
FTE was observed at the high southern latitude of -38°, and therefore the axis of this
FTE had rotated from its original orientation while convecting away from the subsolar
magnetopause where it was likely generated. This occurred due to magnetic tension
which caused the FTE to “straighten” towards higher latitudes. For 30-Aug-2008, the

orientation of the x-line and therefore FTE in the Bkrrp direction is not unexpected
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considering the magnetic shear at the magnetopause at this time was estimated to be
~520°. With such a low shear angle, if reconnection were to take place, the x-line would
most likely be rotated away from the azimuthal direction towards the observed direction,
similar to low-shear reconnection that has been observed at Mercury (e.g. Slavin et al.,
2012; 2014). Whether or not this is the case for this particular event is not certain,
considering that the FTE could have been generated elsewhere along the
magnetopause under different conditions, as well as the fact that the general conditions
at Saturn’s magnetopause are not favorable for low-shear reconnection (Masters et al.,
2012). However, both pieces of evidence (core direction and magnetopause shear)

agree and indicate that this may have occurred.

The 09-Oct-2005b FTE also presented an unusual core direction. This particular FTE is
the smallest of the group reported here and is sub-ion in scale. For such small FTEs,
turbulence will become important and plays a significant role in reconnection and will
affect and vary the 2D description of this process. Daughton et al., (2011) report the
simulation of small-scale FTEs which have axes that are clearly deviated from what we

would expect in our 2D approximation for larger FTEs.
3.1 FTE size and growth mechanism

There is a variation in the estimated size of the various FTEs. The size ranges from 534
km to 14040 km. This is similar to Earth observations; a survey of 1034 FTEs (Fermo et
al., 2011; Wang et al., 2005) observed by the Cluster mission between 2001 and 2003
found FTE sizes at Earth of 1000-25000 km, with an exponential fit of 5300km
(Akhavan-Tafti et al., 2018). Analysis of 55 FTEs by the MMS mission at Earth found
FTE sizes of 500-8000 km, with a nominal size of 1700km (Akhavan-Tatfti et al., 2018),
similar to the sizes found at Saturn’s magnetopause of 534-14040 km. The size with
respect to the ion inertial length (d;) differs between the magnetosheaths of Earth and
Saturn. At Earth, d; is lower than at Saturn at the magnetopause, and approximately
found to be ~50 km for the observations of the MMS FTEs, which results in terrestrial
FTE sizes reported by Akhavan-Tatfti et al., (2018) of 30 di or greater. Due to the lower

densities at Saturn’s dayside magnetosheath, di is greater and is on average 501 km
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(estimated by taking the average proton and electron densities obtained from the
magnetosheath survey at Saturn by Thomsen et al., 2018). The FTESs reported in this
paper range in size from a d; in diameter to several d; (largest two FTEs being 10 and 27
di in diameter). Therefore, the FTES observed at Saturn are ion-scale flux ropes, and
are similar to the small ion-scale FTEs that have been observed at Earth and reported
by Eastwood et al., (2016).

From the present study we cannot determine the exact process that causes FTE growth
in the larger FTEs that were detected at Saturn. Observations as well as kinetic and
magnetohydrodynamic simulations have shown that FTEs at Earth usually grow at the
subsolar point as they convect down the magnetopause away from the initial
reconnection site (e.g. Dorelli & Bhattacharjee, 2009; Hoilijoki et al., 2017; Eastwood et
al., 2012). This can be caused by three different mechanisms. Adiabatic expansion
causes the FTE to grow due to a pressure imbalance between FTE and the surrounding
magnetosheath. As the FTE moves away from the subsolar point, the pressure in the
magnetosheath reduces causing the FTE to grow (e.g. Akhavan-Tafti et al., 2019).
Continuous x-line reconnection will grow the FTE by continuously adding magnetic flux
to the initially formed magnetic island (e.g. Raeder, 2006). Finally, coalescence, is the
growth of FTEs by merging and subsequent reconnection of a chain of smaller ion-scale
flux ropes (e.g. Biskamp, 1982; Zhou et al., 2017; Hwang et al., 2018; Akhavan-Tatfti et
al., 2020). The symmetric structure of the FTE twisting (shown in Figure 4) may indicate
that from these three mechanisms, coalescence is less likely, as it would grow an FTE
that is asymmetric (as a larger FTE would have merged with a smaller FTE). From the
remaining two mechanisms it is highly probable that adiabatic expansion may be the
only viable candidate for FTE growth at Saturn (if the FTEs grow at all at Saturn’s

magnetopause).

Due to the diamagnetic suppression of reconnection at Saturn, both reconnection
mechanisms (continuous reconnection and coalescence) are unlikely to be dominant.
This may mean that with limited FTE generation and growth mechanisms, FTEs are
more likely to be very small in d; in comparison to those observed at Mercury and Earth.

We therefore suggest, that although there are now 8 reported FTE crossings at Saturn,
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there may well be many more FTEs that have simply been overlooked due to their small
size and therefore brief and unremarkable magnetic signatures. FTEs forming at the
ion-scale may not grow, due to a lack of the main growth mechanisms. Instead at
Saturn there may be a “drizzle” of very small FTEs of ~1 d; in diameter that remain
undetected. A serious automated effort is therefore required to investigate whether this

is the case at Saturn’s magnetopause.

3.2 FTE magnetic flux content and contribution to flux transfer at Saturn’s

magnetopshere

The 02-Feb-2007b FTE reported by Jasinski et al., (2016a) is the largest FTE observed
at Saturn and possesses the highest magnetic flux content of all the FTEs reported
here. With a magnetic flux content of ~460 kWb, it is similar to terrestrial FTEs with
previously reported flux contents ~102 kWb (e.g. Lui et al., 2008; Zhang et al., 2008).
However, from this investigation, most of the measured FTEs at Saturn are much
smaller in magnetic flux content ranging 1-102 kWb. Taking the largest magnetic flux
content estimated for the 02-Feb-2007b FTE of 0.46 MWb (also assuming the 5
travelling compression regions reported by Jasinski et al., 2016b were also FTEs) and
comparing it to the average change in open flux calculation of ~7 GWb during a Dungey
cycle from Badman et al., (2014), this would mean that FTEs account for less than 0.1%
of the opening of flux. This is the largest FTE, and therefore it is most likely an
uncommon occurrence. Even if there are many small FTEs present in the Cassini data
that have not been accounted for, it would require an unrealistic number of small FTEs
to contribute even 1% of the 7 GWb of opened flux mentioned above and therefore
small FTEs would most likely result in negligible flux transfer at Saturn’s
magnetosphere. This is in contrast to Earth, where FTEs may be a considerable means
of driving the Dungey cycle (e.g. Lockwood et al., 1995; Milan et al., 2000; Fear et al.,
2017). At Mercury it is expected that FTEs transport enough flux to drive Mercury’s
Dungey cycle (Fear et al., 2017). Therefore, FTEs at Saturn do not account for any
significant amount of open flux transferred at Saturn’s magnetosphere, and that this

process is largely negligible at this Giant Magnetosphere.
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3.3 Plasma acceleration inside FTEs

The ion measurements from IMS do not have a sufficiently high enough time resolution
to explore ion acceleration inside the FTEs. There are however, measurements of the
acceleration of electrons inside of the FTEs along the magnetic field. Acceleration of
plasmas can occur along reconnecting magnetic field lines due to different mechanisms.
This can be described as an equation for the rate of kinetic energy (W) gain of particles
in the guiding center limit where the first adiabatic invariant is conserved (Drake et al.,
2019):

dw

P, (9B

The first term on the right side is the acceleration of particles due to parallel electric
fields (E;J)). The second term shows Betatron acceleration which is the perpendicular

change in energy due to the first magnetic moment, where P, and P, are the parallel and

perpendicular pressures, and vg is the ExB drift velocity. Betatron acceleration could be
important in the reconnection outflow region due to magnetic flux pile up as suggested
by simulations (Ashour-Abdalla et al., 2011; Dahlin et al., 2014) and observations
(Akhavan-Tafti et al., 2019b). Betatron acceleration would normally cause the
enhancements of perpendicular pitch angles (i.e. 90°) in particle distributions. However,
this was not the case for the present study, which might indicate that the Betatron
acceleration is less important. The third term is the Fermi acceleration process, where p

and v, are the mass density and parallel bulk velocity respectively, and the curvature is

k = (B V)B/B? ; this process occurs due to the straightening of magnetic field lines
due to the magnetic tension force, and acts to accelerate particles parallel to the
magnetic field. The enhancements of electron flux in the quasi-anti-parallel direction
(~1500°, for example, the case in Figure 5) could be evidence of Fermi acceleration.
However, since there is a lack of measurements along the quasi-parallel direction, and
the Fermi acceleration normally would result in acceleration both in parallel and anti-
parallel directions, more comprehensive electron and ion measurements would be

needed to understand the importance of this acceleration mechanism.
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It is the first term (parallel electric fields), which has been found to be the most dominant
acceleration process, and is largely responsible for energizing particles at Earth during
reconnection (Egedal et al., 2012) and has been found to account for most of the
energization of electrons inside FTEs in a survey of MMS spacecraft FTE observations
(Akhavan-Tafti et al., 2019b). Cassini plasma-measurement data are not as detailed as
those made by the MMS mission at Earth, and therefore we cannot conclude what the
exact process is for the cause of plasma energization at FTEs at Saturn’s
magnetopause. Neither can we understand detailed plasma structure within the FTEs.
Due to the measurement of energized electrons at quasi-field-aligned pitch angles, we
can only conclude that the processes responsible for this could be Fermi acceleration or

parallel electric fields, or a combination of the two.
3.4 Diamagnetic suppression of reconnection at Saturn’s magnetopause

We explored the conditions of Saturn’s magnetopause during our FTE crossings to
understand flux rope generation in the context of diamagnetic suppression of
reconnection. The solar wind at the outer planets has a higher magnetosonic Mach
number in comparison to the inner solar system, therefore, magnetosheaths at the outer
planets will have a higher plasma-3. The higher plasma-f3 in the magnetosheath means
that the change in plasma-3 across the magnetopause will be much larger resulting in a
drift of charged particles within the magnetopause current layer, which disrupt
reconnection jets. The larger variation of plasma-3 subsequently acts to suppress
reconnection from occurring unless the magnetic shear between the two fields is anti-
parallel, i.e. 180° (e.g. Quest & Coroniti, 1981; Paschmann et al., 1986; Phan et al.,
2010; Swisdak et al., 2003, 2010; Scurry et al., 1994; Masters et al., 2012; Masters
2015, 2018).

The observed FTEs occurred at magnetopause boundary conditions which were either
conducive to reconnection or close to the theoretical boundary between where
reconnection is possible/suppressed (Figure 7d). Of course, the FTE may have been
generated under different magnetopause conditions and may have convected along the

magnetopause to a new location to be observed by Cassini. We also investigated the
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electron data for evidence of reconnection signatures in the magnetosheath, similar to
the investigation of Fuselier et al., (2014, 2020). We found field-aligned
magnetospheric electrons in the magnetosheath which shows evidence of reconnection

locally at the magnetopause crossing (at all our FTEs except for the 08-Aug-2008).

There is evidence from simulations (i.e. Raeder 2006) and observations (i.e. Hasegawa
et al., 2008) that the conditions for FTE generation require component reconnection (i.e.
reconnection which is not anti-parallel and therefore magnetic shears of <180°), and
occurs during “sequential x-line reconnection”. This would explain the significant
amounts of FTEs generated and observed at Earth and Mercury where evidence of low-
latitude reconnection has been found for shear angles as low as 50° (Trattner et al.,
2017) and 27° (Slavin et al., 2014), respectively. Since component reconnection is more
likely to be suppressed at Saturn, this would reconcile the small number of FTEs at
Saturn’s magnetopause in comparison to the larger amount of other reconnection
signature observations reported and described in the introduction (i.e. Jasinski et al.,
2014, Fuselier et al., 2020; Badman et al., 2013, etc.). This does not however dismiss
the previously mentioned hypothesis that there may more FTEs with much smaller sizes
left to be discovered in the Cassini dataset — if the generation and growth mechanisms
are suppressed, this may result in fewer and smaller FTEs in comparison to Earth, but
more than the current 8 FTEs discovered in the 13-year Cassini dataset. This is also
supported by recent modeling efforts that generally found lower FTE generation rates
for higher solar wind Mach numbers as well as a higher proportion of FTEs with lower
field magnitudes (Chen et al., 2019); meaning that smaller FTEs may be more common

at a magnetopause such as Saturn’s.
4 Conclusions

We have reported the discovery of 7 new FTE-type flux ropes at Saturn’s
magnetopause. Including the FTE reported by Jasinski et al., (2016a) we have analyzed
all 8 FTEs to have been detected at Saturn. From this analysis we present the following

conclusions:
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1. The FTEs generated at Saturn’s dayside magnetopause are on the order of a

few ion inertial lengths in diameter and are therefore ion-scale in size.

2. We suggest that since the main growth mechanisms for FTEs are most likely
suppressed at Saturn (continuous reconnection and coalescence), FTEs at
Saturn will remain at the ~1 di scale, and that there may be a “drizzle” of FTEs
occurring that are not obviously detected due to their brief and unobvious

magnetic signature.

3. Electrons are observed to be energized inside the FTE at quasi-field-aligned
pitch angles. The exact process (Fermi acceleration or parallel electric fields)
responsible for this could not be determined due to a lack of full pitch angle

coverage and high-time-resolution measurements.

4. The magnetic flux content of the FTEs is estimated to be 1-102 kWb. This is very
small in comparison to the amount of magnetic flux expected to be opened by
dayside reconnection at Saturn. Therefore, flux transfer events at Saturn aren’t
expected to transfer significant amount of flux at Saturn in comparison to the

magnetospheres of Mercury and Earth.

Single spacecraft measurements, with low time-resolution plasma instrumentation are
not sufficient enough to completely understand how flux ropes are generated at a high
plasma- magnetosheath where reconnection is most likely to be suppressed. Future

work will involve running particle-in-cell simulations under various plasma-3 conditions
to be able to compare flux ropes and their generation at Saturn in comparison to Earth

and Mercury.
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Figure 1. Flux transfer event structure and observations. Panel a shows the helical
structure of a cylindrical force-free flux rope, with a core field in the axial direction
(labelled “INT”) and the outer layer orientated perpendicular to the core. Panel b-d show
observations of an FTE crossing at Saturn’s magnetopause by the Cassini spacecraft
on February 4t 2007. Panel b shows the electron differential energy flux (DEF)
measured by CAPS-ELS, with the background and photoelectron flux removed; c-e
show the three components of the magnetic field in KRTP coordinates measured by
MAG; and f shows the resulting magnetic field magnitude. The schematic shown in a is
taken from Jasinski et al., (2016).

Figure 2. Magnetic field measurements of all the FTEs in MVA coordinates. The data is
shown as a timeseries with the t=0 s representing the start of the FTE crossing which
are mentioned in Table 1.

Figure 3. Flux Transfer Event analysis results using MVA and model fitting for the
observation made for 04-Feb-2007 FTE. Panel a and b show hodograms of the
magnetic field measurements in MVA coordinates; c-f show the same data in black as a
timeseries, as well as the force-free model (blue). Table 3 contains a summary of MVA
and model results.
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Figure 4. Twisting of the FTE. We estimate the level of twisting of the magnetic field as
a ratio of the tangential and axial components of the magnetic field inside the FTE (Bg).
This is shown as a function of impact factor (IP). See text in section 2.5 for more detalils.

Figure 5. Phase space density (PSD) distributions for electron measurements for the
10-Oct-2005 FTE. The distributions are shown for before (black), during (red and green)
and after (blue) the FTE, for two pitch angle directions, perpendicular (‘PERP’ - left) and
guasi-anti-parallel (‘quasi-APAR’ - right).

Figure 6. Plasma observations for the magnetopause (MP) crossing on 02-May-2008.
Panel a shows higher-energy electron measurements from the LEMMS instrument
(fluxes shown in differential number flux — DNF). Panels b-e are directional
measurements of lower-energy electrons by CAPS-ELS (in differential energy flux —
DEF); b shows quasi parallel electron fluxes, ¢ shows perpendicular electron fluxes; d
shows quasi anti-parallel electron fluxes and e anti-parallel electron fluxes. The
corresponding pitch angle bin is shown in the top right corner of each individual panel
for ELS. The dashed line shows the location of the FTE observation.

Figure 7. Assessment of the magnetopause conditions at observed FTEs in regards to
diamagnetic suppression of magnetic reconnection. Top: example of the magnetic
shear and plasma-f3 estimation on 10-Oct-2005; data shown as a timeseries. The
dashed vertical line shows the location of the magnetopause current layer (MPCL)
including the magnetic field rotation and change in plasma conditions. Panel a shows
the magnitude (black) and the three components (colored) of the magnetic field
measurements by MAG. Panel b shows the electron flux measured by CAPS-ELS
(background removed). Panel ¢ shows the magnetic (grey) and plasma (colored dots)
pressure estimation, with the resulting plasma-f3 calculation labeled for the
magnetosphere and magnetosheath. Bottom: panel d shows the summary of the results
for all the FTEs. The black line shows the theoretical boundary (Equation 5) between
where reconnection is possible and is suppressed, for a current sheet thickness of L = 1
di, while the dotted lines are for L equal to 0.5 di and 2 di (where di is the ion inertial
length).
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