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Abstract

Magnetic reconnection at the magnetopause (MP) energises ambient plasma via the< release of magnetic energy and produces
an “open” magnetosphere allowing solar wind particles to directly enter the system. At Saturn, the nature of MP reconnection
remains unclear. The current study examines electron bulk heating at MP crossings, in order to probe the relationship between
observed and predicted reconnection heating proposed by Phan et al. (2013) under open and closed MP, and how this may
pertain to the position of the crossings in the AB-magnetic shear parameter space. The electron heating for 70 MP crossings
made by the Cassini spacecraft from April 2005 to July 2007 was found using 1d and 3d moment methods. Minimum variance
analysis was used on the magnetic field data to help indicate whether the MP is open or closed. We found better agreement
between observed and predicted heating for events suggestive of locally ‘open’ MP. For events suggestive of locally ‘closed’” MP,
we observed a cluster of points consistent with no electron heating, but also numerous cases with significant heating. Examining
the events in the AB-magnetic shear parameter space, we find 83% of events without evidence of energisation were situated in
the ‘reconnection suppressed’ regime, whilst between 43% to 68% of events with energisation lie in the ‘reconnection possible’
regime depending on the threshold used. The discrepancies could be explained by a combination of spatial and temporal
variability which makes it possible to observe heated electrons with different conditions from the putative reconnection site.
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Key Points:

e FElectron bulk heating at Saturn’s magnetopause is used to test hypotheses about
magnetic reconnection.

« Observations suggestive of locally open magnetopause tend to exhibit electron heating
closer to the theoretical prediction for reconnection.

« Ap-magnetic shear parameter space discriminates well between events with evidence

of energisation and those without.
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Abstract

Magnetic reconnection at the magnetopause (MP) energises ambient plasma via the
release of magnetic energy and produces an “open” magnetosphere allowing solar wind
particles to directly enter the system. At Saturn, the nature of MP reconnection remains
unclear. The current study examines electron bulk heating at MP crossings, in order to
probe the relationship between observed and predicted reconnection heating proposed by
Phan et al. (2013) under open and closed MP, and how this may pertain to the position
of the crossings in the AfS-magnetic shear parameter space. The electron heating for 70
MP crossings made by the Cassini spacecraft from April 2005 to July 2007 was found
using 1d and 3d moment methods. Minimum variance analysis was used on the magnetic
field data to help indicate whether the MP is open or closed. We found better agreement
between observed and predicted heating for events suggestive of locally ‘open” MP. For events
suggestive of locally ‘closed” MP, we observed a cluster of points consistent with no electron
heating, but also numerous cases with significant heating. Examining the events in the AS-
magnetic shear parameter space, we find 83% of events without evidence of energisation were
situated in the ‘reconnection suppressed’ regime, whilst between 43% to 68% of events with
energisation lie in the ‘reconnection possible’ regime depending on the threshold used. The
discrepancies could be explained by a combination of spatial and temporal variability which
makes it possible to observe heated electrons with different conditions from the putative

reconnection site.

Plain Language Summary

Saturn’s territory in space is marked by a boundary called the magnetopause. Particles
from the Sun can enter this region via a process called magnetic reconnection. However,
the conditions under which this process can occur on the boundary remains unclear. We
used the heating of electrons detected by the Cassini spacecraft during crossings of this
boundary to study the effects of different conditions on the viability of reconnection at
Saturn’s magnetopause. We found that most of the crossings which showed evidence of
significant electron heating close to theoretical predictions were also at locations where the
magnetopause was open (i.e. locations where solar particles can enter Saturn’s territory)

and /or where the local conditions were suitable for reconnection to take place.

1 Introduction

The magnetopause (MP) is the natural boundary of a planetary magnetosphere. It
is formed by the interaction between the solar wind and planetary magnetosphere. At
Saturn, it separates the magnetospheric magnetic field and plasma (mainly from the moon
Enceladus) from the solar wind interplanetary magnetic field (IMF) and plasma that has
to flow around the magnetospheric obstacle (Baines et al., 2018). Cassini observations of
magnetic field and plasma have also revealed that the disk-like magnetosphere imposes an

‘inflation’ of the magnetopause at near-equatorial latitudes (Pilkington et al., 2014).
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Magnetic reconnection is an important process at this boundary as it can energise
plasma via the release of magnetic energy when the fields undergo a topological change
to a lower energy state (Qieroset et al., 2001). The signature of this process is heated
high speed plasma jets (Yamada et al., 2010). Direct evidence of magnetic reconnection
signatures has been observed at Saturn’s magnetopause. For example, McAndrews et al.
(2008) reported two magnetopause crossings with heating in the electrons and ions along
field lines just outside the magnetopause that is highly suggestive of energisation comparable
to that associated with the reconnection process at Earth. Similarly, indirect evidence for
magnetopause reconnection based on ion dispersion signatures in the cusp region has been
reported by Jasinski et al. (2014).

In the absence of magnetic reconnection, the magnetosphere would be closed and thus
have no magnetic connection with the solar wind. The planetary magnetic field lines form
closed loops connecting one pole to the other (Figure 1). In this closed configuration, the
normal field component (i.e. the direction perpendicular to the local MP surface, also
the minimum variance direction for the magnetic field) is zero. However, under the right
conditions, the IMF embedded in the solar wind can reconnect with the planetary field. This
leads to an open magnetosphere with magnetic connection across the MP current layer where
solar wind plasma can directly enter the magnetosphere. Locally, the normal component
of the magnetic field relative to the MP surface becomes non-zero. This is illustrated in
Figure 1. The solar wind can couple with the magnetosphere via ‘large scale’ reconnection
and/or ‘viscous’ interaction like Kelvin-Helmholtz instabilities; the latter of which has been

suggested as the dominant mode at Saturn (Masters, 2018).
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Figure 1: Schematic illustrating day side magnetic reconnection at Saturn’s magnetopause
(dotted line) under northward IMF. The reconnected (open) magnetic field line is shown as
dashed line. Adapted from Masters et al. (2012).

The question that arises is: Under what conditions is reconnection viable at Saturn’s
magnetopause? Swisdak et al. (2003) hypothesised that viable reconnection under a large
difference in plasma ( (ratio of plasma to magnetic pressure) across the MP also requires

a high magnetic shear. Masters et al. (2012) analysed 70 magnetopause crossing events
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at Saturn detected by the Cassini spacecraft and showed that the plasma ( is higher in
Saturn’s magnetosheath (typically equal to 10) than in Earth’s. This is believed to restrict
reconnection to regions on the magnetopause with almost anti-parallel magnetic fields either

side. Reconnection is suppressed when the following condition is satisfied:

|AB] > %tan (g) (1)

where L is the current layer thickness, d; is the ion inertial length, and 6 is the magnetic
shear angle across the current layer. This is the general diamagnetic suppression condition,
introduced by Swisdak et al. (2010) and tested by Phan et al. (2010) using evidence from
solar wind observations. Essentially, the theory suggests that a higher |AfS| across the
current layer is less favourable for reconnection as the associated diamagnetic drift of charged

particles can disrupt the reconnection jets.

In this paper, we use bulk electron heating (i.e. the scalar temperature change) at MP
crossings (‘events’) as a possible reconnection signature to test the following hypotheses.
1) Events where the boundary is locally closed would have essentially no observed electron
temperature change (AT,) across the magnetopause, whereas most events with locally open
boundary should have observed change close to the theoretical prediction. 2) Events with
evidence of plasma heating should generally be in the ‘reconnection possible’ regime, whereas
those without such evidence should lie in the ‘reconnection suppressed’ regime in the |AS|-
magnetic shear parameter space. This investigation examines the crossings from Masters et
al. (2012) in more detail, in order to probe the relationship between observed and predicted
AT,, and how this may pertain to the position of the crossings in the |AS|-magnetic shear

parameter space.

2 Cassini Data Set

The data set consists of 70 magnetopause (MP) crossings made by the Cassini spacecraft
from April 2005 to July 2007, previously reported by Masters et al. (2012). These 70 events
have full plasma 3 measurements including thermal H* and H;‘ /He™™ pressures on both
sides of the MP and can be found in the original database in Masters et al. (2012).

For this study, magnetic field and particle data were used to further characterise the
MP crossings. These measurements were obtained by the following two instruments on-
board Cassini: The dual-technique magnetometer (MAG) (Dougherty et al., 2004), and the
electron spectrometer (ELS) part of the CAPS (Cassini Plasma Spectrometer) instrument
(Young et al., 2004). MAG provides the magnetic field measurements and 1-minute averaged
data were used along with Kronocentric solar magnetospheric (KSM) coordinates, where X
points from centre of Saturn to the Sun, Y points in the direction Q x X (where Q is
Saturn’s rotational/magnetic dipole axis), and Z completes the right-handed coordinate
system. Moments derived from 8-second averaged distributions in the ELS data provide
electron density and temperature. The ELS instrument has eight anodes which sweeps

through 63 bins covering an energy range of 0.58 eV to 26 keV in 2s. The ELS is able to
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detect electron density as low as ~ 103m ™3 (Young et al., 2005). The field of view of each
anode is 20° x 5° (thus 160° x 5° for all eight anodes). An actuator sweeps the anodes back
and forth covering ~ 2msr of solid angle. The coverage may be increased if the spacecraft
is rolling. For this study, we used anode 5 for all electron measurements as it has relatively
large pitch angle coverage (relative to the local magnetic field) throughout an actuation

cycle, compared to other anodes.

The MAG data were obtained from The Planetary Plasma Interactions (PPI) Node of
the Planetary Data System (PDS). The ELS and moments data were obtained from the
MSSL (Mullard Space Science Laboratory) server.

3 Methods

In this section, we describe our methodology used in the statistical survey to evaluate
the amount of bulk heating of magnetosheath electrons entering into the magnetopause
current layer (MPCL). We compare the observed heating (AT,) to the theoretical bulk
heating due to reconnection based on inflow conditions (Phan et al., 2013), in an attempt to
determine whether the observed heating was potentially caused by magnetic reconnection
at Saturn’s magnetopause. Crucially, note that the theoretical value of AT, derived from
the data assumes that the observations are a faithful representation of the conditions at the

reconnection site. This is not necessarily the case; we discuss this point further, later in the

paper.

The crossing times and intervals of the 70 MP crossings previously reported by Masters
et al. (2012) were modified on a case by case basis for the purpose of this study. The inter-
vals were identified based on magnetic field rotation from the magnetosheath configuration
(usually weaker field) to the magnetosphere configuration (usually stronger field) in con-
junction with the electron moments showing signatures of transition from magnetosheath
(high density, low temperature) to magnetosphere (low density, high temperature). The
full plasma 8 measurements on both sides of the MPCL were from the original database in

Masters et al. (2012), while all other parameters were determined in this study.

For each event, the heating of magnetosheath electrons was calculated by subtracting
the average temperature in the pristine magnetosheath from that of the magnetosheath edge
of the magnetopause (‘exhaust’) i.e. ATyps = Tern, — Tsn- To achieve this, we required two
pieces of information: 1) A way to identify the ‘inner edge’ of the exhaust region. 2) A

reliable way of calculating the temperature of the magnetosheath electrons in each region.

To address the first requirement, Phan et al. (2013) used the ‘high-energy tail’ of an
electron energy spectrum as a means of detecting the first appearance of the magnetospheric
electron population and thus where the magnetosheath boundary layer (MSBL) ‘stops’. This
is the ‘inner edge’ of the exhaust, beyond which the magnetospheric population dominates.
If the temperature in the MSBL is significantly greater than that of the pristine magne-
tosheath, then it is said to be a heated magnetosheath population. To determine if this

heating is related to reconnection, we need to know whether the spacecraft is in an exhaust
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signalled by enhanced velocity measurements (‘jets’) compared to the ambient plasma. How-
ever, bulk electron and ion velocity data are not available for most events as CAPS does not
normally view the entire 47 steradians of solid angle due to three-axis stabilisation (stare
mode). Valid measurements of the plasma bulk velocity can only be obtained when the bulk
flow is in the field-of-view of CAPS (Arridge et al., 2009; Thomsen et al., 2010). The INCA
sensor measurements on the MIMI instrument of Cassini were successfully used to derive O
plasma flow speeds in Saturn’s magnetosphere (Kane et al., 2020). However, this method
requires relatively stable conditions for usually 30 minutes; as such, boundaries where con-
ditions tend to be more variable were avoided. Based on this limitation, we proceeded with
determining the inner edge of the exhaust as above (i.e. Phan et al’s ‘tail’ method) but in
the absence of velocity data. Note that this inner edge could only be considered the location
of an actual reconnection ‘exhaust’ if the AT, supported that hypothesis; otherwise it is the

inner edge of a ‘candidate’ exhaust.

To determine magnetosheath T,, we used two methods: the 3d moment method and
the 1d moment method. These methods are well documented in Lewis et al. (2008). For

completeness, a summary of the key equations are given below.

The 3d moment method integrates the velocity distribution function f(v) measured
by ELS at a given time over the velocity volume. The density (n) and temperature (T)

moments are calculated as follows:

n:/f(v)d3v
m V2 f(v)d>v

(2)

= 3nkp

where kp is the Boltzmann constant and m is the particle mass. The temperature
equation uses the average kinetic energy per particle due to thermal motion in three degrees
of freedom m(v?)/2 = 3kpT/2 and (v?) = 1/n [v?f(v)d®v, under the assumptions of a
Maxwellian distribution and zero bulk flow. Arridge et al. (2009) showed that the bulk
kinetic energy is always more than 100 times smaller than the typical peak electron energy
(~ 100 eV), thus justifying the zero bulk velocity assumption. For ions, the bulk flow cannot
be neglected and v — (v — v, ) where vy, is the bulk flow velocity. Under the assumptions of
an isotropic f(v) for the electrons (d®v — 4mv?dv), and a constant f(v) across each energy

bin, the integrals in equation 2 become a sum over 63 energy bins in ELS:

An 1=63
=S fim)0f — vl
i=1
=63 (3)

4mm
T = im ) (V2 — 02
157’Lk3 ; f(’U s )(Ul ,U’L—l)

where subscripts 4, i — 1 represent the upper and lower boundary of the i*" energy
bin, and v; , = \/2F; /m (where E; ., is the centroid energy of each bin ranging from
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0.58 €V to 26 keV) (Lewis et al., 2008). Each term of these summations makes a finite
contribution to the total density and temperature. However, as the magnetopause boundary
is an intermediate region between the magnetosheath and magnetosphere, the plasma in this
region is likely a mixed population of magnetosheath and magnetospheric plasmas. We used
a cut-off of 150 eV for delineating two electron populations (cold, < 150 eV, and hot, > 150
eV). This cut-off is ~ 3 times the modal energy of magnetosheath electrons (typically ~
50 eV, see for example the peak of the energy distribution in Figure 2a). This is high
enough to capture the low energy magnetosheath population, but not so high as to include
hotter magnetospheric electrons in the plasma. In this study, we determine both the full
temperature by summing over all the energy bins and the ‘cold population’ temperature by

summing only bins below 150 eV (bin index ¢ = 30).

The 1d moment method assumes that the energy distribution function is Maxwellian,

given by:

3/2 E
fMaxwell(E) =n (27T,;€nBT) exp <M> . (4)

In the 1d method, a Gaussian of the form

—(F - A1)2>.

g(E) = Agexp ( 242

(5)

where Ag, A1, Ao are the, height, mean value and standard deviation of the Gaussian
respectively, is fitted to the electron counts per second data (or count rate R.) against
energy (F) at a given time from the ELS instrument to extract the energy that maximises
the count rate (i.e. where the derivative dR./dFE = 0). The derivative dR./dE is obtained
by equating the Maxwellian in equation 4 to the phase space density (PSD) derived from

count rate data using equation 6, and differentiating with respect to energy:

flo) = 2He (6)

viG(E)’
where R. = N/t, is the electron count rate data based on returned electron counts N
and accumulation time ¢, = 23.4ms; corrected for anode dependent efficiency and then con-
verted to the corrected counts per second, v is the velocity associated with the measurement
energy derived from v = \/%, and G(F) is the instrument energy-dependent geometric
factor. By setting dR./dFE = 0, the Maxwellian temperature and density parameters are
found by:

T_ Ay Ay
- dlnG 9L
ks (2 + dlnE) 2kp (7)
% A() m
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where A; is the estimated peak energy and Ay is the estimated peak count rate from
the Gaussian fit. A corresponding Maxwellian is derived by inserting n and 7" into equation
4. We refer the reader to Lewis et al. (2008) for a detailed derivation.

A Kappa distribution (Pierrard & Lazar, 2010) of the following form can also be fitted
to the PSD data:

(8)

fKappa (U) =

n I'(k+1) <1+ v2 >—(n+1)

(rrw?)3 T(k —1/2) Kw?

where w = /(2x — 3)kpT/km is the most probable thermal velocity, n is the number
density, T'(x) is the Gamma function, x is the kappa index which determines the slope of the
energy spectrum in the high energy tail, and T is the equivalent temperature of the plasma
such that 3kpT/2 represents the mean energy per particle of the distribution. The full 3d
temperature and density moments can be used as plasma parameters in this distribution to
fit to observations with a high-energy tail; a low x value indicates substantive suprathermal
tail whilst a high value indicates a distribution close to Maxwellian (i.e. the Maxwellian
distribution is a special case of the more general kappa distribution). In the limit k — oo,
w = \/m becomes the most probable speed of a Maxwellian. The kappa index must
be larger than the critical value k. = 3/2, where the distribution function collapses and the

temperature is not defined.

An example of the fitted curves and corresponding data is shown in Figure 2. Three
different routines were used to fit the Gaussian, namely: ‘polyfit cut’, ‘polyfit weighted’ and
‘nlinfit’:

 In ‘polyfit cut’, the data were truncated at 150eV to remove the influence of the pre-
viously defined hot population. A further thresholding was applied to only include
points in the fit if their value was greater than 20% of the maximum (keeping points
in the vicinity of the peak value). Using the polyfit routine in Matlab, a quadratic
polynomial fit is performed on the natural log of the count rate data. The natural
logarithm transforms Gaussian-like data into a parabola for input into the polyfit
routine. This is a least squares problem of the form Vp = y, where V is a Van-
dermonde matrix constructed from the energy bin values, y is the logged count rate
data and p is the least squares solution containing the polynomial coefficients. These
coefficients determine the Gaussian parameters Ay, A; and As.

« In polyfit weighted, an additional weight vector (w) is used, modifying the least
squares problem to Vp = yw. Using the normalised root mean squared error (NRMSE)
to quantify the closeness of Gaussian fit to the peak of the distribution, the best weight
vector of form w = 3’ is found. Generally, i = 4 is found to work well. The weight
vector essentially augments the count rate around the peak of the distribution such
that a better fit at the peak would preferentially minimise the squared residuals.

e The third method, nlinfit, is a nonlinear regression routine in Matlab which uses

an iterative Levenberg-Marquardt least squares algorithm to estimate the Gaussian
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parameters that minimise the squared residuals between the counts data and the

model, with initial values specified by the polyfit routine.

The technique which showed the most stable results (i.e. without nonphysical values in the

fitted Gaussian such as negative temperature) was used in determining the 1d temperature.

a) Gaussian polyfit weighted (red) Gaussian polyfit gut (blue):
n =2.79e+05m™ n_=2.16e+05m™

[ Te=2220eV Te=27.35 eV

KS test (peak)

y Gaussian nlinfit (green)
L _P=63.7% -~

n =2.71e+05m"”
To=24.20 eV

S adY

Counts/sec

n n L ! n
b) —+—Data

Maxwellian: weighted=4
Maxwellian: cut @150V
Maxwellian: niinfit

10712
104 E

10716 F

PsD(s’m™®)

108

1020F

. . . % b
10° 10° 102 103 10%
Energy [eV]

13-apr-2005 08:37:30UT

Figure 2: An example of various fitting techniques used in the 1d moment method. The
black lines in panel a) and b) are the counts per second data and PSD distribution functions
measured by CAPS-ELS on 13 April 2005 at 0837 UT (corrected for photoelectrons). Gaus-
sian curves, fitted using different techniques, shown as dashed lines. Using the density and
temperature values derived from the peak of the Gaussian, the corresponding Maxwellian is
derived using equation 4. The Maxwellian curves shown as solid lines are used to perform
Kolmogorov—Smirnov (KS) tests against the seven points in the neighbourhood of the peak

value. The result of this test for the ‘nlinfit’ Maxwellian is shown on the plot.

Fundamentally, heating is due to particles scattered from one region of velocity space
into another region, increasing the volume in velocity space. Given that the 1d moment
method restricts to a single Maxwellian population, an increase in the phase space den-
sity at higher energies would correspond to heating of that population. If the 1d derived
Maxwellian fits well to the low energy spectra, then the magnetosheath population can be
well described by a Maxwellian distribution. Furthermore, if the 1d plasma parameters are
in close agreement with the 3d moments, then we can infer that the temperature and density
moments of the entire distribution can be interpreted as Maxwellian plasma parameters of
the dominant magnetosheath population. This is key for reliably determining the amount
of heating caused by reconnection, rather than measuring the heating simply due to the

additional presence of hotter magnetospheric electrons in the plasma.
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After obtaining the observed heating AT, for each event, we compared it with the
theoretical value. The semi-empirical formula for electron bulk heating caused by magnetic

reconnection is (Phan et al., 2013):

B2,
AT, = 0.017m; V3, = 0.017—=2 (9)
’ H0Min

where Va1, in is the inflow Alfvén speed based on the inflow reconnecting field By, in
and number density n;,. Note that the expression is mass-independent. The constant
0.017 represents the fraction of inflow magnetic energy per proton-electron pair converted
to heat. If a MP crossing lies in the ‘reconnection possible’ regime in the |AS|-magnetic
shear parameter space and the observed heating agrees with prediction within error then
it is a good indicator that the spacecraft passed through an actual reconnection exhaust
emanating from a reconnection site local to the spacecraft. Performing minimum variance
analysis (MVA) (Sonnerup & Scheible, 1998) on the magnetic field data in the MP crossing
interval yielded the maximum variance direction which determines the reconnecting field
component (By,). The energy stored in this field component is released during reconnection
and converted to particle energy (see equation 9). MVA also provides the minimum variance
direction which is the normal component of the magnetic field By relative to the MP surface.
We compared the single-sample MVA with the bootstrap MVA method. The main difference
between the two methods was that the bootstrap method performed a large number of
minimum variance calculations using bootstrap data samples of the set of magnetic vectors
in the MP interval of interest (Sonnerup & Scheible, 1998). This produced a set of minimum
variance eigenvectors and corresponding normal field components {Bx}. The average and
standard deviation of this set were obtained and found to be close to the By value derived
from the single-sample method which performs the minimum variance calculation once on
the same interval of magnetic vectors, with analytical estimates of uncertainty typically of
order 0.1 nT (Sonnerup & Scheible, 1998). The single-sample MVA was employed in this
study. The obtained By value and its uncertainty are used to determine whether the MP

boundary is ‘open’ or ‘closed’.

Furthermore, the 70 events were put into three categories:

1. Steady transitions with field rotation (i.e. polarity change).
2. Turbulent transitions with field rotation.

3. Transitions without significant field rotation (i.e. no polarity change).

Each event was also labelled by energisation being 0 or 1, where energisation of 1 means the
heating values calculated from both the 1d and 3d methods for the cold population were
>1.5 eV, with uncertainty typically of the order of 1 eV; otherwise the event was labelled

energisation of 0.

Three case studies of magnetopause crossings are presented to illustrate the character-
isation and varying amount of electron heating for each category of events. The locations

of these exemplar crossings in the equatorial plane are shown as stars in Figure 3.
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Figure 3: Positions of the 70 Cassini magnetopause crossings made between April 2005
to July 2007 projected onto the XY plane in Kronocentric Solar Magnetospheric (KSM)
coordinates with determined full plasma f in both the magnetosheath and magnetosphere
(Masters et al., 2012). The colour of the markers indicates magnetic latitude (i.e. with
respect to Saturn’s equatorial plane). The dashed black curves give extreme positions of
Saturn’s magnetopause at standoff distance 14Rg and 27Rg based on model in Pilkington
et al. (2015). The crossing positions shown as a star with labels 1, 2 and 3 correspond to

the three case studies.

3.1 Case Study 1: Steady Magnetopause Crossing With Field Rotation and
substantial Electron Bulk Heating

Figure 4 shows an inbound magnetopause crossing by Cassini at low magnetic latitude
(-6.44°) in the pre-noon sector (9:20 LT) at a radial distance of 19Rgs (1Rs = 60268 km
is Saturn’s equatorial radius). The crossing duration was ~ 9.5 minutes. The magnetic
shear across the MP was ~ 93 £ 4°, based on the dot product of the average fields in the
intervals marked by the two pairs of dashed lines in Figure 4 either side of the MP. The
eigenvalue ratio of the intermediate and minimum variance direction was Az2/A3 = 13. As
a rule of thumb, a well-defined boundary transition has Ao /A3 ~ 10 (Sonnerup & Scheible,
1998). The ratio of the average normal component of the magnetic field compared with the
average total field in the magnetopause is By /B = 0.015 + 0.026. This value is negligible

within the error and indicates that the boundary may have been locally closed, forming a
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tangential discontinuity (TD). The magnetosheath and magnetospheric full plasma 3 were
~ 1.0 and ~ 1.5 respectively, leading to a change of A ~ 0.5. The ion Alfvén speed based
on the reconnecting field (Br) was 386+ 1 km/s. This event was an exemplar of category 1
due to the steady crossing conditions as shown by a well defined red band of magnetosheath
electrons in the spectrogram and clear transition in moments aligned with a polarity change
in the B, magnetic field component either side of the magnetopause. We describe the event
from left to right going from the magnetosheath to the magnetosphere as we investigate the

heating of the entering magnetosheath electrons.

MP Crossing in Category 1

sheath magnetopause sphere
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Figure 4: Exemplar magnetopause crossing with evidence of electron heating in category 1:
Steady transition with field rotation. The panels are (a) Energy-time spectrogram of dec-
imal logarithm of electron Differential Energy Flux (DEF) (eVs~im™2ster~teV 1) from
ELS anode 5. The red band below ~ 5 eV is spacecraft photoelectrons. (b) DEF of 1 keV
and 5 keV electrons. (c,d) Electron number density (m~3) and temperature (eV) based on
the 3d moment methods (full, cold) and 1d moment method (1d). (e) Magnetic field in
minimum variance coordinates. (f) Magnetic field in KSM Coordinates. (g) Alfvén speed
based on By, and proton mass density. (h) Electron spectra in the magnetosheath (black)
and in the exhaust (red) corrected for photoelectrons using the spacecraft potential, with
overlaid Maxwellian distributions, and fitted Kappa distributions, using measured density
and temperature moments (full) as the plasma parameters. Labels ‘1’ and ‘2’ under panel g
point to the times of the cuts shown in panel h. The pairs of dashed black vertical lines im-
mediately before and after the MP crossing denote the magnetosheath and magnetospheric
intervals that define the boundary conditions of the magnetopause current layer. The green
vertical line denotes the innermost location of the magnetosheath boundary layer for the

computation of the average electron temperature in this region.
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Across the magnetosheath boundary layer (‘exhaust’), the 1d temperature of the ther-
mal population (containing most of the electrons) increased gradually, from ~ 27 £ 1 eV
(in the pristine magnetosheath) to ~ 54 + 3 eV in the exhaust (blue line in Figure 4d),
where the uncertainty is the standard error of the mean temperature in each region. The
temperature increased even further deeper within the magnetopause. Thus, the average
amount of magnetosheath electron heating for this event was AT, 555 = 27 + 2.6 eV. The
predicted heating due to reconnection using equation 9 was AT preq = 26.5+0.2 eV which
is in good agreement with the observation within uncertainty. The heating of the entering
magnetosheath electrons is also evident in the electron energy-time spectrogram (Figure
4a), which shows an upward energy shift of the red band at the beginning of the exhaust.
Since the 1D temperature depends on just the peak energy, a depletion in low energy elec-
trons for example should not affect the temperature value and we can assume the measured
heating is due to magnetosheath electrons being shifted to higher energy. Figure 4h shows
representative electron PSD distributions in the magnetosheath (black) and in the exhaust
(red); the overlaid Maxwellian dashed curves correspond to the density and temperature
derived from the entire electron energy distribution corrected from the spacecraft potential
to exclude the contributions of photoelectrons (Lewis et al., 2008). The observed phase
space density (PSD) in the magnetosheath fits marginally well to a Maxwellian between
energies 10 to 300 eV but deviates significantly outside this range. For the exhaust, the
PSD significantly deviates from Maxwellian beyond ~ 500 eV. The root mean square error
RMSE = \/E(yobs — Ypred)?/N is used as a measure of the accuracy of the fit, where N is
the number of points. A larger value indicates less accurate fit. Between 10 eV and 150 eV,
the RMSE of the magnetosheath and exhaust regions were 0.73 x 10716 and 0.34 x 10716

respectively. As a comparison for the whole energy range, the RMSE were 0.12 x 1074

and 0.03 x 10~ respectively, two orders of magnitude larger. This indicates that the tem-
perature in this event is dominated by the core electrons of magnetosheath origin, with
suprathermal (‘hot’) electrons contributing noticeably to the overall temperature (for ex-

ample, compare the red and blue lines in the exhaust region of Figure 4d).

A kappa distribution with x fitted to the observed distributions using the full tem-
perature and density moments, yielding x of 2.12 and 2.00 for the magnetosheath and
exhaust respectively. The kappa distribution is able to describe well the slow drop-off of
the high-energy tail in the PSD (>300 eV in the magnetosheath and >500 eV in the ex-
haust), indicating that the sampled population is a mixture of the magnetosheath and the
magnetospheric populations. The kappa fits give RMSE of 0.62 x 10~ and 0.19 x 10~ re-
spectively for the whole energy range, an order of magnitude smaller than single Maxwellian
indicating a better fit. The fact that suprathermal electrons can contribute substantially to
the temperature moment makes the full 3d temperature method unreliable for calculating
heating as the value could be falsely augmented by the mixing of a magnetospheric hot
population in the exhaust. Thus, the electron heating in all the events was calculated using
the 1d method which assumes that the core electrons (i.e. energies encompassing the most

electrons) form a single Maxwellian population.
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Figure 2a shows the 1d temperature and density plasma parameter at 08:37:30 UT
(label ‘1’ in Figure 4g) derived from the Gaussian fits. The corresponding Maxwellian
curves showed good fit around the peak of the data. The densities are similar between
all three fitting techniques and in good agreement with the 3d density moments shown in
Figure 4h. This means that the core electron population accounts for most of the electrons
in this region. There is satisfactory agreement in temperature between the 1d and 3d values,
although 1d values are lower as it does not include the high energy tail in the data. Thus,
although the hot population contributes little to the density, it may contribute a significant
amount to the temperature moments. The Maxwellians (solid lines) were used to perform
KS tests against the ELS counts of seven points around the peak. The obtained p-value of
63.7% is the probability of observing a test statistic, as extreme as, or more extreme than
the observed value under the null hypothesis. Since the p-value is large, we cannot (at this

level of p) reject the null hypothesis that the peak of the distribution is Maxwellian.

Figure 4b shows that the fluxes of 1 keV and 5 keV electrons (mostly of magneto-
spheric origin) were very low in the magnetosheath. A small increase is observed at ~08:40
UT but remained fairly constant throughout the magnetopause until the magnetospheric
edge of the magnetopause, at ~08:47 UT, where these fluxes increased sharply. Thus, to
study the amount of magnetosheath electron heating that occurred, we only consider the
interval from the magnetosheath edge of the magnetopause to the location just before the
magnetospheric electrons first appear (at ~ 08:39:54 UT, marked by the green vertical line)
in order to minimise contamination from the magnetospheric plasma. The location where
magnetospheric electrons first appear also marks the location where the density begins to
drop monotonically and more rapidly. However, it was apparent that many events did not
show a clear increase in the fluxes of 1 keV and 5 keV electrons (see section 3.2). For those
cases, the abrupt dip in the density profile was used to determine the inner edge of the

exhaust.

This event appears to have a locally closed boundary, yet temperature change was
observed in magnetosheath electrons consistent with prediction, in contrary to hypothesis
1. We suggest that it may be due to detecting heated electrons from a remote magnetically
conjugate reconnection site at the magnetopause with similar plasma and field conditions. A
magnetic shear of ~ 93° and AS = 0.5 places this event in the ‘reconnection possible’ regime,

consistent with hypothesis 2, since evidence of plasma energisation was also observed.

3.2 Case Study 2: Turbulent Magnetopause Crossing With Field Rotation
and Electron Bulk Heating

Figure 5 shows an inbound magnetopause crossing by Cassini at low magnetic latitude
(-0.29°) near dawn (7:47 LT) at a range of 25Rg. The crossing duration was ~ 17 minutes.
The magnetic shear across the magnetopause was ~ 88.9 & 3°. The eigenvalue ratio of
the intermediate and minimum variance magnetic field direction is Az /A3 = 2.55; this small
value suggests a less reliable normal direction was obtained. The ratio of the average normal

component of the magnetic field compared with the average total field in the MPCL is
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By /B = 0.1940.08. This value is marginally non-zero, given the uncertainty, which suggests
that the magnetopause could be magnetically open, forming a rotational discontinuity (RD).
The magnetosheath and magnetospheric full plasma § were ~ 1.6 and ~ 0.5 respectively,
leading to a change of A = 1.1. The ion Alfvén speed based on the reconnecting field (By,)
was 358 + 2 km/s. This event is in category 2 due to more turbulent crossing conditions
as seen in the patchy spectrogram with intermittent energisation of the magnetosheath
electrons and also breaks in the red band, likely due to mixing between magnetosheath and
magnetospheric populations. However, there is still a clear polarity change in the By, field
either side of the MP.

MP Crossing in Category 2
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Figure 5: Exemplar magnetopause crossing with evidence of electron heating in category
2: Turbulent transition with field rotation. The format of the panels is identical to Figure
4.

In contrast to Case Study 1, the intermittent energisation in this event caused an
underestimation of the heating if we simply consider the average temperature in the entire
exhaust (between the second dashed black line on the left and the green solid line in Figure
5). To mitigate this effect, the average temperature of only the heated electrons was used.
This corresponded to time intervals of 23:23:24 to 23:25:12 UT and 23:28:48 to 23:29:24 UT
(marked by horizontal bars in Figure 5d). Thus, the average amount of electron heating
for this event was AT, 55 = 24.2 £ 1.5 eV. The predicted heating due to reconnection
was ATe prea = 22.8 0.3 eV which is in good agreement with the observation within
the uncertainty. Figure 5h shows that the exhaust PSD is clearly higher than than the

magnetosheath PSD around the 100 eV region, also indicative of heating.
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The rotation from northward external field to southward planetary field, together with
moderate value for magnetic shear offers ideal condition for local reconnection, consistent
with the fact that the electrons of magnetosheath origin were clearly hotter in parts of
this field rotation than in the adjacent pristine magnetosheath, and that the magnetopause
appeared to be locally open. These observations are consistent with hypothesis 1 that locally
open magnetopause should have observed AT, close to theoretical prediction. A magnetic
shear of ~ 88.9° and AfS = 1.1 places this event in the ‘reconnection possible’ regime,

consistent with hypothesis 2 that evidence of plasma energisation was observed.

3.3 Case Study 3: Magnetopause Crossing Without Field Rotation and
Insignificant Electron Bulk Heating

Figure 6 shows an outbound magnetopause crossing by Cassini at low magnetic latitude
(11.6°) near dusk at Saturn (16:09 LT) at a range of 35Rg. The crossing duration was ~ 8.4
minutes. The magnetic shear across the magnetopause was low, ~ 32+ 23°. The eigenvalue
ratio of the intermediate and minimum variance direction is A2/A3 = 2.20, even smaller
than in Case Study 2 and consistent with near-parallel magnetospheric and magnetosheath
fields. The ratio of the average normal component of the magnetic field compared with the
average total field in the MP layer is By /B = 0.46 4 0.03. Although this suggests an open
magnetopause it is an unreliable value due to the small separation between the minimum
and intermediate eigenvalues. In such cases, it may be necessary to impose a constraint
(B).h = 0 (i.e. By/B = 0 and boundary is closed) for MVA to obtain a useful normal
vector prediction (Sonnerup & Scheible, 1998). The magnetosheath and magnetospheric
full plasma beta were ~ 11.24 and ~ 8.06 respectively, leading to a change of AS ~ 3.17,
higher compared to case studies 1 and 2. The ion Alfvén speed based on the reconnecting
field (Br) was 121 &+ 1 km/s. This event is in category 3 as there was no polarity change
in the maximum variance component of the magnetic field (By,) either side of the MP. We

describe this event from right (magnetosheath) to left (magnetosphere).

In contrast to Case Study 1 and 2, the electron temperature did not increase in the
exhaust and remained roughly constant until 15:55:12 UT when hot (> 1 keV) magneto-
spheric electrons began to appear and density dropped monotonically (Figure 6b and 6c¢).
The absence of bulk heating of entering magnetosheath electrons is also clear in the elec-
tron spectrogram, which shows essentially no variations across the MP. Similarly, Figure
6h shows that the electron spectra in the magnetosheath (black curve) and in the magne-
tosheath side of the magnetopause (red curve) were nearly identical. The average amount
of bulk temperature change for this event was only AT, o5s ~ 1.12+£0.57 eV. The predicted
heating due to reconnection was AT, preq = 2.59 £ 0.02 eV. The discrepancy suggests that
the conditions measured by the spacecraft may be quite different to those at any putative
reconnection site. Furthermore, the small predicted value suggests that local conditions are
not viable for reconnection. In such a case, in the absence of other evidence, one concludes
that this is most likely a case of a closed magnetopause with no active reconnection. This
conclusion would be consistent with hypothesis 1. A magnetic shear of ~ 32° and AS =~ 3.17

places this event in the ‘reconnection suppressed’ regime, consistent with hypothesis 2 that
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Figure 6: Exemplar magnetopause crossing without evidence of electron heating in category

3: Transitions without significant field rotation. The format of the panels is identical to

Figure 4.

no significant energisation was observed (nominal value of AT, g5 is less than twice its

uncertainty).

The key parameters responsible for the differences in bulk electron heating in these
events are the change in plasma beta (AfS) across the magnetopause, magnetic shear, and
the Alfvén speed. The purpose of the statistical survey is to reveal whether there is a
correlation between the agreement of observed and predicted heating and the parameters

that play a role in the viability of reconnection at Saturn’s magnetopause, as detailed in

Masters et al. (2012).
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4 Results

A statistical overview of the 70 events is provided below. One event had unclear bound-
ary crossing in both field and plasma parameters and was omitted from the analysis. We
found 45 (66%), 12 (17%) and 12 (17%) events in categories 1, 2 and 3 respectively. 39 (57%)
events have an open MP based on the criteria of By/B > 0.1. 28 (41%) events showed
evidence of energisation based on temperature change threshold of AT, >1.5eV after ac-
counting for uncertainty. In all three methods of calculating heating, we find a few events
with negative temperature change moving from pristine magnetosheath to magnetosheath
edge of the MP, the largest being almost —5 eV based on the 1d temperatures. Note that
the typical standard error of the mean temperature in each region is ~ 1 eV. There are also
intrinsic errors at the source of measurements associated with the ELS sensor, such as Pois-
son counting statistical uncertainty and the assumption of isotropic distribution function
as CAPS had limited angular coverage. Arridge et al. (2009) showed temperature uncer-
tainty is less than 20% above a temperature of 10 eV which would lead to a temperature
change between the two regions to be consistent with zero for these negative cases. On the
other hand, if these cooling effects were real, it could be that the MP boundary is often not
static due to varying pressures from external solar wind and internal plasma loading. The
movement of the MP could change the thickness of the magnetosheath leading to expanded
flux tubes which undergo adiabatic cooling. This must remain a speculative statement until

future related analysis takes place.

Plots of observed versus predicted electron temperature change for all 70 crossings using
the three methods of temperature determination are shown in Figure 7. The events were
subdivided into two groups based on their ratio of the normal component of the magnetic
field (i.e. minimum variance component) compared with the average field strength in the
magnetopause layer. A non-zero ratio within the error indicates an open magnetopause
which could be an indicator of recent or ongoing reconnection local to the spacecraft. A
ratio of By/B = 0.1 was used as a cutoff between ‘open’ and ‘closed’ boundary based on
the assumption that, at a reconnecting magnetopause, we may assume that the field and
particle velocities follow this relationship: By /B = v, /va = M4, where M4 is the Alfvén-
Mach number (Sonnerup et al., 1981). At Earth, this ratio is roughly 0.1 (Sonnerup et al.,
1981) but reconnection signatures at Saturn’s MP have been observed with By /B = 0.04
(McAndrews et al., 2008), indicating slower reconnection process than typically found at
Earth. To assess how well the observed temperature changes match the semi-empirical
predictions, a linear model is fitted to all 70 data points using weighted least squares method
(from statsmodels module in Python) with intercept set to zero (not shown). The weight
value is inversely proportional to the squared error. The reason for dropping the intercept is
due to equation 9 which says that the presence of electron heating requires non-zero Alfvén

speed, thus there should be no constant offset.

For the 3d moment method based on the full observed energy distribution (left panels),
the observations show little correlation to the prediction (assuming local reconnection). The

regression performed on all data points gives a r2 (or coefficient of determination) of 0.11 and
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Figure 7: Observed against predicted bulk electron temperature change for all the crossings.
Left: Heating based on 3d moment method for full energy distribution. Middle: Heating
based on 3d moment method for the cold energy distribution (< 150eV). Right: Heating
based on 1d moment method for the peak of the energy distribution. Top panels represent
locally ‘closed’ boundary based on threshold By /B< 0.1. Bottom panels represent locally
‘open’ boundary based on threshold By /B> 0.1. Red ‘x’ markers: Steady transitions with
field rotation (category 1). Green ‘o’ markers: Turbulent transitions with field rotation
(category 2). Blue ‘v’ markers: Transitions without significant field rotation (category 3).
The dotted line represents agreement between observed and predicted AT, (assuming local

reconnection).

a slope of 1.1840.42. The 72 value quantifies the proportion of the variance in the dependent
variable (AT, ops) that is predictable from the independent variables (AT¢ preq). The low
r2 obtained clearly highlights the poor agreement between the observations and predictions.
The slope being greater than unity indicates that using the temperature derived from the
entire electron energy distribution tend to overestimate the temperature change due to the
contamination from the hotter magnetospheric electrons. Thus, this method is unreliable in

determining bulk temperature change due to reconnection for the magnetosheath electrons.

Considering the 3d moment method applied to the cold (< 150 eV) part of the observed
energy distribution (middle panels), the results show a much tighter spread with positive
correlation and almost all observations are below predictions. The regression gives r? of
0.20 and a slope of 0.60 £ 0.15. Note that this method produces systematically lower
temperature changes as the summation in phase space density up to 150 eV implies no

electrons at energies above 150eV for the core population which is not the case.
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Electron heating calculated using the 1d method (right panels) show a clear positive
correlation between the observation and prediction. The regression slope was 0.66 + 0.01,
an 72 of 0.99, and a p-value less than 0.001. The residual plot of the linear fit shows
random distribution around zero. This result is suggestive of energisation comparable to
that associated with the reconnection process, albeit weaker than prediction on average.
With regards to hypothesis 1 that an ‘open’ magnetopause should show signs of heating close
to prediction, we do see qualitatively a tendency of better agreement with prediction for the
locally ‘open’ boundary cases based on the threshold By /B > 0.1 for the minimum variance
component of the magnetic field. For the case of locally ‘closed” boundary (By/B < 0.1),
we observe qualitatively a cluster of points near AT, ~ 0, but also numerous cases of
significant heating far from prediction. We find five cases where the observed heating exceeds
prediction significantly (>3eV) with typical uncertainties of the order of 1 eV. These results
suggest that although the majority of events fit our hypothesis 1 within the uncertainty, the
minority of events which do not, may be at a closed magnetopause, connected to a remote

reconnection site.

The Kolmogorov-Smirnov (KS) test was used to test whether the two independent
samples of electron heating for open and closed MP are drawn same underlying continuous
population. A two-sided test was used for the alternative hypothesis which states that the
empirical cumulative distribution function (FCDFy) of sample 1 is less or greater than the
ECDF5 of sample 2. The KS statistic is found from the maximum deviation between the
ECDFs of the two samples. If the KS statistic is small or the p-value is high compared
to a predefined significance level (e.g. « = 0.1), then we cannot reject the null hypothesis
that the two samples are from the same underlying distribution. The KS test assumes
continuous distributions. We test the ratio AT, ,ps,14/ATe preq Which acts as a quantitative
measure of the closeness to the predicted heating; a value of 1 indicates perfect match. The
mean and standard deviation of this ratio were 3.54 and 7.96 for closed MP, and 0.92 and
1.47 for open MP, respectively. The p-value obtained from this analysis was 0.56 when all
events were considered. Neglecting the category 3 (blue ‘v’) events due to very low magnetic
shear, yielded a p-value of 0.13. The latter result indicates that the null hypothesis could
be rejected at a significance level of 0.13, indicating that the probability that the heating
ratio distributions are identical is less than 13%. Performing a Welch’s t-test for the mean
ratio of two independent samples, which does not assume equal population variance also
yields a p-value of 0.13. This suggests that open MP heating values are clustered closer
to their corresponding predicted values than for the case of the closed MP which supports

hypothesis 1, at a significance level of 0.13.

Figure 8 shows the crossings in |AS]-magnetic shear parameter space. Magnetic shears
are based on average fields either side of the MP. We find 83% of events with no energisation
were situated in the ‘reconnection suppressed’ regime, and 43% of events with energisation
lie in the ‘reconnection possible’ regime. This is based on the cutoff marked by the solid
black line corresponding to a current sheet thickness of one ion inertial length (L = d;, see

Masters et al. (2012) for more detail). These results support hypothesis 2 to some extent.
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Focusing on the ‘Energisation = 1’ panel (right), we find that that there is a cluster of

six category 3 events at the bottom of the plot with magnetic shear below 20° (i.e. near

parallel magnetospheric and magnetosheath fields) and all reside in the ‘suppressed’ regime
despite observational evidence of heated electrons. These events are similar in behaviour
to ‘Reconnection Event 2’ analysed in McAndrews et al. (2008). Cassini is likely observ-
ing field lines connected to a distant X-line and measuring energised plasma originating
from that reconnection site. This can be seen in the simplified diagram (Figure 1) of day
side magnetopause reconnection, showing a possible spacecraft trajectory where the B-field
orientation would stay relatively constant throughout the crossing. If we neglected these
events, 59% of events with energisation lie in the ‘reconnection possible’ regime. Further-
more, the remaining events in the ‘Reconnection suppressed’ region would lie very close to
the L = 2d; dashed line and may plausibly be included in the ‘reconnection possible’ regime
given the relatively large uncertainty in AS (see Figure S2 in supporting information of

Masters et al. (2012)). If we exclude the six ‘outliers’ and use L = 2d; as the threshold,

we now find 68% of events with evidence of energisation lie in the ‘reconnection possible’
regime. Another interesting observation is that the rest of the events in the energisation =
1 panel have magnetic shear above 80° suggestive of the high magnetic shear requirement.
In addition, all the events to the left of the L = d; solid line contain the strongest heating
observed at AT, > 20 eV including Case studies 1 and 2 (see section 3.1, 3.2).
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Figure 8: Assessment of diamagnetic suppression of reconnection using the 70 MP crossings.
Colour represents observed heating AT, using the 1d moment method. The curves are
calculated using equation 1, where the solid line corresponds to a current sheet thickness
L = d;, and the dashed lines on the left and right of it correspond to L = 0.5d; and L = 2d;,
respectively. ‘x’ markers: Steady transitions with field rotation. ‘o’ markers: Turbulent

transitions with field rotation. ‘v’ markers: Transitions without significant field rotation.
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5 Conclusions

A statistical study of observed and theoretical electron bulk heating was performed at
the magnetopause based on 70 magnetopause crossings detected by the Cassini spacecraft.
Our hypotheses were: 1) Closed boundary should have no heating, whilst open boundary
should have heating close to theoretical prediction (assuming local reconnection). We found
that the 1d moment method for determining T, supports this hypothesis the best, with
strong correlation between observed and predicted AT, for the case of open MP (By/B >
0.1), and a cluster of points near AT, ~ 0 for the case of closed MP. 2) Events with
heating should reside in the ‘reconnection possible’ regime and those without should lie
in the ‘reconnection suppressed’ regime in the AfS-magnetic shear parameter space. We
found 83% of events with no evidence of heating lie in the ‘reconnection suppressed’ regime,
whilst between 43% to 68% of events with evidence of heating lie in ‘reconnection possible’
regime depending on the threshold used for current layer thickness. The results of this study
reinforce the importance of plasma 8 and magnetic shear across the magnetopause on the

viability of magnetic reconnection arising at observed locations.

One reason why some events do not fit our hypotheses is because we are assuming local
conditions to be indicative of the putative reconnection site. However, the spacecraft could
be quite distant from this site, and still magnetically connected to it. With a magnetosphere
about 20 times larger than Earth’s in absolute size, plasma accelerated by reconnection at
Saturn may travel a large distance along field lines before reaching the spacecraft. Jasinski
et al. (2014) showed an example of using the ion energy-pitch angle dispersion (observed
by the CAPS Ion Mass Spectrometer) to estimate the distance to the reconnection site.
Their cusp observation of electron energy distributions detected evidence for dayside mag-
netopause reconnection at a distance of up to ~ 51 Rg from the reconnection site. Another
important aspect is temporal variability in the near-magnetopause environment. The combi-
nation of spatial and temporal variability makes it possible to observe heated electrons with
different ambient plasma and field conditions from the putative reconnection site, leading to
discrepancies between theoretical predictions and observations. In addition to these factors,
the events analysed had relatively weak levels of heating, with only 6 out of 70 events with
heating stronger than 10 eV, the strongest being around AT, ~ 27 eV. Some of these heat-
ing may be caused by mixing of magnetosphere and magnetosheath plasmas, as occurs at
the MP. Finding events with higher magnetic field strength (e.g. when the magnetosphere
is strongly compressed with a high magnetosheath field strength) would give faster inflow
Alfvén speeds, and thus lead to stronger heating giving a reduced relative uncertainty for
the observed heating. This would provide more data points at higher heating values and
improve the statistics in comparing between the closed and open magnetopause. A more
definitive conclusion on the hypotheses requires further analysis. We plan to analyse and
augment the dataset further in future work utilising recent magnetopause crossings lists
(e.g. Pilkington et al. (2015); Jackman et al. (2019)), and taking the above aspects into

consideration.
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622 Appendix A Plots with error bars
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Figure Al: Observed against predicted bulk electron temperature change for all the cross-

ings including results of error analysis. Format is identical to Figure 7.
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Figure A2: Assessment of diamagnetic suppression of reconnection using the 70 MP cross-
ings with degree of electron heating AT, shown as colour scale, including results of error

analysis. Format is identical to Figure 8
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Electron Bulk Heating at
Saturn’'s Magnetopause
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Key Points:

Electron bulk heating at Saturn’s magnetopause is used to test hypotheses about
magnetic reconnection.

Observations suggestive of locally open magnetopause tend to exhibit electron heating
closer to the theoretical prediction for reconnection.

Af-magnetic shear parameter space discriminates well between events with evidence

of energisation and those without.




Background —
« Magnetopause — interaction between solar and
planetary B-field & plasma. g =%
* Magnetic reconnection- energises plasma via
release of magnetic energy. f || g i [
« ‘Open’ magnetosphere- solar wind enters & - <:] ; ==>1!
magnetosphere. = s ‘
* Question: When is reconnection viable at Saturn’s i
MP? N =
« Plasma g is higher in Saturn’s magnetosheath t 4
than in Earth’s (Masters et al. 2012) =>need high ¢ // || | [i
magnetic shear (Swisdak et al. 2003)
s

« When Bshear < 180°: Particle drift opposes

reconnection outflow. Figure 1. Diagram illustrating magnetic reconnection at Saturn’s
magnetopause for northward IMF. Interplanetary, planetary and reconnected
(open) magnetic field lines are shown in blue, red, and green respectively
(Taken from Masters et al. 2014).
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Methodology

Use bulk electron heating as a reconnection signature to
test the following hypotheses:

<>

‘Closed’ boundary => no heating
‘Open’ boundary => heating close to
theoretical prediction

Events with heating => ‘reconnection possible’

regime

Events without heating => ‘reconnection

suppressed’ regime

70 MP crossings made by Cassini between April 2005 to
July 2007 (Masters et al. 2012), determined using B-field
and ELS moments data.

Determine temperature (Lewis et al. 2008):
3d method- sum over energy distribution.

1d method- fit Gaussian to determine

Maxwellian parameters (n and T).

Compare to theoretical prediction (Phan et al. 2013):

AT, prea = 0.017m;vg;
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Figure 2. Left: Data from MP crossing on 13 Apr 2005. Right: Example of 1d moment
method fits.




Results

<>

Figure 3: Clear positive correlation between
observed and predicted heating when 1d method
used (linear regression: slope = 0.66; r? = 0.99).
Open boundary (bottom):

- Tendency of better agreement with prediction.

Closed boundary (top):
- Cluster consistent with AT, = 0.
- Numerous cases with poor agreement.

Figure 4: Events with no heating (left) => 83% in
‘reconnection suppressed’ regime (L = d;).
Events with heating (right) => 43% to 68% In

‘reconnection possible’ regime (L = d; or L = 2d;).
L = current layer thickness; d; = ion inertial length
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Figure 3. Observed vs. predicted temperature change for open and closed
boundary configurations.

AT, pred (€V)

[ - [ -
0 5 10 15 20 0 5 10 15 20
ATe obs, 14 (EV) ATe, obs, 14 (EV)
180 Energization == 0 ___--=sz= 180 Energization == 1 __-z===
Pt Rt

P e

Magnetic shear (*)

107 10° ?O ? - -I—C;“ 10? 10 - 10% 10%

q |AB] . . . IABI . .
Figure 4. Assessment of diamagnetic suppression of reconnection, overlaid
with electron heating AT, shown as colour scale.



Conclusion

1. Statistical study of observed and theoretical electron bulk heating at Saturn’s magnetopause based on 70
MP crossings detected by Cassini.

2. Results support both hypotheses 1 and 2 to some extent:
‘Closed’ boundary => no heating
‘Open’ boundary => heating close to theoretical prediction
Events with heating => ‘reconnection possible’ regime
Events without heating => ‘reconnection suppressed’ regime

3. Possible reasons for disagreement:
« Assumed local conditions similar to reconnection site.
« Unknown distance to reconnection site (e.g. up to 51R; Jasinski et al. 2014).
«  Temporal variability in the near-magnetopause environment.
« Relatively weak electron heating (max AT, = 20eV) so large relative uncertainty.

4. Further work: Analyse and augment the dataset utilising the recent MP crossings lists (e.g. Pilkington et al.
(2015); Jackman et al. (2019)), and taking the above aspects into consideration.
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