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Abstract

We analyze 94 traversals of Mercury’s southern magnetospheric plasma mantle using data from
the MESSENGER spacecraft. The mean and median proton number density in the mantle are 1.5
and 1.3 cm™, respectively. For sodium number density these values are 0.004 and 0.002 cm.
Moderately higher densities are observed on the magnetospheric dusk side. The mantle supplies
up to 1:5x108cm™ s and 0.8 x 10%cm™ s of proton and sodium flux to the plasma sheet,
respectively. We estimate the cross-electric magnetospheric potential from each observation and
find a mean of ~19 kV (standard deviation of 16 kV) and a median of ~13 kV. This is an
important result as it is lower than previous estimations and shows that Mercury’s
magnetosphere is at times not as highly driven by the solar wind as previously thought. Our
values are comparable to the estimations for the ice giant planets, Uranus and Neptune, but lower
than Earth. The estimated potentials do have a very large range of values (1 — 74 kV), showing
that Mercury’s magnetosphere is highly dynamic. A correlation of the potential is found to the
interplanetary magnetic field (IMF) magnitude, supporting evidence that dayside magnetic
reconnection can occur at all shear angles at Mercury. But we also see that Mercury has an
Earth-like magnetospheric response, favoring —Bz IMF orientation. We find evidence that -Bx
orientations in the IMF favor the southern cusp and southern mantle. This is in agreement with

telescopic observations of exospheric emission, but in disagreement with modeling.
1 Introduction

The magnetospheric plasma mantle is located in the nightside high latitude magnetotail. The
observed plasma originates from the solar wind, entering the magnetosphere at the dayside
magnetopause via magnetic reconnection. Magnetic reconnection between the interplanetary
magnetic field (IMF) and the dayside magnetospheric field occurs when the fields are anti-
parallel. This drives the dynamics at the terrestrial magnetospheres by opening closed

magnetospheric field lines on the dayside, transporting them through the lobes and closing them
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on the nightside in the magnetospheric current sheet. The closed magnetic flux is then
transported to the dayside magnetosphere where it can once again be opened by dayside
magnetopause reconnection. This is called the Dungey cycle [Dungey, 1961]. The top half of
Figure 1 shows a schematic of Mercury’s magnetosphere. The Sun is to the left and the dashed
lines show the bow shock (‘BS’) and magnetopause (‘MP”).

After dayside magnetic reconnection occurs, shocked solar wind plasma is able to enter a
magnetosphere through the dayside high-latitude cusps, which is shaded gold in Figure 1 [e.g.
Reiff et al., 1977; Lockwood and Smith, 1994; Raines et al., 2014; Jasinski et al., 2014].
However as the field line convects anti-sunward after reconnection, some of the particles that
originally entered the cusp will eventually mirror and travel along the magnetic field line away
from the planet. This region of the magnetosphere is the plasma mantle. At Mercury, the plasma
mantle is located in the high-latitude nightside magnetosphere [DiBraccio et al., 2015a] where
plasma originating from the magnetosheath flows in a direction away from the cusps (and away
from the planet), down the magnetotail along field lines inside of the magnetopause (shaded red
in Figure 1). The mantle is an important feature to study as the observed particles are present due
to reconnection and this region can characterize a magnetosphere’s interaction with the solar

wind as well as being a measure of the sources and sinks of magnetospheric plasma.

The first detection of the Earth’s plasma mantle was reported from the Vela satellite observations
as a thick boundary layer surrounding the magnetotail where anti-sunward magnetosheath
protons were observed within the nightside magnetopause [Hones et al., 1972; Sckopke et al.,
1973]. The thickness of this mantle was found to be 0.5-4 Re (where Rg is the radius of the
Earth), with the flow speeds positively correlated to that of the magnetosheath, and the proton
number density decreasing (from ~10 to 0.01 cm™) with increasing distance from the
magnetopause [Rosenbauer et al., 1975]. The global thickness of the plasma mantle was
observed to vary with interplanetary magnetic field (IMF) orientation, with a thicker mantle

present for strongly southward IMF orientations when dayside magnetopause reconnection is
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enhanced [Sckopke et al., 1976]. Pilip and Morfill [1978] also showed that the mantle is a source
of material for the plasma sheet as the solar wind particles are able to ExB drift from the high-
latitude tail toward the central plasma sheet. lonospheric ion outflow is another source of
material for the plasma sheet [e.g. Horowitz and Moore, 1997]

Magnetohydrodynamic models also describe the plasma mantle as a standing slow-mode
expansion fan, whereby the plasma mantle becomes thicker with increasing distance downtail
[Siscoe and Sanchez, 1987; Sanchez and Siscoe 1990]. An important resulting effect from this
increase in thickness, and the key observational characteristic of the plasma mantle, is a particle
velocity dispersion. The particles are flowing anti-sunward with a downtail field-aligned velocity
(V). There is also a motion of the particles perpendicular to the magnetic field due to the ExB
drift (Vperp=VEexs). The combination of these two velocities, results in a motion downtail as well
as towards the plasma sheet (Figure 1). This means particles with a lower V|, will arrive at the
plasma sheet closer to the planet, whilst particles with larger V) travel further downtail before
arriving in the plasma sheet. Therefore, an energy dispersion is observed in the plasma mantle
[e.g. Scopke and Paschmann, 1978; Slavin et al., 1985] for a spacecraft travelling orthogonal to
the magnetopause, where a dropout of higher energy particles is observed closer to the plasma
sheet. The dispersion is highlighted by a red line labeled *2” in Figure 1a.

In order to characterize the mantle at Mercury and understand solar wind —planetary interaction,
we used data from the MErcury Surface, Space ENvironment, GEochemistry and Ranging
(MESSENGER) spacecraft which was in orbit around Mercury in 2011-2015. Results from the
MESSENGER mission have shown that the magnetosphere of the smallest planet is very
dynamic with a short Dungey-cycle-magnetospheric-convection timescale of ~3 minutes [Slavin
et al.; 2009; 2010], in comparison to a 1-3 hours at Earth [e.g. Siscoe et al., 1975; Huang et al.,
2002; Tanskanen et al., 2009]. At the dayside, magnetic reconnection is observed to occur
between the planetary field and the IMF even at small magnetic shear angles of ~30° [DiBraccio

et al., 2013], in contrast to Earth where shear angles of ~90-270° are required [Burton et al.,
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1975; Mozer and Retino 2007]. Flux transfer event (FTE) observations occur when reconnection
occurs at multiple x-lines along the dayside magnetopause which twist the magnetic fields into a
rope-like configuration [e.g. Russell and Elphic, 1978, 1979; Fu and Lee, 1985; Jasinski et al.,
2016]. FTEs at Mercury are extremely common, and have been observed as “FTE showers” with
separations of ~8s between events [Slavin et al., 2012]. At Earth, FTESs are observed to occur
every ~8 minutes [Rijnbeek et al., 1984]. Imber et al., [2014] conservatively estimated that FTEs
can supply up to a third of the open magnetic flux content at the magnetosphere at Mercury, in
comparison to the 2% estimated at Earth [Milan et al., 2007]. Therefore FTEs are more likely to
play an important role in supplying the mantle with plasma at Mercury, as well as the plasma
mantle being an important source of plasma in the Mercury’s magnetosphere. The first
observation of the southern plasma mantle at Mercury was reported by DiBraccio et al. [2015a].
In this study, the authors presented two traversals of the mantle on the same day, where an ion
energy-latitude dispersion was observed as well as frequent FTE observations in the adjacent
magnetosheath. From these dispersions the cross-magnetospheric electric potentials were
estimated to be ~23 and ~29 kV.

In this paper we present a survey of southern plasma mantle observations completed by the
MESSENGER spacecraft between 2011 and 2015 in order to better understand the plasma
mantle contribution to magnetospheric dynamics at Mercury and quantify its characteristics. We
first describe the instrumentation, followed by the selection criteria from observations for our
study and the results.

2 Instrumentation

Data from the following MESSENGER instrumentation were used for this analysis: the Fast
Imaging Plasma Spectrometer (FIPS) [Andrews et al., 2007] and the Magnetometer (MAG)
[Anderson et al., 2007].
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FIPS was a time-of-flight mass spectrometer that measured ions with an energy-per-charge range
of 46 eV-13 keV/q, a mass-per-charge range of 1-60 amu/q, with a time resolution of ~8 s. The
angular resolution was ~15°, and the effective field of view of the instrument was ~1.15x sr as
~0.25 7 sr was blocked by the spacecraft sunshade. MAG was a fluxgate magnetometer mounted
on a 3.6 m long boom, with a resolution of 0.047 nT and a maximum time resolution of 20
vectors s™. The magnetic field measurements are presented in Mercury Solar Orbital (MSO)
coordinates, where X is in the planet-Sun direction, -Y points towards planetary orbital velocity
vector direction and Z completes the right hand set and points northward.

3 Observations
3.1. Overview for a typical MESSENGER orbit

For trajectories close to the noon-midnight meridian, the MESSENGER spacecraft crossed the
nightside southern magnetopause. This means plasma mantle detections can occur between the
tail lobe (low plasma density, high magnetic field strength) and the magnetosheath (high plasma
density, lower magnetic field strength), both adjacent to the mantle. Depending on the direction
of the trajectory (planetward or anti-planetward) the observations of the region of interest are in
the chronological order of magnetosheath -> mantle -> lobe for a planetward trajectory and the

opposite for an outward trajectory.

An example of this typical trajectory and the corresponding MESSENGER observations are
displayed in Figure 1. The data for the trajectory (data panel a) start and end at the arrowheads
(left and right, respectively, clockwise). The observations begin in the solar wind, where low ion
fluxes are measured near ~1 keV. The spacecraft then crossed the bow shock (BS) and entered
the magnetosheath (M’sheath) at ~22:13 UT, where the magnitude of the magnetic field
increased from ~25 to ~80 nT, and FIPS observed the dense, shocked solar wind plasma (a). At
~22:30 UT the spacecraft crossed the magnetopause (MP), and entered the magnetosphere where

tenuous energetic plasma was observed, followed by the cusp (gold) where magnetosheath
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plasma with an energy-latitude dispersion (higher energies observed at lower latitudes -
underlined in red and labeled “1”) was observed at ~23:37 UT. The spacecraft then observed the
northern tail lobe before crossing the plasma sheet (~23:00 UT) where energetic plasma was
observed and the Bx component (blue in panel b) of the magnetic field was equal to ~0 nT.
Before entering the plasma mantle the southern lobe was observed (as indicated by the —Bx
orientation) where no plasma is detected within the threshold of FIPS. Whilst in the mantle,
higher energies were observed closer to the magnetopause due to the effect of Veyg as described
above (this dispersion is underlined in red and labeled ‘2”). The spacecraft crossed the

magnetopause once again where it observed the magnetosheath.

Large fluctuations in the magnetic field data can be seen at the magnetopause (the magnetopause
is marked by the middle and right vertical dashed lines), as well as in the plasma sheet. These are
largely due to the presence of flux ropes, with flux transfer events being observed at the
magnetopause and plasmoids in the plasma sheet [e.g. Slavin et al., 2012; Imber et al., 2014;
DiBraccio et al., 2015b], as well as dipolarisation fronts in the plasma sheet [Sundberg et al.,
2012; Sun et al., 2016].

The 0.196 Ry northward offset of Mercury’s dipole [Anderson et al., 2011] results in different
features for the plasma in the northern and southern parts of the magnetosphere, resulting in a
plasma asymmetry in the nightside [Korth et al., 2014]. The asymmetry affects the plasma in the
cusps and therefore the resulting plasma observed in the northern or southern mantle. Due to the
trajectory of MESSENGER we only survey observations from the southern mantle. We do not
expect the northern mantle to be similar to the observed southern mantle due to the above

mentioned asymmetry.
3.2 Data selection method

The plasma mantle observations were identified by the ion energy dispersion observed in the

FIPS data similarly to the first plasma mantle observations at Mercury [DiBraccio et al., 2015a].
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MESSENGER observations of two example mantle traversals can be seen in Figures 2 and 3, for
an inbound and outbound trajectory, respectively. Figure 2 shows a scenario where the spacecraft
passed from the southern lobe into the plasma mantle (bounded by the two vertical lines) and out
into the magnetosheath, while in Figure 3, MESSENGER crossed the boundaries in the reverse
order. Figures 2 and 3 are in the same format, with proton flux, proton number density and
sodium counts all from FIPS shown in panels a-c, respectively. Proton number density was
estimated using a forward modeling technique, a method used in previous papers [Raines et al.,
2011; Gershmann et al., 2013] the values of which have been delivered to the Planetary Data
System [Ho et al., 2016]. This is followed by magnetometer measurements, including the three
components of the magnetic field in MSO coordinates and magnitude shown in panels d and e,

respectively.

The inner boundary of the mantle (adjacent to the southern lobe, where no plasma is observed by
FIPS) was determined by the inner most signal-to-noise ratio (SNR) > 2 in the FIPS measured
proton counts. This can be seen in Figure 2a and 3a, where the highest energy bin with an SNR >
2 for each FIPS accumulation is marked by a green dot. The inner boundary of the mantle,
adjacent to the tail lobe, is marked by the first (second) vertical dashed line in Figure 2a (3a)
where the SNR meets this selection threshold. The SNR threshold also makes the ion energy

dispersion more clear (highlighted by the red line).

The outer boundary of the mantle, adjacent to the magnetosheath, was selected on the basis of
the magnetic field variation (AB) observed by MAG. This is due to the magnetic field varying
significantly more in the magnetosheath adjacent to the mantle than within the magnetosphere.

The magnetic field variation was calculated using:

’(bi_Bavei)z
ABi = T (1)
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where Bave i IS @ 21 point running average (i.e. ~1s average) centered at data point b;. A
smoothing average filter was applied to AB; by calculating a thousand-point average. The outer
boundary of the mantle was selected when the magnetic field variability AB; was drastically
greater than its thousand point average (defined as when AB; > 3.7 AB1000-point-average)- INitially,
the outer boundary selection process was focused on finding where the magnetic field rotated as
the spacecraft crossed the magnetopause boundary (as can be seen at ~18:10 UT in Figure 2d-e).
However not all the magnetopause crossings present a field rotation, and therefore, we chose to
use the magnetic field variability instead as it is more reliable.

A total of 94 mantle crossings where identified, including the two observations reported by
DiBraccio et al. (2015a). As can be seen in Figure 4, plasma mantle observations occurred in the
southern nightside region of the magnetosphere. The observations are in the southern hemisphere
only because of the orbital configuration of MESSENGER which never had the opportunity to
explore the northern mantle region. The location of the observations can be seen in Figure 4,
shown in aberrated Magnetospheric-Solar-Orbital (MSO) coordinates. The coordinates are
aberrated to account for the high orbital velocity of the planet (39-59 km/s), which results in the
effective solar wind arrival vector being offset by ~7 deg from the Xwso direction.The orbital
velocity varies over the Mercury’s year due to its highly eccentric orbit. The degree of aberration
is also dependent on the solar wind velocity. Here we use the aberration determined by Boardsen
et al., (2010), which calculated the aberration angle for each day by assuming a 410 km/s solar
wind speed.

Figure 4 also shows the spatial distribution of the average proton (panels a-c) and sodium (panels
d-e) number densities in the plasma mantle in the three different planes. The density in this
figure is the average measured number density of every measurement FIPS made in Mercury’s
plasma mantle during a given traversal. To ensure that the results were not affected by the FIPS
field of view (FOV), we checked for density variations in the different instrument look
directions. During the mantle observations, the FIPS FOV was ~42-270° from the Y-MSO
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direction in the Y-Z MSO plane (0° and 90° being in the Y and Z MSO directions, respectively).
The density trends discussed below were the same for FOV bins of 45-135° and 135-225°, which
means that they are not a result of instrument effects but are physical results. It can be generally
seen that the mantle is denser closer to the magnetopause. This can be seen more clearly for a
specific mantle crossing, in a density line plot shown in Figure 2b. As MESSENGER approaches
the magnetopause, the plasma density increases gradually. Figures 4b and c also show a modest
increase in density of the plasma mantle towards dusk. This is due to the centrifugal drift that
the ions experience close to the planet due to the curvature of the magnetic field [e.g. Delcourt et
al., 2003]. The resulting drift is in the duskward direction, which explains the higher densities in
the plasma mantle in the dusk sector. Panels d-f are in the same format as a-c but are shown for
sodium number density. The sodium observation follows a similar trend as the protons, with
slightly higher densities in the dusk sector. However it does not appear that the sodium is denser

nearer the magnetopause.
3.3 IMF Correlation

The plasma mantle observations were also compared to the IMF conditions. IMF observations to
the nearest bow shock crossing were averaged over a two-minute interval. We also calculated the
average over a 20 minute interval to provide an estimate of the variability of the IMF. Figures 5a
and b show histograms of the average plasma mantle proton and sodium number density,
respectively, organized by IMF orientation in the north-south direction, Bz. From these figure we
can see that the observation of the plasma mantle is more likely to occur for —B conditions.

The plasma mantle is also more likely to be denser during —Bz. Like at Earth, these observations
are due to —Bz resulting in higher reconnection rates at the dayside subsolar magnetopause,
which-are more likely to inject larger numbers of plasma into the magnetosphere which are
eventually observed in the plasma mantle.
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Figure 5¢ shows the observed sodium ion densities in comparison to proton density
measurements (both observed in the mantle). Sodium observations are common at Mercury’s
magnetosphere and are present due to sputtering at the planet’s surface [e.g. Raines et al., 2014].
For times when FIPS observes sodium, the sodium density has a strong dependence on the
proton density (i.e. we see higher sodium with higher proton densities). However we do not
always observe sodium in the plasma mantle. We also did not observe a dependence of the

sodium density on the IMF magnitude.

3.4 Estimating the electric potential and plasma flux
3.4.1 Calculation of the magnetospheric cross-electric potential

From the plasma mantle observations (FIPS and MAG) we are able to estimate the electric field
E, using E=-VEe.gXxB, where Vexg is the drift velocity and B is the magnetic field. We then use
these values of E to estimate the magnetospheric cross-electric potential (®), as described by
DiBraccio et al., [2015a]. Considering the high-latitude trajectory of MESSENGER we assume
that the spacecraft was travelling orthogonal to the magnetopause. Therefore, we estimate Vexg
by assuming Vexg ~ V6, where & is the dispersion wedge angle calculated geometrically from L
and d which are shown in Figure 1. L is the distance from the day-night terminator in the Xuso
direction and d is the thickness of the mantle in the Zyso direction. These are calculated using the
position of the spacecraft in the magnetosphere and its distance from the magnetopause. V is the
plasma velocity observed by the FIPS instrument. This is calculated from a weighted mean of
proton energy distributions based on the flux measurements. We then calculate E using Vexg and
the average observed magnetic field B by MAG. The cross-electric potential is determined by
®=Edy,;;, where dy,; is the magnetotail width and is taken to be ~5 Ry consistent with the average
values estimated previously [Slavin, 2003; Winslow et al., 2013; Sun et al., 2015]. For each

mantle crossing, this method is completed for every FIPS measurement over a single traversal
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and then averaged to produce a potential estimation for every event. For more details about this

method please refer to DiBraccio et al., [2015a].

There are uncertainties associated with our calculations. Firstly, the calculation is dependent on
our selection criteria, specifically the location of the outer boundary of the plasma mantle (the
magnetopause) from the observed magnetic variation, AB;. DiBraccio et al., [2015a] visually
identified the magnetopause based on magnetic field rotations. For this study, however, there is
not always a clear rotation at the boundary and our approach of utilizing magnetic field
variations i1s more appropriate for a larger dataset. It should be noted that this method is more
likely to select the most inner boundary of the magnetopause; therefore, our electric potential
calculations are likely lower limits. In comparison to the DiBraccio et al., [2015a] calculations
for the two mantle events observed on November 10" 2012 (~23 and ~29 kV), we calculated
potentials of ~21 and ~23 kV, respectively. This corresponds to a difference of ~9 and ~20% to
DiBraccio et al., [2015a] calculations. Using their selection criteria for the example shown in
Figure 2, the magnetopause would be selected at the field rotation observed at 18:03:45 UT (one
time tick to the right of the second vertical dashed line in Figure 2). The difference in the
calculated potential from their method in comparison to ours is the same to zero decimals.
Similarly we calculated the potentials for the event which shows the largest time difference
between the field rotation and our selection time. For the September 28" 2011 mantle event the
calculated potentials using the DiBraccio et al., [2015a] method (of magnetopause identification)
and ours Is ~23 kV and ~17 kV, respectively. This represents a difference of ~26%. Therefore
we estimate that our calculations may underestimate the potential by an upper limit of ~25% for
some (but not all) events. To account for this underestimation we present our estimated

potentials as 125% of the values calculated from this method.

Other uncertainties manifest themselves from the method we have used here. The width of the
magnetotail (di;) is the average value estimated by Winslow et al., [2013] which may vary by up

to 2 Ry. The value of L may also vary depending on where the solar wind particles were injected
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in the cusp [Raines et al., 2014] and where they mirror along their trajectory. Therefore our L
estimate is most likely a lower value, but it would not increase by more than ~0.5 Ry, since the
dayside subsolar magnetopause is located on average less than 0.5 Ry, from the surface of
Mercury [Winslow et al., 2013]. The FIPS instrument does not sample the complete plasma
velocity distribution due to its field of view constrictions, and therefore the speed may be higher

than the ones calculated here [Gershman et al., 2012].

A histogram of the estimated cross-magnetospheric electric potential for each plasma mantle
event (corrected for the underestimation as discussed above) is shown in Figure 5d. We estimate
a wide range of potentials at Mercury (1-74 kV). The average is ~19 kV and the median ~13 kV.
These values are lower than previous estimates [e.g. Imber et al., 2014; DiBraccio et al., 2015a].
However, our study includes all MESSENGER observations and does not focus on large
amplitude events (such as the large FTEs observed by Imber et al., 2014; and the large mantle
dispersion observed by DiBraccio et al., 2015a). Therefore our study includes quiet
magnetospheric conditions as well as the extreme events. We do observe a large variety of

potentials which shows that Mercury’s magnetosphere is very dynamic and active.
3.4.2 Estimating the plasma flux supply to the plasma sheet

Using the estimated ExB drift velocity from the previous section, we have also estimated the
subsequent particle flux that the plasma mantle supplies to the nightside plasma sheet located in
the magnetotail. We assumed the protons had pitch angles of 45° (from FIPS measurements the
observed pitch angles are largely 45-90°), with the magnetic field directed anti-sunward. We
estimated the particle energies that would be lost downtail (past the nightside tail reconnection
location) based on their observed energies (and therefore velocities) in comparison to the
estimated Vexg. Here, we assume that the nightside tail reconnection location is at ~3 Ry [Poh et
al., 2017]. We estimated the integrated flux in the mantle using this energy cutoff to estimate the

proton flux supply to the plasma sheet. This was done for every FIPS accumulation and then
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averaged for each mantle event (similarly to the cross-magnetospheric electric potential

discussed above).

Due to the locations of our plasma mantle observations occurring at large downtail distances
(up to -4 Ry in the X’-MSO direction), most of the observed protons during our crossings are
lost downtail. Only 7 of the 94 mantle crossings present plasma that enters the plasma sheet
planetward of the reconnection location. If we assume field-aligned pitch angles of 0°, this
number falls to 5. Assuming the particles have a close-to-perpendicular pitch angles (80°), 38 of
the mantle events measured protons that would populate the plasma sheet. The largest estimated
proton flux to the plasma sheet from a single mantle event is 1.5 x 108cm™s™. For the
calculations assuming the proton pitch angle is 80°, the average plasma flux to the plasma sheet
from our events (for when the mantle is able to supply the plasma sheet) was 3.6 x 10’ cm™@ s™.
Using the same method, we estimated the flux for sodium entering the plasma sheet and found
the largest to be 0.8 x 10® cm™ s™ and an average of 0.6 x 10® cm™s™. The average value is half
that for the protons. Even though the observed fluxes of protons are much greater in the mantle
than the sodium, due to the higher mass of sodium the parallel velocity is lower; therefore less
sodium is lost downtail in comparison to protons, and a larger fraction of the sodium enters the

plasma sheet.
3.5 When do we not observe the mantle?

We have also investigated periods in MESSENGER’s orbit when the spacecraft did not observe
the plasma mantle. We investigated magnetopause crossings in the nightside of the
magnetosphere within +/- 1 Ry in abberated Y’ uso direction. These trajectories can be seen in
Figure 6a and b (this is MESSENGER’s trajectory for five minutes equatorward of the
magnetopause crossing). For consistency with plasma mantle observations, we also removed any

trajectories that did not have the same FOV for FIPS as the mantle crossings. The mantle was
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observed with FOV angles greater than 45° away from the +Yyso direction. This removes ~5%
of the remaining trajectories. With these criteria there were 957 times when the mantle was not
observed. We obtained the IMF conditions for these events using the same method that we used
for the plasma mantle events (discussed above).

Figure 6¢-f compares the IMF conditions when the plasma mantle was observed (red) and not
observed (blue). Figure 6¢ shows the comparison of the IMF magnitude. For both, the
distribution peaks at the 25 nT centered bin. However, we can see that the mantle is much more
likely to be seen for IMF magnitudes at and below this value. We will show that the
magnetospheric potential increases for larger IMF magnitudes (shown below in Section 3.6).
However, this figure shows that we are less likely to observe the mantle for the much higher
magnitudes. This is because higher field strengths at the dayside magnetopause reconnection
location will produce higher parallel electric fields [Li et al., 2017]which are more likely to
create particle distributions with more field-aligned pitch angle velocities [Egedal et al., 2012].
This results in less particles mirroring, and instead more particles are lost to the surface. This

means that a plasma mantle is less likely to be formed.

Figure 6d compares the B orientation of the IMF to when we see and do not see the plasma
mantle. From this histogram, we conclude that the mantle is much more likely to be observed for

a southward (-Bz) pointing IMF than a northward one.
3.5.2 Dependence on the IMF Bx component

Figures 6e and 6f show the mantle observation with the Bx IMF component for southward (-Bz)
and northward (+B7) directed IMF, respectively. We separated the Bx observations into
northward and southward By to try and eliminate the possibility of mistaking any radial
dependency on the north-south component of the IMF. We can see that for both cases we are
more likely to observe (in the southern magnetosphere for our trajectory) plasma mantle for -By,

than for +Bx. From the distribution and the comparison of the means and medians between when
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MESSENGER observes the mantle and when it does not, it appears that the Bx component is
more likely to have a stronger effect when By is northward, and therefore reconnection is

occurring at the high latitude magnetopause.

Our Bx correlation results are inconsistent with models [Sarantos et al., 2001; Massetti et al.,
2007], where the results indicate the opposite correlation of +Bx conditions in IMF favouring the
southern cusp (we observeve -Bx conditions favouring the southern mantle and therefore the
southern cusp). However, observations of exospheric sodium emission and their correlation to
the IMF (specifically Bx) agree with our results [Mangano et al., 2015; Massetti et al., 2017].
Mangano et al. [2015] had the strongest correlation (78%) to their observation of enhanced
emission in the northern exosphere was with +Byx, and also more frequent (73%) when the IMF
had large magnitudes (>25 nT). Masseti et al., [2017] also mentioned that they observe a Bx
correlation that is opposite to the previous modeling work, however do not discuss this further.
The modeling does not explicitly explore varying Bx with consistent By and Bz values, and
largely just explore the behavior with regards to typical parker spiral conditions. We therefore
suggest that previous modeling studies do not agree with the growing body of observational
results, which may be due to this lack of consistency.

3.6 Other Solar wind correlations

Comparisons of the solar wind to the estimated cross-electric magnetospheric potential are
shown in Figure 7. The error bars are the representations of the variability of the IMF observed
over the 20 minute interval in comparison to the 2 minute average (discussed above). Shown in
grey are box and whisker plots to represent the interquartile range and the median (see caption

for details).
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The strongest correlation of the estimated potential was to the observed magnetic field
magnitude |Bmr)| (Figure 7a). We used Deming regression to fit for a line of best fit (red line).
Higher values of the |Buwvr)| would increase the field strength in the magnetosheath, and therefore
would produce a lower plasma 3 (thermal to magnetic pressure ratio) in the magnetosheath. A
lower plasma B has been shown to make reconnection much more likely at the magnetopause
[Swisdak et al., 2003] and has been observed at Mercury [DiBraccio et al., 2013].

A weak correlation was observed with both the Byurand the Bz qwr) orientation (Figure 7b), with
the potential on a colored scale. We see that the low potential estimates (bluer colors) are
clustered at lower Byyr values and Bz values closer to O nT. For larger Bywe (> 35 nT ) and more
negative Bz (< 10 nT) the potential is generally higher (red colors). We can see that the potential
is therefore dependent on both higher IMF magnitudes and more southward orientated IMF.

Figure 8a shows the dependence of the observed magnetic field strength in the mantle to the IMF
field magnitude. As the latter increases so does the former. As the reconnection rate increases
due to a higher IMF magnitude more magnetic flux is transported from the dayside into the

nightside which increases the observed magnitude in the plasma mantle.

Figure 8b shows a histogram of the IMF By component strength divided into three groups: blue
for plasma mantle observations in the noon sector (23:00 to 01:00 local time in abberated
coordinates), red for observations at dawn (after 01:00 LT) and green for observations at dusk
(before 23:00 LT). The bins for noon observations peak near 0 nT, whilst the dawn and dusk bins
peak for — By and + By IMF fields. Therefore, we can see a strong dependence of the location of
the plasma mantle observation on the orientation of the IMF By component. If the IMF has a
large component in the +By direction, then the reconnected field line has a convection direction
towards dusk, resulting in the plasma mantle to be more likely to be observed there. This effect
has been previously observed at Earth [e.g. Gosling et al., 1990; Cowley et al., 1991; Pitout et
al., 2006].
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3.7 Online supporting material

In the online supporting material we provide a list of mantle event times and we present the

event described in the error discussion of section 3.3 (September 28" 2011).
4 Discussion and Conclusions
4.1 Discussion

We have presented a survey of southern plasma mantle observations at Mercury’s
magnetosphere using data from the ion and magnetic field measurement taken by the FIPS and
magnetometer instruments, respectively. There were 94 mantle crossings in the southern
hemisphere analyzed in this study. The trajectory of the spacecraft is such that only the southern
mantle is observed on consequent MESSENGER orbits. The plasma in the mantle forms as a
consequence of magnetic reconnection on the dayside magnetopause that injects magnetosheath
plasma into the magnetosphere, that then mirrors in the cusp and is travelling anti-sunward in the
nightside tail. The average mantle proton and sodium number densities were found to be 1.5 and
0.004 cm™, respectively. Due to the northward offset of Mercury’s magnetospheric dipole
[Anderson et al., 2011], north-south asymmetries have been observed in the magnetospheric
plasma measurements [Korth et al., 2014]. We do not expect the southern plasma mantle
characteristics presented here to represent the northern mantle due to the above mentioned

asymmetry.

We studied the IMF conditions for which these mantle observations took place in, by averaging
the IMF outside the bow shock for two minutes (and 20 minutes to account for any variability).
We also compared these observations to times when MESSENGER did not observe the mantle
but could have (by location and field of view of the FIPS instrument). There were 957 orbits
where one would expect to observe the plasma mantle in the MESSENGER data. This
demonstrates that the plasma mantle is not a permanent feature of Mercury’s magnetosphere. If
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we assume that reconnection at Mercury’s dayside magnetopause is occurring near continuously,
then this means that most of the particles injected into the cusp are lost to the planet (and do not
mirror to form the plasma mantle). Superposed cusp ion observation analysis shows that ions are
mainly observed to be flowing towards the planet with pitch angles of 0-90° measured in the
northern cusp [Poh et al., 2016]. These observations took place close to the mirror point, so we
assume that most of these particles did not mirror, and would not be able to form the mantle,
supporting our idea that the mantle is not a permanent feature of Mercury’s magnetosphere.
However there are limitations to this conclusion. The supporting work only superposed 16 cusp
events [Poh et al., 2016]. Although this gives a good presentation of the cusp, the number of
events used is not large enough to give a more statistical idea of Mercury’s cusp ions. Also, not
observing the plasma mantle with MESSENGER does not mean that the mantle is not always
there, but could mean that the spacecraft did not cross at the correct local time, since the By
component of the IMF has a moderate effect on the mantles location. However, even with these
limitations, the fact that the mantle is observed so little of the time (<10%), we would not expect
MESSENGER to “miss” the mantle 90% of the time. Therefore, we believe that our conclusion

is correct and the mantle is not a permanent feature of the nightside magnetosphere.

Comparing to orbits when MESSENGER did not observe the mantle we see that the mantle is
more likely to be seen at IMF magnitudes less than ~30 nT. We attribute this to higher IMF
magnitudes producing more intense reconnection at the dayside magnetopause due to the higher
parallel electric fields, which will more likely inject particles with field-aligned pitch angles, that
will not mirror and therefore not produce an observable mantle [Egedal et al., 2012; Li et al.,
2017].

The plasma mantle is observed for a variety of IMF orientation, which supports previous work
[DiBraccio et al., 2013; Slavin et al., 2014], that reconnection at Mercury can occur for low shear
angles. However, our results also show that reconnection still favours southward IMF

orientations, with more plasma mantle events observed for —Bz IMF. This shows that Mercury
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does have an Earth-like response with a dependence on the B orientation. We also find that —Bx
IMF conditions favour the southern mantle and therefore southern cusp. This agrees with
previous results using remote sodium exospheric emission observations [Mangano et al., 2015;
Massetti et al., 2017] but disagrees with previous modeling investigating this correlation
[Sarantos et al., 2001; Massetti et al., 2007]. We suggest that previous modeling results do not
agree with the growing body of observational results because they do not explicitly focus their
investigation into exploring this effect, and therefore lack consistency between model runs. This
Bx effect should however be investigated further.

The plasma mantle observations exhibit an ion energy dispersion. This is evident due to the
trajectory of the spacecraft which is near orthogonal to the magnetopause. The tailward traveling
ions experience an ExB drift towards the plasma sheet. lons with higher energies have a larger
parallel velocity and therefore, their tailward motion is less affected by the ExB drift in
comparison to lower-energy ions. This means that higher energy ions are observed nearer the
magnetopause. Using this observed phenomenon, we calculate the ions ExB velocity to estimate

the electric field and subsequently the cross-electric magnetospheric potential, ®.

® is an important value to estimate as it is a measurement used to characterize the input of solar
wind energy into a planet’s magnetosphere. It is therefore useful in understanding a planet’s
coupling to the Sun. For Mercury, this value has been estimated in previous work, using different
methods. Slavin et al., [2009] reported a value of ~30 kV during the second Mercury flyby by
MESSENGER. Imber et al., [2014] used the flux content found in flux transfer events observed
at Mercury to estimate a potential of ~25 kV, and DiBraccio et al., [2013] found an average of
~29 kV from dayside magnetopause crossings. Analysing two plasma mantle case studies,
DiBraccio et al., [2015a] estimated values of ~23 and ~29 kV.

We find a wide spread of calculated potentials (1-74 kV), ~66% of the observations are below 20
kV and ~80% are below 30 kV (see Figure 5d). The average is found to be ~19kV and the
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median ~13 kV. Therefore, our results show that the potential is lower at Mercury than
previously thought. However, this is not completely surprising considering that previous
estimates focus on observations of large events, such as the FTES observed by Imber et al.,
[2014] and one of the clearest plasma mantle crossings analysed by DiBraccio et al., [2015a].
These studies are more likely to omit events when Mercury’s magnetosphere is less dynamic and
produces quieter, less intense observations. Our study focuses on a larger number events, is the
first of its kind, and therefore is a more accurate representation of Mercury’s magnetosphere. The
wide spread of estimated cross-magnetospheric potentials reveals how dynamic Mercury’s

magnetosphere is, and how much the solar wind interaction can vary.

The strongest correlation we found between the estimated potential and the IMF, was the
observed magnetic field magnitude of the interplanetary magnetic field (see Figure 7a). Stronger
IMF magnitudes led to higher cross-magnetospheric potentials. However, we did not find as
strong a correlation between the north-south (Bz) component of the IMF and the potential as with
the magnitude. We do however observe higher potentials when both the magnitude and —B are
large (Figure 7b). These results support previous observations [DiBraccio et al., 2013] that
reconnection at Mercury can occur for a variety of shear angles, unlike at Earth or the outer
planets. However, three-quarters of our observations do occur with shear angles greater than 90°.
This shows that although reconnection can occur at various shear angles at Mercury, Mercury is
still very similar to other planets where reconnection is most likely to occur with higher rates
when the IMF and magnetospheric field have a high shear angle like at Earth and the outer

planets.

The calculated potentials are lower than the upper limit at Earth, ~200 kV [Kivelson and Ridley,
2008], and the reconnection voltages at the outer planets, Uranus and Neptune, which have been
estimated to be ~40 and ~35 kV [Masters, 2014, 2015]. These however, are upper values that
might not be observed due to ionospheric saturation effects. The cross-electric magnetospheric

potential is affected by the ionospheric conductivity, which when high enough, affect the
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currents closing in the polar cap that then limit reconnection by affecting the magnetic field at
the magnetopause [e.g. Rassbach et al., 1974; Hill et al., 1976], so that ® <2/3 dgy [Slavin,
2004], for planets with a significant atmosphere. However, for Mercury this is closer to @ ~ @y
due to the low conductivity of its ionosphere. Therefore, large values at Earth (150-200 kV) are
rarely seen, with values closer to 50-100 kV considered more typical [e.g. Siscoe et al., 2002a,
2002b]. Consequently, the potentials calculated in this study are comparable or larger than those
at Uranus and Neptune, and usually lower than the values for Earth. The average of ~19 kV is
also remarkably close to ~17 kV predicted by Hill et al., [1976].

Even after the end of this mission, the MESSENGER spacecraft is still providing us insight into
Mercury’s highly dynamic and small magnetosphere. We have found that although Mercury’s
magnetosphere is the most highly driven by its interaction with the solar wind in comparison to
other planets in the solar system, at times it is not as highly driven by the solar wind as
previously thought. This is mainly due to our study being statistical in nature, whilst previous
reports have focused on large events. However, further work is required to elucidate the nature of
this interaction, specifically the exact role of flux transfer events in a full comprehensive

statistical survey.
4.2 Conclusions

We have presented and analysed 94 observations of the southern plasma mantle, and 957 events
when MESSENGER did not observe a plasma mantle in the south (and could have done with
FIPS). From the plasma mantle observations we estimated the cross-electric magnetospheric
potential. We have learnt that: 1) For the southern plasma mantle the mean and median proton
number density is 1.5 and 1.3 cm™ respectively, and for sodium number density these values are
0.004 and 0.002 cm™. 2) The highest estimate of proton and sodium flux contribution of the
mantle to the plasma sheet are 1.5 x 10%cm™ s™ and 0.8 x 10°%cm™ s, respectively. 3) The

formation of the plasma mantle is strongly dependent on the upstream IMF magnitude. The
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potential increases for larger IMF magnitudes, however much higher magnitudes than ~30 kV
are less likely to form a plasma mantle as the particles are less likely to mirror on the dayside. 4)
Even though reconnection and particle injection can occur for all shear angles at Mercury, there
is however still a strong Earth-like preference for reconnection to occur for southward IMF
orientations. 5) The southern mantle and therefore the southern cusp is more likely to be
observed with antisunward (-Bx) orientations. 6) The orientation of the IMF in the By dictates
whether the mantle is observed more duskward (for + By) or more dawnward (for —-By) of the
noon-midnight meridian. 7) the cross-electric potential is often lower than previous studies
reported, which shows that at times Mercury’s magnetosphere can be less dynamic than

previously thought.
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Figure 1. An example of a MESSENGER trajectory on an average orbit in Mercury’s
magnetosphere and the associated observations. Top: a schematic of Mercury’s magnetic field
with the cusp (yellow shading) and mantle (red shading) highlighted and the corresponding
trajectory of MESSENGER (shown in green). The directions of the drift velocity (Vexg), parallel
velocity (V) and the thickness d and length L are also shown. Bottom: a) FIPS proton counts

This article is protected by copyright. All rights reserved.



with the observed energy dispersions in the cusp (1) and mantle (2) underlined in red, (b) the
three components of the observed magnetic field (MAG) in MSO coordinates, (c) magnitude of
the magnetic field (MAG). The following acronyms are used: “SW” for solar wind, “M’sheath”
for the magnetosheath, “IMF” for the interplanetary magnetic field, “BS” for the bow shock,
“MP” for the magnetopause and ‘DEF’ for differential energy flux.
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Figure 2. An example of a mantle observation on an outbound (anti-planetward) trajectory from
the 10™ of October 2011. The southern lobe and magnetosheath are observed before and after the
plasma mantle, respectively. (a) FIPS ion energy spectrogram showing the differential energy
flux (DEF). The green dots represent the lowest energy bin observed to have a signal to noise
ratio of > 2.0, and a fit to these energies is shown in red to highlight the energy dispersion
observed in the FIPS data. (b) FIPS calculated proton density moment, (c) FIPS Sodium counts
per accumulation, (d) three components of the magnetic field observed by MAG and (e)
magnetic field magnitude (MAG).
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Figure 3. An example of a mantle observation on an inbound trajectory (planetward and
equatorward) from the 10™ of April 2015. The order in which the regions are observed is
opposite to Figure 2, with the magnetosheath observed before and the lobe after the mantle. The

format is the same as Figure 2.
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Figure 4. The average proton (a-c) and sodium (d-f) density maps of the observed plasma mantle
events by the MESSENGER FIPS instrument. The locations are shown in abberrated Mercury-
Solar-Orbital (MSO) coordinates where X’ points from Mercury’s center towards the oncoming
solar wind, Z’ is perpendicular to the orbital plane pointing northward, and Y’ completes the
right hand set. The panels on the left (a and d) are a view from dusk (X’-Z”) with model
magnetospheric field lines shown in grey obtained from the global magnetospheric MHD model
of Mercury [Jia et al., 2015]. The panels on the right are projections of the X’-Y” (right) and Y-
Z’ planes (left). A model magnetopause is calculated using the Shue et al., (1997) magnetopause
formulation, with a superimposed dipole offset of 0.196 Ry which has been found at Mercury
[Anderson et al., 2011, 2012; Johnson et al., 2012].
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Figure 5. Histograms of the the averaged (over event) proton (a) and sodium (b) number density
measurements. The densities are also divided into the estimated solar wind B orientation (-Bz is
red, +Bzis blue). Panel ¢) shows the sodium to proton density relationship. Panel d) is a
histogram of the cross-electric magnetospheric potential estimates.
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Figure 6. Results regarding the analysis of when we do not observe the plasma mantle. Panels a-
b) show the trajectory of MESSENGER for five minutes inwards of the of the magnetopause in
the X’-Y” and Y’-Z’ planes, respectively (in abberated MSO coordinates). Panels c-d) show
histograms of the IMF magnitude and Bz conditions for when we see the mantle (red) and do not
see the mantle (blue). Panels e-f) show the Bx component strength for - Bz and + Bz respectively.
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Figure 7. The plasma mantle potential estimates compared to the associated solar wind
conditions: (a) the estimated cross-magnetospheric electric potential compared to the magnetic
field magnitude of the IMF observed in the solar wind. The data is shown as box and whisker
plots in grey, were the box represents the interquartile range (IQR), the central line shows the
median and the whiskers length are 1.5 the IQR. These box plots were calculated for solar wind
conditions in groups of 10 nT (0-9.9, 10-19.9 nT etc.). Panel b) shows the estimated potential
dependence on both the IMF magnitude and the IMF B_.
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Figure 8. Panel a) shows the dependence of the observed mantle magnetic field strength on the

IMF magnitude; (b) shows the location of the mantle observations compared to the By
orientation of the IMF. The mean IMF By strength is shown at the top for each sector.
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