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Abstract:

The structure, X-line location and magnetohydrodynamics (MHD) stress balance of
Mercury’s magnetotail were examined between -2.6 < Xysm < -1.4 Ry using MESSENGER
measurements observed from 319 central plasma sheet (CPS) crossings. The mean plasma [3
in the CPS calculated from MESSENGER data is ~ 6. The CPS magnetic field was
southward' (i.e., tailward of X-line) ~ 2 — 18% of the time. Extrapolation of downtail
variations in Bz indicates an average X-line location at -3 Ry. Modelling of magnetic field
measurements produced a cross-tail current sheet (CS) thickness, current density and inner
CS edge location of 0.39 Ry, 92 nA/m? and -1.22 Ry, respectively. Application of MHD
stress balance suggests that heavy planetary ions may be important in maintaining stress
balance within Mercury’s CPS. Qualitative similarities between Mercury’s and Earth’s
magnetotail are remarkable given the differences in upstream conditions, internal plasma

composition, finite gyro-radius scaling, and Mercury’s lack of ionosphere.
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1. Introduction

The dominant process transferring solar wind energy into Mercury’s magnetosphere is
magnetic reconnection at the dayside magnetopause [Slavin et al., 2009; DiBraccio et al.,
2013]. Following dayside reconnection, opened magnetic flux is transported anti-sunward by
the flow of the solar wind, forming a magnetotail with two open magnetic field regions, i.e.,
the two tail lobes. These open field lines have one end connected to the planetary magnetic
field and the other to the interplanetary magnetic field (IMF). The northern and southern tail
lobes contain fields oriented in opposite directions. Separating the two tail lobes is the higher
S (i.e. ratio of plasma thermal to magnetic pressure) and closed field line region known as the
plasma sheet. Between each tail lobe and the plasma sheet is a region of lower-$ (~ 0.1 at
Earth [Baumjohann et al., 1988]) flux tubes recently “closed” by magnetic reconnection
known as the plasma sheet boundary layer (PSBL). The CPS layer contains an embedded
cross-tail current, which flows in the dawn-to-dusk direction [Rich et al., 1972]. The crossing
of a CPS is identified by the reversal of the sunward/anti-sunward component of the magnetic
field and a decrease in the magnitude |B|. Due to the weak magnetic field and presence of hot,

dense plasma, g is typically >> 1 in Mercury’s CPS [Gershman et al., 2014].

The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft conducted three flybys of Mercury before it became the first spacecraft to orbit
Mercury.on 18" March 2011. During these flybys, MESSENGER sampled Mercury’s
magnetotail at downtail distances up to 3 Ry away from Mercury and provided an
opportunity to characterize the structure and dynamics of the magnetotail. Initial analysis of
MESSENGER flybys data [Slavin et al., 2010; 2012a] have shown that Mercury’s
magnetotail is highly variable with timescales of seconds to minutes, which is consistent with
the high magnetopause reconnection rates that had been predicted for Mercury [Slavin and

Holzer, 1979]. MESSENGER observed relatively large magnetic field component normal to
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the magnetopause [DiBraccio et al., 2013] and showers of large flux transfer events [Slavin et
al., 2012b; Imber et al., 2014], which are indicative of high magnetopause reconnection
activity, increase the tail magnetic flux content by up to a factor of 2 [Slavin et al., 2010;
20123] via the Dungey cycle [Dungey, 1961] at Mercury. This intense loading of magnetic
flux in the lobes increases the overall flaring of the nightside magnetopause and enhances the
solar wind pressure exerted on the magnetotail. These pressure enhancements lead to thinning
of the cross-tail CS and tail reconnection. Observations of plasmoids [Slavin et al., 2012a;
DiBraccio et al., 2015; Sun et al., 2016], dipolarizations [Sundberg et al., 2012] and
substorms [Slavin et al., 2010; Sun et al., 2015] strongly support the rapid dissipation of
magnetotail energy through magnetic reconnection in a manner similar to that observed at
Earth [Sharma et al., 2008]. MESSENGER’s orbit around Mercury provided continuous
magnetic field [Anderson et al., 2007] and plasma ion [Andrews et al., 2007] measurements,
which allow the large-scale structure in Mercury’s magnetotail to be characterized. Here we

examine-the structure, X-line location and MHD stress balance in Mercury’s magnetotail.

2. MESSENGER Instrumentation and Tail Current Sheet Crossing Identification

In this study, we utilize the full-resolution data from MESSENGER’s Magnetometer
(MAG) (20 vectors/s) and Fast Imaging Plasma Spectrometer (FIPS) (1 energy scan/10s).
Figure 1a shows MESSENGER’s magnetic field observations during a traversal of Mercury’s
cross-tail CS on 3 February 2013 in the aberrated Mercury solar magnetospheric (MSM”)
coordinate system. The MSM system is centered on Mercury’s offset internal dipole [Alexeev
et al., 2010; Anderson et al., 2011], the X- and Z-axes are sunward and parallel to the
planetary spin axis, respectively. The Y-axis completes the right-handed system. We

accounted for the aberration effect (i.e., orbital motion of Mercury with respect to the solar
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wind) by rotating the MSM X- and Y-axes such that X’ is opposite to the solar wind velocity
vector and corresponds to the central axis of the magnetotail. The rotation angle was
calculated using daily averages of Mercury’s orbital motion and an assumed radial solar wind
velocity of 400 km/s. In Figure 1, the spacecraft first encountered the southern lobe,
characterized by the strong, low-variance magnetic fields of ~ 60 nT, predominantly oriented
in the negative Bx- direction. The PSBL (yellow) was identified by small decreases in |B| (~
10%) and moderate fluctuations of ~ 20 nT as compared to the lobe field [Slavin et al., 1985].
The spacecraft then entered the CPS (red) characterized by a further decrease in the |B|, and
reversal of Bx:- across the magnetotail current layer. Lastly, MESSENGER entered the
northern lobe when |B| increased back to 60 nT with low levels of fluctuations in |B|. Before
exiting into the northern lobe, MESSENGER observed two large-scale CS oscillations or
flapping motions (i.e., fluctuations in Bx:, which are common in planetary magnetotails [see

Volwerk et al., 2013]).

We surveyed four years of MESSENGER’s MAG data and identified a total of 319 CPS

crossings-based on the following selection requirements:

e Well-defined boundary between the moderately fluctuating magnetic field intensity in
the PSBL and the highly fluctuating, large decrease in magnetic field intensity in the

CPS.

e Clear reversal of B, embedded in the CPS corresponding to the cross-tail CS.

e Average |B| in the CPS must be less than 50% of the |B| lobe averaged over the lobe

interval during individual traversal.

The locations of each of the CPS crossings identified in this study are plotted in Figure 1b in

the equatorial (Xysp—Ymsy) and meridional (Xpsy—Zysy) Planes along with the T96-
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modelled magnetic field lines [Tsyganenko, 1996] scaled to the size of Mercury’s
magnetosphere by dividing with a factor of 8 [Ogilvie et al., 1977]. The CPS crossings were
evenly distributed around midnight (Y, ~ 0) and covered a range of downtail distances

from -1.1 - -3.0 Rw.

3. Analysis

3.1 Downtail Variation of CPS and Lobe Magnetic Field

We examined the variation of the magnetic field intensity in the lobe (Bione) and CPS
(Beps) as a function of downtail distances (i.e., Xs). Using MESSENGER’s (MSGR) and
Mariner 10’s (M10) flyby magnetic field data, Slavin et al. [2012a] showed that a power law
relation can be used to describe the decrease in Bjgne With X,,¢,, due to the decrease in flaring

of the magnetotail as it becomes more cylindrical:

|Biope| (IXpsml) = AlXpysml® + By (1)

where A is the scaling constant, G is the power-law exponent and B, is the asymptotic
magnetic field. The MSGR <Bjope> Vvalues are averaged in 0.1 Ry bins along X;,,, for the
entire orbital phase and displayed in Figure 2a. Our result shows that Bjgpe falls off with G ~
3.1 £ 0.1 and has an asymptotic value of By ~ 41.4 + 1.4 nT. The fitted curve suggests that
lobe flaring ceases near X, ~ -3.5 Rm, where Bjohe becomes constant. Figure 2b shows the
MSGR <Bcps> for orbital phase as a function of X,,s,,, where all measured Bcps values are
averaged in 0.1 Ry bins. Our results show that <Bcps> decreases with G ~ -8.9 + 0.1 and
asymptotes at X,y ~ -1.8 Rmwith By ~ 16.6 £ 0.7 nT. As compared to Slavin et al. [2012a]
earlier analysis of Mercury’s CPS during the first flyby (M1) when the IMF was northward,

our observation of weaker magnetic field is attributed to the presence of a denser and hotter
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plasma sheet. In fact, assuming pressure balance between the lobe and CPS, we can derive an

equation for the CPS g = [(M) - 1]. The asymptotic lobe and CPS field intensities

Bips
determined earlier imply an average value of # ~ 5.2. This agrees with our calculated g of ~

6.5 using FIPS measurements (not shown here).

The normalized probability distribution of Bz in Figure 2c is derived by binning all
measurements into 5 nT bins of Bz, four X,,¢,, ranges between -1.4 to -2.6 Ry at intervals of
0.3 Ry and within £0.4 Ry away from Yy, = 0. In a 2-dimensional geometry of the X-line,
the two anti-parallel lobe fields reconnect to form closed (open) magnetic field lines which
move sunward (anti-sunward) at the local Alfvén speed. The closed, sunward (open, anti-
sunward) moving magnetic field line has a positive (negative) Bz polarity. Figure 2c shows
that Bz is predominantly positive for all Xy, ranges and the <Bz> of the distributions
decreases with increasing X;,s,,. Therefore, we can conclude that MESSENGER crosses the
CPS slightly planetward of the statistical X-line, also known as the Near Mercury Neutral
Line (NMNL), most of the time. Not shown here, the mean of all measured Bz measurements

is~9.5nT.

The probability distribution in Figure 2c also shows that MESSENGER spent ~ 2% of the
CPS _crossing occurred tailward of the X-line (Bz < 0). As X,y decreases, the time
MESSENGER spent tailward of the X-line also increases. At the furthest downtail region (-
2.3< Xysy (Rm) <-2.6), MESSENGER spend ~ 18% of its CPS crossing time tailward of the
X-line. Figure 2d shows the relationship between the percentage time MESSENGER spent
tailward of the X-line (Zt) and X, . We fit the data using an exponential function and

estimated the statistical location of the NMNL (i.e., £t = 50%) to be X5y ~ -2.95 Rw.
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3.2. Harris Current Sheet Modelling

Due to MESSENGER’s highly-inclined (~ 80°) orbit, the spacecraft trajectories through
the cross-tail CS are expected to be nearly normal to the tail current sheet on average. The
Harris current sheet model [Harris, 1962] is the one-dimensional equilibrium solution to the
Maxwell-Vlasov equation that describes the planetary magnetotail magnetic field structure in
the Zy,5), direction. It has been used extensively in magnetotail studies by Cluster [e.g.,
Nakamura et al., 2002; Narita et al., 2013] and reconnection simulations [e.g., Birn et al.,

2001]. The relationship between Bx and the cross-tail current density (Jy) is given by:

Z— 7

Bx(z) = B, tanh( ) (2)

B —
Jy(2) = MO—OLsech2 (Z LZO) 3)

where By is the asymptotic lobe field, zo is the north-south position of the CS center and L is
the characteristic half-thickness of the CS. These are free parameters, which we determined

by a least-square fitting procedure of the Harris model to the magnetic field measurements.

Figure 3a shows MESSENGER’s trajectory across the cross-tail CS on 23 August 2011 in
the meridional plane. Due to the high-latitude (~ 60°) periapsis of its orbit, MESSENGER
moved rapidly towards Mercury at high northern latitudes, as it leaves the CPS, and the
dipole magnetic field becomes dominant. For this reason, the fitting procedure is performed
only for the southern half of the CS (i.e., Bx < 0). To remove the high frequency Bx
fluctuations common to Mercury’s CPS, 40-s sliding boxcar averages of the magnetic field
are used to low-pass filter the data prior to fitting. Figure 3b shows the averaged Bx
measurements (black) and the Harris model result (red) for the 23 August 2011 CPS crossing
asa function of Z;,s,. The normalized chi-square  for this fit is 0.005. This event meets the
requirement of y* < 0.01 that we have set for acceptable fits. Out of the 319 cross-tail CS

crossings identified in this study, 234 (~73%) were found to fit the Harris model with »* <
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0.01. The high percentage of successful model fits suggests that the longer-wavelength
structure-of Mercury’s cross-tail CS is usually well-represented by a Harris-type CS. Figures
3c and 3d show the distribution of full thickness (2L) and current density averaged over each
CS crossing (Jcs) calculated from the Harris fitting procedure, respectively. Our analysis
indicates that Mercury’s CS has a mean <2L> and <Jcs> of ~ 0.39 Ry and ~ 92 nA/m?,

respectively.

3.3. Downtail Variation of Bz and Plasma Pressure in the Central Plasma Sheet

We also examined how B in the CPS varies with X;,¢,,. The measured B in the CPS can
be modelled as a superposition of Mercury’s intrinsic northward dipole field (BzpipoLg),
magnetic field perturbations due to the cross-tail CS (6Bz) and the contribution from
Chapman-Ferraro current on the magnetopause surface (Bzcr). Bzcr decreases approximately
as 1/r away from the magnetopause surface. With a total current of ~ 10° A, we estimate that
Bzcrisonly ~ 1 — 4 nT in the CPS, which is negligible as compared to Bz pjpoLe or dBz.

Hence, the Bz cr term is ignored in our calculations.

The Bz and Bz pipoLe as a function of X, are shown in Figure 4a. We calculated 8Bz by
subtracting Bz pipoLe from Bz as a function of X, as shown in Figure 4b. These data show
a distinct local minimum at X;,¢,, ~ -1.22 Ru. This minimum corresponds to the inner edge of
the CS, where the southward magnetic field perturbation from the CS is the strongest and
decreases exponentially sunward from this point. We also calculated the magnetic field
perturbation of a two-dimensional semi-infinite CS slab model (red line) with thickness and
uniform current density of ~ 0.39 Ry and 78 nA/m? taken from our fitting of the Harris model
to the magnetic field profiles measured across the CS. The locations of the inner and outer

edge of the CS slab model are free parameters in the least-square fitting between Xy, ~ -
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1.05 to -2.85 Ry. The outer edge of the CS slab model is ~ -4.5 Ry. We used the median,
instead of the mean, of the current density distribution in this slab model since the median is a
more accurrate measure of the true distribution due to the presence of outliers (events with

high current density).

We also determined the downtail variation of the thermal plasma pressure in the CPS
using the FIPS H* plasma data (Pg rips). In this manner, the H* density (n) and temperature (T)
were determined with ~ 1 minute resolution and used to compute <Py rps> for each CPS
crossing. The values were used to determine the downtail variation as shown in Figure 4c.
The downtail profile of Py, rips is similar to that of |B.obe|2, which is expected when the CPS
plasma thermal pressure is balanced by the lobe magnetic pressure. To determine the global
stress balance of Mercury’s CPS, we approximate, to zero-order, the downtail profile of
Pihrips between X,y = -1.2 and -2.2 Ry to be linear. It was found that <Py, gips™> decreases
linearly at a rate of ~ 0.62 + 0.02 nPa/Ry and reaches a constant value of ~ 0.7 nPa at X,y ~

-2.0 Rw.

3.4 Central Plasma Sheet Stress Balance
For an isotropic plasma sheet in static equilibrium (i.e., % = 0), VP must be balanced by

the magnetic stress (J x B) (i.e., VP = J x B). Given <Jcs> ~ 78 nA/m? and <B,> ~ 9.5 nT
as determined earlier, we estimate the <J x B> stress to be ~ 1.81 nPa/Ry, which is ~ 3 times
greater than ‘f—;h (~ 0.62 nPa/Ry) determined by FIPS. The discrepancy suggests that pressure

gradient in the H" ions alone is insufficient to maintain stress balance in the measured
magnetic field in Mercury’s CPS. This begs the question of whether the pressure gradient
contribution from the heavy planetary ions plays an important part in maintaining equilibrium

in Mercury’s CPS as is the case in Earth’s magnetotail [Kistler et al., 2005]. Gershman et al.,
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[2014] showed that Na* ions are present with a number density ~ 10% of the H" density. For
the heavy planetary ions to play an important role in maintaining equilibrium in Mercury’s
CPS, the rate of decrease of plasma pressure with X;,¢,, would have to be greater than that of
the protons. Rich et al. [1972] showed that pressure anisotropy in the dominant H ion is
required in Earth’s CPS to maintain stress balance. However, further analyses of the FIPS
measurements, which are beyond the scope of this study, are required in order to evaluate the
possible role of proton temperature anisotropies in maintaining equilibrium within Mercury’s

CPS.

4. Discussion and Summary

We have conducted the first comprehensive study of Mercury’s central plasma sheet and
the embedded cross-tail current sheet using MESSENGER’s MAG and FIPS measurements.
Results from the analysis of 319 cross-tail CS traversals indicate that the magnetic field
profiles are well-described using a Harris model, with full CS thickness and mean current
density of 0.39 Ry and 92 nA/m? respectively. This thickness is in good agreement with
earlier results [Johnson et al. 2012; Sun et al. 2016]. Our current density determination is
much higher than at Earth, i.e., ~ 4 to 25 nA/m? [Artemyev et al., 2011], but it is in good
agreement with global MHD simulations of Mercury’s magnetosphere [Jia et al., 2015].

We also report the first determination of the inner edge of Mercury’s CS derived from
MESSEGNER’s magnetic field data. This local minimum in 6B indicates that the inner edge
of the CSis located at ~ -1.22 Ry. At Earth, the inner edge of the CS is located at X, ~ 10
— 12 Rg during quiet intervals and shifts earthward to ~ 6 — 7 Re during active times [Wang et
al.; 2004; Kalegaev et al., 2014]. Using the scaling factor of ~ 8, the quiet-time location of
the inner edge of Mercury’s CS based on the Earth value would be ~ 1.25 Ry, which agrees

well our MESSENGER results. Determination of the inner edge location is important to
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better constrain the physical properties of Mercury’s CS in empirical [Alexeev et al., 2010,
Korth etal., 2015] and global simulation models [Travnicek et al., 2007; Jia et al., 2015].
Our statistical analyses of the MESSENGER data show that B, decreases with
increasing X,,s), With an exponent of ~ 3.1. At Earth, this exponent ranges from ~ 0.9 to 2.7
for downtail distances [Nakai et al., 1999], which is lower than our Mercury results. This
suggests that magnetotail flaring should cease comparatively closer to Mercury than is the
case at Earth. At Earth, the flaring of the lobes is observed to cease at Xgsm ~ -100 — -120 Re
[Slavin et al., 1985]. We would expect flaring of Mercury’s lobe to cease at ~ -12 — -15 Ry,
which is outside the range of MESSENGER’s orbit. Hence the distance at which the flaring
ceases is still an open question, calling for future measurements at X;,,, < -3 Rm. The rate of
decrease of Bcps was also shown to follow a power law, with an exponent of ~ 8.9. The
corresponding rate of decrease in Earth’s CPS ranges from ~ 1.14 to 3.36 for different
downtail distances [Nakai et al., 1999], which is significantly slower than the Mercury values

determined here.

Our analysis shows that the <Bz> in the CS region sampled by MESSENGER is primarily
positive, which suggests that the spacecraft spent most of its time crossing the CS planetward
of the NMNL. The estimated mean location of the NMNL based upon the rate of decrease in
Bz is ~ =2.95 Ru. The location of the near Earth neutral line (NENL) had been a widely
debated within the community due to importance of reconnection onset location in substorm
models. Similarly, the location of the NMNL is important in understanding Mercury’s plasma
sheet conditions during substorm initiation. The average NENL location has been shown to
occur between Xgsm ~ -20 and -30 Re [e.g. Nagai and Machida, 1998]. A THEMIS survey of
magnetotail flux ropes and travelling compression regions estimated the NENL to be located
closer to.-30 Re during solar minimum [Imber et al., 2011]. The location of NMNL is then

expected to be ~ -2.5 — -3.8 Ry, which agrees with our estimated NMNL location of -2.95 Ry.
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Furthermore, Slavin et al. [2012a] and DiBraccio et al. [2015] estimated the location of the
NMNL to be between ~ -2 and -3 Ry based on the spatial distribution of sunward and anti-
sunward flux ropes. Their NMNL location is closer to Mercury, most likely because they
were studying intervals of intense reconnection during which X-line is expected to form

closer to the planet.

Analysis of <Py> in Mercury’s CPS indicated that it decreases linearly with X;,cy
between -1.2 and -2.2 Ry at a rate of 0.62 £+ 0.02 nPa/Ry. However, this is only ~ 33% of the
mean measured / X Bin the CPS (~ 1.81 nPa/Ry). Hence, we find that the pressure gradient
from H' is insufficient to maintain pressure balance within Mercury’s CPS. Contributions
from heavy planetary ions and/or H+ temperature anisotropy are necessary, but further

analysis of FIPS measurements is beyond the scope of this study.

In summary, we examined the structure of Mercury’s magnetotail. We also determined
that average NMNL is located at X5, ~ -3 Rm and heavy ions are important in maintaining
stress balance within Mercury’s CPS. Investigation has revealed many qualitative similarities
between Mercury’s and Earth’s magnetotail, despite the differences in upstream conditions,
internal plasma composition, finite gyro-radius scalings, and Mercury’s lack of ionosphere
(see review by Jackman et al. [2014]). MESSENGER’s orbit only allows us to directly
observe magnetotail structures and processes in Mercury’s near-tail region. Hence, to
understand the location and nature of the NMNL and related downtail evolution of Mercury’s
tail structure, observations at Xmsm < -3 Ry are necessary. Fortunately, this will take place
when measurements from the upcoming European Space Agency’s Bepi-Columbo mission,
which consists of two spacecraft orbiting Mercury at apogees of ~ -1.6 Ry and -5 Ry,

becomes available in the next decade.
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Figure 1: (a) Full-resolution MESSENGER magnetic field measurements on February 3™
2013. (b) Average positions of each CS crossing in the equatorial (left) and meridional (right)

plane. Model bow shock (BS) and magnetopause (MP) from Winslow et al. [2013] are shown.
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Figure 2: (a) Bione and (b) Bcps as a function of X;,¢,,. A power law relation was fitted to the
data points (red line) with fitting coefficients shown in the table. The histogram for number of
data points in each bin is also shown. (c) Normalized probability distributions of Bz for four
downtail regions and the colored arrows represent the mean of each respective distribution. (d)

Xtas a function of X;,,,. An exponential relation (red line) is fitted to the data points.
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Harris Sheet Fitting
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Figure 3: (a) Meridional view of MESSENGER crossing of the cross-tail CS on 23 August
2011. Arrow denotes the spacecraft travelling direction. (b) Bx measurements as a function of
Zysm- AHarris CS model is fitted to the smoothed data. Histograms of (c) 2L and (d) Jcs
calculated from Harris model fits. p and M represents mean and median of the distribution,

respectively.
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Figure 4: (a) Magnitude of measured Bz and dipole magnetic field in the CPS and (b) 6Bz as a

function of Xy, (C) Pinrips @s a function of Xyswm.
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