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magnetotail are quantitatively addressed.
® The Mercury’s magnetotail is elongated along the south-north direction, which is
probably due to the effect of the dipole offset or the induction effect of core.
® The magnetic structure of tail current sheet shows a clear dawn-dusk asymmetry
with smaller B, and less flaring field on the dusk side.
Abstract
In this study, we use the magnetic field data measured by MESSENGER from 2011 to
2015 to investigate the average magnetic field morphology of Mercury’s magnetotail
in the down tail 0-3 Ry (Rv = 2440 km, Mercury's radius). It is found that Mercury
has a terrestrial-like magnetotail, the magnetic field structure beyond 1.5 Ry down tail
is stretched significantly with typical lobe field 50 nT. A cross-tail current sheet
separating the antiparallel field lines of lobes is present in the equatorial plane. The
magnetotail width in north-south direction is about 5 Ry, while the transverse width is
about 4 Ry. Thus, the magnetotail shows elongation along the north-south direction.
At the cross-tail current sheet center, the normal component of magnetic field (10-20
nT) is much larger than the cross-tail component. The lobe-field-aligned component
of magnetic field over current sheet can be well fitted by Harris sheet model. The
curvature radius of field lines at sheet center usually reaches a minimum around

midnight (100-200 km) with stronger current density (40-50 nA/m?). While the
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curvature radius increases towards both flanks (400-600 km) with the decreased
current density (about 20 nA/m?). The half-thickness of current sheet around midnight
is about 0.25 Ry or 600 km, and the inner edge of current sheet is located at the down
tail about 1.5 Ry. Our results about the field structure in the near Mercury’s tail show
an evident dawn-dusk asymmetry as that found in the Earth’s magnetotail, but reasons

should be different. Possible reasons are discussed.

1. Introduction

Mercury, the closest planet to sun, is the only terrestrial planet other than Earth to
possess an intrinsic global magnetic field [Ness et al., 1974,1975]. The earlier
measurements from Mariner 10 during its three flybys demonstrated that the
interaction of the global dipolar magnetic field with the solar wind creates Mercury’s
magnetosphere, however, its space environment is still poorly understood [e.g. Russell
et al., 1988; Slavin et al., 2004; Fujimoto et al., 2007]. The latest mission to explore
Mercury exclusively is the MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) spacecraft [Solomon et al., 2007], which was launched on
August 3, 2004. After multiple orbit maneuvers and three flybys to Mercury,

MESSENGER was inserted into Mercury orbit on 17 March 2011.The orbit around

This article is protected by copyright. All rights reserved.



Mercury was highly eccentric with inclination of 82.5° and period of 12 hours. The
average perigee altitude was about 200 km and apogee altitude 15200 km. The orbit
period was adjusted to about 8 hours on April 2012. The mission ended on 30 April
2015 after MESSENGER exhausted its fuel and crashed into the planet’s surface.

One of the main goals of MESSENGER is to explore the dynamics of Mercury's
magnetosphere [Slavin et al., 2007]. The magnetic field measurements collected by
MESSENGER confirm the global dipolar field of Mercury as intrinsic magnetic field
and found that its dipole moment is 195+10 nTRy> (Rm is Mercury’s radius, or 2440
km). The dipole center has a northward offset from the planet’s center by about 0.2Ry,
or 484+11 km, and the dipole moment orientation is nearly axially aligned (tilt angle
is less than 3°) [Alexeev et al., 2010; Anderson et al., 2011; Anderson et al., 2012;
Johnson et al.,2012]. The dipole moment of Mercury is about 1/1000 of that of
Earth[Anderson et al., 2008;Slavin et al., 2008], thus the interaction of the solar wind
with its dipolar magnetic field creates an miniature Earth-like magnetosphere.

The magnetotail, the elongated magnetosphere at the night side, is an extremely
dynamic region, since dynamic activities, e.g. magnetic reconnections and plasma
instabilities, occur frequently there [e.g., Baker et al., 1996; Baumjohann et al., 1999;
Miura, 2001; Lui, 2003]. The MESSENGER magnetic field measurements collected

in the Mercury’s magnetotail during the three flybys were first analyzed by Slavin et
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al. [2012]. Since MESSENGER’s orbital insertion in 2011, there had been many
studies on the magnetic field and plasma structure of Mercury’s magnetotail.
DiBraccio et al [2015a] presented the first observation of Mercury’s plasma mantle
and showed clear proton velocity dispersion, which are characteristic of a plasma
mantle. From the velocity dispersion, they also estimate the cross-magnetosphere
electric potential to be 23-29 KV, consistent with previous estimates from
magnetopause reconnection and tail loading/unloading events [Slavin et al., 2010].
Using the plasma measurements from the Fast Imaging Plasma Spectrometer (FIPS)
[Andrews et al., 2007], Raines et al., [2013] and Gershman et al., [2014] characterized
the plasma ion composition and kinetics of Mercury’s plasma sheet. Using both the
magnetic field and plasma measurements, Poh et al., [2017a] characterized the
structure, properties (e.g., thickness and average current density) and stress balance of
Mercury’s cross-tail current sheet. By fitting each current sheet with a Harris current
sheet model, they concluded that about 73% of the identified current sheet can be
well-described by the Harris model and that heavy ions are important in maintaining
MHD stress balance in Mercury’s central plasma sheet. Many Earth-like dynamic
characteristics are also found in Mercury’s magnetotail, such as the flux ropes or
plasmoids [DiBraccio et al., 2015b], Earth-like substorm processes including tail

loading-unloading and dipolarization fronts [Slavin et al., 2010; Sundberg et al., 2012;
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Sun et al., 2015, 2016], and Kelvin-Helmholtz vortices near low-latitude boundary of
magnetotail [e.g. Boardsen et al., 2010; Gershman et al., 2015].

To investigate the physics of these dynamic processes of Mercury’s magneotail, the
knowledge of the average magnetic field distribution in magnetotail is very necessary,
though some Mercury’s magnetospheric models are available [e.g. Alexeev, et al.,
2008; Alexeev, et al., 2010; Johnson et al.,2012; Korth et al., 2015]. The magnetic
field observations of the magnetotail taken by MESSENGER over its 5-year orbital
phase provides an outstanding opportunity to explore the global magnetic field
structure of this planetary magnetotail. The highly eccentric orbit of MESSENGER
covered the magnetotail to downtail distances up to about 4 Ry. However, only the
southern hemisphere of magnetotail was fully covered due to the bias of orbit
introduced by the high latitude of periapsis, i.e. about 60° at north latitude [Slavin et
al., 2007].

Recently, Poh et al. [2017b] utilized 319 current sheet crossing events to focus on
the magnetic field distribution properties in the sheet center. Being different from Poh
et al. [2017b], with the magnetic field data of MESSENGER during the entire orbiting
period (March 2011 to April 2015), this study aims to derive the average magnetic
field morphology of Mercury’s magnetotail. To simplify the study, the upstream solar

wind conditions (it includes the orientation of interplanetary magnetic field (IMF) and
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the dynamic pressure of solar wind), the substorm processes, and the induction effect
of core [Glassmeier et al., 2007; Slavin et al., 2014; Zhong et al., 2015a; Johnson et
al.,2016] are not considered. According to the derived magnetic field distribution, we
also quantitatively estimate the average curvature radius of magnetic field and the
current density at the center of tail current sheet. The implications of the derived

results are discussed with the comparison of Earth’s magnetotail.

2. Data set

The magnetometer (MAG) onboard MESSENGER can provide the measurement of
the magnetic field vector [Anderson et al., 2007]. MAG is a low-noise, tri-axial,
fluxgate instrument with its sensor mounted on a 3.6-m-long boom. MAG has a
coarse range, +51300 nT full scale (1.6-nT resolution), for pre-flight testing, and a
fine range, £1530 nT full scale (0.047-nT resolution), for Mercury operation. Using
the selectable filter and sub-sampling techniques, MAG can provide output sample
rates from 0.01 s to 20 s™. To minimize the noise and high-frequency fluctuations,
we use the MAG data with reduced time resolution (1 min) in this study to draw the
average magnetic field distribution of magnetotail. In other words, any variations
shorter than the fast Dungey cycle (period is 1~2 minutes) [e.g. Slavin et al., 2010]

cannot be resolved by this study. The used dataset covers the whole orbiting period
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from 23 March 2011 to 30 April 2015.

In the following sections the solar-wind-aberrated Mercury solar magnetospheric
(MSM) coordinates are used unless otherwise stated, where origin is at the dipole
center which is shifted northward 0.198 Ry (484km) from planetary center, +X is
antiparallel to upstream solar wind flow, +Z is normal to Mercury’s orbital plane and
points northward, +Y complete the right-handed coordinate system. In other words,
the aberration effect of Mercury’s orbital motion has been considered in this
coordinates, where the upstream solar wind flow is assumed to be a typical average
radial speed 400km/s plus the transverse velocity of Mercury’s orbital motion [e.g.
Baker et al., 2013; Zhong et al., 2015b].

Figure 1 shows the spatial coverage of MESSENGER’s orbit. It is clear from
Figure 1la that MESSENGER can detect the magnetotail with downstream distance up
to X~ —4 Ry, the coverage of plasma sheet (Z~0) is only up to X~ —3 Ry. Figure 1b
and Figure 1c demonstrate that the elliptic orbit favors the full coverage of south
hemisphere of magnetotail. As a reference in Figure 1a, the red solid lines are the
model of magnetopause developed by Winslow et al., [2013] with Ry (subsolar
standoff distance) =1.45 Ry, and the shape of Mercury’s bow shock with Rg=1.96 Ry.
In Figure 1a, the green line and yellow line mark the Mercury body at the northern

hemisphere and southern hemisphere respectively. In both Figure 1b and Figure 1c,
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the green circle represents the Mercury body.

To characterize the regions of Mercury’s magnetosphere, it is helpful to check the
distribution of magnetic field data at the beginning of this study. Figure 2 shows the
spatial distribution of magnetic field strength observed by MESSENGER around
Mercury. To produce Figure 2, the bin size is adopted as 0.15%0.15 Ry, (the bin size is
used in the following sections unless otherwise stated). All data points of field
strength are put into these bins, and for each bin, we compute the average. It is found
that the sharp spatial variation of magnetic field strength indicating the location of
bow shock and magnetopause can be well-fitted by the models of Winslow et al.,
[2013] with the exception of the tail magnetopause, which is slightly overestimated.
One should note that, the models of bow shock and magnetopause of Winslow et al.
[2013] are assumed to be symmetric about the X-axis. To survey the general shape of
magnetopause, Zhong et al. [2015b] developed a 3-D asymmetric model, which
includes an indentation for the cusp region. As a reference, the 3-D asymmetric
magnetopause model of Zhong et al. [2015b] with subsolar distance Rss=1.51 Ry is
also shown in Figure 2.

In addition, from Figure 2, we notice that the field strength in magneotail lobe is
typically about 50 nT at X< -1.5 Ry, while the tail plasma sheet is characterized by

the much weaker field at the down tail near R=0.
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It is noteworthy that, due to the extreme events in solar wind, e.g. interplanetary
coronal mass ejection, co-rotating interaction region, and other structures associated
with the enhanced dynamic pressure of solar wind, etc., some dotted bins in Figure 2

show rather high value of magnetic field (>50 nT).

3. Statistical results

In this section, we will examine the distribution properties of magnetic field in the
magnetotail, and derive the global magnetic morphology of magnetotail. Meanwhile,
the mean field structure as well as the current density distribution in magnetotail
current sheet are also surveyed.
3.1 Distribution in XZ plane

Previous studies show that Mercury has a terrestrial-like, stretched magnetotail
[Slavin et al., 2012; Gershman et al., 2014; DiBraccio et al., 2015a], which contains
two antiparallel lobes separated by a current sheet [Poh et al., 2017a]. To confirm this
knowledge, as shown in Figure 3, we take a cut in the XZ pane with -0.5<Y<0.5 Ry
(JY|<0.5Rp, near noon-midnight meridian) to survey the magnetic field distribution.
To simplify the figure, only the distribution of B, component is displayed.

Figure 3a shows the average spatial distribution of By component. The data points

in each bin are averaged. The black curves with arrow representing the average
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magnetic field lines are also displayed based on the By and B, component distributions
(B; distribution is not shown here). The magnetic field lines are calculated using linear
interpolation. Clearly, the field lines are significantly stretched at the wake region, and
a transition layer, identified as the tail plasma sheet, separates antiparallel field lines
of lobe within 0 > X > —3 Ry. The By distribution in the southern hemisphere, which
is fully covered by the orbit, indicates that the scale of southern hemisphere along Z
direction is about 2.5 Ry.

In the region between —1>X> —3 Ry and |Z|<1 Ry, as shown in Figure 3b, the
distribution of By component and the field lines’ structure can be seen more clearly.
From Figure 3b, characteristics of terrestrial-like magnetotail can be found clearly:
The By component is basically positive at Z >0 while negative at Z <0. The field lines
are basically antiparallel in the two hemispheres, like that in the Earth magnetotail
lobe regions. The field lines are significantly stretched near Z=0 where a transition
layer of B,=0 is presented. The field lines are stretched significantly, particularly at the
downstream when X<—1.5 Ry, which may demonstrate the significant tail current
operates significantly there. The study of tail current will be addressed in the
subsection 3.5.

3.2 Distribution in YZ Plane

In this subsection, we investigate the magnetic field distribution in the YZ plane.
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To check the possible difference of distribution with the magnetotail downstream
distance, the downstream distance is divided into three regions, i.e. —1.0 >X> —1.5
Rm, —1.5>X> —2.0 Ry, and —2.0>X> —2.5 Ry.

Figure 4 shows the distribution of the three components of magnetic field vector, i.e.
Bx, By, and B, in the left, middle, and right column respectively. The distribution
shows the consistent features of tail field configuration as that found in the Earth
magnetotail [e.g. Fairfield,1979; Slavin et al., 1985], e.g. a pair of lobe regions
separated by a current sheet (see Figure 4a-4c), the field lines are flaring with respect
to Y=0 (see Figure 4d-4f), and the B is positive and enhanced around Z=0 (see Figure
4g-4i). Within the magnetotail, the field lines are well ordered that the field lines are
emanating from the southern hemisphere and converging into the northern hemisphere,
but becomes relatively disordered outside the magnetotail boundary.

Additionally, several interesting features are also noticed from these panels:

(1). The whole magnetotail current sheet is basically located at the equatorial plane
(Z=0). As well known, at the both flanks of Earth magnetotail current sheet (near the
equatorial plane and close to the tail magnetopause), the sheet is warped severely due
to the non-negligible dipole tilt angle (the angle between dipole axis and the planetary
spin axis, which is about 11.5° for Earth) [e.g. Tsyganenko and Fairfield, 2004].

Nonetheless, the dipole tilt angle of Mercury is less than 0.8° according to the
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estimation of Anderson et al., [2012], thus the tail current sheet basically located at the
equatorial region is consistent with expectation of the minor dipole tilt angle.

(2). The magnetotail is elongated along north-south direction. From Figure 4a-4c, the
scale of magnetotail southern hemisphere along Z direction is about 2.5 Ry. Thus,
with assumption of south-north symmetry, the scale of magnetotail along Z direction
is about 5 Ry larger than the scale along the Y direction (about 4 Ry). This feature is
consistent with the Mercury’s magnetopause model as recently developed by Zhong et
al. [2015b] who also find the night side magnetopause is elongated along south-north
direction.

(3). The typical By magnitude in lobe is about 50 nT. From Figure 4a-4c, the area of
one lobe can be roughly estimated to be S~2.5mRy’ (seen as the half of an ellipse
whose area is mx2Ryx2.5Ry). Thus the open magnetic flux of magnetotail can be
estimated as ®~SB,~2.3x10°Wh. Since the open magnetic flux is linked to the polar
cap, the polar cap latitude can be calculated when considering the dipole moment.
Taking account of the previously estimated dipole moment 195 nTxRy® [Anderson et
al., 2011], the average polar cap latitude is estimated as 37°. If further considering the
north shift of 484 km of the dipole center [Anderson et al., 2011], the latitude of the
equatorward boundary of Mercury’s northern (southern) polar cap is about 40° (about

34°) (see Appendix A for the detailed calculation). Note that, the actual boundary may
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have large variability and highly day-night asymmetry. Our estimated value of the
northern boundary is slightly equatorward than the latitude range of the northern cusp
[e.g., Winslow et al., 2012; Poh et al., 2016], but basically consistent with the night
side precipitation latitude of planetary Na* [e.g. Delcourt and Seki, 2006] and the
solar wind H* [Kallio and Janhunen, 2003].

(4). From Figure 4g-4i and Figure 3a, near the boundary of southern magnetotail, the
magnetotail field lines are directed a bit southward. Accordingly, the magnetopause of
southern magnetotail is flaring southward. The deviated angle of the field lines from
X-axis is roughly estimated as 14° at the boundary of the southern magnetotail.

3.3. Magnetic field configuration in magnetotail

Based on the distributions of magnetic field addressed in the above subsections, we
study the magnetic field configurations in magnetotail in this subsection.

The magnetic field in Mercury’s magnetotail basically consists of two sources if
penetrated IMF into magnetosphere [e.g. Petrukovich, 2011; Rong et al., 2015] can be
ignored, i.e. the component of the dipole field and the component induced by the
magnetospheric current systems. Thus, it is expected that the closer to Mercury the
more dipole-like the field configurations become. Since the dipole field has no
azimuthal component making the orientations of dipole field radial when projected

onto the XY plane, we can define a deviation angle between the local magnetic field
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direction and the radial direction to evaluate how much the local field configuration

deviated from the dipole field. The deviation angle is calculated as
A

Y B
atan| |—| |—atan .
X B

Since the Z-range at northern hemisphere can be measured up to Z=1 Ry (see

Aa=

X

Figure 3), the two ranges |Z|<0.5 Ry and |Z|<1 Ry are surveyed here to check the
possible variation along Z coordinates. Based on the average values of By and By
component in the XY plane, the average deviation angle Aa and the magnetic field
lines of the two Z-ranges are calculated and shown in Figure 5.

Figure 5a and Figure 5c show the distribution of Aa for |Z|<0.5 Ry and |Z|<1 Ry,
respectively. It is clear that, no matter what the Z-range is, within the radial distance
about 1.5 Ry (see the green hemi-circle in both panels), the field lines are almost
radially orientated. In contrast, the field lines evidently deviate from the radial
direction beyond the radial distance about 1.5 Ry. Thus, the radial distance about 1.5
Rwm should be the transition location from the dipole field to the magnetotail. We also
note from Figure 5c that near the point (X= 0, Y=0), the deviation angle increases
significantly. Several possible reasons can account for it: (1). the actual dipole center
is not strictly located at the point of (X=0, Y=0); (2). The magnetic axis is not strictly
along the Z-axis of coordinates; (3). The field lines from the polar cap are connected

with the stretched lobe field, thus the deviation might be associated with the impact of
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external magnetospheric currents.

Figure 5b and Figure 5d show the average field lines for |Z|<0.5 Ry and |Z|< 1 Ry,
respectively. It is clear from both panels that, the average field lines in the northern
hemisphere (Z> 0, black curves with arrow) and southern hemisphere (Z< 0, red
curves with arrow) of magnetotail are flaring, showing the consistence with the
distribution of By in Figure 4d-4f.

To describe the flaring of MFLs (magnetic field lines) in magnetotail quantitatively,
it is helpful to define the flaring angle as the angle between magnetic field vector and
the plane of Y= 0. We select the region -1.5<X< -25 and |Y|< 2 Rum (the
yellow-shaded region in Figure 6a) to calculate to flaring angles to probe the field
structure of magnetotail current sheet. The reasons for selecting the region are that:
(1). the radial distance about 1.5 Ry can be seen as the boundary from the dipole field
to the magnetotail (see Figure 5a and Figure 5¢); (2). The measurements of tail field at
northern hemisphere can only reach up to X = -2.5 Ry (see Figure 3) due to the bias
of orbit coverage. The range of |Y|<2 Ry is divided into 20 bins with step 0.2 Ry. In
each bin, the flaring angle can be calculated as atan(B,/Bx), the ratio By/By is
calculated by the linear regression from the scattering plots of By component versus By
component in that bin.

Figure 6b shows the variation of flaring angle against with the Y coordinate when
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considering the limit 0<Z<1 Ry (blue-cross line), 0<Z<0.5Ry (green-square line),
-0.5<Z<0 (magenta-square line), and -1<Z<0 Ry, (red-cross line) respectively. These
limits yield almost the same variation profile. Clearly, at the dusk side (Y>0) the
flaring angle is negative, but positive at the dawn side (Y<0). However, Figure 6b
demonstrates that the field lines are more flared at the dawn side (Y< 0) than that at
the dusk side (Y >0). The reason for the dawn-dusk asymmetry is currently unclear, it
may suggest that the tail current is dawn-dusk asymmetric. It is also interesting to note
that the flaring angle range is basically the same as that found in the Earth magnetotail
with downstream distance 20-33 Rg [Fairfield, 1979]
3.4. Characteristics of tail current sheet
3.4.1 Example of calculating curvature radius and current density

In this subsection, we will quantitatively estimate the characteristics of magnetotail
current sheet, including the curvature radius of field lines and the current density. To
estimate these parameters, one has to check the profile of magnetic field over current
sheet. Before starting to check the profile, it is helpful to define a local coordinate of
current sheet. In this coordinates, L is along the lobe field direction pointing
planetward, N is the same as the +Z direction (it can be seen as the normal of the

current sheet, we will show it in the later analysis), and M=NxL completes the

right-handed coordinate system. Since the flaring angle of MFLs can be evaluated,
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L can be computed as L=%cosa + Jsine , where Xand ¥ are the unit vectors along
+X and +Y direction, while « is the average flaring angle of field lines.

As an example, an average profile of magnetic field over current sheet with all
orbits’ measurements within the region -2.0>X>-2.5 Ry and -0.4<Y<-0.8 Ry is shown
in Figure 7. In this example, the average flaring angle is estimated as 9.4°, thus we
can derive L= [0.99, 0.16, 0], and M= [-0.16, 0.99, 0] in the frame of MSM
coordinates. Accordingly, the corresponding magnetic field components B, By, and
Bn along these directions can be obtained. Figure 7a shows the profiles of these
components over |Z|< 1Ry (the range of -1< Z <1 Ry is divided into 20 bins for the

o

n

average calculation). The lengths of the error bars are 2x1.96 , representing the

95% confidence interval, where 2 is the standard error of the mean. The B_

n

component varies significantly over the CS. We fit the B. component to a Harris sheet

Z-2,

model B, =B, tanh[ j [Harris, 1962], where By is the lobe field, Lo is the

typical sheet scale, and Z; is the shift of sheet center. The fit is shown as a red line,
and the fitting parameters are given in Table 1. In contrast to the B_ component, the
Bn component (the normal component) is approximately constant over current sheet,
it is about 10.6 nT at the reversal of B, while the By component is negligible over the

whole range. Thus, the current sheet can be well seen as 1-D sheet. The minimum
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curvature radius of MFLs at current sheet center (B.= 0) can be estimated as

R . = BEL" [Buchner and Zelenyi, 1989], and tabulated in Tablel. Based on the

c,min
0

fitting error of parameters, the error of R can be evaluated as

6Rc min i 2 aRc min i 2
ARC min — ’ ABO + ‘ ALO :
' o8B, oL,

If current sheet is 1-D, R¢min can represent the half thickness of neutral sheet

c,min

which is defined as the span with |B.|<By over B =0 along the normal direction

[Shen et al., 2007; Rong et al., 2010]. The current density at the sheet center, in

dBL| = B, via the Harris fitting,

dz |, by

principal, can be computed as j, =

nonetheless the observed B, contains the contribution from dipole field which is
unrelated with the current density. Thus, to accurately evaluate the current density,
one has to remove the dipole field.

Accordingly, after removing the dipole field based on the estimated dipole moment
by Anderson et al. [2011], the average flaring angle of the remnant magnetic field is
estimated as 8.6°. We repeat the same procedures to construct the local coordinates for
the remnant magnetic field, and plot the profile of magnetic field components in
Figure 7b. To differentiate with B, By, and By, the L, M and N component of the
remnant field are labeled as B, B,, and B, respectively. Again, we find the B,

component can be well fitted by the Harris model, while the B, component is
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approximately constant over CS (it is about -6.7 nT at the reversal of B,), and the
B,, component is negligible. The current density at sheet center, Jo, can be

reasonably evaluated in this case, and the estimated value is tabulated in Tablel. The

2 2
error of Jo can be evaluated as AJ, = \/[%} ABg{ZiL:] ALZ . The curvature radius

0

is not calculated because it makes no sense to estimate it when dipole field is
removed.

Consequently, from Table 1 in this case, we find the profile of B component can
be well fitted by the Harris model no matter the dipole field is removed or not, and the
calculated curvature radius of MFLs and the current density at the current sheet center
are Remin= 123 km and Jo= 76 nA/m?, respectively. Our result is also consistent with
the study of Poh et al., [2017a], which estimated the median cross-tail current density
in the current sheet to be 78 nA/m? to each identified current sheet crossing.

3.4.2. Cross-tail current sheet structure
Since the tail current sheet is well covered by MESSENGER within -1.5>X>-2.5
Rw, the calculation can be also conducted in the yellow-shaded region of Figure 6a to
survey the distributions of R¢min and Jo. To look for a possible variation of the
distribution along X direction, the X-range is divided into two regions: the inner tail
(-1.5 > X > -2.0 Ry) and the outer tail (-2.0 > X > -2.5 Ry). The range of Y (-2 Ry >

Y > 2 Ry) is divided into 10 sectors with width 0.4 Ry, and the Z coordinate is
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confined to |Z|<1Ry. Repeating the same procedures as applied in above subsection
3.4.1, the Remin and Jo in these regions of tail current sheet are derived, which are
tabulated in Table 2 and Table 3.

From Table 2, it is clear that the whole surface of the surveyed current sheet center
is located at the equatorial plane (Zo= 0), thus the +Z direction or N can be well seen
as the normal of current sheet. We also find that the normal component By (the
average of By is about 15 nT in inner tail, and 10 nT in outer tail) is much larger than
the cross-tail component By, which demonstrates that the plane of MFLs is basically
vertical to the equatorial plane, and the current sheet can be well approximated to be
1-D sheet. The coefficient of the “Adjusted R Square” (>0.90) indicates that the B.
component can be well fitted by the Harris model in the whole surveyed current sheet
except for the regions near |Y|= 2 Ry.

Figure 8a shows the distribution of the By component against the Y coordinate for
the inner tail (blue line) and outer tail (red line). The By component in the inner tail is
stronger than that in the outer tail, which is reasonable since the inner tail is closer to
the planet. Interestingly to note that, particularly in the inner tail, By is stronger at the
dawn side than that at the dusk side, showing evident dawn-dusk asymmetry.

Figure 8b shows the distributions of the derived R¢ min. Being consistent with Figure

8a, for the inner tail, the profile of Rcmin shows some dawn-dusk asymmetry, the
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minimum plateau of R¢min (@bout 200 km) is concentrated in -0.4<Y< 1.2 Ry, and
increase towards both flanks (500-600 km). In contrast, in outer tail, the profile of
Rcmin IS Of less dawn-dusk asymmetry, and the values are correspondingly smaller
than that in the inner tail. R¢ min reaches the minimum around midnight about 100 km,
and increase up to 400 km at both flanks. Thus, it suggests that the field lines are
more stretched in the outer tail.

Table 3 lists the fitted parameters after the subtraction of dipole field. Again, the
coefficient of the “Adjusted R Square” (>0.90) indicates that the Harris fitting is very
well except for the regions near both flanks. We find that, even the dipole field is
removed, the current sheet center is still located at the equatorial plane. The normal
component By becomes negative, but the magnitude is still much larger than the
cross-tail component By, which indicates the current sheet only associated with the
tail current can be also well seen as 1-D sheet.

Figure 8c show the distribution of the current density Jo when dipole field is
removed. Being consistent with the profile of R¢ min in the inner tail, the profile of Jo in
the inner tail also shows a dawn-dusk asymmetry, i.e. Jo reaches a maximum plateau
(about 40 nA/m?) around -0.4<Y<1.2 Ry, and decreases near both flanks (about 20
nA/m?). By comparison, in the outer tail, the values of J, are correspondingly larger

than that in the inner tail. Jo is about 50 nA/m? around the midnight, and decreases
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down to about 20 nA/m? near both flanks. It is a little surprised that Jo jumps to 76
nA/m? for -0.4>Y>-0.8 Ry, in the outer tail (the different size of the Z-range also
yields the comparable Jo in this region). Due to its larger error bar, we would rather
attribute it to the calculation error. Note that, due to the very large fitting error, the Jo
in the 1.6<Y<2.0 Ry of the outer tail is not tabulated in Table 3, thus it is also missed
in Figure 8c.

Figure 8d show the distribution of the B, component when dipole field is
removed. The negative B, is associated with the duskward cross-tail current. From
Figure 8d, we find that the magnitude of the negative B,, reaches the maximum
around midnight, and it is larger in the inner tail than that in the outer tail. It is

oB,,

reasonable, because the implied v <0(

a;(“ >0)at Y<O (Y > 0), suggests the tail

current density has component j <0(j,>0) at Y<O (Y>0), and the implied

%?(N <0 suggest the current density has component j > 0. The implications of the

gradient of B, is not surprising, because the direction of cross-tail current is nearly
perpendicular to the local lobe field direction. Thus, the cross-tail current Jo must have
+jy and —jx component at dawn side, while +j, and +j, component at the dusk side.
Thus, the profile of B, consistently suggests that the cross-tail current is

azimuthally flowing from the dawn to the dusk. Near both flanks, B, becomes
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minor positive, which could be related with the magnetopause current. Because the
magnetopause current at the dawn side (dusk side) flank is supposed flowing sunward
(tailward), which can induce the positive B, inside the magnetosphere.
3.4.3. 2-D distribution of tail current density

In the above subsection, the current density is only modeled at the sheet center with
restriction of |Z| < 1 Ru. Here, with the spatial distribution of magnetic field, the curl
of magnetic field VxB can be computed, so that the spatial distribution of current
density in magnetotail can be derived. Again, to calculate the current density, the
dipole field has to be removed from the magnetic field measurements as that has been

done Figure 7b, that is B'=B-B where B'is the remnant field, B is the

dipole !

recorded magnetic field, B is the dipole field based on the dipole moment

dipole
estimated by Anderson et al. [2011]. The x, y and z component of B’ are labeled
asB,,B, and B, respectively.

Here, without loss generality, we survey the spatial distribution of the cross-tail
current near midnight where the current is nearly along Y-direction. Figure 9a and
Figure 9b show a cut of the distribution of B, component and B, component

respectively in the XZ plane around midnight (]Y|<0.25 Ry). The Y component of

L : . AB, '
current density, j,, can be approximately calculated as j, ~ ﬂol( AZX _iizj, and

Figure 9c displays the distribution of the derived jy. In these panels, the XZ plane (2
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Rm x 2 Ry) is partitioned into 20 x 20 bins, and the superimposed white lines
represent the average MFLs of remnant field, B’ .

At least, three new features are noted in Figure 9c: (1). The cross-tail current
around midnight is basically concentrated in |Z|<0.25 Ry, which demonstrates that the
half-thickness of current sheet is about 0.25 Ry (600 km), much larger than the
curvature radius Remin (100-200 km) at the sheet center (or the half-thickness of
neutral sheet). The half-thickness is also consistent with the sheet scale, Lo as shown
in Table 3. (2). The tail current density is significant at X< -1.5 Ry. In other word, the
inner edge of tail current sheet around midnight is located about X=-1.5 Ry, showing
the well agreement with the flaring angle distribution from Figure 5a and Figure 5c.
The distributions of j in the XZ plane with other ranges of Y coordinate also show the
similar features (not shown here). (3). The spatial distribution of j, near X= -1.5Ry
shows a bifurcated structure, the enhanced j, near the inner edge can intrude into the
high latitude of both hemispheres.

It is worthy to note that, the half-thickness of tail current sheet and the edge
location have been determined by Johnson et al., [2012] using the MAG data from 24
March to 12 December 2011 when constructing their magnetospheric model. In their
study, the half-thickness is determined based on the rotation of field vector over the

current sheet. Their found that the field rotation is 95% complete within 140 km (0.06
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Rwm) of current sheet center and approach the its asymptotic value at a distance of 350
km (0.14 Rwy).Thus their set the half-thickness to be 0.09 Ry,, with a lower and upper
bound of 0.06 and 0.14 Ry respectively. Since the curvature radius indicates the
spatial scale of the rotation, the half-thickness reported by Johnson et al., [2012] is
comparable to the curvature radius in current sheet as we find here (see Figure 8b),
which is smaller than the half-thickness as we defined here from the Harris fitting (see
the value of “Ly” in Table 3).

As to the inner edge location of current sheet, Johnson et al., [2012] identified 47
crossings of equtorial plane in the near-tail region without plasma sheet characteristics
after substraction of dipole field, and obtained the mean radial distance to these
equator crossings to be 1.41 Ry which was considered as the distance to the inner
edge of the cross-tail current sheet. The inner edge location estimated by Johnson et
al., [2012] is consistent with our study though they didn’t address the current
distribution directly. The recent study by Poh et al., [2017a] showed the JB,
distribution against X coordinates within the current sheet, where 6B is the magnetic
field after the removal of the dipole field component and assume the magnetic field
contribution from the Chapman-Ferraro current at Mercury’s magnetopause to be
negligible. They modelled the Mercury’s current sheet using a simple “slab” model,

fit the model results to the downtail variation of 8Bz and found a local minimum of
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the B, at X~ -1.22Ry, which was determined to be the location of the inner edge of
the current sheet. Our result is consistent with that derived in Poh et al., [2017b]. The
small difference in the location of the inner edge of the current sheet between both
studies could be due to the difference in identification method of Mercury’s current
sheets. In our study, all magnetic field data points from all orbits are binned and
averaged while the study of Poh et al., [2017b] identified current sheet crossings and
its boundaries using a set of criteria and only perform further analysis on magnetic
field measurements of current sheet crossings with acceptable fits to the Harris current

sheet model.

4. Discussion

The average morphology or Mercury’s magnetotail with down tail less than 3 Ry is
statistically surveyed by the measurements of magnetometer onboard MESSENGER.
In this section, part of the results are discussed in comparison with the knowledge of
Earth’s magnetotail.

4.1. Shape of tail magnetopause

The distribution of magnetic field in the YZ plane (see Figure 4) shows that the

scale of magnetotail along Z direction is significantly larger than that along the Y

direction. In other words, the tail magnetopause is significantly elongated along the
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south-north direction. This finding is a bit surprising, because most Earth
magnetospheric models cannot show such feature (Certainly, some models actually
had assumed the cylindrical shape of magnetotail), even in the state-of-art 3-D
asymmetric model [Lin et al., 2010].

Such feature has been recently noticed by Zhong et al. [2015b] in their 3-D
asymmetric magnetopause model for Mercury though it might be associated with the
orbital bias due to fewer magnetopause crossings sampled at the night side.

Although the existence of this feature is definitely confirmed by our study, the
reason for the presence of tail elongation in the north-south direction is still an open
issue. Here, we try to present possible reasons based on the following analysis:

(1). The theoretical analysis by Mead and Beard [1964] demonstrate that, the
interaction between dipole field and the unmagnetized solar wind would yield a
magnetotail of cylindrical shape. Thus the elongation is probably related with the IMF
in solar wind, or alternatively with the uneven interaction. Simulations about Earth
magnetotail suggested that the magnetotail could be elongated along the IMF
orientation when projected in the YZ plane, particularly during the period of
low-solar-wind Alfvénic Mach number [e.g. Sibeck and Lin, 2014; Ridley, 2007].
Nonetheless, statistically speaking, the orientation of IMF should conform to the

Parker-spiral pattern, and lie in ecliptic plane. Thus, the elongation along the
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south-north direction cannot be the result of IMF effect otherwise the elongation is
along the dawn-dusk direction. Readers are suggested to refer to the discussions of
Zhong et al. [2015b, and references therein]. As a result, the uneven interaction might
be the reason to explain the elongation. The uneven interaction of Mercury’s
magnetosphere with solar wind is understandable, because the north shift of the dipole
center favors the high latitude of southern hemisphere being directly exposed to the
shocked solar wind according to the asymmetric model of Zhong et al. [2015b]. In
other words, the solar wind energy could be absorbed directly by the surface of
Mercury at the high latitude of southern hemisphere. The absorption makes the dipole
field “feel” reduced compression by solar wind in the high latitude of southern
hemisphere, so that it induces the inflation of magnetosphere along the south-north
direction. In a word, we may argue that the north shift of the dipole center can account
for the elongation of magnetotail along south-north direction.

(2). The other possible reason is associated with induction currents in Mercury’s
interior. Mariner 10 estimates of Mercury’s mass implied a metallic core with radius
72-90% of the planetary radius, i.e., about 2000 km [Harder and Schubert, 2001;
Hauck et al., 2007]. The stand-off distance of Mercury’s magnetopause is about 1.5
Rwm, or ~3600 km [e.g. Winslow et al., 2013; Zhong et al., 2015b]. The closeness of

the magnetopause to Mercury’s surface results in induction currents being driven on
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the surface of the core when the solar wind pressure changes [Hood and Schubert,
1979; Glassmeier et al., 2007]. These inductive currents resist changes in the
planetary magnetic field and “stiffen” the field lines rooted in Mercury’s interior. In
other words, the inductive effect fixes the foot points of field lines, and even the open
field lines of Mercury from polar cap are not as easily deformed by the solar wind as
is the case of Earth. Consequently, the “stiff” field lines emanating from Mercury’s
polar cap might make the magnetotail elongated along the south-north direction.

It is uncertain which explanation is reasonable, further simulations are needed to
check the validity of these hypotheses.

4.2. Magnetospheric scaling to Earth

Considering the average standoff distance of the magnetopause (Rss= 1.5R, for
Mercury and Rs= 11R, for Earth; R, is the planetary radius), morphologically
speaking, the Mercury’s magnetosphere is roughly a factor of 8 smaller than that of
Earth’s, as normalized by the planetary radius. By the same simple scaling, the
surveyed region of Mercury’ magnetotail with down tail less than 3 Ry is equivalent
to be Earth’s magnetotail with down tail less than 20 Re (Earth radius, Rg = 6371 km).

Based on the multipoint analysis of Cluster in the Earth’s magnetotail at a distance
15-19 Rg, Rong et al. [2011] estimated that the half thickness of neutral sheet is about

0.3 Re around the midnight and 1.2 Rg at both flank regions. In other words, the
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thickness of neutral sheet near flanks is about four times the thickness of that around
midnight. The magnetospheric scaling suggests that the down tail 15-19 R of Earth’s
magnetotail is roughly corresponded to the down tail 2-2.5 Ry of Mercury’s
magnetotail. Our calculations in this scope find that the half thickness of neutral sheet
(or Remin) is about 0.04 Ry (about 100 km) around the midnight and about 0.16 Ry
(about 400 km) at both flanks, which consistently shows the neutral sheet at both
flanks is just four times as thick as that around midnight.

Meanwhile, it is interesting to note that, the half thickness of neutral sheet in the
Mercury’ magnetotail is just a factor of 8 smaller than that in the Earth’s, which
demonstrates the well consistence with the scaling of the two magnetospheres
[Oligvie et al., 1977].

4.3. Dawn-dusk variation

The observations of Earth magnetotail within down tail 10-20 Rg show that the
Earth magnetotail has a dawn-dusk asymmetry. The curvature radius of MFLs in
current sheet is found smaller around the midnight and the dusk side with stronger
cross-tail current density, which favors the dynamic process e.g. magnetic
reconnections occurred more frequently there [e.g. Rong et al., 2010; Rong et al.,2011;
Rong et al.,2014; Slavin et al.,2005; Nagai et al., 2013, 2015; Genestreti et al., 2014].

The fast flows in the near-earth magnetotail are also strongly localized in the local
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time sector 21:00-01:00 [McPherron et al., 2011]. Vlasova et al. [2002] and Walsh et
al., [2014] summarized the characteristics of the dawn-dusk asymmetry. However, the
reasons for the asymmetry are unclear. Simulation suggests that the asymmetry is
regulated by the spatial variation in ionospheric conductance, and would disappear
when the conductance is spatially uniform [Zhang et al., 2012].

In Figure 8, our calculations show that the By component as well as the curvature
radius of MFLs in current sheet indeed display the similar dawn-dusk asymmetry, that
is, both By and curvature radius are smaller in the dusk side. The asymmetry is
prominent in the inner tail but less significant in the outer tail (-2.0 >X>-2.5 Ry).
Thus, it seems the dawn-dusk asymmetry just localizes in the Mercury’s magnetotail.

Being contrary to the asymmetry of magnetic field distribution, previous study
showed that the tail activities e.g. flux ropes and dipolarization fronts tend to appear
in the dawn side [Sun et al., 2016]. In other words, the distribution of thinner current
sheet does not show the correspondence to the distribution of tail activities, which is
different to the case of Earth’s magnetotail. Therefore, the mechanism to control the
dawn-dusk asymmetric profile of magnetic field of Mercury’s magnetotail should be
different with that of the Earth’s magnetotail. One possible reason to explain the
dawn-dusk asymmetry of magnetic field of Mercury’s magnetotail is the dawn-dusk

asymmetric distribution of heavy ions. The numerical simulations by Declourt et al.
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[2003] showed that, the energetic Na’ inclines to move to the dusk flank of
magnetotail when particles are launched on the noon meridian (see their Figure 2),
which can result in a dawn-dusk asymmetric distribution of Na' density see their
Figure 4) with a density accumulation in the dusk flank. Raines et al. [2013] observed
that the Na'-group ions are indeed enhanced in the premidnight sector. Due to the
diamagnetic effect of the charged particles in magnetic field, it is reasonable to infer
that the dawn-dusk asymmetric distribution of heavy ions can account for the
asymmetric distribution of magnetic field. We note that the recent study by Poh et al.
[2017b] also consistently attributed the asymmetry to the preferred appearance of
heavy ions on the duskside. However, being different from the diamagnetic effect we
suggested here, they argued that “...The mass loading of energetic heavy ions from
the NMNL and cusp increases the thermal plasma pressure duskside of the current
sheet, resulting in stretching (weaker Bz) and thinning of the duskside current

sheet...”.

5. Summary
Using the MESSENGER’s magnetic field data during 2011-2015, the average
magnetic field structure of Mercury’s magnetotail is statistically studied within the

downstream distance 0-3 Ry. The derived results can be summarized as follows:
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(1). Mercury has a terrestrial-like magnetotail. The magnetic field lines, emanating
from the southern hemisphere, are significantly stretched in the night side. A cross-tail
current sheet is present in the equatorial plane, which separates the lobes of
antiparallel field lines.

(2). The cross-section of magnetotail in YZ plane is not circular. The scale of
magnetoail along Z direction is about 5 Ry, but along the Y direction is about 4 Ry.
Thus, the shape of magnetotail is elongated along the south-north direction. In XZ
plane, the size of magnetotail increases with the downstream distance, the field lines
near the southern boundary of magnetotail deviate from X axis about 14°.

(3). The typical field strength in lobe is about 50 nT, and the open magnetic flux in
lobe is estimated to be about 2.3x10°Whb, which implies the polar cap latitude for the
northern hemisphere (southern hemisphere) should be higher (lower) than 37°.

(4). In tail current sheet, the normal component of magnetic field, By (By is about 15
nT in inner tail, and about 10 nT in outer tail), is much larger than the cross-tail
component, By (Bw is about zer0). Thus, the magnetotail current sheet can be well
seen as 1-D sheet.

(5). The magnetic field in magnentotail is flaring with respect to the midnight (Y=0).
In the dawnside, the B, component is positively proportioned with the By component,

while it is negatively correlated in the dusk side. Inside radial distance about 1.5 Ry,
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the field lines are basically orientated along the radial direction as projected on the
XY plane, but deviated significantly from the radial direction beyond 1.5 Ry.

(6). The magnetotail current sheet can be well fitted by the Harris sheet model. The
fitting results show that the average curvature radius of MFLs at the sheet center is
smaller around the midnight (about 200 km for inner tail and 100 km for the outer tail)
but with stronger current density (about 40 nA/m? for inner tail and 50 nA/m? for the
outer tail). While the curvature radius increases towards both flanks (500-600 km for
inner tail and about 400 km for outer tail) with the decreased current density (about 20
nA/m? for both inner tail and outer tail).

(7). The typical half-thickness of tail current sheet around the midnight is about 0.25
Rwm (about 600 km), and the inner edge of current sheet is located about X= -1.5 Ry.
The cross-tail current flows azimuthally from the dawn to the dusk.

(8). The magnetic field structure in magnetotail has a dawn-dusk asymmetry: In
comparison with the dawnside (Y<0), in the duskside (Y>0), the field lines are less
flaring, the normal component of magnetic field in current sheet is weaker, and the
curvature radius of field lines in current sheet is smaller. The dawn-dusk asymmetry is
prominent in the inner tail (-2.0 >X>-2.5 Ry), but less significant in the outer tail
(-2.0 >X>-2.5 Ry). The asymmetry is probably induced by the diamagnetic effect of

the enhanced planetary heavy ions in the premidnight sector.
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We should remind that the observation characteristics revealed above just draw the
average morphology of Mercury’s magnetotail. Many factors, which is ignored in our
study, e.g. substorm processes, IMF, dynamic pressure of solar wind, dipole tilt angle
(though minor) etc. can actually impact the magnetic field structure of magnetotail.
Thus, many related issues are worthy to be pursued in the future with the baseline of
this study.

Additionally, the estimated curvature radius R¢min in tail current sheet is an
important parameter to evaluate the adiabaticity of charged particle which is
determined by K:m , Where p_ . is the maximum gyroradius of
particle[e.g. Sergeev, et al., 1983; Biichner and Zelenyi, 1989].If k > 1, the particle
motion is adiabatic. As k decreases toward unity, the particle motion becomes
stochastic and nonadiabatic [Bichner and Zelenyi, 1989; Sergeev et al., 1983,;
Delcourt et al., 1996]. It was also suggested that the thermal electrons with k=1
would favor the tearing mode instability or the onset of disruption of current sheet
[Bichner and Zelenyi, 1989; Pulkkinen et al., 1994]. The dynamics of charged
particle in Mercury’s tail current sheet will be addressed further in a future study
combining the derived R¢ min and the plasma measurements by FIPS.

We hope our study can also benefit the Mercury’s magnetosphere models [e.g.
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Alexeev, et al., 2008; Johnson, et al., 2012; Korth et al., 2015] for the further

refinement.
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Appendix A: The calculation of polar cap latitude
In subsection 3.2, the open flux of polar cap is estimated to be ®~2.3x10°Whb.
Taking account of the previously estimated dipole moment 195 nTxRy° by Anderson

et al. [2011], the average polar cap latitude can be calculated.

Z

™

Figure Al. Sketched diagram to show the situation when dipole center is shifted

along Z direction.

As shown in Figure Al, in the geographic coordinates, the original point O is at the

planetary center, the arbitrary point r at the surface of Mercury is
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r (R, sin@cosgi, R, sin@sinpj, R, cosék) where, R is the Mercury’s radius, 6
is the polar angle, ¢ is the azimuth angle. The dipole center is at r, (0i,0j, dk)
where d is the shifted distance of dipole center along Z axis.

For the ideal dipole field, the magnetic field radial component is

B =—
TOAr

cosé , (A1)

Where, M is the magnetic field strength at the equatorial plane of planetary surface,

Ar is the radial distance of point r to the dipole center, and 0 is the polar angle

with respect to the dipole center.

From Figure Al, it is easy to derive
Ar =r-Ar,=(R,, sindcos¢i, R,, singsin pj, R, cosd-dk ), and

Ar-Z _ R, cos@—d

= (A2)
|Ar| JRZ sin? 6+ (R,, cos6—d)?

cosé =

Combining equations (Al) and (A2), the open magnetic flux at northern

hemisphere can be calculated as

o=["["B,R} sinodady

: _ A3
:—ZﬂMR,f,,J.H Ry Cos6—d 25in6’d19 (A3)

" [RYsin® 0+ (R, cosf—-d)* |

Considering M =195xRy° nT and d~ 0.198 Ry [Anderson et al., 2011], and the
estimated open flux ®~2.3x10°Whb, the polar angle of polar cap is estimated to be

6, ~50°. Thus, the polar cap latitude at northern hemisphere is about 40°.
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Similarly, the calculation of open magnetic flux at southern hemisphere via

3 2 (7 R, cosd—-d
q>_—27rMRMLO — 2
[ R sin? 0+ (R, cos6—d)? |

~sin@de, (Ad)
yields the polar angle of polar cap 6,~124°. Thus, the polar cap latitude at southern
hemisphere is about 34°.

If the shift distance d equals zero, that is, dipole center is coincidentally with

planetary center. In this case, the average polar cap latitude is roughly 37° from

equation (A3).
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Table 1. The estimated parameters of Mercury’s tail current sheet in the region within
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-2>X>-2.5Ry and -0.4>Y>-0.8 Ry

Bw? By ? Zo® Bo® Lo® Re.min® Adjusted
(nT) (nT) (Rw) (nT) (Rw) (km) R Square *
Original data set | 0.71 10.60 -0.04+0.04 | 44.25+5.71 | 0.21+0.09 | 123+61 0.97
B, a B, a Zo" Bo” Lo” Jo° Adjusted
(Rw) (nT) (Rw) (nA/m?) | R Square ¢
(nT) (nT)
Subtraction  of | 0.05 -6.69 -0.04+0.04 | 32.60+5.49 | 0.14+0.09 | 76+45 0.95

dipole field

% The value interpolated at the sheet center.

® The fitted parameters from Harris sheet model with 95% confidence bounds.

° Remin and Jo are the estimated magnetic field curvature radius and current density,

respectively, at CS center based on Harris sheet fitting.

? The coefficient of adjusted R square indicates the fitting goodness, i.e., the more

closer to one it is, the better the fit would be.
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Table 2. The estimated parameters of Mercury’s tail current sheet. The format is the same as that in Table 1, except for the last column added as
the average flaring angle of magnetic field.

X Y Bwm Bn Zo Bo Lo Remin (km) Adjusted R Square o
(Rv) | (Rw) (nT) | (nT) | (Rw) (nT) (Rw) emn (degree)
-2~-1.6 |-1.32 | 19.42 | -0.04+0.09 | 30.29+11.00 | 0.38+0.31 | 594+531 | 0.8882 28.6
-1.6~-1.2 | -1.32 | 19.53 | -0.05+0.03 | 51.72+8.48 | 0.54+0.17 | 498+177 | 0.9880 20.3
-1.2~-0.8 | 0.49 | 17.31 | -0.03+0.03 | 58.19+5.42 | 0.44+0.09 | 319+72 0.9924 18.3
-0.8~-0.4 [ 0.20 | 17.67 | -0.03+0.03 | 71.94+8.98 | 0.45+0.13 | 270485 0.9572 13.4
15-20 -0.4~0 -0.60 | 16.70 | -0.01+0.01 | 73.93+£3.97 | 0.39+0.05 | 215+30 0.9967 4.7
' "~ 10~0.4 0.85 | 14.85 | -0.01+0.03 | 80.33+8.32 | 0.46+0.11 | 207454 0.9898 -2.6
0.4~0.8 0.48 | 15.79 | -0.01+0.02 | 69.3745.16 | 0.41+0.08 | 228+48 0.9934 -9.4
0.8~1.2 -0.35 | 12.97 | -0.01+0.02 | 53.67+3.46 | 0.38+0.06 | 224+38 0.9949 -13.9
1.2~1.6 -0.83 | 13.81 | -0.04+0.02 | 49.07+4.39 | 0.51+0.09 | 350+69 0.9958 -17.0
1.6~2.0 -1.32 | 15.67 | 0.02+0.02 | 32.68+2.55 | 0.46+0.08 | 538+103 | 0.9941 -19.2
-2~-1.6 |154 |12.80 |-0.03+£0.04 | 30.74+4.94 | 0.47+0.17 | 478+189 | 0.9705 17.3
-1.6~-1.2 | -2.90 | 11.96 | -0.03+0.02 | 41.16+£3.11 | 0.32+0.06 | 227+46 0.9920 15.5
-1.2~-0.8 | -4.06 | 11.30 | 0.00+0.03 | 46.67+5.21 | 0.37+0.1 | 219+64 0.9830 11.7
-0.8~-0.4 | 0.71 | 10.60 | -0.04+0.04 | 44.24+5.71 | 0.21+0.10 | 123+61 0.9666 9.4
20-25 -0.4~0 1.45 |8.27 |0.00+0.02 |51.93+3.39 | 0.28+0.05 | 109+21 0.9932 4.0
0~0.4 0.21 | 7.73 |-0.01+0.01 | 49.7+1.73 0.26+0.03 | 99+12 0.9979 0.6
0.4~0.8 1.21 | 10.03 | 0.01+£0.01 | 48.59+2.20 | 0.29+0.04 | 146+21 0.9968 -4.5
0.8~1.2 0.02 |8.78 | 0.03+0.03 | 46.56+£5.50 | 0.42+0.10 | 193+51 0.9832 -8.9
1.2~1.6 0.24 |9.99 |-0.01+0.03 | 39.44+4.88 | 0.42+0.12 | 260+81 0.9836 -9.4
1.6~2.0 -0.42 | 12.94 | 0.07+£0.07 | 25.8+6.38 0.26+0.20 | 318+257 | 0.8076 -11.2
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Table 3. The estimated parameters of Mercury’s tail current sheet after the subtraction of dipole field. The format is the same as that in Table 2

exce

pt that the column of R; mi, 1S replaced by Jo.
X Y B, | B, Zo Bo Lo Jo Adjusted R Square o
Rw) | (Rw) T) | (1) | (Rw) (nT) (Rw) (nA/m?) (degree)
-2~-16 | -1.40 | 6.50 -0.02+0.12 | 19.90+8.04 0.29+0.33 22.38+27 0.8183 27.8
-16~-12 | -1.17 | 101 -0.06+0.03 | 34.71+4.68 0.49+0.13 23.10+7 0.9896 15.6
-1.2~-0.8 | 0.51 | -8.36 -0.03+0.03 | 34.27+3.00 0.34+0.08 32.8748 0.9892 14.0
-0.8~-0.4 | 0.21 | -13.44| -0.03x0.03 | 38.89+3.86 0.36+0.10 35.23+10 0.9874 10.6
15-20 -04~0 | -0.57 | -18.99 | -0.01+0.01 | 38.06+1.19 0.31+0.03 40.04+4 0.9984 3.7
' ' 0~0.4 0.85 | -20.95 0.00+0.02 42.60+3.33 0.39+0.08 35.62+8 0.9921 0.2
0.4~0.8 | 048 |-15.09| -0.01+0.02 |38.31+2.41 0.32+0.06 39.0448 0.9929 -4.0
0.8~1.2 | -0.40 | -12.43 | -0.01+0.02 | 32.05+1.68 0.28+0.05 37.33+7 0.9949 -7.5
1.2~1.6 | -1.50 | -5.31 -0.05+£0.03 | 33.57+4.39 0.47+0.13 23.29+7 0.9888 -11.1
1.6~2.0 | -1.24 | 1.87 0.03+0.03 23.48+2.51 0.42+0.10 18.23+5 0.9866 -15.2
-2~-16 | 1.65 | 3.28 -0.0440.05 | 24.65+4.67 0.44+0.19 18.27+9 0.9536 16.5
20~-25 -16~-1.2 | -2.83 | 0.58 -0.03+0.03 | 32.94+2.85 0.28+0.07 38.37+10 0.9881 14.1
' 1 -1.2~-0.8 | -4.07 | -2.64 0.00+0.04 |35.88+4.37 | 0.33+0.10 | 35.46%12 0.9770 10.5
-0.8~-0.4 | 0.05 | -6.69 -0.04+0.04 | 32.62+4.48 | 0.14+0.08 | 75.99+45 0.9532 8.6
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-04~0 | 1.45 [-10.14| 0.00+0.02 [38.17+2.16| 0.23+0.04 |54.12+10 0.9938 3.5
0~04 | 0.19 [-10.69| -0.01+0.01 |36.37+1.56| 0.21+0.03 56.48+8 0.9962 2.2
0.4~0.8 | 1.25 | -6.31 0.01+0.01 [ 36.49+1.86| 0.25+0.04 47.60+8 0.9951 2.6
0.8~1.2 | 0.18 | -5.89 0.04+0.04 |[35.73+5.26 | 0.3740.13 | 31.49+12 0.9691 -6.8
12~16 | 0.31 | -1.44 -0.01+0.03 | 30.90+3.96 | 0.37+0.11 27.24+9 0.9792 7.1
1.6~2.0 | 0.22 | 3.20 |0.05+6.36x10" | 18.31+4.47 | 0.01+8.97x10" - 0.7867 -10.5
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Figure 1. Panels from left to right show the MESSENGER’s orbits in the plane of
XR (a), XZ (b), and YZ (c), respectively. In panel a, the Y-label means the
distance to the X-axis. The red curves are the mean locations of the magnetopause
(MP) and bow shock (BS) from the models developed by Winslow et al., [2013].
The green line and yellow line mark the northern and southern hemisphere of
Mercury body respectively with night-side being gray-shaded. In panel b and

panel c, the green circle represents the Mercury body.
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Figure 2. The distribution of magnetic field strength observed by MESSENGER
around Mercury. The red lines mark the nominal locations of BS and MP as inferred
from the models of Winslow et al., [2013]. As a comparison, the white solid line and
the white dotted line respectively representing the MP shape on the equatorial plane
(Z=0) and the polar plane (Y=0) are also displayed from the model of Zhong et al.
[2015b]. The green line and yellow line mark the Mercury body at the northern

hemisphere and southern hemisphere respectively.
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Figure 3. Panel a shows a cut of the distribution of B component in XZ pane near

noon-midnight meridian within |Y|<0.5Ry, where the magenta dash-dotted line mark

the nominal MP on the plane of Y=0 inferred from the model of Zhong et al. [2015b].

Panel b shows the distribution when zoomed in the region |Z|< 1 Ry and -1>X>-3 Ry.

In both panels, the black curves represent the average magnetic field lines.
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Figure 4. The distributions of By, By, and B, components in YZ pane with different
down-tail distance, as seen sunward. In these panels, the white lines represent the
average magnetic field lines in the corresponding distance scopes, i.e. the field lines in
the panels of each row are the same Green circle outlines the shape of Mercury. From
top to the bottom, the magenta dash-dotted line marks the nominal magnetopause at

X=-1.25, 1.75, and 2.25 Ry respectively as inferred from the model of Zhong et al.

[2015b].
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Figure 5. The deviation angle of average magnetic field direction from the radial
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direction when projected onto the XY plane (a), and the average configuration of
magnetic field lines in magnetotail (b) when |Z|<0.5Rn.  With the same format, panel
c and panel d show the deviation angle and the field lines respectively when |Z|<1 Rp.
In these panels, the green hemi-circle with radius 1.5 Ry roughly marks the boundary

where field lines are stretched significantly from the dipole field.
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Figure 6. The average configuration of magnetic field lines in magnetotail (a), and the
variation of flaring angle of field lines against the coordinate of Y with different limits

of Z-ranges (b).
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Figure 7. The top panel shows the distribution of magnetic field components over a
local current sheet (0<Y<0.5 Ry and -2>X>-2.5 Ry), while the bottom panel show the
distribution when the dipole field is subtracted. The red line in both panels is the
Harris fitting of B component. The length of error bar represents the 95% confidence

interval.
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Figure 8. Panels from top to bottom show the distribution of the normal component of
magnetic field, the curvature radius of field lines at the current sheet center, the
current density at the sheet center, and the normal component of magnetic field after
the subtraction of dipole field. In all panels, the blue line is for the inner tail

(-1.5>X>-2.0 Ry), while the red line is for the outer tail (-2.0>X>-2.5 Ry). The length

of error bar represents the 95% confidence interval.
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Figure 9. The distribution of By and B, component in the XZ plane after the
subtraction of the dipole field (a and b), and the distribution of Y component of
current density jy (c). The white lines in these panels represent the average field lines

after the subtraction of dipole field.
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