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Key Points:

e There is a systematic Y (i.e., dawn-dusk) asymmetry in the location of the Martian

magnetotail current sheet in the modified MSE coordinates

e The asymmetry is controlled by the flow-aligned component of IMF, shifting to the dawn
(-Y) during the tailward IMF conditions and to the dusk (+Y) during the sunward IMF

conditions

e The shift found in this study is mostly dominated by the IMF, with minor contributions

from the crustal magnetic fields and solar EUV intensity.
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Abstract

In this study, we investigated the role of IMF orientation at controlling the location and structure
of the current sheet in the Martian magnetotail. Here based on carefully selected cases as well as
statistical studies by using the magnetic field data of MAVEN MAG from October 2014 to
February 2020, our study shows the IMF orientation can systematically influence the magnetotail
current sheet structure of Mars. It is found that significantly tailward IMF conditions result in a
Venus-like magnetotail configuration with the current sheet shifted to the -Y (dawnside) direction.
Sunward IMF conditions result in a tail configuration with the current sheet shifted to the +Y
(duskside) direction. The lobes follow this pattern, with the current sheet shifting away from the
larger lobe. However, the current sheet did not show significant displacement under cross-flow
dominant IMF conditions. Moreover, crustal magnetic fields and other factors can also influence
the current sheet structure, but the IMF orientation is still the dominant controlling factor from our
study. Our results demonstrate that the flow-aligned component of the IMF can influence and

systematically control the current sheet structure in the Martian magnetotail.
Plain Language Summary

Mars, which does not have an intrinsic magnetic field, has formed an induced magnetic
environment from the draping of the interplanetary magnetic field (IMF) from the Sun. It folds
around Mars, forming two “lobes” of magnetic field behind the planet with a current sheet of
electrified gas (plasma) behind it. The current sheet is not always directly behind the planet but
rather shifted toward the dawn or dusk direction. It is shown in our study that one factor that can
control the location of the current sheet is the flow-aligned component of the IMF (By). The current
sheet is shifted toward dawn (+Y) under sunward IMF condition and shifted dusk (-Y) under the
tailward IMF condition, while the current sheet shows little displacement under cross-flow IMF

condition.

1 Introduction

Mars, like Venus, lacks a strong internal dipole magnetic field, so the solar wind and
interplanetary magnetic field impacts directly on Mars’s ionosphere and atmosphere (Nagy et al.,

[2004]; Bertucci et al., [2011]). The interaction induces ionospheric electric currents in the
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ionosphere, which causes the IMF to pileup and drape over the planet. This results in the formation
of two magnetic lobes behind the planet, a tail current sheet (CS) is between the two lobe regions

with antiparallel field lines (Dubinin and Fraenz [2015]).

An earlier study by McComas et al. [1986], found an interesting feature of the magnetotail of
Venus using Pioneer Venus Orbiter (PVO) data from the distant tail, which is that its location to
the planet exhibits a dawn-to-dusk asymmetry. In the statistical study, it was found that the average
location of the CS center is shifted toward the +By by 0.5 R,. The average magnetic field angle
(computed as atan (By/By)) in the lobe of —By hemisphere is -78.4° and 73.4° in the lobe of +By
hemisphere. The lobe transverse width of the —By hemisphere and the +By hemisphere were
estimated to be 2.1 R,. and 1.6 Ry,., respectively. The amplitude of the X component of the
magnetic field in the lobe of —By hemisphere was found larger than that in the +By hemisphere,
it was suggested that the flow-aligned component of the IMF influences the magnetic field
configuration of the Venusian magnetotail. This shift was confirmed by magnetohydrodynamics
(MHD) calculations of the Venus space environment by Ma et al. [2013]. However, by using the
magnetic field data of Venus Express (VEX) from April 2006 to December 2014, along with
carefully selected cases and a statistical study, Rong et al. [2016] showed that the exact structure
of the near-Venus magnetotail asymmetry is actually insensitive to the flow-aligned component of
the IMF. The IMF By does not significantly impact the magnetic field structure of the current sheet.

From their study, the true reason for the shift still seems to be an open issue.

Similarly, the shift has also been observed at Mars and Titan. Simulations by Simon et al.
[2009] showed that the flow-aligned component of the IMF can displace the current sheet and
cause the asymmetric structure in the magnetotail of Titan. Moreover, by checking the magnetic
field data of Cassini for 85 flybys of Titan, Simon et al. [2013] found a consistent correlation
between the shift of the current sheet and corotation flow component of the background magnetic
field. By using the data from Mars Global Surveyor (MGS), Halekas et al. [2006] found many
current sheet crossings in upper ionospheric magnetic data at 2 A.M. local time, implying a
systematic -Y shift in the magnetotail current sheet. In contrast, DiBraccio et al. [2015] showed
observations of a satellite pass in the near-Mars tail, demonstrating a shift to the +Y direction for
the magnetic field reversal (the location of the current sheet). Moreover, Romanelli et al. [2015]

used magnetometer data from the MGS and checked the distributions of data points in the Martian
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magnetotail for different polarities of IMF By and found a correlation between the IMF and its
lobes, their results seem to align with McComas et al. [1986]. However, their analysis technique
is similar to McComas et al. [1986] for Venus. Moreover, in their study there is a lack of the
simultaneous measurement for the upstream solar wind and IMF conditions, which are always
changing during the time spacecraft spends inside the induced magnetosphere. Thus, we cannot
conclude that whether the IMF really influences the current sheet structure in magnetotail of Mars
since previous study by Rong et al. [2016] suggested IMF By cannot influence the current sheet
structure in the near-Venus magnetotail. Besides, Romanelli et al. [2015] discarded all MAG
measurements occurring inside the MPB for which the Xj;5o coordinate is higher than -1.5 Ry, to
filter out the potential effects of crustal magnetic fields, while several studies have found
systematic influences of the crustal magnetic field locations on the magnetotail configurations [Ma

et al., 2002, Harnett and Winglee, 2005; Fang et al., 2010, 2015, Dong et al., 2015].

In this study we investigated the influence of the IMF orientation on the morphology of the
current sheet in a much more accurate way based on carefully selected cases along with statistical
studies, using MAVEN data from October 2014 to February 2020. Considering the varying
upstream solar wind condition, we restricted the study to cases where the upstream IMF variations
are as small as possible. Besides, we also considered the effects from the crustal magnetic fields
and other factors that may influence the magnetotail configurations, and compared the
contributions of these factors. The study is constructed as follows: the instruments and data set
applied to this study are briefly introduced in section 2. The analysis technique used to quantitively
evaluate the current sheet structure displacement is presented in section 3. Results from analysis
based on selected cases are shown in section 4, while we showed the results from the statistical

studies in section 5. In section 6, we summarized our discussions and conclusions.
2 Instrumentation and Data Set

The MAVEN spacecraft was inserted into orbit about Mars on 21 September 2014 and, after
a brief commissioning phase, began its primary science investigation on 16 November 2014.
MAVEN’s 4.5 h elliptical orbit reaches periapsis and apoapsis altitudes of ~150 km and ~6200
km, respectively. The 74° inclination orbit provides global coverage of the Martian space
environment, sampling a full range of latitudes and local times over the course of its orbital

evolution. [DiBraccio et al., 2017]
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In this study, the magnetic field, ion and electron data from MAVEN. [Jakosky et al., 2015]
were adopted to identify the current sheet crossing cases. The magnetometer (MAG) [Connerney
et al., 2015] provides vector magnetic field data at a maximum sampling rate of 32 vectors per
second. The Solar Wind lon Analyzer (SWIA) [Halekas et al., 2013] and Suprathermal and
Thermal Ion Composition (STATIC) [McFadden et al., 2015] instruments measure the flux,
energy, and distributions of ions throughout the Martian space environment at cadences up to 4s.
The Solar Wind Electron Analyzer (SWEA) [D. L. Mitchell et al., 2015] provides electron
distributions as often as once every 2s. MAVEN observations are reported in Mars solar orbital
(MSO) coordinates, unless otherwise stated: Xy is directed from the center of the planet toward

the Sun, Z,;5, 1s normal to Mars’ orbital plane, and Y,;5, completes the right-handed system.
3 Analysis Technique
3.1 The Normal of the Current Sheet

The knowledge of the normal to the Current Sheet (CS) is required to study the current sheet
structure in the Martian magnetotail. The minimum variance analysis (MVA) [Sonnerup and
Scheible., 1998] is applied to the MAG data over individual current sheet encounters to determine
the CS normal direction (71). Considering the boundary conditions By, = B,, at the magnetic
discontinuity (because of V- B = 0), where B,, and B,,, are the normal components of magnetic

fields at both sides of discontinuity, the normal direction fi can be determined by minimization of
N
o _1 =12
0t =5 > 1B~ (B) Al (0
i=1

Where (B) = %Zli\,:l B; and i=1, 2, 3.... N. N is the number of data points. With the MVA,

the local Cartesian coordinates, {X1, X;, X3}, for a CS can be set up. The X;, X,, X3 are

orthogonal eigenvectors (X3 = Xy X X;) derived from the magnetic variance matrix M, =
(B“B,,) - (Bu>(B,,) where the subscriptsy, v= 1, 2, 3 denote cartesian components along the X, Y,

Z system. The corresponding eigenvalues for each eigenvector are A,, A,, A3 (1, = 1, = 13 = 0).
Besides, the angular uncertainty of X4, X5, X3 can also be estimated as

A3(A + A — 23)
Ap;;| = |Apji| = (2)
[804] =8¢ j(N_D(Ai_mz

5
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Here |Ag;j| denotes the expected angular uncertainty of eigenvector X; for rotation toward or

away from eigenvector X;, while N is the number of data points.

The eigenvectors X;, X, X5 are usually written as L, M, N to represent the direction of
maximum, intermediate and minimum variance of the magnetic field, respectively. The N here is
regarded as the normal to the CS. The accuracy of MVA results is inferred by the ratio of the
corresponding eigenvalue A4, 4,, A3. A high intermediate-to-minimum eigenvalue ratio (1,/43)
indicates that the normal vector is well determined for a given current sheet crossing. The larger

the ratio is, the more accurate the yielded normal becomes.

For further analysis, the normal 71 is chosen as the vector which always points form +By to —By

hemisphere. Thus, the normal is given by
n = sgn(—ABy) sgn(\?t . N) N 3)

Where sgn is the sign function, V; represents the velocity vector of MAVEN, and ABy > 0, if

By change from —By to +By, and vice versa.

3.2 Current Sheet Structure Shift Evaluation

To study the correlations between the flow-aligned component of IMF and the CS structure
shift, the shift of the CS must be estimated with the IMF flow-aligned component taken into

account.

Here an example method is presented to quantitatively analyze the shift of CS structure. The
CS is ideally assumed to be a plane structure, and the solar wind flow is along the -X direction. As
presented in Figure 1 in the YZ plane, the CS, if no shift occurs (see the thick black line), would
contain the Sun-Mars line, which projected onto the YZ plane is the point O, i.e., the equatorial
center of the CS. In this case the size of the +By hemisphere equals to that of the —By hemisphere.
Point P is an example of where a spacecraft could cross the CS. If the CS shifts toward either lobe
(see the thin dashed blue lines), the lobe system becomes asymmetric and the crossing of the CS

would occur at any of the points denoted as P'.

The angle, a, between the CS normal 7 and the position vector OP or OP' is = 90° if no

significant shift occurs, and o > 90° (a < 90°) if the CS is displaced toward the +By hemisphere (-

6
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By hemisphere). The shifted distance can be estimated as Ad = |W|cosa. The analysis on the
shifted distance still holds on even 7 has a significant ny component. In this case, one just needs
to replace 7 by the cross-flow component 71} to calculate the angle a, where 1, = (0i, n, j, nK).
It should be noted that no IMF condition is applied using this technique: thus, the shifted distance
can be calculated without knowing the simultaneous upstream IMF condition. Further, considering
the angular uncertainty of CS normal via equation (2), the uncertainty of the shifted distance can

be estimated as well.

Figure 1. The diagram illustrates the technique that evaluates the displacement of the CS. The
thick blue line indicates the unshifted CS, and the CS crossing observed by MAVEN is at point P
in this case. Similarly, the thin dashed blue lines represent a shifted CS, and the possible CS

crossing points are the points P'. The CS normal at P or P'is represented by W which points from

+ By hemisphere to—By hemisphere always. The angle, o, between OP' and 7 is larger (less) than

90° when CS is much displaced toward the +By hemisphere (—By hemisphere).
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4 Current Sheet Crossing Case Studies

To systematically analyze the possible influence of the IMF flow-aligned component on the CS

structure, we firstly will study three cases with a significant sunward flow component, a dominant

cross-flow component and a dominant tailward flow component respectively for comparison.
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Figure 2. MAVEN crossing of the Martian magnetosphere on 29 December 2014. (the first to

the fourth panel) The time series of magnetic field, the energy-time spectrogram of ions, electrons,
and of solar wind ions. The position of MAVEN in MSO is given below the panels. The crossings
of the bow shock and the tail CS are labeled by vertical black and red lines, respectively.
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Figure 3. MAVEN trajectory in the XZ plane (left) and YZ (right) plane on 29 December 2014.
In the XZ plane, the nominal bow shock (BS) and induced magnetosphere boundary (IMB) are
marked by the black lines [Vignes et al., 2000]. The red star marks the CS crossing and the color

bar indicates the time.
4.1 Case on 29 December 2014

As shown on Figure 2, MAVEN is crossing the Martian magnetosphere during 14:01-16:57 on
29 December 2014. The time series plot of data from MAG, STATIC, SWEA and SWIA is shown
in Figure, which displays the magnetic field and its three components in MSO coordinates and the

energy-time spectrogram of electrons and ions.

As seen in Figure 2, the MAVEN crossings of the bow shock are indicated by the vertical black
lines with a jump of the magnetic field and the distinct changes in the plasma spectrograms [Nagy
et al.,2004]. The average IMF 30 min before the inbound bow shock crossing is seen as B1=[2.52,
-0.90, -0.48] nT, while the average IMF after the outbound bow shock crossing yields B,= [2.34,
-0.22, -0.84] nT, so the average IMF during the MAVEN magnetospheric crossing is (B1 +
B,)/2=[2.43, -0.56, -0.66] nT, the cone angle (the angle between the +X direction and the IMF
direction) of the IMF is 19°. Evidently, the IMF’s orientation is significantly sunward, the IMF is
dominated by the +By component. Besides, the IMF remained comparatively steady before and

after the bow shock crossings (seen the steady IMF definition in Section 4.4).

The current sheet crossing is marked by the red dashed vertical line at 15:32:44 UTC, when
MAVEN is located at [-1.07, 0.74, -0.16] R,,. The current sheet crossing is identified by the change

9
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214 of'the sign of By component, which changes from tailward to sunward. The current sheet crossing
215  1is also accompanied by the enhancement of the electron flux and ion flux [Halekas et al., 2006],

216  which also indicate that MAVEN is indeed crossing the CS in the magnetotail.

217 Figure 3 illustrate MAVEN’s trajectory from 14:01 UTC-16:56 UTC. Figure 3a provides a
218  meridional plane view, while Figure 3b is the view from the tail toward the planet. The red stars
219  present CS crossing. As described in Section 3, we performed the MV A method to the magnetic
220  field data for the CS crossing and determined the CS normal direction. The MVA is applied to the
221  magnetic field data at the CS crossing during 15:31:52-15:33:36, the maximum, intermediate and
222 the minimum variance directions of the magnetic field are yielded as L= [0.86, -0.51 0.009], M=
223 [-0.17, -0.30, -0.94], n= [0.48, 0.80, -0.35], respectively. In addition, the corresponding
224  eigenvalues are A; = 51.2, 1, = 1.22, 4; = 0.31 based on the calculations.

225 Applied the analysis technique introduced in section 3.2, the shift of the CS structure is
226  quantitively analyzed by calculating the angle, a, between the n; and the position of the observed
227  CS crossing position vector. The @ ~ 11" based on the calculation and the shift distance of the CS
228  can be estimated as Ad~0.73Ry,, this indicates that the structure of CS is largely shifted towards
229  the —By hemisphere. In addition, as described in section 3.1 the accuracy of MVA results is
230 inferred from the eigenvalues, the intermediate-to-minimum eigenvalue ratio here A,/4;=3.9,
231  which indicates CS normal direction is well-determined. Apart from that, the distance of the
232 crossing location to the equatorial plane is estimated as R~0.75R,,. Thus, based on the angular
233 uncertainty of 7i relative to the orientation of M via equation (3), the range of the shift distance of
234  CScanbe Ad € [0.72,0.74] Ry The related parameters regarding the corresponding crossings are
235  tabulated in Table 1.

236  Table 1: The Parameters Related to the Current Sheet Crossing Cases.

Time Location? (Ry) IMFP Cone AngleP fl Ay/23 Ad¢
2014/12/29 15:32:44 (-1.07, 0.74, -0.16) (2.43,-0.56,-0.66) 20° (0.48 0.79 -0.35) 3.92 0.73€ [0.72, 0.74]
2015/09/03 21:52:51  (-1.19, -0.42,-0.38)  (-3.10, 6.52, 0.19) 115° (0.110.73-0.68)  10.81 -0.05€ [-0.08, -0.02]
2018/02/19 00:47:08 (-0.68,-1.12,-0.20)  (-1.94,-0.63,1.24) 145° (0.12 0.18 0.98) 3.95 -0.40€ [-0.50, -0.29]

237  a: The location of current sheet crossing in MSO coordinates.

10
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b: The averaged IMF and its cone angle.

c: The shifted distance of the current sheet plane. The sign “-” (+) represents the current sheet is shifted toward

the +By (—By) hemisphere, and vice versa. The range of the shifted distance is show in the square bracket.
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Figure 4. MAVEN crossing of the Martian magnetosphere on 3 September 2015. (the first to

the fourth panel) The time series of magnetic field, the energy-time spectrogram of ions, electrons,
and of solar wind ions. The crossings of the bow shock and the tail CS are labeled by vertical black

and red lines, respectively.
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Figure 5. The MAVEN'’s trajectory on 3 September 2015. The format is the same with Figure 3.
4.2 Case on 3 September 2015

Another case is shown is Figure with a dominant cross-flow component, which occurred on 3
September 2015. Similarly, the vertical black lines mark the inbound and outbound bow shock
crossings at 21:05:07 and 23:39:51 respectively along with the fluctuations of the magnetic field
and the ion energy spectrogram. The 30 min average before the inbound bow shock crossing yields,
B1=[-2.84,6.220.27] nT, and B,=[-3.36, 6.83 0.11] nT for the 30 min average after the outbound
crossing, so the average IMF is (By + B;)/2= [-3.10, 6.52, 0.19] nT. The cone angle of the
average IMF is ~115°, which indicates that the IMF is dominated by cross-flow component during

the entire Martian magnetosphere crossing while the By remained very steady.

At 21:52:51 UTC, marked by the dashed red line, MAVEN is crossing the CS when located at
[-1.19, -0.42, -038]R,,. The By component reverses from tailward to sunward as expected, along
with the enhancement of ion flux and electron flux recorded by SWIA and SWEA instruments.
Figure displays the trajectory of MAVEN in the XZ and YZ plane, the CS crossing is marked by
red stars. As before, the MVA analysis is applied to the time interval 21:52:31- 21:53:11, the
eigenvectors derived from the analysis are L=[0.98, 0.22, 0.08], M=[-0.21, 0.65, 0.73], n=[-0.11,
0.73, -0.68]. The corresponding eigenvalues are 4; = 11.4, 4, = 0.0893, 1; = 0.00826 ,

respectively.

12
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With the same analysis technique before, it is estimated that the location of the CS crossing to
the equatorial center of the CS plane is R~0.57 R,,. The deviation angle a, between the CS normal
vector and the position vector is about 95°, so we find that shifted distance of the CS is Ad~ —
0.05 Ry, which suggests that the CS does not shift significantly towards the +By hemisphere
under the cross-flow dominant IMF condition. Still, the uncertainty of the shifted distance can be
estimated by equation (3), the range of the CS shifted distance can be derived as Ad € [-0.08, -
0.02] Ry
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Figure 6. MAVEN crossing of the Martian magnetosphere on 18 and 19 February 2018. (the
first to the fourth panel) The time series of magnetic field, the energy-time spectrogram of ions,
electrons, and of solar wind ions. The crossings of the bow shock and the tail CS are labeled by

vertical black and red lines, respectively.
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Figure 7. The MAVEN's trajectory on 18 and 19 February 2018. The format is the same with
Figure 3.

4.3 Case on 19 February 2018

As expected, Figure 6 shows a case with dominant tailward IMF By. In Figure 6, the vertical
black lines represent the bow shock crossings at 23:51:50 and 01:23:00, respectively. The 30 min
averaged IMF before the inbound bow shock crossing is B;= [-1.81, -0.92, 1.22] nT, while the
averaged IMF after outbound crossing is B,=[-2.13, -0.33, 1.25] nT, the corresponding IMF is [-
1.97, -0.63, 1.24] nT and the cone angle is 145°. Clearly, the IMF is significantly tailward during

the crossing of the Martian magnetosphere.

The CS crossing is marked by vertical red line at 00:47:08 when MAVEN is located at [-0.68, -
1.12 -0.2]Ry,, the sign of magnetic field By component changes along with the enhancement of
energetic electron and ion flux. The MVA is applied over the interval 00:46:44- 00:47:32 during
the magnetotail CS crossing event, the yielded eigenvectors are L=10.98,-0.19, -0.08], M=[-0.17,
-0.97, 0.20], n=[0.12, 0.18, 0.98]. The corresponding eigenvalues are 1, = 11.8, 1, = 3.3, 15 =
0.84, respectively. Then we calculated the deviation angle a between the i) and the position
vector, which is 111°. The shifted distance can be estimated based on the angle as Ad~ — 0.40 R,
which suggests the CS plane is largely displaced toward +By hemisphere under the tailward
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dominant IMF condition. Considering the angular uncertainty of 7 relative to the orientation of M,

the range of the CS shifted distance is estimated as Ad € [-0.50, -0.29]R,,.

In summary, the analysis based on the selected three cases suggests that the IMF By seems to
result in a systematic shift of the current sheet and a corresponding asymmetry of the structure.
However, the selected cases cannot help us determine the possible correlations between the CS
displacement and the IMF orientation. In that case, we enlarge the study with more cases based on

the selection criteria described in the following subsection

Table 2: The table format is the same as Table 1 with more current sheet crossing cases.

Time Location? (Ry) IMFP Cone Angle® fl A3/23 Ad¢

2014/12/29 15:32:44

(-1.07, 0.74, -0.16)

(2.43, -0.56, -0.66)

20°

°

(0.48 0.79 -0.35)

3.93

0.73€ [0.72, 0.74]

2015/09/03 21:52:51  (-1.19,-0.42,-0.38)  (-3.10, 6.52, 0.19) 115 (-0.110.73-0.68)  10.81  -0.05€ [-0.08,-0.02]
2018/02/19 00:47:08  (-0.68,-1.12,-0.20)  (-1.94, -0.63, 1.24) 145° 0.120.180.98)  3.95  -0.40€ [-0.50,-0.29]
2014/12/22 09:28:21  (-1.21,0.55,-0.15)  (2.77,-3.24, -3.20) 59° (-0.030.97-0.24) 1191  0.57€ [0.56, 0.57]
2015/08/31 20:01:48  (-1.17,-0.49,-0.34)  (0.47, 4.43,-0.98) 84° (0.22-0.47-0.85) 1028  0.53€ [0.52, 0.55]
2015/09/29 09:09:28  (-1.55,0.14,-0.41)  (0.23, 2.19, -0.06) 84° (-0.010.40-0.92) 11.59  0.43€ [0.430,0.432]
2018/04/03 11:23:17  (-1.33,0.15,-0.4)  (-0.19, -2.13, -0.06) 95° (-0.23-0.37-0.90)  8.17  -0.43€ [-0.43,-0.43]
2014/12/04 06:00:12  (-1.47,0.05,-0.25)  (-0.58, 3.47, -1.56) 99° (0.180.45-0.88)  1.64  0.25€ [0.23, 0.25]
2017/07/09 19:53:59  (-1.32,1.08,-1.52)  (-3.10, 6.52, 0.19) 103° (-0.29-0.930.23)  4.47  -0.68€ [-0.85,-0.43]
2014/12/05 09:40:14  (-1.30,-0.10,0.13)  (-3.84, 2.98, -0.87) 141° 0.230.97-0.09) 533  -0.11€ [-0.12,-0.10]
2016/02/02 11:02:04  (-1.00,-0.82,-0.31)  (-4.73, 0.61, 1.73) 159° (0.330.850.42) 540  -0.87¢ [-0.88,-0.87]
2016/03/05 03:56:42  (-1.20,-0.12,0.48)  (-1.34,-0.29, -0.59) 154° (-0.730.1-0.68)  9.31  -0.49€ [-0.50,-0.49]
2018/03/14 12:41:51  (-1.17,-0.40,-0.39)  (-2.04, 1.41, 0.53) 144° (0.170.91-0.37)  10.71  -0.22€ [-0.25,-0.20]
2016/08/15 20:30:25  (-1.10,-0.12,0.37)  (3.28, 0.70, 1.31) 24° (-0.35-0.670.65) 1552 0.34€ [0.34,0.35]

a: The location of current sheet crossing in MSO coordinates.
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b: The averaged IMF and its cone angle.

c: The shifted distance of the current sheet plane. The sign

[73R 2]

(+) represents the current sheet is shifted toward

the +By (—By) hemisphere, and vice versa. The range of the shifted distance is show in the square bracket.

4.4 More cases

To systematically analyze whether the flow-aligned component can impact the CS structure and

cause the asymmetry in the Martian magnetotail, more CS crossing cases are selected for the

analysis. The magnetic field data of MAVEN with a 1-s time resolution from October 2014 to

February 2020 are adopted to select good current sheet crossing cases. The selection criteria are as

followed:

1.

MAVEN should be located in the Martian magnetotail region, with region confinement
—3Ry < X < —0.5Ry, p = VY2 + 72 < 1.3Ry,.

The CS crossings during the MAVEN magnetospheric crossings can be identified by the
change of By sign along with the enhancement of ions and electrons flux [Halekas et al., 2006].
The CS should be assumed as stationary enough during the crossing, so evident flapping event
of the CS should not occur during the crossing [Rong et al., 2015a, 2015b; DiBraccio et al.,
2017] and the CS crossing should only occur one time during the magnetotail crossing. In that
case, further analysis of the CS structure shift can be made.

To get steady IMF crossings, the upstream IMF component should fulfill the steady criteria
[Rong et al., 2014, 2016]: the 30 min averaged IMF before the inbound bow shock crossing
are denoted as B4, while B, represents the 30 min averaged IMF after the outbound bow shock
crossing (A list of MAVEN bow shock crossings from October 2014 to February 2020 can be
found in the supporting information). The criteria regarding angle and strength should be

fulfilled to meet the steady requirement: the deviation angle @ between B; and B, should be

2[IB1|—|BylI

BB, | < 0.2. Then the

less than 30" and the perturbations of IMF strength should satisfy

averaged upstream IMF of the MAVEN crossing is (B4 + B;)/2.

To make a better analysis, no large fluctuations should occur in the upstream IMF: we visually
picked out the good CS crossing cases from all the magnetospheric crossings which the IMF
30 min before the bow shock inbound crossing and after the outbound crossing show no evident

fluctuations.
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5. To avoid the potential influence of the crustal magnetic fields, the CS crossing should be above

at least 400 km when MAVEN is flying above the strong crustal magnetic field regions.

More cases (total 14 cases) were selected for studies based on the above criteria, the related
parameters regarding the CS crossing are tabulated in Table 2. Based on the analysis of these cases,
Figure 8 shows the shifted distance Ad of CS as a function of the upstream IMF cone angle. A
correlation can be seen between the shifted distance and the IMF cone angle, the shifted distance
varies inversely with the IMF cone angle, that is the shifted distance |Ad| > 0 when the IMF cone
angle is much less or more than 90°, and vice versa. However, the inverse correlation is not evident
for two of the selected cases. The ratiod,/A; of case one with cone angle 99° is 1.6, so the reason
accounted for this inconsistency may be the less well-determined current sheet normal direction
estimated by the MVA. The inconsistency of the other cases may be caused by other unknown
reasons, since some other factors may also displace the current sheet structure to some degree.
From the results of the carefully selected CS crossing cases, there seems to be a correlation
between the displacement of the CS structure and the IMF cone angle. The CS appears to be shifted
more to the +Y direction, when the IMF cone angle is much less than 90°, while the CS appears

shifted to the -Y direction, when the IMF cone angle is much greater than 90°,

08 T T T T T
-
06 = - 1
04 = .
—a—
=
02 .
e Op i
< []
3
0.2 ] B
0.4t —a— ]
o
06 1
-08 1
—a—
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0 30 60 90 120 150 180

IMF cone angle (degree)

Figure 8. Scatter plot represents the shifted distance of the CS as a function of the IMF cone angle.
The lengths of the horizontal error bars represent the IMF cone angle deviation between the IMF
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for inbound and outbound bow shock crossings. The lengths of the vertical error bars represent

the uncertainty of the shifted distance from the uncertainty of the CS normal estimated by the MV A.
S Statistical Analysis

Analysis based on selected CS crossing cases suggest the possible inverse correlation between
the shifted distance of the CS and the cone angle of upstream IMF. However, one may argue that
the biased selection of the CS crossing cases would make the results unreliable. As a result, it is
of great importance to statistically check the effects of the IMF flow-aligned component (By) on
the average configurations of the CS structures in magnetotail. To statistically study the influences
of the IMF, the magnetic field data of MAVEN MAG from October 2014 to February 2020 are
adopted to the analysis.

The statistical analysis is made in Mars-Solar-Electric field (MSE) coordinate system. This
involves a transformation in the Y-Z plane by calculating the direction of the solar wind convection
electric field (Egy ) on the basis of the anti-sunward solar wind flow (V,,) in the —X,;5, direction
and IMF orientation (Byr yz) perpendicular to the solar wind flow:Egy = =V, X Biyp yz.
Egy is positive along the Z)gp direction, and therefore —Vy, and Bjyp yz oriented in the
direction of Xy and Yysp, respectively. In MSE coordinates, the Zysp axis is basically

contained in the CS plane which is nominally located at Yy;55~0.

Similar as the previous analysis, the procedures implemented in previous studies [Rong et al.,
2014, 2016] are adopted which is, we select orbits when the upstream IMF satisfy the steady
requirements defined in section 4.4 (there are total 1445 magnetospheric crossings fulfilling the
criteria), and then the MAVEN magnetic field data are transformed into MSE coordinates with
region confinement (—3Ry < Xy s < —0.5R;,). Here the MSE coordinate system is computed
using the averaged upstream IMF (B = (B4 + B;)/2) and the corresponding solar wind velocity
measured by SWIA.

To find the average configurations of the CS structure, we look at the By component spatial
distributions in the MSE Y-Z plane and the size of the spatial bins are 0.2X 0.2R,,. We further
compute the contours of By=0 in the plane. The contours of Bx=0 near Y,;sz~0 can be seen as the
average configuration of the CS structure. To analyze the IMF flow-aligned component effects on

the CS configurations, the investigations are carried out under different IMF conditions, the
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significant sunward IMF (cone angle <60°, 500 magnetospheric crossings) and tailward IMF (cone
angle> 120", 260 magnetospheric crossings), along with the cross-flow IMF ( 70° <cone
angle<110°, 439 magnetospheric crossings). Figure 9 shows the spatial distributions of the IMF
By in the MSE coordinates, Figure 9 (a)-(c) corresponds the sunward, tailward and cross-flow IMF
condition respectively. In addition, the contours of By=0 are generated automatically by the
MATLAB with an interpolation technique of its own, therefore the contour will pass through some
spatial bins where By # 0 unavoidably. It should be noted that some “circle structure” of the
contours appear in the lobe, there are no particular meanings for these circles, they are likely to be

produced by the IMF uncertainty in some cases.

IMF=B, 70’ <Cone angle< 110"
(c)

IMF=B, Cone angle<600 IMF=B, Cone angle> 120°

& = =
5 0 & m 0
g g g
N N N

-2 2 g \

- )
, L IeRg
- - 2 0 -2
Yuse[Ru) Yuse[Ru) Yuse[Rul

IMF=B, Cone angle<60" IMF=B, Cone angle> 120" IMF=B, 70’ <Cone angle< 110°

Zuse[Ru)
o
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Znrse[Ra)
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0 - 0
Yarse[Ru) Yarse[Ru)
Sunward magnetic field Bx [nT]
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Figure 9. The distribution of the By component in the modified Mars-Solar-Electric field (MSE)
coordinates (—3 Ry < Xysg < —0.5 Ryy) when the average upstream IMF (B= (BI+B2)/2) is
significantly (a) sunward (cone angle <60°) and (b) tailward (cone angle >120°) (c) cross-flow
(70°< cone angle <110°). The average configurations of the tail current sheet structure are

marked by the solid black lines. (a)-(c) represent the current sheet configurations without crustal
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magnetic fields effects. (d)-(f) represent the current sheet configurations with crustal magnetic

fields effects.

To also look at the influence of the crustal fields, the average CS configurations are compared
as well when the crustal fields are included and omitted conditions in this statistical study. To filter
out the influence of the strongest crustal magnetic fields, we discarded magnetic field data recorded
by MAVEN when it is flying above the strongest crustal fields region (130° — 230’ in longitude
of the southern hemisphere) in the magnetotail region. Figure 9 (d)-(f) corresponds the sunward,
tailward and cross-flow IMF condition with strong crustal magnetic fields considered. Considering
the limited coverage of the crustal magnetic field effects, we also compared the crustal field effects
at the near Mars magnetotail using the different region confinement (—1.5Ry; < Xy sg < —0.5Ry)

as shown in Figure 10.

IMF=B, 70’ <Cone angle< 110’

IMF=B, Cone angle> 120°

IMF=B, Cone zﬂgle<60°

Zyse|Ru)
o

Zuse|Ru)
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o

Yirse[Ra] Yirse[Ra) Yirse[Rar)

IMF=B, Cone angle<60 IMF=B, Cone angle> 120 IMF=B, 70 <Cone angle< 110"

= = =
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¢ £ ¢
N N N,
2 2
-3 -3
Yarse[Ru] Yurse[Ru) Yirse[Ru)
Sunward magnetic field Bx [nT]
1 ]
-15 -10 -5 0 5 10 15

Figure 10. The distribution of the By component in the modified Mars-Solar-Electric field
(MSE) coordinates (—1.5 Ry < Xysg < —0.5 Ry ) when the average upstream IMF (B=
(B1+B2)/2) is significantly (a) sunward (cone angle <60°) and (b) tailward (cone angle >120°)
(c) cross-flow (70°< cone angle <110°). The average configurations of the tail current sheet

structure are marked by the solid black lines. (a)-(c) represent the current sheet configurations
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without crustal magnetic fields effects. (d)-(f) represent the current sheet configurations with

crustal magnetic fields effects.

70" <Cone angle< llODS

Cone angle< 60°
2
Cone angle> 120
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Figure 11. The average configuration of the magnetotail current sheet (the contour of By = 0
near Yy g ~ 0) when IMF is significantly sunward (red lines), tailward (blue lines) and cross-

flow (black line).
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Figure 12. The format is the same as Figure 11, with region confinement (—1.5 Ry < Xysp <

The structure of the CS, however, is not always aligned with the solar wind motional electric
field (Esy) as one would expect, the average configurations of the CS are actually sensitive to the
value of the IMF cone angle as shown in Figure 8, which suggests that the displacement of the CS

structure is influenced by the flow-aligned component of the IMF. In addition, the offset of the CS
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structure in the MSE coordinates is systematically controlled by the IMF orientation as presented
in Figure 9 and Figure 10, the CS is shifted to the dusk (+Y) when the IMF is significantly
sunward +By hemisphere, and shifted to the dawn (-Y) when the tailward IMF is dominant and
resulting in a dominant —By hemisphere of the magnetic lobes, while the CS is nearly located at
Yuse~0 during the cross-flow dominant IMF conditions, and the situations are nearly identical for
the observations made in the near Mars magnetotail region (—1.5 Ry < Xysg < —0.5 Ry).
Considering the effects from the crustal fields, the general configurations of the CS are similar
when the crustal fields are included, there are indeed some minor changes in the CS structures near
Zyse~0 where the strong crustal magnetic fields are present. As for the near Mars magnetotail,
the average configurations of the CS tend to be much more variant, part of the curves are offset
when the crustal fields are included, the comparison between the included and excluded crustal
fields observations further confirm the effects of crustal fields on current sheet configurations in
Martian magnetotail. [Halekas et al., 2006; Luhmann et al., 2015]. But from our statistical studies,
we can tell that the shift of the current sheet structure is dominated by the flow-aligned component

of IMF systematically, with some minor contributions from the crustal magnetic fields.

Moreover, Liemohn et al. [2017] found the asymmetry of the current sheet may also be
controlled by ionospheric conditions, the current sheet is shifted to the dawn (-Y) during solar
maximum and to the dusk (+Y) during solar minimum. Their MHD simulation results suggest the
shift is not a function of crustal fields or solar wind conditions, since they are omitted and held
constant in their study. Based on their study, we also roughly considered the effects of solar EUV
intensity, due to the limited operation time length of MAVEN, we choose the perihelion (1.38-
1.52 AU) and aphelion (1.52-1.66 AU) to compare the solar EUV intensity effects. The
configurations of the CS are slightly different in when considering the solar EUV intensity effects,
but as still the IMF flow-aligned component is the dominant factor for current sheet configuration
shift (Figures presented in supplementary files). We cannot conclude whether the configuration
differences are caused by solar EUV intensity or the change of IMF conditions, so further
quantitative studies on the solar EUV intensity effects on current sheet structure shift based on

MAVEN observations may be required in the future to confirm that.

Based on above results, the statistical studies we carried out above support our conclusions from

the selected individual cases: the shift of the current sheet structure in Martian magnetotail is
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dominantly controlled by the flow-aligned component of IMF (By), with contributions from other

factors like the crustal magnetic fields.
6 Discussion and Conclusions

In this work, based on carefully selected cases as well as a statistical study using MAVEN
magnetic field data from October 2014 to February 2020. We found an appreciable dependence
between the shift of the current sheet structure and the flow-aligned component of the IMF as
shown in Figure 8. The Mars magnetotail current sheet is located shifted toward the —Bjy
hemisphere for the significant sunward IMF cases and then moves to the +By hemisphere for the
tailward IMF cases, while cross-flow dominant IMF cannot significantly displace the current sheet
structure in the Martian magnetotail. Besides, by comparing the average configurations of
magnetotail current sheet structure in the modified MSE coordinates shown in Figure 9 and Figure
10. We can tell that IMF flow-aligned component (IMF By) is able to significantly impact the
current sheet structure of the near-Mars magnetotail. Moreover, with crustal magnetic fields
discarded data set and the normal data set comparison, it is showed that the current sheet structure
can indeed be influenced by the crustal magnetic fields, as previous studies suggested [Ma et al.,
2002; Harnett and Winglee, 2005; Fang et al., 2010, 2015; Dong et al., 2015]. Moreover, from the
comparison we can tell that the dominant controlling factor for the magnetotail current sheet
structure is the IMF orientation with some contributions from other factors like the crustal
magnetic fields and solar EUV intensity [Liemohn et al., 2017], even though the effects from the

crustal magnetic fields may be averaged to some degree.

Our study demonstrates that the significant CS displacement (shown in Figure 8) and the lobe
asymmetry of the CS structure (shown in Figure 9 and Figure 10) does show a correlation with the
dominant IMF By . However, some further discussions will be needed to present possible
explanations accounting for the inconsistence between previous results and our study, to point out
the differences between the space environment of Venus and Mars. With the similar analysis
technique, the study by Rong et al. [2016] found no evident correlations between the IMF
orientation and asymmetries of the magnetic field structure in the near-Venus magnetotail. Their
results are inconsistent with the study by McComas et al. [1986], they gave two possible
explanations for the inconsistence (see their discussion and conclusion): 1. The asymmetry may

be caused by other unknown reasons (e.g., the biased data set of PVO, since PVO spent little time
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measuring the upstream solar wind and IMF) 2. The IMF By can impact the magnetic field
structure, but is not significant in the near-Venus magnetotail where their observations were made.
However, in our study the systematic asymmetry of the current sheet structure controlled by the
IMF can be observed by MAVEN in the near-Mars magnetotail. Here we attempt to present some
simple physical interpretations and discuss the possible reasons for the difference from the

perspective of both the numerical simulations and theoretical analysis.

A previous study by Romanelli et al. [2014] presented the theoretical analysis between the
interaction of the solar wind and the unmagnetized planets. They analytically addressed an ideal
non-collisional interaction between conducting obstacles and magnetized plasma winds, where a
perfectly magnetized magnetohydrodynamic (MHD) plasma (no resistivity) under steady state
conditions flows around a spherical body for various orientations of the streaming magnetic field.
The arbitrary orientation of the magnetic field was seen as the combination of a linear combination
of the flow-aligned component and the cross-flow component in their study. Most of the structures
and characters of the induced magnetosphere (e.g. the classical draping configuration) can be
reproduced by their approach. Moreover, they found that when the external magnetic field is
strictly perpendicular to the direction of the flow, the induced magnetotail formed downstream
from the obstacle consists of two mirror-symmetric magnetic hemispheres separated by a flat PRL
(polarity reverse layer, actually the magnetotail current sheet), the PRL is always in the same plane
regardless of the orientation of the background magnetic field. In other words, the PRL cannot be
displaced by the flow-aligned component of the magnetic field, which is consistent with the
observations by Rong et al. [2016]. In addition, the IRPL (inverse polarity reverse layer, the
boundary layer of magnetotail) appears when there is a significant flow-aligned component in the
magnetic field, and the IRPL also appears in IMF By dominant case 1 and case 2 in the Venus
magnetotail of Rong et al. [2016] (see Figure 5). It should be noted that Romanelli et al. [2014]
only addressed the ideal MHD case without any resistivity. However, another work by Romanelli
et al. [2015] (see their introduction) suggested that the inclusion of resistivity must result in a shift

of the tail current sheet as reported by McComas et al. [1986].

Apart from theoretical analysis, results from simulations (e.g. hybrid simulations and MHD
simulations) can also help us interpret the possible reasons for the different magnetotail
configurations. As mentioned in Introduction, the nonideal MHD simulation of the Venus space

environment (with particle collisions and resistivity) by Ma et al. [2013] showed the flow-aligned
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component of the IMF influences the magnetic field configuration of the Venusian magnetotail
systematically, which is consistent with our observations. In addition, the hybrid simulation of
Titan by Simon et al. [2009] also showed that the dominant flow-aligned magnetic field component
goes along with the corresponding asymmetry of Titan’s magnetotail. Therefore, the nonideal
MHD simulations as well as the hybrid simulations show good agreement with our observations,
suggesting the possibility that particle collisions and effects of resistivity favor a displacement of
the magnetotail current sheet under dominant IMF By conditions. Moreover, the simulation results
mentioned above do not align with Romanelli et al. [2014] and Rong et al. [2016]. Based on that,
we may infer the difference between the space environment of Mars and Venus, which is the
resistivity effects may not be significant for near-Venus magnetotail formation compared with
near-Mars magnetotail. In that case, we need to further discuss the results from ideal MHD

simulations.

The results from ideal MHD simulations [Zhang et al., 2009] showed that the induced
magnetosphere of Venus totally disappear under the extreme flow-aligned IMF orientation. The
field lines are excluded from the Venus wake. The simulation results are understandable, since the
flow-aligned magnetic field upstream must indicate a flow-aligned downstream according to MHD
Rankie-Hugoniot conditions. If the IMF can simply be seen as the linear combination of the flow-
aligned and cross-flow component as is the case in the ideal problem addressed by Romanelli et
al. [2014], the results of Rong et al. [2016] are easy to be interpreted. Any IMF orientation can be
decomposed into a cross-flow component and a flow-aligned component (IMF By). In terms of
ideal MHD, the flow-aligned component cannot penetrate into magnetotail, only cross-flow can
contribute to the formation of the magnetotail. Thus, the results of Rong et al. [2016] suggested
that the flow-aligned dominant IMF cannot significantly influence the magnetotail, since the solar
wind can be seen as the steady state in their statistical studies based on their selection criteria,
which perfectly satisfied the assumption of Romanelli et al. [2014], so their observations of the

near-Venus magnetotail can be well described by the ideal MHD situation.

Based on above discussion, we may infer the possible reason for the inconsistence between our
observations and the previous study [Rong et al., 2016, Figure 11]. From the perspective of
theoretical analysis and numerical simulations, the different significance of particle effects and
resistivity on Mars and Venus may play a role in the magnetotail shift. For Venus, neither the

hybrid nor the MHD simulation are consistent with the observation by Rong et al. [2016], so it
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may imply that either the related particle effects, e.g., particle collisions and wave particle
interaction, cannot significantly impact the magnetic field structure of the Venusian magnetotail.
Some unknown effects other than the IMF Bx component that gives the shift and asymmetric
structure of CS may balance the particle effects to make the CS unshifted significantly. For Mars,
due to the smaller ion gyroradii and effects from crustal magnetic fields, particle effects may play
a more important role in the near-Mars magnetotail. In that case, particle collisions and effects of
resistivity may indeed favor a displacement of the magnetotail current sheet under dominant IMF
By conditions. In all, the inconsistence between the observations of near-Mars and near-Venus
magnetotail are possibly related to different particle effects of the planetary space environment,

based on results from numerical simulations, theoretical analysis along with satellite observations.

In conclusion, the comparison of theoretical analysis and numerical simulations show that when
the particle effects in the form of resistivity are included, the magnetotail current sheet would be
systematically controlled by the IMF orientation as shown in our observations of the near-Mars
magnetotail. While in Rong et al. [2016], the statistical study suggested the effects of resistivity
appearing in the models do not play a significant role in the formation of the near-Venus
magnetotail. The different results between Mars and Venus may imply the different role of particle
effects in the magnetotail of the two planets, further simulation and observation will be needed to
confirm the effects. Moreover, the displacement of the current sheet following the orientation of
the IMF has also consequences on the location of the region where planetary particle acceleration
is expected. Therefore, the displacement of the current sheet structure should be taken into account
when estimating the planetary ion escape rate in the magnetotail. In all, future comparative and
more comprehensive studies on Venus, Mars, and Titan may help us discover more about the
factors that may displace the structure of the induced magnetotail and improve our knowledge

about the space environment of these unmagnetized planets.
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