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Key Points:

• The asymmetric pitch angle distribution is caused by the proton loss and the loss
population is dominated by the thermal protons (>830eV).

• The distributions (both density, thermal pressure, and spectral index κ) exhibit
a clear dawn-dusk asymmetry systematically.

• The proton density profile in the meridian plane suggests that the protons are adi-
abatic in the outer plasma sheet.
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Abstract
This study investigates the properties of protons in the magnetotail plasma sheet of Mer-
cury. By superposing five years measurements from the MESSENGER spacecraft, we
obtain the average energy spectrum of protons in the plasma sheet, which can be fitted
nicely by the Gaussian-Kappa model. The proton density, pressure and energy spectral
index κ are found to be higher on the dawnside than on the duskside. The proton tem-
perature shows a clearly outward radial gradient. The field-aligned density profile indi-
cates that the protons in the outer plasma sheet move adiabatically. The pitch angle dis-
tribution reveals the reflected fluxes to be always less than the incident fluxes, and in-
dicates the loss of protons due to their impact on the planetary surface.

Plain Language Summary

Mercury has a miniature magnetosphere subject to intense solar wind forcing. This
magnetosphere, among the smallest in the solar system, resembles the Earth’s in many
key respects. It is also an analog for other small and outside-driven magnetospheres, such
as Ganymede’s inside Jupiter’s magnetosphere. Mercury does not have a significant at-
mosphere, but a tenuous exosphere. Therefore, Mercury’s magnetospheric ions are thought
to come predominately from the solar wind, and only about 10% of the ions are of plan-
etary origin. This study presents a statistical picture of the protons in Mercury’s mag-
netotail plasma sheet measured by the Fast Imaging Plasma Spectrometer (FIPS) on-
board MESSENGER spacecraft. Many parameters are obtained through a best fit pro-
cedure with a Gaussian-Kappa distribution. The proton number density, proton pres-
sure, and spectral index κ show clear dawn-dusk asymmetric features. The results also
suggest that the motion of the protons is adiabatic in the outer plasma sheet and non-
adiabatic in the central plasma sheet. Furthermore, the loss feature of the protons is also
revealed by their asymmetric pitch angle distributions.

1 Introduction1

Mercury is the innermost planet in the solar system, and it has a global intrinsic2

magnetic field closely aligned with the planet’s spin axis (< 0.8◦). Its magnetic equa-3

tor is shifted northward by ∼ 0.2 RM from its geographic center; RM = 2440km is Mer-4

cury’s radius. The magnetic moment is around 195 nT·R3
M, which is much smaller than5

that in Earth (Alexeev et al., 2010; Anderson et al., 2011, 2012). Interactions between6

Mercury’s magnetic field and the solar wind form a miniature magnetosphere with the7

subsolar magnetopause at ∼ 0.45RM above the surface (Slavin et al., 2009; Winslow et8

al., 2013). Furthermore, Mercury only has a tenuous exosphere, which contains many9

heavy atoms and ions, such as sodium, oxygen and helium. (Potter & Morgan, 1985; Zur-10

buchen et al., 2011; Raines et al., 2013; Wurz et al., 2019). And protons are the most11

abundant ions (> 90%) in Mercury’s magnetosphere.12

The magnetic flux loading-unloading process in Mercury’s magnetosphere, i.e., the13

magnetospheric substorm, has a time scale of only 2 to 3 minutes (Slavin et al., 2010;14

Sun et al., 2015; Imber & Slavin, 2017), which is caused by the low solar wind Alfvén15

Mach number (Slavin & Holzer, 1979; Scurry et al., 1994) and the small magnetosphere16

(Siscoe et al., 1975). The low solar wind Alfvén Mach number also produces many mag-17

netic reconnection-generated structures in the magnetosphere, including flux transfer events18

near the magnetopause (Russell & Walker, 1985; Slavin et al., 2009), flux ropes (Slavin19

et al., 2012; DiBraccio, Slavin, Imber, et al., 2015; Sun et al., 2016; Smith et al., 2018;20

Zhao et al., 2019), and dipolarization fronts in the magnetotail plasma sheet (Sundberg21

et al., 2012; Sun et al., 2016, 2018). These magnetic structures at Mercury resemble those22

at Earth, but they contain strong kinetic features.23
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Mercury’s tail plasma sheet has been revealed to have dawn-dusk asymmetry. The24

plasma sheet is thicker on the dawnside than on the duskside (Poh et al., 2017a), and25

magnetic reconnection occurs more frequently on the dawnside plasma sheet (Sun et al.,26

2016). The heavy ions are found to be concentrated on the duskside plasma sheet, i.e.,27

the pre-midnight sector (Raines et al., 2011; Gershman et al., 2014), whereas there are28

more protons on the dawnside than on the duskside (Korth et al., 2014; Chen et al., 2019).29

In studies about the dawn-dusk asymmetry of Mercury’s magnetotail, Korth et al. (2014)30

investigated the distribution of proton fluxes, and Chen et al. (2019) presented the pro-31

ton momenta under the assumption of isotropic and Gaussian distributions (Gershman32

et al., 2013; Raines et al., 2011). Sun et al. (2017, 2018) have shown that the proton spec-33

tra are non-Maxwellian and can be fitted by kappa distribution.34

The proton motion in Mercury’s magnetotail is adiabatic in the region outside the35

central plasma sheet as demonstrated in previous test-particle simulations (D. C. Del-36

court et al., 2017) during magnetic quiet period. In other words, the first adiabatic in-37

variant (µ = 1
2mv2

⊥/B) conserves. The proton trajectories are chaotic and non-adiabatic38

in the central plasma sheet, because the curvature radii of magnetic field are compara-39

ble to the gyro-radii of protons of keV range. Both test-particle simulations (D. Delcourt40

et al., 2007; Ip, 1987) and observations (Sun et al., 2017, 2018) have shown that the en-41

ergization of protons is non-adiabatic during the magnetospheric active interval. A fur-42

ther study based on in-situ measurements is desirable to verify the adiabatic theory and43

the simulation results.44

In Mercury’s plasma sheet, the loss cone of protons (α < arcsin
√

Bmax

Beq
) ranges45

from 0◦ to 20◦ (Poh et al., 2018). Protons within the loss cone would impact the plan-46

etary surface and being absorbed (hereinafter referred to as “surface precipitation”). Winslow47

et al. (2013) has shown that the averaged reflected fluxes are less than the incident fluxes,48

implying a partially loss of protons. Furthermore, Korth et al. (2014) shows a north-south49

asymmetry of proton fluxes in the magnetotail plasma sheet due to the northward shift50

of Mercury’s magnetic dipole.51

In this study, we analyze approximately five years of measurements from MESSEN-52

GER in Mercury’s magnetotail (Andrews et al., 2007). We fit the proton spectra with53

the Gaussian-Kappa distribution to obtain the density, pressure and spectral index κ.54

Moreover, the proton pitch angle distributions (PADs) are used to investigate their loss55

mechanisms. The paper is organized as follows: Section 2 provides a description of the56

dataset and the spatial superpose method. Section 3 shows statistical results of proton57

properties. The discussion and conclusion are presented in the last section.58

2 Data and Methods59

2.1 Magnetic Field and Ions Measurements60

This study utilizes the data measured by the Magnetometer (MAG) and the Fast61

Imaging Plasma Spectrometer (FIPS) onboard MESSENGER. The MAG measured mag-62

netic field vectors at a time resolution of 50 milliseconds (Anderson et al., 2007). The63

FIPS measured energy spectra of ions (mass per charge from 1 to 60 amu/e) within the64

energy range from 46 eV/e to 13.6 keV/e in a limited field-of-view (FOV) of ∼ 1.15π65

sr (Andrews et al., 2007). The time resolution of the FIPS data is 10 s and the pitch an-66

gle resolution is 10◦.67

The magnetic field and spacecraft position are provided under Mercury Solar Mag-68

netospheric (MSM) coordinate system. In MSM coordinates, X-axis points to the Sun,69

Z-axis points perpendicular to the orbital plane and is positive in the geographic north-70

ward direction, and Y-axis completes the right-hand system. The origin of the coordi-71

nate system is shifted northward by ∼0.20 RM from the center of the planet because of72

the dipole field offset(Anderson et al., 2010; Alexeev et al., 2010). The spacecraft po-73
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sition is further rotated by an aberration angle around the Z-axis to enforce the aber-74

rated X-axis to be anti-parallel to the solar wind (400km/s). The new coordinate is re-75

ferred to as aberrated MSM coordinate (aMSM).76

2.2 Spatial Superpose Analysis77

Figure 1 introduces the method we used to investigate the proton parameters ob-78

tained from FIPS measurements. The magnetotail is divided into several grid boxes with79

a size of ∆ρ = 0.1RM,∆θ = 15◦ in polar coordinates (Figure 1f). When we investigate80

the distributions of proton properties in the equatorial plane (Section 3.1), the polar ra-81

dius ρ is the distance to the Z-axis (i.e.
√

X2 + Y2) and the polar angle θ represents the82

local time [θ = (1 − Local Time
24 ) × 360◦]. When we investigate the distribution in the83

meridian plane (Section 3.2), ρ represents the distance to the Y-axis (i.e.
√

X2 + Z2) and84

θ represents the magnetic latitude. Other panels in Figure 1 show the superposed mea-85

surements from FIPS and MAG by averaging each measurement inside the red box marked86

in Figure 1f ( −1.5RM < X < −2.0RM, and −0.25RM < Y < 0.25RM) during the entire87

mission of MESSENGER (from 18 March 2011 to 30 April 2015).88

In Figure 1a, the proton differential energy fluxes show a peak at the magnetic equa-89

tor (Z = 0) in almost all energy channels, indicating that the number density and ther-90

mal pressure are the highest in the center of the plasma sheet. The PADs are clearly anisotropic91

and vary along the Z-axis (Figure 1b). Magnetic field observations (Figure 1c) demon-92

strate a reversed Bx and an enhanced Bz near the magnetic equator. The magnetic By93

component, on the other hand, is always very close to zero. In addition, the magnetic94

pressure (blue line in Figure 1d) is the lowest and the elevation angle (arctan(Bz/
√

B2
x + B2

y),95

Figure 1e) is the highest (∼ 90◦) at the center of the plasma sheet comparing with those96

at the outer plasma sheet.97

The mean phase space density (PSD) of protons from Z = 0.35 RM to Z = 0.65 RM98

is shown in Figure 1g as the blue line and the corresponding PAD is shown in Figure 1h.99

The error bars in these two panels represent the standard derivations of the mean for100

each data point. The proton energy spectrum is fitted in two ways as shown in Figure101

1g. One is to fit the spectrum with a Gaussian distribution, which is shown as the dashed102

green line. The other approach, similar to the one used in Sun et al. (2017), is to fit the103

spectrum with a non-drifting Kappa distribution for high energy protons and a Gaus-104

sian for lower energy protons shown as the dashed red line. Here the non-drifting Kappa105

distribution is written as106

f(v) =
n

2π(κω2
κ)3/2

Γ(κ+ 1)

Γ(κ− 1/2)Γ(3/2)
(1 +

v2

κω2
κ

)−κ−1 (1)

where ωκ =
√

(2κ− 3)kBT/κmp is the thermal velocity, mp is the proton mass, n is the107

number density, T is the equivalent temperature and Γ is the Gamma function. The Kappa108

distribution becomes a Gaussian when κ→∞. In Figure 1g, the single Gaussian dis-109

tribution largely deviates from the measurements at low energy part (< 100eV) and high110

energy tail (> 5keV), whereas the Gaussian-Kappa (dashed red line) fits the measure-111

ments very well with a correlation coefficient (r2) of ∼0.99. In the Gaussian-Kappa fit,112

we obtain the number densities and thermal pressure by summing the Gaussian com-113

ponent (n0,p0) and the Kappa component (n1,p1). The ratio between the summed pres-114

sure and the density of the two components ( p0+p1

kB(n0+n1)
) is defined as the proton temper-115

ature. The fitting parameters are listed in Table S1 in the supporting information (SI).116

Regarding the PAD (Figure 1h), asymmetric proton fluxes and loss cone distribu-117

tions at the high latitude regions are clearly observed. The incident fluxes (0◦ < PA < 90◦)118

are nearly isotropic and the reflected fluxes (90◦ < PA < 180◦) gradually decreases as119

pitch angle increases. Such anisotropic PAD suggests that a fraction of protons is lost120

–4–

This article is protected by copyright. All rights reserved.



manuscript submitted to Geophysical Research Letters

as they impact the surface of Mercury. This anisotropy is properly reflected in the es-121

timated density since we used PSD that averaged through the entire pitch angle bins.122

The scalar temperature and pressure are not well-defined because they rely on the as-123

sumption of isotropic distribution. However, the estimation of plasma temperature would124

not be affected if we regard the temperature as a proxy of the mean kinetic energy .125

Proton temperatures and densities in all spatial grids (Figure 1f) are obtained through126

a similar Gaussian-Kappa fitting procedure. In this study, both the cold Gaussian and127

the hot Kappa populations are considered when the proton density and thermal pres-128

sure are derived, although the cold population has in general very small contributions129

to the thermal pressure (∼ 1%) and number density (∼ 10%).130

3 Proton Distributions in Mercury’s Plasma Sheet131

3.1 Proton Distributions near the Magnetic Equatorial Plane132

The superposed proton spectrum obtained by averaging all the FIPS measurements133

inside each spatial grid is fitted with the Gaussian-Kappa distribution. The spatial grids134

span from -0.2 RM to 0.2 RM in the Z direction of aMSM coordinate, which is close to135

the mean thickness of the plasma sheet (Poh et al., 2017a; Rong et al., 2018). The fit136

results, including proton number density (np), temperature (Tp), thermal pressure (Pp)137

and spectral index (κ), are shown in Figures 2a to 2d. Correlation coefficients (r2) be-138

tween the fit results and the measurements, together with the number of measurements139

are shown in Figures 2e and 2f. As shown, the sample numbers are generally larger than140

500, which ensure statistical significance. Besides, the correlation coefficients are close141

to 1 in almost all grid boxes, indicating that the fit results match well with the measure-142

ments. The np and Pp values are higher on the dawnside than on the duskside (Figures143

2a and 2c). On the other hand, the Tp value is nearly dawn-dusk symmetric. The dis-144

tribution of κ values in Mercury’s magnetotail plasma sheet is provided for the first time145

(Figure 2d) and they are larger on the dawnside (∼ 10) than on the duskside (< 4),146

indicating that the protons in the dusk sector could have been accelerated.147

Figures 2g and 2h display the particle fluxes of thermal protons (with the energy148

range from 830 eV to 13.6 keV) and warm protons (from 46 eV to 830 eV). The sepa-149

ration energy is selected to the average temperature of protons in Mercury’s plasma sheet150

(close to 1 keV). Therefore, the thermal protons (warm protons) refer to protons with151

kinetic energies higher (lower) than the mean kinetic energy. It is shown in Figure 2g,152

the thermal protons concentrate in the near Mercury tail region and display a clear dawn-153

dusk asymmetry with higher fluxes on the dawnside. While the warm protons are mainly154

located further downtail symetrically near the magnetopause flanks.155

The observed mean magnetic field is also shown in Figure 2j. In addition, the el-156

evation angle (arctan(Bz/
√

B2
x + B2

y), Figure 2i) and proton beta (npkTp/
B2

2µ0
, Figure157

2k) which represents the external magnetic field contributed from cross-tail currents and158

the relative importance of plasma pressure, are also presented. Here we show the me-159

dian value of the elevation angle inside each grid box instead of the mean value because160

the latter would be strongly affected by the ∼ 90◦ elevation angles near the equatorial161

plane (Z ≈ 0). The magnetic elevation angles (Figure 2i) are almost 90◦ in the equato-162

rial plane near the planet, and become smaller further downtail.163

Figure 2l shows the distribution of electric current density in the equatorial plane,164

which is derived by computing the curl of the observed mean magnetic field (∇×B/µ0).165

The magnetic field is averaged over bin sizes of 0.2RM in each direction. The average mag-166

netic field vectors are smoothed by their neighboring 4 vectors in the X-Y plane. As shown167

, the current directions (marked by the arrows) deviate from a straight dawn-dusk line,168

which indicates X-directional current components. The intensity of the current density169
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(represented by the different colors) is higher on the midnight than on the flanks, which170

should be due to the fact that the plasma sheet is the thinnest near the midnight.171

3.2 Proton Distributions in the Meridian Plane172

Figure 3 shows the proton properties in the meridian plane. The distribution is binned173

in the ρ-z plane, where ρ is the distance to the Y-axis. These distributions accumulate174

the data points from magnetic local time 21:00 to 03:00. The open-closed field line bound-175

ary (see the white line in Figure 3e, or the red lines in other panels) is obtained by trac-176

ing the average magnetic field at each position. The average magnetic field at each po-177

sition is the mean field within a 0.2RM radius, and the iterated step is set to be 0.1RM.178

The north initial point is set to be at the planetary surface with a latitude of 54◦N, which179

is given by previous magnetic field model (KT14)(Korth et al., 2015). Meanwhile, the180

south initial point is set to be the mirror point of the north field line at X = −1.35RM181

(Z = −0.65RM) because of the limited spatial coverage of observations. Several proton182

parameters, including density (Figure 3a), pressure (Figure 3c), plasma β (Figure 3f) are183

enhanced inside the open-closed field line boundary. The proton parameters are reliable184

since the r2 value is close to 1 in each grid (Figure 3e).185

The temperature (∼0.6 keV) and number density (∼1.2 cm−3) in the lobe region186

could also be obtained by averaging the observations. In addition, the characteristic Alfvén187

speed was estimated to be VA = BL/
√
µ0npmp = 798 km/s, where BL is set to be 40nT188

(Poh et al., 2017b). It should be noted that the proton energy spectrum in the lobe re-189

gion contains only a small number of counts, which could lead to large uncertainty of190

the proton parameters in the lobe region.191

According to the flux distributions shown in Figure 3g, the thermal protons are con-192

centrated near the equtorial plane, whereas the warm protons (Figure 3h) are almost evenly193

distributed in the nightside plasma sheet, with the fluxes in the further tail region slightly194

higher than those in the nearer tail region.195

When protons with some specified energy move adiabatically in the outer plasma196

sheet, they would bounce back and forth along magnetic field lines. If these “adiabatic”197

protons move along closed magnetic field lines, they would be trapped by the closed field198

lines to some extent(Korth et al., 2014). Hence the regions where magnetic field lines199

are closed should be filled with trapped protons and have relative larger proton num-200

ber densities. As a result, the boundary of open-closed field line would be a separation201

between high density and low density regions. The statistical result shown in Figure 3a202

reveals a field-aligned proton density profile. This signature implies the motion of pro-203

tons is likely to be adiabatic otherwise the protons should distribute on each field line204

regardless of the field line topology. The distributions of proton temperature, pressure,205

and the integrated fluxes also demonstrate similar features that are correlated with the206

open-closed field line boundary.207

4 Proton Loss in Mercury’s magnetotail208

To study the proton loss in Mercury’s magnetotail, the normalized loss ratio of pro-209

tons ([(J<90◦ − J>90◦)/(J<90◦ + J>90◦)]) and the loss flux (J<90◦ − J>90◦) are presented210

in Figure 4. Here, J is the integrated flux and the subscript < 90◦(> 90◦) represents the211

pitch angle ranges. Both the loss ratio and the loss flux are positive (negative) when the212

reflected fluxes is less than the incident fluxes in the north (south) hemisphere(i.e. the213

incident fluxes are partially lost). Figures 4a and 4b demonstrate that the proton loss214

ratio and loss flux are anti-symmetric in the northern and southern hemispheres as ex-215

pected. Figure 4d shows the distribution of the mean magnetic field measured by MES-216

SENGER, together with several traced field lines inside the open-closed field line bound-217

ary. Pink dashed circles represent the gyro-radii (rg) of protons with 1keV perpendic-218
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ular energy at each selected position, which could be compared with the curvature radii219

(rc) of the mean magnetic field lines directly. This characteristic perpendicular energy220

of 1keV is close to the proton temperature in Mercury’s magnetotail plasma sheet, which221

means we can infer whether the motion of most protons is adiabatic or not by compar-222

ing the gyro-radii of these 1keV protons with the magnetic field curvature radii. In the223

northern hemisphere, ∼ 5% of the protons are lost by their impact on the north sur-224

face of the planet. In the southern hemisphere, ∼ 15% of the protons are lost by their225

impact on the south surface of the planet. Such a north-south asymmetry might be pro-226

duced by Mercury’s offset-dipole center: the south surface is farther from the dipole cen-227

ter and the surface magnetic field intensity is weaker compared to the surface intensity228

at the same magnetic latitude in the northern hemisphere. For the magnetic latitude of229

45◦, the north and south surface dipole field intensities are 504 nT and 213 nT, respec-230

tively. Assuming the magnetic field intensity where the proton starts adiabatic motion231

is 40nT, the loss cone is 4.6◦ and 10.8◦ for north and south hemisphere, respectively. Hence232

more protons could hit the south surface and get lost.233

Figures 4e to 4h show the loss ratio and loss flux as well as the fluxes with PA< 90◦234

and PA> 90◦ of thermal proton and the corresponding warm proton distributions are235

shown in Figures 4i to 4l. The loss feature of the thermal proton is very clear and sim-236

ilar to the features of protons that are integrated over the whole energy range (Figures237

4a and 4b). However, the loss features of the warm protons are not so significant com-238

paring to the loss features of the thermal protons. This result indicates that the ther-239

mal protons contribute most of the loss fluxes.240

5 Discussion and Summary241

Protons in Mercury’s magnetosphere come from the solar wind and enter the mag-242

netosphere via magnetopause and magnetotail magnetic reconnection (Zurbuchen et al.,243

2011). Since the magnetic reconnection occurs more frequently on the dawnside(Sun et244

al., 2016), there are more ejected protons which results in higher number density on the245

dawnside(Figure 2a). In addition, these protons on the dawnside would also be energized246

more significantly by the magnetic reconnection and reconnection-related processes, such247

as dipolarizations. These entry and energization processes produce the dawn-dusk asym-248

metry of thermal fluxes in the magnetotail plasma sheet, as shown in Figure 2g. The en-249

ergization processes happen mostly on the closed magnetic field line regions, and there-250

fore, the energized protons, i.e., the thermal protons in Figure 3g, are predominately lo-251

cated inside the open-closed field line boundary.252

The variation of proton density coincides the open-close field line boundary, which253

suggests that most protons in the outer plasma sheet are trapped. In the central plasma254

sheet, the magnetic field is weak and highly dynamic, hence the proton motion is non-255

adiabatic and chaotic. The cross-tail current has an asymmetric X-directional compo-256

nent on the dawn and dusk sides, which results in a bent magnetotail current. This might257

be caused by the diamagnetic current (J = −∇pth×B
B2 , where pth represents the thermal258

pressure of plasma).259

Gyro radii(rg) of protons with 1keV perpendicular energy at positions shown in Fig-260

ure 4d are 75 km, 244 km, 99 km (left, right center, right upper), and the correspond-261

ing curvature radii(rc) of the magnetic field lines are 603 km, 167 km, 23000 km, respec-262

tively. These results suggest the existence of three types of motion in Mercury’s mag-263

netotail: adiabatic (
√

rc/rg > 3), chaotic (3 >
√

rc/rg > 1) and Speiser orbits (1 >
√

rc/rg)264

(Büchner & Zelenyi, 1989). Therefore, the motion of protons in the outer magnetotail265

plasma sheet could be described as gyro-bounce-drift motion similar to the protons in266

Earth’s inner magnetosphere. Previous studies (DiBraccio, Slavin, Raines, et al., 2015;267

Jasinski et al., 2017) suggest a ∼20km/s equatorial convection speed due to the E×B268

drift. By assuming the proton in the inner magnetotail region (ρ < 1.5RM) is trans-269
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ported from the tailward regions, the protons would be energized as they are convected270

inward, which is consistent with our statistical result shown in Figure 2b. However, the271

radial variation of κ value indicates this energization process may not be adiabatic. The272

dawn-dusk asymmetry of κ value also demonstrate the strong non-adiabatic cross-tail273

acceleration in Mercury’s magnetotail (Ip, 1987; Sun et al., 2018; D. C. Delcourt et al.,274

2017). A previous study on the Earth’s magnetotail also finds the dawn-dusk asymme-275

try in κ for both ions and electrons (Espinoza et al., 2018).276

The results in Figure 4 ensure the occurrence of surface precipitation. Unlike the277

loss cone distribution in Earth’s inner magnetosphere (Yue et al., 2017), the PADs in Mer-278

cury’s magnetotail plasma sheet are not symmetric: the incident flux is almost isotropic279

from 0◦ to 90◦ while the reflected flux decreases from 90◦ to 180◦ (Figure 1h). A pos-280

sible cause of the isotropic incident flux is the pitch angle scattering of protons in the281

central plasma sheet which is consistent with the non-zero flux within the loss cone (170◦ − 180◦,282

Figure 1h). The loss flux is predominantly contributed by the thermal component of pro-283

tons, which agrees with the pitch angle scattering explanation since the thermal protons284

have larger gyro-radius and can be more efficiently scattered than the warm protons.285

To summarize, we have statistically investigated the proton properties in Mercury’s286

magnetotail plasma sheet by fitting the five years observations of FIPS data with the Gaussian-287

Kappa model. The main conclusions are listed as follows:288

(1) The proton spatial distributions reveal dawn-dusk asymmetry in proton’s den-289

sity, thermal pressure, and spectral index κ. The outward radial gradient in the proton290

temperature is also presented, which may suggest that the protons are energized when291

they are transported inward.292

(2) The open-closed field line boundary coincides with profiles of proton’s number293

density, temperature, and integrated fluxes. Such distributions suggest that motion of294

protons in the outer plasma sheet are adiabatic. This is confirmed by the fact that the295

gyro-radii of protons are much smaller than the curvature radii of the magnetic field lines296

outside the central plasma sheet.297

(3) The occurrence of surface precipitation is confirmed by the asymmetric pitch-298

angle distribution of protons. The loss of protons is predominately contributed by ther-299

mal protons because of the stronger pitch angle scattering in the central plasma sheet.300

The loss ratios are revealed to be north-south asymmetric, which is likely attributed to301

the northward offset of Mercury’s magnetic dipole center.302
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Figure 1. An example of superposed observation by FIPS (proton) and MAG. (a) differen-

tial energy flux, (b) PAD normalized by average (c) magnetic field, (d) pressure (magnetic and

thermal), (e) elevation angle, (f) mean PSD at the selected regions, (g) mean PAD normalized by

maximum (h) grid division schematic.
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Figure 4. Loss ratio for different energy channels. (a,e,i) normalized loss ratio for the all,

thermal, warm parts of proton, (b,f,j) the average loss flux for the three parts of proton, (c) accu-

mulation of FIPS’s measurements, (d) mean magnetic field intensity measured by MAG, (g,h,k,l)

integrated flux of thermal and warm components with pitch angle larger (less) than 90◦
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