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Abstract19

Context: In the pursuit of lunar exploration and the investigation of water presence20

on the lunar surface, a comprehensive understanding of plasma-surface interactions is21

crucial since the regolith’s space weathering can create H2O. However, the Moon is in22

the Earth’s magnetotail for nearly 20% of its orbit, which could affect this water creation23

on the side facing the Earth if this condition shields it from the solar wind.24

Aims: The objective of this study is to understand how the passage of the Moon25

in the Earth’s magnetotail affects the plasma delivery near the lunar surface. Method:26

The Particle-In-Cell Electromagnetic (EM) Relativistic Global Model, known as IAPIC,27

is employed to kinetically simulate the Solar Wind-Magnetosphere-Ionosphere-Moon Cou-28

pling. Results: The Earth’s magnetotail does not prevent the influx of solar wind ions29

and ionospheric ions into the solar environment; therefore the space weathering of the30

regolith is not stopped in these conditions. In addition, the charge separation of solar31

wind ions and electrons happens is modeled, leading to electric fields and charging of the32

lunar surface that can be validated by observations. Conclusion: The study of the Sun-33

Earth-Moon system provides insight into the lunar environment while in the magneto-34

tail, which is essential to better interpret the results of future Lunar missions. It also35

provides insights in the Lunar charging in different conditions that could affect the hu-36

man presence on the Moon.37
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1 Introduction38

As exploration efforts in the Lunar environment pick up pace, many questions arise con-39

cerning the source of water, its potential movement towards the poles, and its accessibility40

for human exploration. Among these questions is the extent to which the solar wind (SW)41

contributes to water production by implanting particles. The Lunar regolith, which com-42

prises a large percentage the surface of the Moon, is formed by a constant barrage of large43

and small meteorites, as well as the unrelenting impact of solar wind. As a result, it serves as44

the actual boundary between the Moon and the surrounding interplanetary magnetic field45

and plasmas (McKay et al., 1991, and references therein). The investigation of the inter-46

action of solar wind protons with the Lunar regolith using data from the Lunar Prospector47

mission found that the solar wind protons can penetrate up to several tens of centimeters48

into the Lunar regolith, causing a significant chemical alteration of the surface materials49

(Lucey et al., 2006). Multiple investigations have demonstrated that the H+ ions found in50

the solar wind have the propensity to react with the upper layers of the Lunar regolith, as51

well as the rocks present on the surface (Taylor, 1982; Halekas et al., 2012; Poppe, 2019).52

When the energetic ions interact with the crystalline structure, they prompt O atoms to53

respond, which can eventually lead to the creation of OH or H2O. Recent observations54

from the Lunar surface by Chang’e 5, as reported by Mamo et al. (2022); Lin et al. (2022),55

indicate that a significant quantity of water is present in undisturbed regolith. In contrast,56

the regolith that has been disturbed by the impact of the lander’s rockets, i.e., the lower57

layers, was found to be relatively H2O-depleted. Water molecules are a major component58

of the Lunar exosphere, resulting from various processes such as chemical reactions and the59

release of water from meteorite impacts. The studying of the water amount variations in60

the Lunar exosphere during the Moon’s passage through the Earth’s magnetotail could help61

understand the relative importance of these processes (see e.g. Wang et al., 2021). This62

method assumed that the solar wind cannot directly produce water during these conditions.63

However, while the magnetosphere is a barrier against the direct impact of the solar wind,64

recent research has revealed that its behavior is more intricate than previously believed65

(Egan et al., 2019). Recent measurements have indeed been challenging the belief that the66

magnetosphere was protecting against atmospheric escape. Notably, polar outflow can trig-67

ger the escape of significant amounts of O+ through the poles, comparable to the rate of68

escape for unmagnetized planets (Gronoff et al., 2020). As a result, it is crucial to revise69

our understanding of the Earth’s magnetotail surroundings and its impact on the Lunar en-70

vironment. Previous researches have concentrated on the effect of the passage of the Moon71

through the Earth’s magnetotail on the Lunar exosphere (Wilson et al., 2006; Sarantos et72

al., 2008), showing that it affects its composition and impacts the sodium plume.73
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The solar wind can also induce surface charging on the Lunar surface, which can be a74

significant concern for human activities due to the risk of equipment discharges that may75

jeopardize their life support and equipment. Earlier studies (Stubbs et al., 2007) have76

addressed the electrostatic charging of the Lunar surface and the electrically driven dust77

transport. According to Poppe et al. (2021), surface charging on the Lunar surface is at-78

tributed to tail plasma charging and an additional source generated by currents produced79

by micrometeorite impacts, which contribute 15%-40% to the total charging. Bale (1997)80

discussed the charge imbalance resulting from the topological differences that induce charge81

fields in the solar wind plasma near the Moon. Kimura & Nakagawa (2008) discovered that82

ions dominate the dayside while electrons dominate the nightside/wake, causing a consider-83

able potential drop. Lunar Prospector confirmed the theoretically predicted prevalence of84

negative charges on the shaded side of the Moon (Halekas et al., 2005). Nonetheless, the85

impact of the magnetotail on surface charging is still unclear.86

Several techniques have been employed to better understand the Lunar plasma en-87

vironment and address these questions. For instance, space probes such as WIND or88

NASA/THEMIS-ARTEMIS have been utilized in extensive research (Halekas et al., 2011;89

Poppe et al., 2014; Poppe et al., 2018, 2021; Fatemi et al., 2014; Xu et al., 2019; Akay et al.,90

2019; A. Rasca et al., 2021) to probe in-situ plasma parameters. The magnetic field within91

the lunar wake is amplified by a factor of 1.4, and this enhancement is accompanied by the92

presence of asymmetry. Furthermore, the MHD simulation allowed for the calculation of93

the induced electric field resulting from convection.(e.g. Wang et al., 2011; Xie et al., 2013).94

In addition to space probes, kinetic simulations (e.g. Birch & Chapman, 2001) have been95

extensively utilized to supplement the understanding of the Lunar plasma environment.96

The MHD simulation in Xie et al. (2013) provided insights into the interaction between97

the solar wind and the Moon, with different IMF orientations including north, radial, and98

tilted. The simulations were compared with NASA/WIND observations in the Lunar wake,99

revealing the significant role of electron dynamics in the SW-Moon interaction. Moreover,100

global hybrid simulations have been employed to model the WIND data and the Lunar wake101

(e.g. Trávníček et al., 2005; Fuqua Haviland et al., 2019; Jin & Pang, 2020; A. Rasca et al.,102

2021; Omelchenko et al., 2021; A. P. Rasca et al., 2022).103

In this paper, we present a novel approach to studying the plasma environment of104

the Sun-Earth-Moon system and its connections using the Particle-In-Cell Electrodynamics105

Relativistic global Code (Baraka et al., 2021; Ben-Jaffel et al., 2021) where the transport of106

plasma originating from the Earth has been included. This paper follows the work started in107

Barakat et al. “The Sun-Earth-Moon Connection: I–3D Global Kinetic simulation”, referred108

to here as Paper I. Paper I concentrated on the simulation of the Earth’s environment and109
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on the modifications/validation of the model. The present paper concentrates on the Lunar110

environment. In the following, Section 2 quickly summarizes the parameters used in the111

simulation. Section 3 describes the Lunar plasma environment and the ion transport from112

the Earth to the Moon as simulated by the model. Section 4 discusses the results in light113

of previous observations, before the conclusion.114
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2 Initial conditions and Simulation Model: IAPIC115

The initial conditions are similar to the one in Paper I. More specific details on the116

formulation can be found in (Baraka et al., 2021). In order to observe the variations in117

plasma parameters, three distinct regions were selected within the simulation box to inves-118

tigate how these parameters evolve. The values presented in Table 1 are expressed in code119

units, and the conversion from real-world values to code units is thoroughly documented in120

(Baraka et al., 2021)

Table 1. The plasma parameters were computed independently for two regions: the undisturbed
solar wind at -24 to -18 RE and the dayside magnetosphere, and the regions ±4RE on either side
of the moon were considered to avoid positions where solar wind particles were eliminated. All
quantities were averaged over the total number of cells considered to account for charge separation
and species accumulation at Y=1RE and Z=1RE .

parameters(averaged over 4RE) Undisturbed SW Lunar Dayside(−4RE) Lunar Nightside(+4RE)
Alfven velocity-vA 0.22 0.1 0.14
sound speed-cS 0.05 0.05 0.06
magnetosonic mach number-Mms 0.92 0.62 0.5
sonic mach number-MS 3.84 1.35 1.33
alfven mach number-MA 0.95 0.70 0.54
Plasma ion frequency-ωpi 0.02 0.02 0.03
Plasma electron frequency-ωpe 0.2 0.26 0.30
Plasma ion gyro frequency–ωci 0.01 0.01 0.01
Plasma electron gyro frequency–ωce 0.97 0.65 0.75
Ion Intertial Length-di 22.21 14.70 19.15
Electron Intertial Length-de 2.23 1.92 1.66
gyro radius-ri 0.04 0.23 0.26
gyro radius-re 1.e-3 1.e-3 1.e-3
Ion Debye Length-λDi 0.02 0.04 0.07
Electron Debye Length-λDe 3.e-3 3.e-3 3.e-3
Ion beta -βi 0.07 3.41 2.79
Electron beta–βe 0.23 0.6 0.83
ompi/omci-ωpi/ωci 2.32 5.19 3.46
ompe/omce–ωpe/ωce 0.23 0.40 0.40
vthi/vsw 3.5e-3 1.3e-3 1.8e-3
vthe/vsw 6.2.e-3 7.1e-3 8.2e-3

121
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3 Simulation Results122

During the full moon phase, the solar wind impinging on the far magnetotail impacts123

the lunar surface in various ways, including its electric charging. The present study focuses124

on the accumulation of solar wind densities, which are considered absorbed by the lunar125

surface by typical models. Not following that hypothesis leads to the decoupling of ions and126

electrons, resulting in charge separation and therefore in electric currents.127

More precisely, the dayside of the lunar surface becomes positively charged, while the128

nightside becomes negatively charged, as illustrated in Figure (1). The UV radiation would129

increase the ionization rate on the dayside but are not taken into account in the present130

study and will deserve further investigation.131

As depicted by the green arrows in Figure 1, anti-corrections of solar wind densities132

occur in three distinct regions: the foreshock, in the dayside magnetosphere, and on both133

the lit and dark sides of the moon. Figure 1 (b) and (c) panels provide a close-up look at134

the ions and electrons drifting towards the day and night sides of the moon (centered for135

clarity at zero), respectively.136

Figure 2 shows the density when the moon is not positioned at 60RE along the Sun-137

Earth line. The figure depicts ion densities (a) and electron densities (b) of the solar wind138

at ±2RL in both dawn and dusk directions. The asymmetries between dawn and dusk139

regions in the deep magnetotail can be highlighted by comparing the two figures. If the140

moon is absent, the average densities at both dawn and dusk locations should be similar to141

those at the lunar location. It is important to mention that the total count of solar wind142

components is determined at the lunar surface within a spherical shell with a thickness of143

0.1RM , approximately 174 km, on both sides of the lunar surface.144

The results of the simulation indicate that the number of ions on the dayside of the145

moon outweighs that of electrons, whereas the opposite is true on the night side of the146

moon. Table 2 presents an estimate of the overall count of ions and electrons, providing147

a comparison of the respective charges on each side of the moon. Previous research by148

(Deca et al., 2015) suggested that the Lunar Magnetic Anomalies, mini-magnetospheres,149

could exacerbate these charge separations. However, this topic is beyond the scope of the150

current study. The phenomenon of lunar surface charging has been widely documented and151

discussed within the scientific community.(Stubbs et al., 2007; Fatemi et al., 2014; Poppe et152

al., 2014; Halekas et al., 2014; Lue et al., 2018; Poppe et al., 2021).153

Due to insufficient time for plasma to refill the wake with thermal velocities, typical154

lunar wakes often develop in the supersonic background plasma of the solar wind or remote155
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magnetosheath. THEMIS observations have revealed that the field-aligned plasma flow156

within the lunar wake is highly organized when it is subsonic, particularly in cases where157

the plasma beta is low (Xu et al., 2019). The results indicate a preference for electrons to158

enter the wake from the dawn side of the Moon, while ions tend to refill the wake from the159

dusk side. The computed charging percentages shown in Table 2 are consistent with the160

charging percentage reported in (Poppe et al., 2021).161

The densities (Figure 3) and temperatures (Figure 4) of ions and electrons at various162

distances from the lunar surface allow to obtain a comprehensive understanding of the163

plasma parameters within the lunar wake. Specifically, these values were extracted at the164

lunar surface, the terminator, and at distances of 3, 5, 7, and 9 RL inside the wake. The165

wake had a width of ±6RL, extending equally on both sides of the dawn-dusk directions.166

Figure 3-a highlights the tracking of ion densities along the OX direction, starting from167

the lunar surface and extending up to 9 RL. The assumption of the plasma accumulating168

on the lunar surface causes the front flow of the plasma to shift towards a less resistive169

direction in both the dawn and dusk directions. Specifically, at the subsolar lunar surface,170

the plasma flow is halted. At the terminator, the ion densities are significantly higher in171

the dawn direction compared to the dusk direction.172

Inside the lunar wake, at a distance of 3RL, that plasma is slipping into the wake more173

prominently in the dusk direction, with a ratio of 3 : 2 compared to the dawn side. The174

average density of this slipping plasma is approximately 100 ions cm−3. Moving closer to175

the lunar surface, at 2RL there is an increase in ion filling, which is drifting towards the dusk176

direction. The rough density at this point is around 20 ion cm−3. However, as we reach 7177

RL, the density begins to fade away, and the number of ions reduces to approximately 6 ion178

cm−3. This value remains constant until 9 RL.179

In Figure 3-b, an interesting observation is made regarding the number of electrons at180

the lunar surface’s subsolar point: their count is close to that of ions. However, away from181

the terminator, a significant change in the ratio occurs, reaching an order of magnitude182

difference, with electrons outnumbering ions by a factor of 10.183

Furthermore, it is noticed that electrons tend to slip inside the lunar wake, showing184

a preference for the dawn side boundaries of the wake. The average number of electrons185

decreases from 300 to 5 electrons cm−3 from 3RL to 9 RL within the lunar wake. The186

obtained results align with the analytical and hybrid-kinetic model simulations, as well as187

observations from the ARTEMIS mission, as reported in Gharaee et al. (2015)188
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In Figure 4 (a) and (b), the temperatures of solar wind ions and electrons inside the189

lunar wake are depicted. A significant heating effect is observed, beginning at a distance of190

7 RL and continuing up to 9RL The temperature remains elevated within this range.191

Near the lunar surface, in Figure 5, the magnetic field components (Bx, By, Bz, andBtot)192

along the ion densities are analyzed at two specific locations: the terminator (depicted in193

blue) and 3RL inside the lunar wake (depicted in red). Ion densities are also shown at the194

lunar surface (in green).195

A minor discrepancy in the magnetic field components can be seen in Figure 5-(b), with196

the exception of By. This could be attributed to the significant disparity in the electric field197

at a distance of 3 times the lunar radius (3RL, since the By component at this distance198

exhibits symmetry both at dawn and dusk. It is noteworthy that this component exhibits a199

change in polarity inside the lunar wake, indicating a distinct magnetic field behavior within200

that region. The Magnetic field values at 3RL [Bx, By, Bz, andBtot] reads [2,-0.2, 5,5]nT.201

Looking at the solar wind ion density in Figure 5-(e), we observe an average density of ≈202

10 ions cm−3. However, comparing the density at the lunar surface to the density at the203

terminator, there is a noticeable flare-out of the plasma towards the anti-sunward direction.204

The magnetic field (a-d), electric fields (e-f), and solar wind velocity (i-m) on the205

moon’s surfaces along three parallel planes: OX (±5RE), and at 2RL in both the dawn206

and dusk directions are also of interest to understand the effect of the Moon. Regarding207

the X-components in Figure 6 for magnetic field (B), electric field (E), and velocity (V),208

B is enhanced by a factor of 2 on the dayside, indicating bipolarity of E(between -3RE209

and -2RE) followed by a polarity change from 0.2 to -0.2 at -1.5 RE , while V decreases210

until it reaches a stagnant state at the lunar surface. All dawn-dusk components exhibit211

asymmetry, therefore showing a model prediction that could be tested.212

In terms of the Y-components, B shows enhancement, E remains nearly constant, and213

duskward velocity decreases until stagnation. The asymmetry of solar wind parameters is214

more pronounced on the dayside compared to the nightside.215

As for the Z-components, B increases and exhibits almost symmetric behavior on the216

dayside, while E shows asymmetry and polarity reversal between –4RE and -1RE , and V217

decreases from south to north until it reaches a stagnant point at the moon’s position.218

Concerning the overall plasma parameters, B is enhanced on both sides of the lunar219

surface, while a decrease is observed on the dusk side and constancy along the dawn side220

within the lunar wake. There is a significant asymmetry between dusk and dawn for E and221

V, while plasma velocity increases inside the lunar wake from 0-150 km/s.222

–9–



manuscript submitted to JGR: Space Physics

Furthermore, Figure 7 illustrates two contour plots depicting the total magnetic field223

and total velocity in the equatorial plane, revealing the magnetic field enhancement and224

the corresponding solar wind ion velocity. In Figure 7-a, the magnetic field enhancement is225

displayed on both the dayside and nightside of the lunar surface, with an average magnetic226

value reaching a maximum of 6nT (increased by a factor of 1.2 i.e. (Wang et al., 2011)). On227

the other hand, Figure 7-b shows velocity stagnation at the lunar surface ranging from 300228

km/s to 0 km/s on the dayside, while inside the lunar wake in the equatorial plane, there is229

an increase of approximately 150 km/s.230

In Kimura & Nakagawa (2008), two-dimensional electromagnetic full particle code sim-231

ulations were employed to successfully simulate the structure of the electric field near the232

lunar surface. Here, a three-dimensional electromagnetic relativistic global code (Baraka233

et al., 2021; Ben-Jaffel et al., 2021) was used, by incorporating the formula in (Kimura &234

Nakagawa, 2008) i.e., E0 = meveωpe/qe, where me, is the electron mass, ve, is the electron235

velocity, ωpe, the electron plasma frequency. and qe, is the electron charge, to account for236

the background electric field.237

As depicted in Figure 1, and 2, the phenomenon of charge separation gives rise to a238

potential difference, which we determined as an induced electric field E0. This electric field239

was utilized to standardize the solar wind electric field along both surfaces of the moon,240

specifically within the range of ±5RE Enlarging the moon’s size by a factor of 5, equivalent241

to about 1.RE , does not impact the physical microscale of the process, which remains smaller242

than our grid size as shown in Figure 8.243

In Figure 8-A, the total Electric Field (E.F.) is plotted along three planes along OX,244

namely at Y = 0, Y = 1RL(dawn) and at Y = −1RL(dusk) directions. The blue line245

represents the bulk E.F. The red line represents the background E.F. generated solely due246

to the charge separation. In order to account for an effective electric field, it is important247

to include the induced electric field (E0) as a crucial component in our kinetic modeling. It248

results in a bulk E.F. of 2.6E0 at Y = 0, 2.1E0 at Y = +1RL, and 2.6E0 at Y = −1RL,249

particularly at the terminator (Y = 0). These results are consistent with those reported in250

Kimura & Nakagawa (2008) and the references therein.251

The electric field (Figure 8-B) in the present study has been normalized to the induced252

E.F. that results from the charge separation of both surfaces of the moon. Additionally,253

correlation can be performed between the total E.F. and the induced electric field: it reveals254

anti-correlations at Y = 0 with a correlation coefficient of C.C.=-0.06. At Y = +1RL, there255

is a positive correlation coefficient of C.C.=0.81. In contrast, at Y = −1RL, there is a256

weaker positive correlation with a correlation coefficient of C.C.=0.22.257
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These findings have a remarkable consistency with Kimura & Nakagawa (2008), indi-258

cating a complete agreement when there is a drop of the potential inside the lunar wake at259

around 2RE as in Figure 8b. Furthermore, the potential drop caused by surface charging is260

more pronounced in terms of the potential drop associated with the lunar wake.261

Finally, the utilization of 3D simulation allows to obtain the values of Ex, Ey, Ez, andEtot262

enabling a comprehensive three-dimensional analysis of the magnetic field enhancement on263

both sides of the lunar surface. This enhancement is clearly illustrated in the left and middle264

panels of Figure 6.265

Table 2. An estimation is made of the total number of positive and negative charges confined
within a spherical shell with a thickness of 0.1Rm, approximately 174 km above the lunar surface.
The density per unit volume is then calculated for both sides of the lunar surface.

Charge sign Lunar dayside Lunar nightside ± charge ratio
Total # of positive charges(ions) 4.83×104 2.74×104 171%
Total # of negative charges(electrons) 1.99×104 7.04×104 39.4%
Relative charge 2.84×104 -4.30×104 66%

Number density per unit volume on lunar surface

Number density Lunar dayside Lunar nightside average density
ρi=Ni/V 58cc−1 33cc−1 ρi=45.5cc−1

ρe=Ne/V 34cc−1 85cc−1 ρe = 59.5cc−1

These simulations reveal a novel point regarding backstreaming ions at ±4RE on both266

the lit and dark sides of the Moon. The present characterization of the backstreaming267

ions is consistent with previous studies (Bonifazi & Moreno, 1981; Baraka et al., 2021).268

However, here, the backstreaming ions are not primarily reflected ions but instead diffuse269

ions with a small percentage of intermediate ions. To prevent any confusion, the reflection270

presented here is from the nightside of the Moon to its dayside; this is not a reflection from271

the surface of the Moon which has be demonstrated to be negligible (Holmström et al.,272

2012). Figure (10 -a) presents the co-plotted ion perpendicular temperature (Ti⊥) and ion273

parallel temperature (Ti∥) to study the temperature anisotropy in the near Moon during274

the full Moon phase, in the range of ±5RE . Similarly, Figure 10 -b presents the electron275

perpendicular temperature (Te⊥) and electron parallel temperature (Te∥) to study the276

temperature anisotropy. Previous studies, such as (Gary & Karimabadi, 2006; Chandran et277

al., 2011; Treumann & Baumjohann, 2013; Karimabadi et al., 2014; Gingell et al., 2015),278

have also reported temperature anisotropy in the Moon’s vicinity. We find that Ti⊥/Ti∥279

and Te⊥/Te∥ equal 9.2 and 7, respectively. The electron correlation coefficient is 0.9, and280

the ion correlation coefficient is 0.75. It has been reported in studies such as Samsonov281
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et al. (2012); Grygorov et al. (2017) that the backstreaming ions (Figure 9) can affect the282

temperature anisotropy configuration.283

Table 3 presents the bulk speed of the backstreaming ions, along with their correspond-284

ing thermal velocities and the solar wind kinetic inflow. Notably, the thermal velocity of285

the backscattered ions on both sides of the Moon is higher than the bulk flow and the solar286

wind inflow speed. Additionally, the speeds are slower at the day side of the Moon than at287

night.288

Table 3. The values of the solar wind ions for inflow, thermal, and bulk backstreaming speeds
are listed for both the dayside lunar surface and inside the lunar wake.

Speed VSW -Lunar dayside VSW -Lunar nightside Night/day VSW ratio
Vbackstreaming(bulk)

58.6 km.sec−1 136.4 km.sec−1 2.3
Vbackstreaming(thermal)

99 km.sec−1 186 km.sec−1 1.9
VSW(inflow)

80.6 km.sec−1 110 km.sec−1 1.4

In Summary: The charge separation on the lunar surface gives rise to an induced289

electric field, which is closely associated with ions backstreaming. This backstreaming phe-290

nomenon, in turn, is linked to the temperature anisotropy observed in the lunar environment.291

Figure 11 depicts the findings related to the connection between the Sun and Earth, the292

coupling between the magnetosphere and ionosphere, as well as the interaction between the293

solar wind and the Moon. This sketch offers a visual depiction of the findings from the294

study and illustrates their interconnections.295
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4 Discussion on observational implications296

This discussion focuses on the Lunar surface charging and on the plasma parameters297

within the Lunar wake when the Moon is positioned solely along the Sun-Earth line, i.e.,298

during a Lunar eclipse and inside the extended magnetotail of the Earth.299

4.1 Lunar Surface Charging300

Contrarily to previous studies such as Poppe et al. (2014), the present self-consistent301

simulation did not remove or absorb solar wind particles upon collision with the lunar302

surface. These particles are instead allowed to accumulate and build up on the lunar un-303

magnetized barrier. By doing so, we observed charge separation(see Figure 1), which led to304

a dominance of positively charged particles on the dayside of the Moon and a prevalence305

of dominance of negatively charged particles on the nightside. One should be careful with306

this approach, because measurements show that protons are absorbed by the lunar surface307

(Holmström et al., 2012), which is what partially leads to the creation of water with the308

regolith, future work will improve on this interaction.309

This approach aimed to account for the total number of charged particles on both

Lunar surfaces, as demonstrated in Table 2. Typically, the Debye length determines the

distance at which charges are separated or screened. In our case, the charges of piled-up

solar wind plasma considered at step 3700 ∆t were shielded from the influence of distant

particles closer to them. As a result, the total Debye length in the piled-up plasma is given

by

λDl
=

√
KB

4π
Σl

Tl

q2l nl
(1)

as reported in Verscharen et al. (2019, Eq. 120).310

The charging of the Lunar surface in this complex and non-uniform environment can be311

attributed to various complex current systems, including photoemission of electrons, plasma312

electrons, plasma ions, and secondary electrons resulting from surface ionization. (and313

references therein Halekas et al., 2005; Stubbs et al., 2007; Collier et al., 2014; Verscharen314

et al., 2019; Rakesh Chandran et al., 2022). The amount of charging depends on several315

factors, including the density of the species present (n0), as well as the temperatures of the316

ions and electrons (Ti, Te, respectively), and the bulk flow velocity of the solar wind (vi,e),317

as discussed in Stubbs et al. (2014).318

The present simulation results, obtained using the PIC code, can be compared with319

other simulations and observations conducted at local and global scales ((Halekas et al.,320

2011); (Poppe et al., 2014); (Deca et al., 2015)). Since the present study aims to explore the321

–13–



manuscript submitted to JGR: Space Physics

charging of the lunar surface by analyzing the accumulation of solar wind particles on both322

sides of the Moon, the density at which the correlation between ions and electrons breaks323

up can be used to estimate the total number of charges on both lunar surfaces Figures 1324

and 2. This breaking of correlations between ions and electrons densities indeed leads to325

charge separations due to topological differences((Bale, 1997). The total number of positive326

and negative charges in a spherical shell with a thickness equivalent to 0.1 RL (≈175 km)327

above the lunar surface has been computed (Table 2). This suggests that the dayside of328

the Moon is positively charged, in agreement with Kimura & Nakagawa (2008), while the329

nightside of the Moon is negatively charged (Stubbs et al., 2014). These results are also330

comparable with measurements (Halekas et al., 2002). It is worth noting that the linear331

density at both the dawn and dusk positions in Figure 2 provides an estimate of the density332

measured along the OX direction of the Moon when it is not in its current position.333

Despite previous studies and references indicating a predominance of negative charge334

in the lunar nightside which could implies that no positive ions are transported to it, the335

SELENE mission (Nishino et al., 2010) demonstrated the entry of ions in the lunar wake.336

The present simulation aligns with these observation: Table 9 shows that approximately337

39% of ions detected within the lunar wake are solar wind particle. This result highlights338

the versatile and inclusive nature of the kinetic simulation of this complex interaction. The339

potential differences between the two surfaces of the Moon cause a charge separation that340

leads to the creation of an induced electric field. To determine the background electric341

field, we utilized the formula outlined in Kimura & Nakagawa (2008), which is given by342

E0 = meveωpe/qe.343

As depicted in Figure 8, the electric field intensity along the subsolar Moon is normalized344

to the background electric field and found to be E = 2.6E0 . Similarly, at dawn and dusk345

(terminator) directions, the values are 2.1E0 and 2.6E0, respectively. These results align346

with those reported in Kimura & Nakagawa (2008), which indicate a measurement of 2.2E0347

at the terminator.348

This result should be put in perspective with other magnetospheric environments: in349

planets such as Jupiter, the magnetotail current system is influenced by the planetary mag-350

netic field. However, in the cases of Venus and Mars, the magnetotail current system is351

primarily formed by the solar wind’s magnetic field. The Earth’s magnetotail, on the other352

hand, can be considered an intermediate case, where the specific configuration depends353

on the geomagnetic conditions and the dynamics of the magnetotail itself. It is a region354

connected to the Earth and is populated by hot, rarefied plasma. This is a complex inter-355

mediate case study (i.e. Xu2018). Therefore, to accurately account for the effective electric356

field near the lunar surface, it is essential to employ kinetic modeling, which considers the357
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backstreaming ions and effectively captures the induced electric fields resulting from charge358

separation. The present results are therefore one of the rare examples of the whole consistent359

simulation of the system.360
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4.2 Plasma Parameters Within the Lunar Wake361

Figure 5 presents the magnetic field components, total magnetic field, and density of362

solar wind ions observed at the Lunar terminator and 3RE inside the Lunar wake. This363

figure is evaluated against Poppe et al. (2014, Fig. 4), where the two events captured364

by ARTEMIS are compared with a model. The present simulation results are shown for365

a single time step (3700∆t ≈ 40min ), whereas, in Figure 4 of Poppe et al. (2014), the366

data was captured over 50 minutes. The magnetic field components inside the lunar wake367

at coordinates [63,0,0]RE are computed to be [bx,by,bz]=[2.30,-0.07,4.80]nT. A comparison368

with Table 1 of Poppe et al. (2014) is unfortunately limited to one specific event due to369

the size of the present simulation box. The March 2011 events has the spacecraft’s location370

within the simulated region. The model at coordinates [56.9, 19.8, 3.1]RE, gives a magnetic371

field of [-2.86,-0.87,2.17]nT to be compared with the measured value of [-1.5, 0, -1]nT (Poppe372

et al., 2014). The modeled values are almost double the observation; the reason for this373

discrepancy is related to the different solar wind speed, and initial IMF values. A more374

detailed study of this exact observation would involve running the model with the exact375

parameters of that day and is out of the scope of the present study. The Lunar Prospector376

data show an increase of the magnetic field at the center of the wake followed by a decrease377

near its boundaries(Akimov & Dyatel, 2012; Poppe et al., 2014). These results do not378

compare directly to our simulations since it takes only a phase of the Moon and do not379

consider the present alignment. However, Figure 6 shows such an increased magnetic field380

near the center of the wake, at a total value of 5.5 nT near the center while it goes to 4 nT381

four Moon radius’s away during the full moon phase. Figure 6-a,e,&i presents an increase in382

the magnetic field on the dayside Lunar surface (depicted in red) along the X-components383

of the plasma parameters. This increase corresponds to bipolarity (normalized to induced384

E0 = meveωpi/qe) in the electric field, which is a direct consequence of charge separation385

and induced potential, as well as the stagnated solar wind velocity.386

The remaining panels in Figure 6 demonstrate the variations in the magnetic and387

electric fields, as well as solar wind velocities, across the Y, Z, and total components. The388

Moon is situated at a distance of 60RE . Magnetic field measurements are presented in units389

of nT, while velocities are given in km/s, The electric field values are normalized based on390

the induced background field that arises due to charge separations.391

Higher solar wind ion velocity/temperature is observed at ±5 RE as shown in Table 3.392

This suggest that external forces, energetic inputs, or non-equilibrium conditions increase393

these velocities (i.e., Futaana et al., 2012). It is to be noted that the solar wind not only394

provides electrons and ions but also 20% of energetic neutral atoms (Vorburger et al., 2016)395

whose effects are out of the scope of the present study. In order to address the asymmetry396
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between dawn(blue) and dusk(green), the correlation coefficients were computed for the397

magnetic and electric fields, as well as solar wind velocities, along the dawn-dusk directions.398

The analysis revealed that the correlation coefficients for Bx and By were negative at both399

dawn and dusk, with values of -0.76 and -0.11, respectively. In contrast, the correlation400

coefficient for Bz C.C. is 0.43 was positive at both dawn and dusk, with a value of 0.43.401

Furthermore, the total magnetic field was found to be positively correlated at both dawn402

and dusk, with a coefficient of 0.44.403

It is noteworthy that the significant disturbances observed in the magnetic field com-404

ponents near the surface of the Moon are of crucial importance since they are directly405

associated with the interaction between the lunar surface and the solar wind. This can406

aid in distinguishing the effects of various factors, such as photoelectron radiation and lunar407

magnetic anomalies, as reported in previous studies (Zhang et al. (2020); Deca et al. (2015)).408

The correlation coefficients for the electric field components were calculated as follows:409

Ex, Ez, and Etot exhibited negative correlation, with coefficients of -0.06, -0.78, and -0.12,410

respectively. However, the Ey component showed positive correlation, with a coefficient of411

0.7. In addition, the velocities measured at both dawn and dusk were found to be positively412

correlated, with correlation coefficients of [vx, vy, vz, vtot] equal to 0.3, 0.82, 0.57, and 0.09,413

respectively.414

Apart from highlighting the dawn-dusk asymmetry in the region surrounding the Moon,415

the dawn (green) and dusk (blue) magnetic and electric fields, as well as velocities, can also416

serve as a reference level for investigating plasma parameters in the magnetotail, assuming417

that the Moon is absent from its current location. Thus, these dawn-dusk asymmetric418

parameters can be employed to analyze the intricate current system in the magnetotail, up419

to a distance of 65 RE .420

To better visualize the magnetic field enhancement on the lunar dayside and within421

the wake, we have presented 2D contours in equatorial planes taken at ±5RE in both422

the day/night and dawn-dusk directions of the Moon. The Moon is centered at zero as423

shown in Figure 7. In Figure 7-a, it is evident that the magnetic field is amplified on the424

illuminated side of the Moon, and its value can be calculated using the formula ∆B =425

(Bmoon − Bsw/Bsw) i.e. (Liuzzo et al., 2021). This formula yields a value of (>1.) for the426

enhancement factor.427

Figure 8-A shows the total Electric Field (E.F.) plotted along three planes, OX (at Y=0,428

Y=+1RL(dawn), and at Y=−1RL(dusk) directions. The bulk E.F. is shown in blue, while429

the background E.F. generated only due to charge separations is shown in red. The E.F. is430

considered at ±5RE at both the day and night sides of the lunar surface. It is demonstrated431
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in Figure 8 that the charge separation takes place at the lunar surface. The charge separation432

results in the induced additional E.F. (E0), which is equal to E0 = meveωpe/q0. To consider433

the effective E.F.,E0 should not be ignored, which can only be obtained by kinetic modeling.434

It is shown that the bulk E.F.=2.6E0 at Y=0, 2.1 E0 at Y = +1RL, and 2.6E0 at Y = −1RL435

averaged over in the vicinity of the lunar surface, especially at the terminator Y = 0. These436

results are consistent with those reported in Kimura & Nakagawa (and references therein437

2008) . As seen in Figure 1, positive charges dominate the lunar dayside, and the nightside438

is dominated by negative charges, which also agrees with (Kimura & Nakagawa, 2008). It439

is noteworthy that the Correlation Coefficients (C.C.) between these two field components440

are as follows: C.C. = 0.71 along Y = 0, 0.83 at +RL, and 0.54 at Y = −1RL, respectively441

Backstreaming ions are present at the lunar surface and within the Lunar wake, ac-442

cording to Bamford et al. (2012). This study found that the Electric Field (EF) deflects the443

incoming solar wind ions and that Chandrayaan-1 has observed backstreaming ions. In Fig-444

ure 8, we present the effective electric field at both lunar surfaces, which may be responsible445

for deflecting the incoming solar wind.446

Additionally, it has been reported that the solar wind can be absorbed by the lunar447

surface, backscattered, or cause atoms to be removed from the Lunar regolith by sputtering448

or desorption (Dandouras et al., 2023). Some studies have reported that a large percentage449

of backscattered solar wind ions can result in the formation of Energetic Neutral Atoms450

(ENA), which have been observed by the Interstellar Boundary Explorer (IBEX) (Allegrini451

et al., 2013). Our Electromagnetic PIC Model does not account for ENA emissions, so the452

information presented in Figure 9 only pertains to charged solar wind ions.453

It should be highlighted that the backstreaming ions were not only observed in our454

simulations, but we were also able to analyze and categorize them based on the ratio between455

the thermal speed and bulk speed of the solar wind. Specifically, the backstreaming ions456

observed at both lunar surfaces were identified as being diffuse rather than reflective, which457

aligns with the criteria previously reported by Baraka et al. (2021)458

Our simulation resulted in a solar wind bulk flow comprising roughly 23% of back-459

streaming ions; the analysis accounted for the kinetic effects of these ions. Figure 9 showcases460

the identification of backstreaming ions in the vicinity of the Moon, which are attributed to461

temperature anisotropy, as depicted in Figure 10. In brief, the present simulation allowed462

the solar wind to accumulate on the lunar surface. This resulted in charge separations that463

generated a potential difference and induced an additional electric field component. In the464

absence of the lunar magnetosphere, the electric field deflected the incoming solar wind,465

leading to backstreaming ions at the lunar surface, which was associated with tempera-466
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ture anisotropy. This approach provides complementary information to potential future467

microscale studies of the Moon that investigate the influence of Lunar surface roughness on468

volatile sources and sinks, abundance, and evolution in the Lunar environment (as discussed469

in Davidsson & Hosseini (2021) and Grumpe et al. (2019)), as well as photoelectric emission470

(Mishra & Bhardwaj, 2020).471
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5 Conclusion and Future Work472

In these two studies, we have conducted a comprehensive analysis of the solar wind473

interaction with the lunar surface, taking into account complex current systems originating474

from various sources. This research presents the first-ever kinetic simulation of the Sun-475

Earth-Moon system, focusing specifically on a single scenario where the Moon is situated476

within Earth’s magnetotail.477

Our findings reveal that the dayside of the lunar surface is predominantly influenced by478

positively charged solar wind ions, while the night side experiences a higher concentration479

of negatively charged electrons, arising from charge separation. This relationship is clearly480

illustrated in the flow chart provided in Figure 11.481

Importantly, our results, more detailed in Paper I, demonstrate that, under these con-482

ditions, Earth’s magnetosphere does not protect the Moon from the solar wind, suggesting483

that the potential water creation process on the lunar surface, driven by the solar wind, is484

not hindered by Earth’s magnetospheric presence.485

Moreover, our investigation has enabled us to explore numerous plasma parameters486

within the lunar wake. These include plasma ion and electron densities (Figure 1), plasma487

ion and electron temperatures (Figure 4), the Interplanetary Magnetic Field (IMF) at the488

terminator and within the wake (Figure 5), backstreaming ion characteristics (Figure 9),489

solar wind temperature anisotropy (Figure 10), and the effective electric field accounting for490

the induced electric field resulting from charge separation (Figure 8). These critical aspects491

of kinetic simulations offer valuable insights into the environmental conditions surrounding492

the Moon.493

Future work will involve placing the Moon in various locations, including those outside494

of Earth’s magnetotail, examining the effects of different solar activity levels, and improving495

the modeling of Earth’s polar escape to better understand the transport of oxygen ions496

to the Moon in these conditions. A more in-depth understanding of the lunar plasma497

environment will significantly benefit upcoming missions, particularly those enabled by the498

Artemis program and the Moon to Mars initiative (Dandouras et al., 2023).499
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7 Figures699

Figure 1. The densities of ions and electrons in the axis of the Sun-Earth-Moon system are
illustrated in the figure below. The areas where the potential is created are also indicated. The
zoomed-in panels (b) and (c) show the ion and electron densities in the region around ±5RE from
the Moon(centered at zero). The difference in charge accumulation between the Lunar dayside and
nightside is highlighted in these panels.
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Figure 2. The distribution of SW (solar wind) particles is shown in the figure below, plotted
along OX at ±5RE on the day and night sides of the Moon. The distribution is also shown along
three planes: the plane of the planet’s position and the dawn and dusk planes at ±2RM laterally.
Panel (a) illustrates that ions outnumber electrons on the lunar dayside, while panel (b) shows that
electrons outnumber ions on the night side. This phenomenon is caused by charge separation on
both sides of the lunar surface. Specifically, the dayside lunar surface has a relative positive charge
of 2.84×104, whereas the dark side of the Moon has a negative charge of −4.3×104 (see Table 2).)
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A B

Figure 3. The figure depicts a comparison between the profiles of ion (A) and electron (B)
densities at the position of the Moon (60RE) at various cuts along OX. These cuts are taken at
the lit surface of the Moon, the dawn-dusk terminator, and 3, 5, 7, and 9RM from the Moon,
respectively. The densities are averaged over 1RE in the OZ-direction and measured in the dusk-
dawn direction at both sideways by ±6RM . The figure shows the refilling of the lunar wake by
solar wind particles. Ions mostly enter from the dusk side, while electrons mainly enter from the
dawn side. This phenomenon is directly caused by the charge separation at the lunar surface and
the resulting potential difference.

A B

Figure 4. The figure displays a comparison between the temperature profiles of ions (A) and
electrons (B) at the position of the Moon (60RE) at various cuts along OX. These cuts are taken
at the lit surface of the Moon, the dawn-dusk terminator, and 3, 5, 7, and 9RM from the Moon,
respectively. The temperatures are averaged over 1RE in the OZ-direction and measured in the
dusk-dawn direction at both sideways by ±6RM . The figure depicts the refilling of the lunar wake
by solar wind particles. Ions mainly enter from the dusk side, while electrons mainly enter from
the dawn side. This phenomenon directly results from the charge separation at the lunar surface
and the resulting potential difference. This figure corresponds to Fig. 3.
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Figure 5. This Figure depicts the components of the magnetic field, the total magnetic field,
and the density at the lunar terminator and within the Lunar wake. The boundaries of the Moon
are marked by vertical green dashed lines. A difference in the density plots is noticeable between
the linear graphs shown in green (taken at the lunar surface) and blue (taken at the terminator),
revealing the flaring out of the density flow around the Moon. The findings are evaluated against
the outcomes shown (Poppe et al., 2014, Fig. 4).

Figure 6. This figure depicts the magnetic(a-d), electric field(e-h), and solar wind velocity(i-m)
components along three different planes, namely OX (with Y=Z=0 and X=±5RE in red), dawn
(with Y=+2RL and Z=0 in blue), and dusk (with Y=−2RM and Z=0 in green). The plots are
taken along OX at ±5RE on both the day and night sides of the moon. The linear plots at dawn
and dusk account for the asymmetry of the solar wind parameters.
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Figure 7. This figure shows two contours for magnetic field and plasma velocity taken in
equatorial plane around the moon at ±5RE in both directions. color codes are scaled to real
values.

A B

Figure 8. This figure presents a zoomed in depiction of the moon, where the radius is illustrated
as being five times greater than the ratio of the moon’s radius to the Earth’s radius (RL/RE) .The
total electric field (E.F.) of the solar wind plasma is plotted in blue, and the induced electric field
from charge separation (E0 = meveωpe/q0) is plotted in red. These fields are plotted along the
OX direction at Y=0 and Y=±1RL in the dawn and dusk regions, respectively. Panel-B shows the
effective E.F. normalized over E0 to represent the total E.F. in the vicinity of the lunar surface
along the Sun-Earth-Moon Axis.
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Figure 9. Previous observations Poppe et al. (2014) and PIC simulations Deca et al. (2015) have
revealed that some solar wind ions backstream against the solar wind inflow. This figure presents
the characteristics of the backstreaming ions on both sides of the Moon along the Sun-Earth-Moon
direction. The backstreaming ions are characterized based on their A− factor, defined as the ratio
of backscattered velocity to ion thermal velocity Bonifazi & Moreno (1981). If A > 1.2, the net
flow is a reflection; if 0.8 < A < 1.2, the flow is intermediate, and finally, if A < 0.8, the flow is
diffuse. The comparison is made at both sides of the Moon at ±4RE (approximately 15RM ). Most
backstreaming ions are characterized as diffuse ions on both sides of the Moon.

Figure 10. The figure depicts ion temperature anisotropy (a) and electron temperature
anisotropy (b), along with cone angle θnB ) represented in (c). The measurements were taken
in the magnetotail region near the lunar position as shown in this figure at a distance of ±5RE .
The data reveals that the ratio of perpendicular to parallel ion temperature anisotropy (Ti⊥/T i∥)
is 2.6, whereas the ratio of perpendicular to parallel electron temperature anisotropy (Te⊥/Te∥) is
2.1.
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Figure 11. This figure succinctly summarizes our findings. It showcases the interaction be-
tween the solar wind (SW) and the Earth’s magnetosphere (MS), leading to the derivation of the
magnetopause (MP) shape (represented by the curved gray line). The figure clearly illustrates the
dusk-dawn asymmetry. Furthermore, it depicts the coupling between the magnetosheath (MS) and
the ionosphere (IS) through the escape of H+ ions (blue) and O+ ions (green), which are superim-
posed on the background color representing the plasma distribution of SW ions. Additionally, the
figure demonstrates the charging of the lunar surface on both its day and night sides.
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