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a b s t r a c t 

Due to the high absorption of solar wind plasma on the lunar dayside, a large scale wake structure is 

formed downstream of the Moon. However, recent in-situ observations have revealed the presence of 

protons in the near-lunar wake (100 km to 200 km from the surface). The solar wind, either directly or 

after interaction with the lunar surface (including magnetic anomalies), is the source of these protons 

in the near-wake region. Using the entire data from the SWIM sensor of the SARA experiment onboard 

Chandrayaan-1, we analyzed the velocity distribution of the protons observed in the near-lunar wake. 

The average velocity distribution functions, computed in the solar wind rest frame, were further sepa- 

rated based on the angle between the upstream solar wind velocity and the IMF. Although the protons 

enter the wake parallel as well as perpendicular to the IMF, the velocity distribution were not identical 

for the different IMF orientations, indicating the control of IMF in the proton entry processes. Several 

proton populations were identified from the velocity distribution and their possible entry mechanism 

were inferred based on the characteristics of the velocity distribution. These entry mechanisms include 

(i) diffusion of solar wind protons into the wake along IMF, (ii) the solar wind protons with finite gyro- 

radii that are aided by the wake boundary electric field, (iii) solar wind protons with gyro-radii larger 

than lunar radii from the tail of the solar wind velocity distribution, and (iv) scattering of solar wind 

protons from the dayside lunar surface or from magnetic anomalies. In order to gain more insight into 

the entry mechanisms associated with different populations, backtracing is carried out for each of these 

populations. For most of the populations, the source of the protons obtained from backtracing is found to 

be in agreement with that inferred from the velocity distribution. There are few populations that could 

not be explained by the known mechanisms and remain unknown. 

© 2016 Elsevier Inc. All rights reserved. 
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1. Introduction 

When the supersonic solar wind flows past the Moon, it leaves

a cavity behind the Moon known as lunar plasma wake. Recent

observations in the near-lunar wake region (100 km to 200 km

from the surface) have revealed the presence of protons ( Dhanya

et al., 2013; Futaana et al., 2010; Halekas et al., 2014; Nishino et al.,

20 09a; 20 09b; Wang et al., 2010; Wiehle et al., 2011 ). These pro-

tons, which are basically solar wind protons, reach the near-lunar

wake due to various processes ( Bhardwaj et al., 2015; Halekas

et al., 2015 ). 
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Protons were found to enter the lunar wake parallel to the di-

ection of interplanetary magnetic field (IMF) at 100 km from the

unar surface by SARA/Chandrayaan-1 ( Futaana et al., 2010 ). These

bservations were at solar zenith angle (SZA) of ∼140 ° (50 ° behind

he terminator) and the IMF was dominantly perpendicular to so-

ar wind velocity. The energy of the protons was higher compared

o that of solar wind and the density was around 0.1% of the solar

ind proton density. The simple 1-D model for the plasma expan-

ion into the vacuum ( Gurevich et al., 1973; Samir et al., 1983 ) did

ot explain the presence of these protons. In the mid-wake region

f ∼3.5 R L downstream ( R L refers to radius of the Moon), ARTEMIS

as also observed protons parallel to IMF ( Halekas et al., 2011;

iehle et al., 2011 ). These observations were found to be in agree-

ent with the 1-D plasma expansion model at this distance. Re-

ently, Halekas et al. (2014) have investigated the one-dimensional

olutions for parallel filling of the wake using hot ion distributions

http://dx.doi.org/10.1016/j.icarus.2016.01.032
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.01.032&domain=pdf
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Fig. 1. Illustration of LSwE co-ordinate system. The x -axis is along anti-solar wind 

velocity, z -axis is along the convective electric field of the solar wind ( E c = −V sw ×
B IMF ) and the y -axis completes the right handed co-ordinate system. In this co- 

ordinate system IMF ( B IMF ) will be confined in the x –y plane with the y -component 

always positive (sample direction as red dotted arrow). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 
rather than the conventional cold ion approximation) and using

axwellian as well as kappa distribution functions for the solar

ind electrons. The solutions were compared with ARTEMIS ob-

ervations and found to be in agreement. 

Several observations have also shown that the protons enter the

ear-wake in a direction perpendicular to the IMF. Nishino et al.

2009b ) have reported observations at 100 km altitude and SZA

loser to 150 °. These protons from the solar wind enter into the

ear-lunar wake due to an increase in their gyro-radii under the

nfluence of the electric field at the wake boundary. Nishino et al.

2009a ) have reported protons at 100 km altitude closer to SZA

f 168 °. These protons had a wider energy range: starting from

ower than that of solar wind to well above the solar wind energy.

he maximum energy observed was around six times that of so-

ar wind. Backtracing of these protons showed that they are solar

ind protons scattered at larger angles upon interaction with the

ayside lunar surface ( Holmström et al., 2010; Saito et al., 2008 ).

heir trajectories under the influence of the IMF and the convective

lectric field of the solar wind ( E c ) provide access to the deeper

unar wake. Wang et al. (2010) have reported protons in the near-

unar wake closer to the terminator regions of Moon. Closer to the

erminator, these protons had energies less than that of solar wind,

hereas their energy was found to increase further inside the lu-

ar wake. These protons, which travel dominantly perpendicular to

MF, were proposed to be the solar wind protons that are forward

cattered from the lunar surface closer to the terminator region. 

In all the above reported events the background IMF was

ominantly perpendicular to the solar wind velocity (flow). Later,

ishino et al. (2013) showed that the mechanism by which the sur-

ace scattered protons reaches the wake ( Nishino et al., 2009a ) op-

rates for other IMF orientations also, except perfectly aligned flow,

here the convective electric field, E c ∼0. Dhanya et al. (2013) have

eported the proton observation in the low-altitude (100 km) wake

hen the IMF was aligned with the solar wind flow, a case where

arallel entry along IMF as well as perpendicular entry under the

nfluence of convective electric field cannot play a role. The en-

rgy of the observed protons were higher than that of average so-

ar wind energy by few 100 eV. Those protons are from the higher

nergy tail of the solar wind velocity distribution. They access the

eeper wake due to their larger gyro-radius. 

In the context of entry of the protons to the near-lunar wake

y various mechanisms, we have investigated the characteristics

f velocity distribution of the protons in the low-altitude (100 km

o 200 km from the surface) wake by using all the available data

rom the Solar Wind Monitor (SWIM) sensor of the SARA (Sub-keV

tom Reflecting Analyser) experiment on Chandrayaan-1. This will

elp us to understand the different proton populations in the lunar

ake. 

. Instrumentation and data sources 

The solar Wind Monitor (SWIM) was one of the two sensors of

he SARA experiment on Chandrayaan-1 mission ( Barabash et al.,

009; Bhardwaj et al., 2005 ), which was a polar orbiting satellite

round the Moon. SWIM was an ion-mass analyzer with a fan-

haped field of view (FoV). The SWIM FoV was divided into 16

ngular pixels of resolution ∼3.5 ° (elevation) × 10 ° (azimuth), de-

ending on the viewing direction. The energy coverage of SWIM

as 10 0–30 0 0 eV/q with � E / E ∼7%. SWIM measured ion flux in

ogarithmically separated 16 energy steps. The measurement for

ne energy and direction takes 31.25 ms. The SWIM FoV plane

as almost perpendicular to the velocity vector of the spacecraft.

ne edge of the fan-shaped FoV looks toward the Moon and the

ther to the zenith. Assisted by the nadir-pointing spacecraft mo-

ion, the FoV covers ∼2 π (half hemisphere) within half of the or-

it. However, this means that the SWIM FoV plane changes its
rientation according to the latitude. The FoV plane is in the eclip-

ic plane closer to the equator and it was perpendicular to the

cliptic plane closer to the poles (more details about FoV orienta-

ion can be found in Futaana et al. (2010) and Dhanya et al. (2013) ).

Due to the motion of Earth around the Sun, the orbital plane of

handrayaan-1 had a drift of ∼1 ° per day with respect to the Sun.

his helps to have SWIM observations closer to the dawn-dusk ter-

inator (March–April 2009) as well as in the noon-midnight plane

June–July 2009). Chandrayaan-1 was in a 100 km circular orbit till

id May 2009; subsequently, the orbit was raised to 200 km. The

WIM data obtained from both altitudes (January–July 2009 pe-

iod) are considered for the analysis in this paper. After excluding

he days when the Moon was in the Earth’s magnetosheath and

agnetotail, about 500 orbits of observation data in total is used

n the analysis. 

For the upstream solar wind parameters, such as solar wind

elocity, density, and IMF orientation, we have used level-2 data

rom the SWEPAM and MAG instruments on the ACE satellite. Since

CE makes measurements near the L1 point, the data have been

ime-shifted to the location of Moon by considering the solar wind

peed and distance of ACE from the Moon at each instant. 

. Co-ordinate systems 

For the analysis, we have used mainly two co-ordinate systems:

(1) aberrated Lunar-centric Solar Ecliptic (aLSE) co-ordinate sys-

tem, and 

(2) Lunar Solar wind Electric field (LSwE) co-ordinates. 

In aLSE co-ordinate system, the x -axis is towards the anti-solar

ind velocity ( −V sw 

) which has been corrected for aberration due

o the motion of Earth–Moon system, the z -axis is towards ecliptic

orth and y -axis completes the right handed co-ordinate system. 

In LSwE co-ordinates (see Fig. 1 ), the x -axis is towards the anti-

olar wind velocity (similar to aLSE), whereas the z -axis is along

he convective electric field of the solar wind ( E c = −V sw 

× B IMF ),

nd the y -axis completes the right handed co-ordinate system. In

his co-ordinates, IMF ( B IMF ) will be confined in the x –y plane with

he y -component always positive. The processes by which the pro-

ons enter the near lunar wake may depend on the orientation of

MF and the convective electric field, whose direction varies. The

SwE co-ordinate system helps to confine the direction of IMF in

pecific plane and that of the convective electric field in particular

irection. 

In addition, we have used the solar wind rest frame, which

s a frame moving with the solar wind and hence the convective
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Fig. 2. Maps of wake protons in LSwE co-ordinate system. The top panel shows the number of observations in different planes whereas the bottom panel shows the 

observed differential flux. (a) The map of number of observations projected onto the y –z plane, (b) number of observations in the x –z plane ( V sw − E c plane) as viewed from 

the direction of −y, (c) same as (b) but viewed from the direction of + y, (d) number of observations in the x –y plane ( V sw − B IMF plane) as viewed from the direction of + z

( + E c ), (e) same as (b) but as viewed from the direction of −z ( −E c ), (f) observed differential flux projected onto the y –z plane, (g) observed differential flux projected onto 

the x –z plane ( V sw − E c plane) as viewed from the direction of −y, (h) same as (g) but as viewed from the direction of + y , (i) observed differential flux projected onto the 

x –y plane ( V sw − B IMF plane) as viewed from the direction of + z ( + E c ), (j) same as (i) but as viewed from the direction of −z ( −E c ). (For interpretation of the references to 

color in this figure, the reader is referred to the web version of this article.) 
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electric field is zero. This frame has been used to discuss the ve-

locity distribution function of protons in the wake where proton

velocities are resolved into components having direction parallel

and perpendicular to the IMF. 

4. Observation 

SWIM made observations in the lunar wake in every orbit, ini-

tially from 100 km altitude, and later from 200 km altitude. The

location of the observations in the lunar wake in LSwE (space-

craft location) are binned into grid cells of size 100 km × 100 km.

The differential flux observed by SWIM when the spacecraft was

located over any grid cell is accumulated in that grid cell. Since

there will be multiple observations over any grid cell, due to re-

peated orbits, the accumulated counts on a given grid cell is di-

vided by the number of observations in that grid cell to get the

average differential flux. The 2D maps of the number of observa-

tions in the lunar wake and the observed differential flux, pro-

jected in different planes of the LSwE co-ordinates are shown in

Fig. 2 . 

The top panels ( Fig. 2 a–e) show the 2-D map of number of ob-

servations projected onto different planes. In most cases, there are

several observations over a given location. The corresponding dif-

ferential flux has an asymmetry along the −z-axis ( E c ), with higher

differential flux at the + E c ( + z) hemisphere compared to the −E c 
( −z) hemisphere within few 100 kms from the terminator (strip in

red color seen Fig. 2 i compared to Fig. 2 j). This asymmetry may be

due to the role of the electric field in aiding the entry of protons

to near-wake across the + E c pole. Similarly, the differential flux is
symmetric along y , with the flux in −y ( Fig. 2 g) being higher than

n + y ( Fig. 2 h), closer to limb. Since IMF lies in the x –y plane with

 -component always positive, the asymmetry between −y and + y

ay be associated with the diffusion of solar wind parallel ( −y )

nd anti-parallel to IMF ( + y ). Hence, for further analysis we have

hosen five locations as shown in Fig. 3 . The location 1 is closer

o + E c pole, location 2 is closer to −E c pole, location 3 is closer to

 y limb, location 4 is closer to −y limb, and location 5 is in the

entral wake. While the location 5 consists of observations from

patial grid extend of 400 km × 400 km (in y –z plane in LSwE

o-ordinates), other locations are rectangular having spatial extents

f 200 km × 400 km. The locations 1 to 4 are at a distance of

500 km to 1700 km from the center of the wake. Due to the finite

yro-radius of protons in the solar wind, there is always a possibil-

ty for protons to be found in lunar wake close to the terminator.

ence the observations very close to the terminator (limb obser-

ations) are excluded. 

Using the information on the energy and the direction of the

articles observed by SWIM in the above mentioned five loca-

ions, the velocity distribution functions are computed in the aLSE

o-ordinates and transformed to the solar wind rest frame. The

elocity distribution functions are indeed functions of three di-

ensional velocity space, but to understand the population in

 simple manner, we used the two dimensional velocity space,

amely in the directions parallel and perpendicular to the IMF ( v ‖ 
nd v ⊥ ). Note that we employ the solar wind rest frame for this

nalysis. Indeed this frame is frequently used for the pitch angle

 = arctan( v ⊥ / v ‖ )) analysis. This frame is helpful for understanding

he physical mechanisms of acceleration and the initial velocity
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Fig. 3. Map of differential flux of wake ions in the y − z plane of the LSwE co- 

ordinate system, showing the 5 locations of interest (enclosed by red rectangular 

boxes). Location 1 at + E c limb, location 2 at −E c limb, location 3 at + y limb, and 

location 4 at −y limb, and location 5 at the central wake. The locations 3 and 4 

are in the plane containing solar wind velocity and IMF. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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ector of the protons, if they are produced near the Moon (such

s exospheric ions). 

To understand the prevailing upstream solar wind conditions

uring the SWIM observations at locations 1 to 5 in lunar wake,

he velocity distribution of the upstream solar wind was also com-

uted. The solar wind velocity data from the ACE spacecraft that

as been time shifted to the location of Moon was resolved into

omponents parallel ( v ‖ ) and perpendicular ( v ⊥ ) to the IMF in aLSE

o-ordinates. The velocity components ( v ‖ and v ⊥ ) are binned into

0 km s −1 × 50 km s −1 grids. The frequency distribution, i.e., how
ig. 4. Top panel shows the velocity distribution of protons in the near lunar wake in the s

from ACE) corresponding to the SWIM observations at each of the locations 1–5 . (a) 

rotons observed in location 2, (c) velocity distribution of protons observed in location 3,

f protons observed in location 5, (f) velocity distribution of upstream solar wind durin

ind during the SWIM observations in lunar wake in location 2, (h) velocity distribution 

i) velocity distribution of upstream solar wind during the SWIM observations in lunar w

bservations in lunar wake in location 5. Refer to Fig. 3 for the definition of the differen

ocations. 
any times the solar wind velocity was observed to be in a spe-

ific bin, for those days and timings where SWIM had observations

ver location-1 to location-5 is considered as the representative of

he upstream solar wind condition. Fig. 4 shows the velocity dis-

ribution of the protons in the solar wind rest frame that are ob-

erved in locations 1–5 together with the upstream solar wind dis-

ribution in aLSE co-ordinate system. 

From Fig. 4 a–e, it can be seen that all the locations except

ocation-5, have several velocity bins with significant values of

he distribution function above the prevailing background. The ve-

ocity bins which have value of the distribution function above

0 −13 s 3 m 

−6 are considered to be significant above the back-

round (1 count level). To identify the different populations of pro-

ons from the velocity distribution map, a selection criterium was

mployed in which any velocity bin is analyzed in the following

anner. In the analysis, all the eight velocity bins surrounding a

iven bin (say center bin) are considered. Please note that all the

ins referred here are in the velocity space ( v ‖ , v ⊥ ). The value of

he distribution function in the center bin is compared with that

f the surrounding eight bins and if the value in the surrounding

ins are lower than that of the center bin by 50%, the proton ve-

ocity distribution represented in the center bin together with the

urrounding bins are considered as belonging to the same popula-

ion. 

If the value of the distribution function in any of the eight bins

say vbin 1) is higher than that of the center bin by more than 50%,

hen vbin 1 is considered as the new center bin. The value of the

istribution function in the eight bins surrounding vbin 1 are com-

ared with that of vbin 1. This continues till all the eight velocity

ins surrounding a center bin are found to have value less than

hat of the center bin (by 50%). Once this is met, the velocity dis-

ribution represented from the first center bin till the final center

in are considered as belonging to a given population. According to

his selection criterium, the prominent populations are marked in

ig. 4 (P1–P12). For location 5, which is close to the central wake
olar wind rest frame, and bottom panel shows the upstream solar wind distribution 

velocity distribution of protons observed in location 1, (b) velocity distribution of 

 (d) velocity distribution of protons observed in location 4, (e) velocity distribution 

g the SWIM observations in location 1, (g) velocity distribution of upstream solar 

of upstream solar wind during the SWIM observations in lunar wake in location 3, 

ake in location 4, (j) velocity distribution of upstream solar wind during the SWIM 

t locations. ‘P1’ to ‘P12’ indicate the prominent proton populations at the different 
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Fig. 5. The velocity distribution of wake protons at location 1 in the solar wind rest frame under different IMF angles of (a) 0 °–30 °, (b) 150 °–180 °, (c) 0 °–30 ° and 150 °–180 °
combined, (d) 30 °–60 °, (e) 120 °–150 °, (f) 30 °–60 ° and 120 °–150 ° combined, (g) 60 °–90 °, (h) 90 °–120 °, (i) 60 °–120 ° combined bin. The white colored dotted vertical line in 

each panel is drawn at v ‖ = 0 . The prominent proton populations are marked in the figure (X1, X2, X3, A1, A2, Y1, Y2, Y3, Y4, Y5, B1, B2, B3, B4, Z1, Z2, Z3, Z4, Z5, C1, C2, 

C3). Summary of the velocity components of the populations along with that of the upstream solar wind can be found in Table 1 . 
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region, the signal strength is too low for any distinct proton popu-

lation to be seen. 

In location 1 ( Fig. 4 a), protons of population P1 have the val-

ues of ( v ‖ , v ⊥ ) around (0, 150) km s −1 , those of P2 around (150,

350) km s −1 , and of P3 around (250, 50) km s −1 . Comparison with

the corresponding average upstream solar wind condition ( Fig. 4 f)

shows that protons belonging to P1 and P3 have velocities lower

than that of solar wind ( ∼400 km s −1 ), whereas P2 have velocity

comparable to that of solar wind. P1 comprises of protons of dom-

inant v ⊥ with negligible v ‖ , P2 have v ⊥ comparable to that of solar

wind with non-zero v ‖ , and P3 have dominant v ‖ with negligible

v ⊥ . 
In location 2 ( Fig. 4 b), three prominent proton populations are

observed (P4–P6). Protons belonging to P4 that have comparable v ‖ 
and v ⊥ appear as a strip in the velocity space with v ‖ in the range

from −200 to −450 km s −1 and v ⊥ in the range 150–350 km s −1 .

P5 is centered around velocity bins of (0, 150) km s −1 , and P6

have v ‖ in the range 150–300 km s −1 and v ⊥ in the range 200–

400 km s −1 . Comparison with the corresponding upstream solar

wind condition ( Fig. 4 g) shows that while P4, and P6 may have ve-

locities comparable to that of solar wind, P5 have velocities lower

than that of solar wind. 

Three populations (P7–P9) are observed in location 3 ( Fig. 4 c)

of which P7 have velocities centered around (200, 50) km s −1 ,

P8 around ( −50, 100) km s −1 , and P9 around (100, 350) km s −1 .

Populations P7 and P8 have velocities less than that of the corre-

sponding upstream solar wind ( Fig. 4 h), whereas P9 have velocities

comparable to that of solar wind. In location 4 ( Fig. 4 d), three

populations (P10–P12) are identified. Population P10 is centered

around (200, 50) km s −1 , P11 around (100, 100) km s −1 , and P12

around ( −50, 300) km s −1 . All of them have velocities lower than

that of the upstream solar wind ( Fig. 4 i). 

Further, the velocity distribution were separated based on the

angle between the solar wind velocity and the interplanetary mag-

netic field in aLSE ( θ IMF ). Bins of 30 ° with θ IMF in the range from

0 ° to 30 °, 150 ° to 180 °, 30 ° to 60 °, 120 ° to 150 °, 60 ° to 90 ° and 90 °
to 120 °, are considered. Since there was no significant proton pop-

ulation in location 5 ( Fig. 4 e), location 5 was not included in the

further analysis. The IMF sorted velocity distribution for location 1
 m  
s shown in Fig. 5 . For comparison, the distribution for the com-

ined θ IMF bins where 0 ° to 30 ° and 150 ° to 180 ° are combined,

0 ° to 60 ° and 120 ° to 150 ° combined, 60 ° to 90 ° and 90 ° to 120 °
ombined are also shown in the bottom panel of Fig. 5 . The promi-

ent proton populations are marked in the figure. 

The proton populations P1 to P3, seen in Fig. 4 a, show up for

ifferent bins of θ IMF as seen from the Fig. 5 . X1 ( Fig. 5 a) and

2 ( Fig. 5 b) have similar velocity components centered around (50,

50) km s −1 and clearly represent the distribution A1 ( Fig. 5 c) for

he combined θ IMF of 0 ° to 30 ° and 150 ° to 180 °. The population

3 is similar to A2. Similarly, for the θ IMF of 30 ° to 60 ° and 120 °
o 150 °, the distributions Y1 ( Fig. 5 d) contributes to B2 ( Fig. 5 f), Y2

 Fig. 5 d) contributes to B4 ( Fig. 5 f), Y3 ( Fig. 5 e) contributes to B1

 Fig. 5 f), Y4 ( Fig. 5 e) contributes to B3 ( Fig. 5 f), and Y5 ( Fig. 5 e)

s also part of B3 ( Fig. 5 f). Similar is the situation for the θ IMF of

0 ° to 90 ° and 90 ° to 120 ° where C1 ( Fig. 5 i) is contributed from

1 ( Fig. 5 g) and Z5 ( Fig. 5 h); C3 ( Fig. 5 i) from Z3 ( Fig. 5 g); and C2

 Fig. 5 i) from Z2 ( Fig. 5 g) and Z4 ( Fig. 5 h). 

Similar scenario was found to hold for location 2 to location 4

not shown). Hence, the proton distribution for only the combined

ins of θ IMF are presented for locations 2–4 ( Fig. 6 ). The prominent

roton populations identified in each of the locations based on the

election criteria are marked in the Fig. 6 from D2 to L2. A sum-

ary of the prominent proton populations in each of the locations

–4 and their velocity components are given in Table 1 . 

. Discussion 

The source of protons in the near-lunar wake can be catego-

ized into two. The first is the direct solar wind entry ( Dhanya

t al., 2013; Futaana et al., 2010; Nishino et al., 2009b ), and the

econd is the solar wind after modification due to interaction with

unar surface and magnetic anomalies ( Nishino et al., 2009a; Wang

t al., 2010 ). The term ‘direct’ is used to indicate the absence of

nteraction with lunar surface or magnetic anomalies. The pro-

esses which are known for the direct entry are: (1) protons dif-

using along the IMF (parallel or anti-parallel to IMF) which can be

ermed as parallel entry ( Futaana et al., 2010 ), (2) increase in Lar-

or radii due to the wake boundary electric field ( Nishino et al.,
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Fig. 6. The velocity distribution of protons in lunar wake in the solar wind rest frame for location 2 to location 4 under different values of θ IMF (angle between solar wind 

velocity and IMF in aLSE co-ordinates). Each horizontal panel represents the distribution for a given location as indicated on the extreme right of the panels. Within a panel, 

each plot from left to right represents the velocity distribution for different bins of θ IMF , which is indicated on the top. (a) distribution for θ IMF bin 1 at location 2, (b) for 

θ IMF bin 2 at location 2, (c) for θ IMF bin 3 at location 2, (d) for θ IMF bin 1 at location 3, (e) for θ IMF bin 2 at location 3, (f) for θ IMF bin 3 at location 3, ( g) for θ IMF bin 1 at 

location 4, ( h) for θ IMF bin 2 at location 4, ( i) for θ IMF bin 3 at location 4 (see Fig. 3 for the definition of the different locations). The θ IMF bin 1 refers to 0 °–30 ° and 150 °–180 °
combined, θ IMF bin 2 refers to 30 °–60 ° and 120 °–150 ° combined, θ IMF bin 3 refers to 90 °–120 °. The white colored dotted vertical line in each panel is drawn at v ‖ = 0 . The 

prominent proton populations are marked in red color from ‘D2’ to ‘L2’ and their velocity components along with that of upstream solar wind are given in Table 1 . (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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009b ), and (3) protons from the tail of the solar wind velocity

istribution having large gyro-radii ( Dhanya et al., 2013 ). The scat-

ering of the solar wind upon interaction with the lunar surface or

agnetic anomalies and their subsequent trajectory under IMF and

onvective electric field enable the protons of the second category

o enter the near lunar wake ( Nishino et al., 2009a; Wang et al.,

010 ). 

In the solar wind rest frame, the parallel entry protons will

ave dominant v ‖ with almost zero or much smaller v ⊥ . The mag-

itude of the velocity ( v p ) may be less than that of solar wind (so-

ar wind speed in aLSE). It is to be noted that although Futaana

t al. (2010) discussed the observation when IMF was perpendicu-

ar to the solar wind velocity vector ( θ IMF ∼90 °), this mechanism

an operate for other IMF orientations as well, except for mag-

etic aligned flow ( θ IMF ∼0 °). For convenience, we use the term

Entry-1’ for this process, in further discussion. Let’s recall that in

he LSwE co-ordinates, the IMF is confined in the x - y plane with

 -component always positive and V sw 

is along −x . Hence, for IMF

ngles of 0 ° to 30 °, and 150 ° to 180 °, these protons may not be

ble to reach location 1, which is closer to + E c ( + z) pole. This ap-

lies for location 2 also, which is closer to −E c ( −z) pole. The par-

llel entry protons will be able to reach location 3 (along + y ) and

ocation 4 (along −y ) for all IMF angles except θ IMF ∼0 °. The popu-

ations ‘G2’ and ‘H4’ in location 3, with dominant v ‖ and negligible

 ⊥ are most likely due to Entry-1. The population ‘I1’ in location 3

nd ‘L1’ in location 4 may also be associated with Entry-1. 

When the solar wind protons enter the lunar wake due to their

nite gyro-radius aided by the wake boundary electric field, they

ravel in a direction perpendicular to IMF ( Nishino et al., 2009b ).
n the solar wind rest frame, these protons are expected to have a

ominant v ⊥ component and may have a small component of ther-

al velocity parallel to the magnetic field. Due to the wake bound-

ry electric field, v ⊥ will be enhanced above the thermal velocity.

hese protons may be characterized with v ⊥ > v ‖ , and since v ‖ is

xpected to be negligible, it can be considered that v ‖ < 0.25 × v ⊥ .
he velocity of such protons is expected to be lower than the so-

ar wind bulk velocity. Although this mechanism has been reported

or θ IMF ∼90 °, this mechanism is likely to be active for other IMF

rientations. For convenience, we use the term ‘Entry-2’ for this

rocess in further discussions. ‘Entry-2’ is same as ‘Type-I’, defined

n Nishino et al. (2009a ) for the mechanism described in Nishino

t al. (2009b ). The protons of Entry-2 can reach the −E c and + E c 
oles (locations 1 and 2) for 0 ° ≤ θ IMF ≤ 90 °. These protons may

ccess locations 3 and 4 for smaller values of θ IMF ( ∼0 °), whereas

or larger values of θ IMF , these protons will start to diffuse along

he IMF into the wake. Also, Entry-2 protons may not access the

entral wake, i.e., location 5. The populations A1, B2, C1 in location

; D1, E1, F1 in location 2; and G1, H1 in location 3 have the char-

cteristics of velocity distribution to be associated with Entry-2. 

The protons which enter the lunar wake by virtue of their large

yro-radius ( Dhanya et al., 2013 ) from the high-energy tail of so-

ar wind velocity distribution (having large thermal velocities) are

xpected to have dominant v ⊥ . Such protons have gyro-radii larger

han the lunar radius in the solar wind. Since the gyro-radius de-

ends on the IMF, which is a variable, the perpendicular velocity

 v ⊥ ) of these protons can be either higher or lower than that of

olar wind bulk speed depending on the strength of IMF and the

agnitude of V sw 

. For a typical solar wind condition of 400 km s −1 
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Table 1 

Proton velocity distribution in location 1 to location 4. 

Location Population v ‖ a v ⊥ b | v p | 
c | V sw | 

d 

1 A1 0 150 150 .0 400 

1 A2 200 200 282 .8 400 

1 B1 −100 100 141 .4 400 

1 B2 0 200 200 .0 400 

1 B3 150 200 250 .0 400 

1 B4 200 350 403 .1 400 

1 C1 −50 100 111 .8 400 

1 C2 200 100 223 .6 400 

1 C3 200 350 403 .1 400 

2 D1 50 200 206 .1 350 

2 D2 −50 450 452 .8 350 

2 E1 −50 100 111 .8 350 

2 E2 −350 250 430 .11 350 

2 E3 100 150 180 .3 350 

2 F1 0 100 100 .0 350 

3 G1 −50 100 111 .8 350 

3 G2 200 50 206 .1 350 

3 G3 200 350 403 .1 350 

3 H1 0 200 200 .0 350 

3 H2 −150 250 291 .5 350 

3 H3 100 350 364 .0 350 

3 H4 200 50 206 .1 350 

3 I1 −100 50 141 .4 350 

3 I2 0 300 300 .0 350 

4 J1 50 100 111 .8 450 

4 K1 150 150 212 .1 450 

4 L1 200 50 250 450 

4 L2 150 300 335 .4 450 

All velocity values in km s −1 . 
a Velocity of wake protons parallel to IMF in the solar wind rest frame. 
b Velocity of wake protons perpendicular to IMF in the solar wind rest frame. 
c Velocity magnitude of wake protons in solar wind rest frame. 
d Solar wind velocity in aLSE co-ordinates. 
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bulk speed and 5 nT IMF, the value of v ⊥ could be higher than

V sw 

for the protons to have gyro-radii larger than lunar radius. If

IMF is weak, say 1 nT, then for a smaller v ⊥ itself ( ∼200 km s −1 ),

the gyro-radius of protons can be larger than lunar radius. Since

these protons have larger thermal velocity, they may have signifi-

cant v ‖ component also. Although this mechanism have been ob-

served during magnetic field aligned flow ( θ IMF ∼0 °), this can be

active for other IMF orientations as well, although the flux may

be lower. We use the term ‘Entry-3’ for this process. Since pro-

tons of Entry-3 depend solely on their gyro-radii to enter into the

wake, they may access all the five locations. The populations A1,

A2, B1, B2, B3, C2 in location 1; D1, D2 , E1, E3, F1 in location

2; G1, G3, H1, H2, H3, I1, I2 in location 4; and J1, K1, L2 in lo-

cation 4 have the characteristics of Entry-3 protons. To assess the

contribution of Entry-3 in the above populations, we considered

the magnitude of IMF that was prevailing during the observation.

From the IMF magnitude, the minimum v ⊥ that is required for the

gyro-radius of protons to be equal to that of lunar radius, is esti-

mated. This estimated v ⊥ is compared against the observed v ⊥ of

different populations. This analysis showed that Entry-3 can play

a role for the populations B2, B3 in location 1; D2, E1, E3, F1 in

location 2; G1, G3, H1, H2, I2 in location 3; and J1, K1 in loca-

tion 4. Entry-3 may contribute partially for C2, and L2 because

of the low IMF condition during some of the observation of these

populations. 

It has been observed that 0.1–1% of the solar wind protons scat-

ter back to space upon interaction with the lunar surface ( Saito

et al., 2008 ). Also, < 50% of solar wind protons scatter upon inter-

action with the lunar magnetic anomalies ( Lue et al., 2011; Saito

et al., 2010 ). The protons scattered from anomalies are found to

have velocities almost similar to that of solar wind but heated

up ( Lue et al., 2011; Saito et al., 2010 ). In solar wind rest frame,
uch protons will have similar velocity distribution as that of sur-

ace scattered protons. The trajectories of these protons would be

ontrolled by IMF and the convective electric field ( Holmström

t al., 2010 ) and some of which can eventually access the near-

unar wake ( Nishino et al., 2009a; Wang et al., 2010 ). We refer to

uch an entry mechanism as ‘Entry-4’. Although Entry-4 is similar

o the Type-II mechanism reported by Nishino et al. (2009a ) with

eference to the surface scattered protons, Entry-4 includes protons

cattered by magnetic anomalies as well. In the solar wind frame,

he backscattered protons will have velocities in the range V sw 

to

 × V sw 

considering the extreme scattering angles of 90 ° and 180 °,
nd assuming negligible energy loss upon scattering. In the Moon

eference frame, since the backscattered protons access the wake

y traveling along + E c and crossing the + E c terminator ( Nishino

t al., 2009a ), they are not likely to be seen in location 2, whereas

hey can access location 3 and location 4 for oblique IMF orien-

ations. The populations B4, and C3 in location 1 with dominant

 ⊥ and velocities comparable to that of the background solar wind

re most likely due to Entry-4. The population G3, H3, I2 in lo-

ation 3 also have the characteristics associated with Entry-4. The

opulation D2 in location 2 also have the characteristics of Entry-4

rotons, but the location is close to −E c pole and hence Entry-4 is

ot expected. 

The protons which are forward scattered at the terminator

ould also be able to reach the lunar wake region ( Wang et al.,

010 ), where forward scattered protons closer to the −E c pole en-

er the nightside. We use the term ‘Entry-5’ for such a process.

ntry-5 is used here for the forward scattered protons close to the

erminator in any region (not only −E c pole). In the solar wind

est frame, the forward scattered protons will have velocities in

he ranging from zero to V sw 

for the two extreme scattering an-

les 0 ° and 90 °, assuming negligible energy loss upon scattering.

lso, such protons are expected to have dominant v ⊥ as seen from

he solar wind frame. Since the forward scattered protons can ac-

ess the wake across −E c terminator ( Wang et al., 2010 ), they can

e seen in location 2. The populations A1, A2, B1, B2, B3, C1 in lo-

ation 1; D1, E1, E3, F1 in location 2; G1, H1, H2, I1 in location 3;

nd J1, K1, L2 in location 4 have the characteristics to be associated

ith Entry -5. 

The summary of the various entry mechanisms discussed above,

he expected velocity distribution of protons in solar wind rest

rame for each mechanism and the observed populations which are

ost likely associated with each of the entry mechanisms are pro-

ided in Table 2 . It is seen that for several populations, more than

ne entry mechanism may play a role. 

To gain more insight into the entry process, we have carried out

he backtracing of the protons belonging to different populations.

he trajectory of the protons are computed backwards in time from

heir observed position in the lunar wake (in aLSE coordinates) un-

er the Lorentz force. The position where the protons are observed

n the lunar wake, and their observed velocities (in a given energy

nd direction bin of SWIM) are used as the initial values. Since

he magnetic field in the wake has been found to increase to 1.5

B IMF ( Colburn et al., 1967 ), for trajectory calculations, we used

agnetic field value of 1.5 × B IMF inside the wake region and 1.0

B IMF outside the wake. Regarding the electric field, outside the

ake, the protons experience the convective electric field of so-

ar wind ( E c = −V sw 

× B IMF ). Inside the wake, protons will experi-

nce an additional electric field - the wake boundary electric field

 Halekas et al., 2005; Kallio, 2005; Nishino et al., 2009b ). Simi-

ar to that discussed in Nishino et al. (2009b ) which agrees with

he observations ( Halekas et al., 2005 ), we used a wake boundary

lectric field value of 0.7 mV m 

−1 which acts in a region of width

.25 × R L from the terminator, where R L refers to the lunar radius.

ig. 7 illustrates the geometry of the wake electric field used in

he backtracing. As seen from Fig. 7 , the electric field is directed
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Table 2 

Mechanisms of entry of solar wind protons in the near-lunar wake, expected velocity distribution in solar wind rest 

frame, and the observed populations which are most likely associated with each of the entry mechanisms. 

Process References Expected velocity distribution Observed population 

Entry-1 Futaana et al. (2010) Dominant v ‖ ( v ⊥ ∼ 0); v p < < V sw G2, H4, I1, L1 

Entry-2 Nishino et al. (2009b ) Dominant v ⊥ ( v ‖ ∼ 0); v p < V sw A1, B2, C1, D1, E1, F1, 

G1, H1 

Entry-3 Dhanya et al. (2013) Dominant v ⊥ ; v p may be greater B2, B3, D2, E1, E3, F1, 

or smaller than V sw G1, G3, H1, H2, I2, J1, 

K1, C2 ∗ , L2 ∗

Entry-4 Nishino et al. (2009a ), Dominant v ⊥ ; v p : ∼V sw to 2 ∗V sw B4, C3, G3, H3, I2 

Entry-5 Wang et al. (2010) Dominant v ⊥ ; v p < < V sw A1, A2, B1, B2, B3, C1, 

D1, E1, E3, F1, G1, H1, 

H2, J1, K1, L2 

v p = velocity of the wake protons 

V sw = solar wind bulk velocity. 
∗ Partially due to the low IMF condition during some of the observation of these populations 

Fig. 7. Illustration of the lunar wake boundary electric field (E wake ) taken in the 

proton backtracing model. The outer circle represents the lunar terminator (wake 

boundary). E wake is shown by red arrows from the wake boundary pointing inwards 

towards the Sun–Moon line. E wake acts in the shaded region of width 0.25 × R L 
from the wake boundary, where R L refers to the lunar radius. The inner circle has a 

radius of 0.75 × R L . The magnitude of E wake is 0.7 mV m 

−1 . This scheme is similar to 

that discussed in Nishino et al. (2009b ) and agrees with the observations ( Halekas 

et al., 2005 ). The x, y, z axes are as defined in the aLSE co-ordinate system, where 

x -axis points into the plane of the paper. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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nward from the terminator towards the Sun–Moon line ( Nishino

t al., 2009b ). 

To solve the Lorentz equation numerically, Euler’s method was

sed with a time step of 0.001 s. The model calculates the po-

ition and velocity of the protons back in time (in aLSE) un-

il proton trajectory either intersect the lunar surface or travel a

ufficiently larger distance ( > 50 0 0 km) upstream. In other words,

alculations terminate when either the magnitude of the position

ector of the protons becomes less than or equal to the radius of

he Moon (1738 km) or exceeds 50 0 0 km. For the solar wind ve-

ocity and IMF, data from ACE satellite (time shifted to the location

f Moon) was used. Backtracing was not done for the populations

hich were considered to be associated with Entry-1 (G2, H4, I1,

1). 

The results of the backtracing for the four populations A1, G3,

3, and L2 are shown in Fig. 8 . The plots are generated by binning

he position co-ordinates of the protons at the end of backtracing
nto grids of size 100 × 100 km and are projected onto different

-D planes ( x –y, x - z , and y –z ) in aLSE co-ordinates. The counts ob-

erved, in a particular energy and direction bin of SWIM, are ac-

umulated over the spatial grids at the end of backtracing and is

epresented as color bar. The trajectories which terminate on the

ightside surface should be ignored since they are unrealistic. 

From Fig. 8 a–c, it can be seen that for population A1, almost all

articles goes to the solar wind (99.3%) with a minor contribution

rom the dayside surface (0.6%) close to the terminator. The value

9.3% represents the ratio of observed counts which terminate in

olar wind to the sum of counts which terminate in the solar wind

nd on the dayside surface, at the end of backtracing. Similarly,

.6% represents the ratio of observed counts which terminate on

he dayside surface to the sum of counts which terminate in solar

ind and on the dayside surface, at the end of backtracing. Thus,

he source of A1 is most likely Entry-2 with minor contribution

rom Entry-5, as expected from the velocity distribution. 

Fig. 8 d–f shows that the population G3 has significant contribu-

ion (31%) from the surface. The protons scattered from surface (or

agnetic anomalies) may contribute significantly to G3. The mech-

nisms could be Entry-4 (from surface) and Entry-3 (from solar

ind) as expected from the velocity distribution. Similarly, for the

opulation H3 also ( Fig. 8 g–i), backtracing shows significant con-

ribution from the dayside surface (17%). The mechanism could be

ntry-4 which agrees with the inference drawn from the veloc-

ty distribution. Whereas both the velocity distribution and back-

racing suggested the contribution from Entry-4, backtracing has

hown that the dominant source is solar wind. The velocity distri-

ution for H3 do not support Entry-2 as the source and Entry-3 is

lso not expected to contribute based on the prevailing IMF. Thus,

he process by which solar wind contribute to H3 is left open. Pop-

lation L2 ( Fig. 8 j–l), have dominant contribution from solar wind

ith minor contribution (0.2%) from surface. As discussed before,

2 was considered to be associated with Entry-5 and Entry-3 (par-

ially) based on the velocity distribution. Backtracing shows that

ntry-3 may still contribute whereas Entry-5 may make only mi-

or contribution to L2. 

Similar backtracing carried out for other populations (results

ot shown), indicated that the population A2 has roughly equal

ontributions from the solar wind (43.4%) and the dayside surface

56.5%). As discussed before, neither Entry-2 nor Entry-3 plays a

ole for A2. Thus the mechanism for the contribution from so-

ar wind is not clear. The surface contribution is more likely as-

ociated with Entry-5. For other populations in location 1, back-

racing showed that the source for B1, B2, B3, B4, C1, C2 and

3 is mainly solar wind with almost no contribution from sur-

ace. For B1, the velocity distribution indicate Entry-5 as possible

echanism whereas backtracing suggest no contribution from the
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Fig. 8. Backtracing results in aLSE co-ordinates. (a)–(c): for population A1 in location 1, (d)–(f): population G3 in location 3, (g)–(i): population H3 in location 3, (j)–(l): 

population L2 in location 4. The left most panels (a), (d), (g), (j) show projection in the x − y plane; middle panels (b), (e), (h), (k) show projection in the x –z plane; and right 

most panels (c), (f), (i), (l) represent projection in y –z plane. The protons are traced back based on their observed location, energy and direction. The color bar represents the 

counts of the protons (observed in the specific energy and direction bins of SWIM) accumulated over the spatial grids of size 100 km × 100 km, at the end of backtracing. 

The protons which hit the nightside surface are unrealistic. The value of magnetic field in the wake is assumed to be 1.5 × B IMF ( Colburn et al., 1967 ). In addition to the 

convective electric field of solar wind, a wake boundary electric field of 0.7 mV m 

−1 has been considered (see Fig. 7 for details). (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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surface. The population B2 is more likely associated with Entry-2

and Entry-3, B3 with Entry-3, and C1 with Entry-2. As discussed

before, Entry-3 may partially account for population C2, and hence

there may be some other unknown entry mechanism that also

contribute to C2. 

Regarding B4 and C3 in location 1, they have significant v ‖ and

v ⊥ , and the velocities are comparable to that of solar wind. Also,

the ( v ‖ , v ⊥ ) components are similar to that of solar wind. They

were suspected to be associated with Entry-4 as inferred from the

velocity distribution. However, backtracing suggested that they are

purely of solar wind origin without any surface contribution (i.e.,

Entry-4 not supported). Thus their source remains unknown. How-

ever, since their velocity components are similar to that of solar

wind, they could be lunar exospheric H 

+ that are picked up by

the solar wind (closer to the terminator) above the lunar surface.

However, a detailed analysis is required to confirm these and is the

scope for future work. 

In location 2, backtracing showed that populations D1 has mi-

nor contribution from surface ( < 3%), and are dominantly of so-

lar wind origin. They could be due to Entry-2 with minor con-

tributions from Entry-5. Backtracing for D2 suggests that the ma-

jor source is solar wind with significant contribution from sur-
ace (21.5%). The entry mechanism from solar wind could be

ntry-3, whereas the mechanism for the source from the surface

annot be explained. Similar to D1, E1 also have dominant contri-

ution from solar wind (99.5%) with minor contribution from sur-

ace. The source of E1 could be Entry-2, Entry-3 and minor con-

ribution from Entry-5 as expected. For E3, significant contribution

s seen from surface ( ∼7%) and could be associated with Entry-

 as major process with significant role by Entry-5. F1 have solar

ind as dominant source (98%) and also contribution from surface.

1 could be due Entry-2, Entry-3 and with significant contribution

rom Entry-5. 

The population E2 in location 2, which appears as a strip in

he velocity distribution map, has comparable v ‖ and v ⊥ , and the

elocity magnitude is comparable to that of solar wind. The back-

racing for E2 showed minor ( < 2%) contribution from surface and

ominant contribution from solar wind. For the surface contribu-

ion, Entry-4 across −E c pole is unlikely (even if the protons are

rom magnetic anomaly). Thus, the source process for E2 is not

lear. 

In location 3, backtracing suggests that populations G1 and H1

ave minor contribution from surface ( < 1%), and is dominantly of

olar wind origin. Entry-2, Entry-3, and Entry-5 can be associated
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Table 3 

Entry mechanisms expected from velocity distribution, the source identified from backtracing, and inferences on the entry mecha- 

nisms of the different populations at locations 1–4 compared with that of backtracing. 

Location Population Entry mechanism from Result from backtracing ∗ Inference 

velocity distribution 

1 A1 Entry-2, Entry-5 Solar wind (99.3%) Entry-2, Entry-5 

1 A2 Entry-5 Solar wind (43.4%) Entry-5 and unknown mechanism 

for the direct solar wind entry 

1 B1 Entry-5 Solar wind (100%) Mechanism unknown 

1 B2 Entry-2, Entry-3, Entry-5 Solar wind (100%) Entry-2,Entry-3 

1 B3 Entry-3, Entry-5 Solar wind (100%) Entry-3 

1 B4 Entry-4 Solar wind (100%) Unknown 

1 C1 Entry-2, Entry-5 Solar wind (100%) Entry-2 

1 C2 Entry-3 ∗∗ Solar wind (100%) Entry-3 and unknown mechanism 

1 C3 Entry-4 Solar wind (100%) Unknown 

2 D1 Entry-2, Entry-5 Solar wind (96.7%) Entry-2, Entry-5 

2 D2 Entry-3 Solar wind (78.5%) Entry-3, and source from the 

dayside surface is unknown 

2 E1 Entry-2, Entry-3, Entry-5 Solar wind (99.5%) Entry-2, Entry-3, Entry-5 

2 E2 unknown Solar wind (98.3%) Process unknown 

2 E3 Entry-3, Entry-5 Solar wind (93%) Entry-3, Entry-5 

2 F1 Entry-2, Entry-3, Entry-5 Solar wind (98%) Entry-2, Entry-3, Entry-5 

3 G1 Entry-2, Entry-3, Entry-5 Solar wind (99.6%) Entry-2, Entry-3, Entry-5 

3 G2 Entry-1 – Entry-1 

3 G3 Entry-3, Entry-4 Solar wind (69%) Entry-3, Entry-4 

3 H1 Entry-2, Entry-3, Entry-5 Solar wind (98.6%) Entry-2, Entry-3, Entry-5 

3 H2 Entry-3, Entry-5 Solar wind (89%) Entry-3, Entry-5 

3 H3 Entry-4 Solar wind (83%) Entry-4 and unknown mechanism 

for the direct solar wind entry 

3 H4 Entry-1 – Entry-1 

3 I1 Entry-1 – Entry-1 

3 I2 Entry-3, Entry-4 Solar wind (97.5%) Entry-3, Entry-4 

4 J1 Entry-3, Entry-5 Solar wind (100%) Entry-3 

4 K1 Entry-3, Entry-5 Solar wind (99%) Entry-3, Entry-5 

4 L1 Entry-1 Solar wind (99.9%) Entry-1 

4 L2 Entry-3 ∗∗ , Entry-5 Solar wind (99.8%) Entry-3 and unknown mechanism, Entry-5 

∗ The contribution from solar wind is given. The value in brackets represents the ratio (in percentage) of the observed proton 

counts which terminate in solar wind to the sum of the counts which terminate in the solar wind and the dayside surface, at the 

end of backtracing. The difference of this value from 100% represents the contribution from the dayside surface. 
∗∗ Partially due to the low IMF condition during some of the observation of these populations. 
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b  
ith these populations. For H2, backtracing showed major contri-

ution from solar wind, likely to be due to Entry-3, and signifi-

ant contribution from surface (11%) which may be due to Entry-

. Backtracing for I2 suggests major contribution from solar wind

hich may be due to Entry-3 with significant contribution from

urface ( ∼2.5%), which could be due to Entry-4, as expected from

he velocity distribution. 

In location 4, for J1 backtracing shows solar wind as the source

ith no contribution from the surface. The entry mechanism for

olar wind protons could be associated with Entry-3. For the pop-

lation K1, the dominant source appears to be solar wind (likely

o be associated with Entry-3) and the contribution from surface

s negligible ( < 1%) which can be associated with Entry-5. 

In summary, of the 28 populations of protons in the near-lunar

ake observed by SWIM, several populations are associated with

nown processes, such as Entry-1, Entry-2, Entry-3, Entry-4 and

ntry-5. There are a few populations whose entry process could

ot be explained by the known mechanisms. These include direct

olar wind contribution for A2, B1, B4, C3, E2, H3, and dayside sur-

ace contribution for E2, D2. Since Entry-3 may partially account

or populations C2 and L2, there may be some other unknown en-

ry mechanism that also contribute to these populations. Table 3

rovides a summary of the results on the entry mechanisms asso-

iated with the different populations that are arrived at based on

he velocity distribution and backtracking. 

It is to be noted that except parallel entry, all other known

ntry mechanism involve the gyration of the solar wind pro-

ons around IMF, either by virtue of large thermal velocity or by

xperiencing additional electric field (convective or at wake bound-
 t  
ry) and their trajectories enable the protons to enter the near-

unar wake. 

. Conclusion 

Using the observations by SWIM sensor of the SARA experi-

ent on Chandrayaan-1, the velocity distributions of the protons

n the near-lunar wake (100 to 200 km from the lunar surface)

re computed in the solar wind rest frame. The velocity distribu-

ions were further sorted according to the angle between the up-

tream solar wind velocity and IMF. The distributions are not iden-

ical for different IMF orientation, which suggests the control of

MF in the proton entry process. The protons were found to en-

er the lunar wake parallel as well as perpendicular to the direc-

ion of IMF. Most of the observed protons have velocities lower

han that of the solar wind, and a few populations have veloc-

ty comparable to that of solar wind. From the velocity distribu-

ion, several population of protons were identified based on the

election criterium. The possible mechanism for the proton en-

ry to the near wake associated with these populations were in-

erred from the characteristics of velocity distribution. The mecha-

isms include diffusion of solar wind protons into the wake along

MF, by virtue of gyro-radii of solar wind protons and scattering of

olar wind protons from the dayside lunar surface or from mag-

etic anomalies. To gain more insight into the source of these

opulations, the trajectory of the protons are computed back in

ime (backtracing) under the influence of IMF, convective and wake

oundary electric field. For most of the populations, the source of

he protons obtained from backtracing agree with the inferences
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drawn from the velocity distribution. There are few populations

whose entry mechanism could not be explained by the known

processes. 

Acknowledgments 

We thank the ACE SWEPAM instrument team, ACE MAG instru-

ment team and the ACE Science Center for providing the ACE data.

This work has been supported by the Indo-Swedish International

Collaborative Research Grant by the Swedish International Devel-

opement Corporation Agency (SIDA). The effort s at Space Physics

Laboratory of Vikram Sarabhai Space Centre are supported by In-

dian Space Research Organisation (ISRO). The effort at the Univer-

sity of Bern was supported in part by ESA and by the Swiss Na-

tional Science Foundation. 

References 

Barabash, S. , Bhardwaj, A. , Wieser, M. , et al. , 2009. Investigation of the solar wind-
moon interaction onboard chandrayaan-1 mission with the SARA experiment.

Curr. Sci. 96 (4), 526–532 . 
Bhardwaj, A. , Barabash, S. , Futaana, Y. , et al. , 2005. Low energy neutral atom imaging

on the moon with the SARA instrument aboard chandrayaan-1 mission. J. Earth
Syst. Sci. 114 (6), 749–760 . 

Bhardwaj, A. , Dhanya, M.B. , Alok, A. , et al. , 2015. A new view on solar wind interac-

tion with moon. Geosci. Lett. 2, 1–15 . 
Colburn, D.S. , Currie, R.G. , Mihalov, J.D. , 1967. Diamagnetic solar wind cavity discov-

ered behind the moon. Science 158, 1040–1042 . 
Dhanya, M.B. , Bhardwaj, A. , Futaana, Y. , et al. , 2013. Proton entry into the near-

lunar plasma wake for magnetic field aligned flow. Geophys. Res. Lett. 40, 
2913–2917 . 

Futaana, Y. , Barabash, S. , Wieser, M. , et al. , 2010. Protons in the near-lunar wake

observed by the sub-kev atom reflection analyzer on board chandrayaan-1. J.
Geophys. Res. 115, A10248 . 

Gurevich, A.V. , Paryiskaya, L.V. , Pitaevsky, L.P. , 1973. Ion acceleration upon expansion
of a rarefield plasma. Sov. J. Exp. Theor. Phys. 36, 274–281 . 
alekas, J.S. , Angelopoulos, V. , Sibeck, D.G. , 2011. First results from ARTEMIS, a new
two-spacecraft lunar mission: Counter-streaming plasma populations in the lu-

nar wake. Space Sci. Rev. 165, 93–107 . 
Halekas, J.S. , Bale, S.D. , Mitchell, D.L. , 2005. Electrons and magnetic fields in the

lunar plasma wake. J. Geophys. Res. 110, A07222 . 
alekas, J.S. , Brain, D.A. , Holmström, M. , 2015. The moon’s plasma wake. In: Keil-

ing, A., Jackman, C.M., Delamere, P.A. (Eds.), In: Magnetotails in the Solar Sys-
tem. Geophysical Monograph 207. American Geophysical Union, John Wiley &

Sons, United States . 

alekas, J.S. , Poppe, A.R. , McFadden, J.P. , 2014. The effects of solar wind velocity dis-
tributions on the refilling of the lunar wake: ARTEMIS observations and compar-

isons to one-dimensional theory. J. Geophys. Res. Space Physics 119, 5133–5149 .
olmström, M. , Wieser, M. , Barabash, S. , et al. , 2010. Dynamics of solar wind pro-

tons reflected by the moon. J. Geophys. Res 115, A06206 . 
allio, E. , 2005. Formation of the lunar wake in quasi-neutral hybrid model. Geo-

phys. Res. Lett. 32, L06107 . 

ue, C. , Futaana, Y. , Barabash, S. , et al. , 2011. Strong influence of lunar crustal fields
on the solar wind flow. Geophys. Res. Lett. 38, L03202 . 

ishino, M.N. , Fujimoto, M. , Maezawa, K. , et al. , 2009a. Solar-wind proton access
deep into the near-moon wake. Geophys. Res. Lett. 36, L16103 . 

Nishino, M.N. , Fujimoto, M. , Saito, Y. , et al. , 2013. Type-II entry of solar wind protons
into the lunar wake: Effects of magnetic connection to the night-side surface.

Planet. Space Sci. 87, 106–114 . 

Nishino, M.N. , Maezawa, K. , Fujimoto, M. , et al. , 2009b. Pairwise energy gain-loss
feature of solar wind protons in the near-moon wake. Geophys. Res. Lett. 36,

L12108 . 
Saito, Y. , Yokota, S. , Asamura, K. , et al. , 2010. In-flight performance and initial re-

sults of plasma energy angle and composition experiment (PACE) on SELENE
(kaguya). Space Sci. Rev. 154, 265–303 . 

aito, Y. , Yokota, S. , Tanaka, T. , et al. , 2008. Solar wind proton reflection at the

lunar surface: Low energy ion measurements by MAP-PACE onboard SELENE
(KAGUYA). Geophys. Res. Lett. 35, L24205 . 

Samir, U. , Wright Jr, K.H. , Stone, N.H. , 1983. The expansion of a plasma into a vac-
uum: Basic phenomena and processes and applications to space plasma physics.

Rev. Geophys. 21 (7), 1631–1646 . 
ang, X.-D. , Bian, W. , Wang, J.-S. , et al. , 2010. Acceleration of scattered solar wind

protons at the polar terminator of the moon: Results from chang’e-1/SWIDs.

Geophys. Res. Lett 37, L07203 . 
iehle, S. , Plaschke, F. , Motschmann, U. , et al. , 2011. First lunar wake passage of

ARTEMIS: Discrimination of wake effects and solar wind fluctuations by 3d hy-
brid simulations. Planet. Space Sci. 59 (8), 661–671 . 

http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0001
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0001
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0001
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0001
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0001
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0002
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0002
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0002
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0002
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0002
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0003
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0003
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0003
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0003
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0003
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0004
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0004
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0004
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0004
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0005
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0005
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0005
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0005
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0005
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0006
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0006
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0006
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0006
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0006
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0007
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0007
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0007
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0007
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0008
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0008
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0008
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0008
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0009
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0009
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0009
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0009
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0010
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0010
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0010
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0010
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0011
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0011
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0011
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0011
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0012
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0012
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0012
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0012
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0012
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0013
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0013
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0014
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0014
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0014
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0014
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0014
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0015
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0015
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0015
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0015
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0015
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0016
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0016
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0016
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0016
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0016
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0017
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0017
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0017
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0017
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0017
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0018
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0018
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0018
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0018
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0018
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0019
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0019
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0019
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0019
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0019
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0020
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0020
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0020
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0020
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0021
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0021
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0021
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0021
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0021
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0022
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0022
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0022
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0022
http://refhub.elsevier.com/S0019-1035(16)00054-3/sbref0022

	Characteristics of proton velocity distribution functions in the near-lunar wake from Chandrayaan-1/SWIM observations
	1 Introduction
	2 Instrumentation and data sources
	3 Co-ordinate systems
	4 Observation
	5 Discussion
	6 Conclusion
	 Acknowledgments
	 References


