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Strongly conducting or magnetized obstacles in a flowing plasma generate structures
called Alfvén wings, which mediate momentum transfer between the obstacle and the
o —

plasma. Non-conducting obstacles such as airless planetary bodies can generate such
-

structures, which, however, have so far been seen only in sub-Alfvénic regime. A

—

novel statistical analysis of simultaneous measurements made by two ARTEMIS
./

satellites, one in the solar wind upstream of the Moon and one in the downstream
vJJ

wake, and comparison of the data with results of a three-dimensional hybrid model of

the interaction reveal that the perturbed plasma downstream of the Moon generates

.

Alfvén wings in super-Alfvénic solar wind. In the wake region, magnetic field lines
\V

bulge towards the Moon and the plasma flows are significantly perturbed. We use the
simulation to show that some of the observed bends of the field result from

field-aligﬂcurrents. The perturbations in the wake thus arise from a combination of
compress@al and Alfvénic perturbations. Because of the super-Alfvénic background

flow of the solar wind, the two Alfvén wings fold back to form a small intersection
mli—

angle. The currents that form the Alfvén wing in the wake are driven by both plasma

ﬂ
flow deceleration and a gradient of plasma pressure, positive down the wake from the

™

region just downstream of the Moon. Such Alfvén wing structures, caused by
Ty
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pressure gradients in the wake and the resulting plasma slow-down, should

exist downstream of any non-conducting body in a super-Alfvénic plasma flow.

Author Manuscript
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1 Introduction

Strongly conducting or magnetized obstacles in a flowing plasma generate Alfvén

A
wings in regions surrounding the obstacle. These structures develop where

incomﬁr@le perturbations are imposed by field-aligned currents (FACSs) closing
through t_fﬁl‘gonducting body [Neubauer, 1980; Southwood et al., 1980; Kivelson et
al., 199mker et al., 1998]. Magnetic field lines start to drape around the
conducti@stacle as the flowing plasma decelerates and is diverted. Alfven waves

are trigggred and propagate along the field lines away from the interaction region into

the surr%g plasma on both poles of the obstacle at the Alfvén speed,

Vv, =JBE , Where B is the field strength and p is the plasma mass density. The

Alfvén waves carry FACs that connect the obstacle to the undisturbed plasma above

and belo%'m'é obstacle, helping transport momentum that serves to reaccelerate the

slowed p a around the obstacle [e.g., Drell et al., 1965; Neubauer, 1980]. In the

rest frd‘l'ﬂg[he obstacle, if the background plasma velocity is Vv and the background
!

magnetiﬁj is perpendicular to the flow, the Alfvén waves travel at a flare angle

0, :atwA) to the background flow v, where M, isthe Alfvén Mach number
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(M, =V /V,). For a sub-Alfvenic background flow, the flare angle is large (M, <1,
and thus 6, > 45°). For example, the two Galilean moons of Jupiter: Ganymede and

lo, are Wded inside the sub-Alfvénic plasma of the Jupiter's corotating

magneto @ e and carry Alfvén wings easily identified from both Galileo
observat]ons |Kivelson et al., 1997; Linker et al., 1998] and magnetohydrodynamic
(MHD) @ations [e.g., Linker et al., 1998; Kopp and Ip, 2002; Jia et al., 2009]. In
Saturn's Wetosphere, the largest icy satellite Rhea was found to also carry Alfvén
wings inEub—Alfvénic magnetospheric plasma of Saturn [Simon et al., 2012].

AlthougE\/én wings are usually discussed in sub-Alfvénic flows, M, does not
have to Waller than 1 for Alfvén wings to form. It is natural for 'folded-up' wings

to for 0, <45° when the flow is super-Alfvénic (M, >1) [Ridley, 2007],
althou Is case, fast/slow mode waves, including shocks, may also be important
in formi@.th.e structures in the plasma [Neubauer, 1980].

Plasma.@ration around a celestial body can occur in several ways. The most

commoqﬁ include slowing and diversion of flow resulting from the presence of a

significant ifernal magnetic field, the finite conductivity of the body itself or its
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ionosphere [Drell et al., 1965] and/or from ion pickup (ionization and charge
exchange) [Goertz, 1980]. Linker et al. [1998] included finite conductivity, ion
pickup and intrinsic magnetic fields in their MHD model. They found that both finite
conductimd ion pickup provide current closure paths that contribute to the
formattormemAlfvén wings, but they did not evaluate the relative importance of the
two effets-.jhe model of Linker et al. showed that Alfven wings can form whether
or not thWy has an intrinsic magnetic field. Jia et al. [2011] identified an Alfven
wing strw at Enceladus, one of Saturn's moons embedded within the corotating
saturniacnetosphere, showing that closure currents produced by ion-pickup and
the assot'ﬁ Alfvén wing structure are rotated by pickup of negatively charged dust.
Non-conducting, unmagnetized obstacles are generally thought not to generate
Alfvén wings. The barren Moon, a particularly accessible and electromagnetically
allla—
simple cal body in the solar system, provides an opportunity to study an
obstacleEasma interaction in the limit of low electrical conductivity. Traditionally,
the Mootreflot treated as a conducting obstacle because it has none of the three

possiblegerties: finite conductivity, a global intrinsic magnetic field or a

signifi@mosphere (ionosphere) [England et al., 1968; Sonett et al., 1967;
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Hoffman et al., 1973]; therefore, Alfvén wings are not expected at the Moon. Except
for some particle reflection confirmed in recent years [Saito et al., 2008; Halekas et
al., 2011], the Moon has been treated as an insulator that absorbs the incident solar
wind imgathng on its surface while allowing the interplanetary magnetic fields (IMF)
lines t@ Ehrough its body [Lyon et al., 1967]. A region of perturbed solar wind
plasma, Ef_e’red to as the lunar wake [Colburn et al., 1967; Ness et al., 1967; Halekas
etal., ZO&DTorms behind the Moon. The lunar wake extends along the direction of
the solarﬂi to several tens of lunar radii (R,.=1738 km) [e.g., Clack et al., 2004],
and tapec when the ambient solar wind plasma reenters and fills up the void [e.g.,
Wang etcﬁOll; Holmstrom et al., 2012; Xie et al., 2013; Halekas et al., 2015].
Withi ar wake, magnetic perturbations as well as plasma perturbations are
preseEugh the IMF passes through the Moon unimpeded, the field magnitude
increase?_in_the central wake and decreases in rarefaction regions that surround the
wake th the wave-mediated current systems [Colburn et al., 1967; Fatemi et al.,
2013; Zifang et al., 2014]. Such field magnitude variations in the wake are imposed
by preslrl'eﬂradient forces [e.g., Khurana et al., 2008]. Using theoretical analyses

and simtans, Vernisse et al. [2013] systematically studied the interaction between

stellar@whether super-Alfvénic or sub-Alfvénic, and highly resistive planetary
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bodies. They argued that diamagnetic currents, which arise from pressure gradients,
are significant sources of magnetic perturbations in a lunar type interaction. Using
Cassini data, Simon et al. [2012] showed that Alfvén wing type structures are present
in the Iume interaction between the sub-Alfvénic magnetospheric plasma flow of
Saturn=are=s moon, Rhea and ascribed their presence to the diamagnetic currents
resulting@w plasma density gradients. In this work, we will show that the plasma
pressureeﬁient in the wake slows down the plasma entering into the wake. In
responsem&lfven wing current system gets established and helps reaccelerate the
wake pltto the ambient solar wind speed.

(O
Satelli vations as well as simulations have noted field-line bends and plasma
decelezat can be taken as clues for the presence of Alfvén wings in the lunar
wake. Hw/er, bends and deceleration can be imposed in many ways, and the
perturba have not been identified as Alfvéenic structures. Moonward magnetic
field Ii@ding has been noted in satellite observations [e.g., Whang and Ness,
1970; et al., 2014]. In hybrid simulations, moonward field-line bends were

found inamar wake [Holmstrom et al., 2012]. Wang et al. [2011] assumed that

the M@ a finite conductivity and attributed the moonward bends of field lines in
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their simulations to electric currents induced inside the Moon. We argue that field
line bending caused by internal induction should decay with distance down the wake,
but sucﬂ'di'cay Is not supported by the ARTEMIS data [Zhang et al., 2014, Figure 10].
Xie et aI@] also found moonward field line bending in the lunar wake in their
3-D MHE=smmulation. They interpreted it as a consequence of a sunward pressure
gradientej in the lunar wake. However, in their simulation the plasma is
acceleram the anti-sunward direction, which does not seem to be consistent with
the moo@ field line bends. Plasma flow deceleration, the other key feature of
Alfven VE was identified in the lunar wake in the region where magnetic field
lines bertﬁvards the Moon [Zhang et al., 2014]. Zhang et al. [2014] suggested two
candid hanisms for the flow braking and associated Alfvén wing structures:
the pigect of the heavy, charged lunar dust grains floating above the surface of
the Moouthe anti-moonward plasma pressure gradient in the lunar wake, neither
of WhiCl‘@ been considered as a source of Alfvén wings.

-
In this p*p'a','we investigate features of the lunar environment that are associated with

Alfven vg The best way to diagnose perturbations as Alfvénic is to look for FACs,

a uniqt@ture of Alfvénic perturbations. Unfortunately, FACs cannot be measured
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by one or even two spacecraft, so we cannot infer their presence from ARTEMIS data.
Consequently, we have built a three-dimensional hybrid model to identify Alfvenic
features in the lunar wake and understand how Alfvén wings are excited. We
conclud an anti-sunward pressure gradient develops in the wake and is strong
enougit ==t the flow and impose the perturbations that form the Alfvén wings.
We propose that Alfvén wings caused by pressure gradients and the attendant plasma
sIow-dovI":/“rl;r fpould develop downstream of any non-conducting body in
super-Alfvé@nic plasma flow as well as in sub-Alfvénic plasma [Simon et al., 2012;
—
Vernisse et al., 2013].
(O
The Ags observations are presented in the next section; simulation results, as

well a saf introduction to the 3-D hybrid simulation model, are presented in

section J our interpretations are discussed in section 4. Section 5 provides our

conclusi@

-
2 ObZrvhtions
)

<C
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2.1 Instrumentation and Coordinate System

The data used in this study were obtained by the ARTEMIS mission, the extension of
the THE‘\ﬁmission; ARTEMIS consists of two identical satellites, P1 and P2
[Angeloy @p s, 2011]. By design, when one probe traverses the lunar wake, the other
orbits an\earby solar wind, providing an opportunity to determine the lunar wake
perturba@relative to unambiguously and accurately known solar wind and IMF
conditio(slgata from all of ARTEMIS’s lunar wake crossings from 27 June 2011 to
3 June Zg\/ere used in this work, although data acquired in the near-Moon wake in
regions @remely low plasma density (<0.1 cm™®) with large measurement
uncertaiwere discarded [Zhang et al., 2014]; about six millions data points are
used i udy. During the interval considered, the orbital periods of the two
satelliEbout 30 hours, the apogee is near 12 R, and the perigee varies from
several tmf kilometers to 0.5 R,. The intersection angle between the main axes of
the two te lunar orbits varies from ~30 degrees to ~180 degrees. The magnetic

field aniElasma data were obtained from the fluxgate magnetometer (FGM) [Auster

etal., Mnd a 3-dimensional velocity distribution plasma instrument, the

>

<C
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electrostatic analyzer (ESA) [McFadden et al., 2008]. All the data are used at 3

second resolution, which is the spin period of spacecraft.

e

An orth | coordinate system with its origin set at the center of the Moon, the

lunar sele=mmgnetic system (LSM), is adopted to analyze perturbations relative to the

directior@he IMF (B, ) and solar wind (V, ). The X axis of the coordinate
system m against the solar wind (X =V, /|Vy, |).- The Y direction is defined by
Y =-Xx |a| X xB,, | When the angle between X and the IMF

o =arccoqUX_. B, )/| B, [] islessthan 90°and Y = X xB,,. /| X xB,,. | when

a >90°. flﬁ direction completes the right-handed system by Z = X xY . Thus, the
backgr@lar wind V, isalwaysalong -X and the background IMF B,

lies in the X-Z plane and always satisfies B, ,,-B, . >0. Hereafter in the paper, we

-

use 9,,@ad of «, to describe the inclination of the B,,. relativeto X, which is
definetﬁ:a when «<90° and ¢, =180°-a when «>90°. Clearly, 6,

alwayswepselies 0<09, <90°.

>

2.2 C@udies
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On August 18 2011, from 1513 UT to 1610 UT, ARTEMIS P1 traversed the lunar
wake (from Z=-2 to Z=2 R|) near the Y=0 plane in the LSM coordinate system
(|Y|<O.E'I2'in the near-Moon region (0>X>-2.4 R,) (Figure 1-al). The Y coordinate
varies b of change in the IMF, and the X coordinate varies mainly because of
change it solar wind speed (the X coordinate has been normalized by the
instantartitj solar wind velocity (Vsw) to a velocity of 370 km/s, that is, the
equivalemis equal to 370X/Vsw). During the interval of the P1 wake crossing,

ARTEMﬁ was located in the nearby solar wind and observed an IMF inclination

angle ofc54.9°.
(O

Field I§ding is one of the critical features of Alfvéen wings. Field line bending is

quanti the rotation angle (bend angle) s,, of the field lines in the lunar wake

relative #gdhe background IMF B,,. in the solar wind-IMF plane, i.e., the X-Z plane.
When o@ (a>90°), 6,, isdefinedas &,, =a-ayy (I =ty —a ), Where

a IS thmsection angle of the IMF and the X axis X, and
e

Care = arﬂ)? -B,,)/|B,, [ is the intersection angle of the X axis X and magnetic

field in&Z plane in the wake and B,, is the projection of magnetic field vector in
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the wake into the XZ plane. Viewed against the Y axis, the sign of 6,, (>0or <0)

indicates whether the wake field lines rotate anti-clockwise or clockwise in the X-Z
plane, r_e.sﬁively. The bend angles of field lines in the lunar wake in the event on
August @il Is shown in Figure 1-a2 as a function of the Z coordinate. In the
region'\/\@Z ~-15R,, &,, isnegative. As Z increases, s,, increases to a peak
value of@ at Z=-0.6 R_.. ¢s,, then gradually decreases and changes sign at Z=0.4
RL. 6, @s}l second dip around Z=1 R, and the magnitude of the perturbation is
about Zoﬁe overall bipolar profile of s,, along the Z direction indicates that the
magneti@d lines in the lunar wake bend towards the Moon. Clearly, s,, is

approxir@a/ antisymmetric about Z=0 in the X-Z plane.

=

Plasma flow deceleration is another critical feature of Alfvén wings. Flow

perturbaﬁ’oﬂ?are quantified by R=(V,x -V, )/|Vy, | in this study, where Vg, isthe
backgro@olar wind velocity and V,, is the plasma velocity in the lunar wake.
Ry, the_i(ﬂnponent of R, calculated by using only the X components of the
velocitieg = (Vo —Vaw )« ! |Vaw |, i plotted in Figure 1-a3 in black. Notice that the

X con@s of both Vv, and V,, are negative (i.e., along the -X direction). A

14
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positive R, implies plasma deceleration and a negative R, implies flow
acceleration. Thus, the profile of R, along the Z direction for this event (black curve
in Figuw) indicates that plasma is decelerated in the lunar wake (R, >0). The
decelerae R, Isasymmetric about Z=0 with a peak at Z=-0.3 R.. To
investib@is asymmetry in Z, flow perturbations are decomposed into

perpendiCula} and parallel components by using R, = My —Vew) perp / [Vsw | @nd

Rpara = (\7gﬂsw)para /|\Vqy |, Where the subscripts 'perp' and 'para’ denote the

compon;n the directions perpendicular and parallel to the magnetic field,

respecti\gThe X components of R and R_. are plotted in Figure 1-a3 as red

perp para

(Roerpx ) Mme (R,aax ) CUrves. It is seen that the perpendicular plasma flow is

decele In the X direction throughout the wake crossing (R >0); the parallel

perp, X

flow, hogxever, Is decelerated in the X direction when Z<0 (R >0) and

para, X

acceleraed Jhen Z>0 (R, <0), thus accounting for the asymmetry of R, . Both

the pla;@celeration and the field line bending suggest that there is an Alfvén

wing typle structure in the lunar wake.

<C
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Data from another wake crossing event on July 28 2011, shown in Figure 1-b1-b3,
also indicate the possible presence of Alfvén wings in the lunar wake. In this event,
P2 crossed the lunar wake near the Y=0 plane in the LSM coordinate system (Figure
1-b1) an@lEMIS P1, located in the nearby solar wind, observed an IMF
inclinatior@mgle of about ¢, =64°. The downstream distance of this wake crossing
ranges f@.o to 3.8 R, which is about 1 R, more distant from the Moon than the
event omust 18 2011. Within the range 1 > Z > -1 R, the profile of the bend
angle 5X23bng the Z direction is again bipolar (Figure 1-b2) corresponding to a
I\/IoonszJIge of field lines in the wake. The maximum bend angle for this event is

larger thMat of the event closer to the Moon discussed previously. Plasma is
decele the lunar wake (R, >0) and is accelerated slightly only in the positive
Z regi m<0 around Z=0.5 R,) due to the acceleration of the parallel flows

(Rparax <'.'H.However, as contrasted with the previous case (the maximum R, ~0.5),

the max@ R, for this case is about 0.35 and the plasma deceleration decreases

with di!gdownstream of the moon.
e

>

2.3 St&al Studies
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From June 2011 to June 2013, P1 or P2 observed more than 600 lunar wake crossings
at downstream distances ranging from 0 to 12 R,. The wide spatial range of wake
crossing ws us to investigate the global field and plasma structure in the lunar

wake, the=re=the distributions of the magnetic field bend angle s,, and the plasma

decelera'@R with distance along the wake. The statistics of these observations are

shown iWre 2.
D)

The Iuan&e region is identified by perturbations of the solar wind ion number

density. Me 2-al shows the distributions of the normalized ion densities N, /Ny,
in the gne, where N, and N, are ion number densities near the Moon and
[

in the nd, respectively. The Y and Z coordinates of each data point are the
original Rasarvation locations in units of R.. The length of the lunar wake, however,
IS sensit@ the solar wind speed (the faster solar wind, the longer lunar wake)
[Holm@t al., 2012]. To correct for this source of variability, the X coordinate of

each dat t is normalized by multiplying by the ratio of the instantaneous solar

wind velocifr (Vsw) to the average solar wind velocity (370 km/s), that is, the

17
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equivalent X is equal to 370X/Vsw. In all panels, the white circle indicates the solar
wind shadow boundary, and oblique lines or curves mark the locations of the wave
fronts of three MHD modes (Red: the fast mode; Black: the Alfvén mode; Blue: the
e

slow m unched at the lunar terminator and propagating at their group velocities
in the sofemwrind. These front locations are calculated on the basis of the median solar
wind prctiljes in our data set; the background solar wind density, temperature and
velocity w.G cm?, 9.46 eV and 370 km/s, respectively, corresponding to a 69 km/s
sonic veg and a 64 km/s Alfvén velocity; the background IMF is 4.9 nT with an

inclinatitgle 0, about 58°. In the Z direction, the locations of all the three MHD

modes aMse to each other, and it is hard to determine which front confines the
densit ion region. Panels a2 and a3 display the bin-averaged ion densities in
the Y-§s at different downstream distances. Because the Alfvén mode and slow
mode prepagate only along, or nearly along the magnetic field direction, in terms of
group ves, the wave fronts of these two modes are confined basically within
|Y|<1 R{ Downstream of the Moon there is a significant density depletion beyond the

areas cOWTI by the Alfvén or slow mode fronts but within the fast mode fronts (the

blue regmn panel a2 and a3). Zhang et al. [2014] pointed out that the outermost

18
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boundary of the density depletion region is located at the fast mode front. The
dimensions in the X direction of the bins are X=[-1, -3] R, and X=[-3, -5] R, for
panels a2 and a3, respectively. The bin-averaging process has thus obscured the wake
boundar@ucing density depletion regions (green and blue regions) somewhat
smaller trem=those areas confined by the fast mode fronts at X=-2 R_ and X=-4 R.. In
addition(ijolasma density in the near-Moon central wake is not as low (>0.05) as
expectemuse the data with large measurement uncertainty in velocity and
temperalﬂue to extremely low plasma density (<0.1 cm™) have been removed
from theﬁset (see Zhang et al. [2014] for further information).

q0

Panels display the distribution of the bend angles &s,, in the X-Z plane and in
the Y- s at different downstream distances. The distributions of s,, inthe

X-Z and§ye Y-Z planes present a clear pattern along Z. Around the lower wake

boundar@ere Z<-1 R and X<0 (the narrow blue region in Panel b1-b3), s, Is
negati@n Z increases from -1 R, s,, turns positive and above Z=0 R 4,
begins toﬁrease; 5., finally becomes negative again near the top boundary of the

wake (3e region in Panel b1-b3 where Z~ 1 R, and X<0); &,, s more strongly
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negative near the upper wake boundary than near the lower boundary. In order to
show the bend angle s,, more intuitively, it is plotted as a function of Z at different
downstream distances in Figure 3a. It is seen that the profiles of s,, vs.Z are
roughly metric with the following structure: s,, dipsnear Z=-1.0 R;; and
quickl;'/ @es a peak at Z~-0.6 R; then gradually decreases, becoming negative at
Z~0.6 R th¥ is followed by a second dip at Z~1 R,. The overall profiles of s,,
along th@rection show bipolar structures supplemented by small dips near Z=-1
Ry, just @erved in the wake crossing events on August 18 and July 28 in 2011.
The beng angle increases with downstream distance (the color code in Figure 3
denotes Mwnstream distance), which is also consistent with the case studies and
with t)ﬁlstical results of Figure 2. The oblique black line in Figure 2-b1 shows
the direction of the background IMF B, with 6, =58> (The IMF inclination angle
shown ir’hhaplot Is the averaged direction of IMF over our entire data set). The
yellow cQschematically shows the bent field line in the wake. Generally speaking,
field IiaﬂG]d as if pulled towards the Moon, although at the lower wake boundary
- —
there is ‘ﬁll region in which field lines bend as if pulled in the downstream

directic&\icularly from Panel b2 and b3 of Figure 2, it is found that this field line

20
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bend pattern is confined well within |Y|<1 R, region, that is, within the slow or
Alfvén fronts.

——
Panels c@d d1-d3 in Figure 2 display the distribution of the X component of the

perperrtliee®® and parallel deceleration rates, R, and R_... Ry.x and R

are calc@ at all the data points along the wake crossing trajectories. It is seen in
Panels ctﬁhat, the perpendicular plasma flow is significantly decelerated in the X
direction@e near-Moon region (X>-2R,), and gradually reaccelerates as the
downstr@istance increases beyond X=-2 R, (Panels c1-c3). For the parallel flow,
howeverwacceleration in the X direction exhibits an anti-symmetric pattern, with
field-azlow decelerated where Z<0 (Panels d1-d3, the red region) and

accele here Z>0 (Panels d1-d3, the blue region). This statistical result is
consiste®f with the observations of both events on August 18 2011 and July 28 2011.
In Panel@S and d1-d3, the flow perturbations are confined within the slow or

Alfvén &nts and the field line bendings are as well.
N —

>

<C
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In order to identify the mechanism that bends the field lines towards the Moon and
slows the plasma in the wake, one must investigate pressure balance. Panel el-e3
show the distribution of the total plasma pressure P+ normalized by the background
solar Wimmal pressure (ion pressure plus electron pressure). It is clear that in the
near-Moemake, the pressure is extremely low (the green regions behind the Moon
in PaneltljS) as a result of blockage of solar wind flow. As plasma returns to the
central vmegion by flowing along flux tubes, the vertical extent of the low
pressureB'@n gradually diminishes, producing pressure gradients in all three
orthogorﬂrections, vV.P., V,P, and v,P,.IntheY and Z directions, the
pressuremients (v,p, and v,P,) point away from the central wake, and P,
increa ~0.4 to 1.0 of the solar wind level within a radial distance less than 1
Rp acrzluter wake (Panels e2-e3); in the X direction, the gradient (v P, ) is
negativelgie, pressure increases downstream) because of gradual plasma refilling

from reg@outside the wake, and is much weaker than v,P, or v,P,.Ptrecovers

from anEmely low level in the near-Moon region to ~0.6 of the solar wind level

at X=-6-§ the central wake (Panel el).

22
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3 A Three-Dimensional Hybrid Model and Results

Our obsqnmions reveal that in the lunar wake there is a moonward pressure gradient

force—v&asma is decelerated relative to the solar wind flow, and a moonward

field bulge develops. All of these perturbations are confined within the slow or
Alfvéni((vLa)e fronts, giving a hint that there may be an Alfvén wing structure
present iw lunar wake. To confirm that these perturbations are indeed Alfvénic,
FACs coment with Alfvén perturbations must be identified. Unfortunately, FACs
cannot b@ained from measurements of a single or even two spacecraft; therefore,
we have@rmed a hybrid simulation to identify which perturbations in the wake
are AIEand to provide insight into the mechanisms that form the lunar Alfvén
wings.

—
We use Qe—dimensional hybrid model of plasma for the Moon [Holmstrom et al.,
2012],-laGthe lunar surface as a perfect plasma absorber, and the Moon as a

-t

resistiveﬁOhm-m) obstacle to the solar wind. In hybrid approximations, ions are

<C
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macroparticles and electrons are a charge neutralizing fluid. The trajectory of an ion,

—

obtained from ¥ andv, is computed from the equation of motion,

v - = ar
H E:q(E‘FVXB), EZV,
where qu-are the ion mass and charge, respectively; ¥ and v are the position
vector afddhe velocity of the ion, respectively. E is the electric field given by,

O E:pl_l(—Jl><I§+/151(V><I§)><I§-Vpe)+77yo_leé

and B % magnetic field, calculated from Faraday's law,

- ﬁ

@:-VXE
C o

where p,Me charge density, J, is the electric current density carried by ions,
p,ist ctron pressure, u, Is the permittivity of free space, and » is the

resistivity which is zero in the plasma but finite inside the Moon body.

-

We use Qme right-handed coordinate system for simulations and observations

where ng axis points against the solar wind, +Y axis is determined byB,,. x X,

e
and the ﬁ completes the right-hand coordinate system. We place the Moon at the

center %oordinate system, and the solar wind flows along the -X axis and is
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absorbed by the Moon. We use a simulation domain of size 8x5x5 R, ®, with cubic
cell size of 0.085R,. We use 64 macroparticles per cell and advance the particle
trajectories in time steps of 0.001 s. We show simulation results when the model
solution @ched a steady state (60 s). The parameters input into the hybrid
simulatiem=mere the median solar wind properties in our data set given above.
The hyb%nulation well reproduces the observed lunar wake structure, as evident
from co@son of Figure 2 and Figure 4 in terms of the parameters of the plasma
depletiotwd angle, plasma deceleration, and pressure gradients. The associated
FACs ismmed in the simulation through Ampere's law j, =V xB/ -(B/ |B |),
giving support to the conclusion that the field line bending and plasma flow
decele§n the wake are Alfvénic. Notice that the formats of Figure 2 and Figure
4 are thekigame except for panels b2 and b3. In Figure 4, FACs at X=-2 R, and X= -4
R, inst field line bend angles, are shown in panels b2 and b3.

-

The typlta| funar wake feature, a plasma density depletion region expanding in the

solar WirRme, Is clearly seen in Figure 4 al-a3. Right behind the Moon, the
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density is extremely low (dark green region behind the Moon in Figure 4 al-a3). As
plasma refills the wake, the plasma density recovers gradually with increasing
downstream distance. By X=-6 R, the plasma density has recovered to 0.3 of the
backgro@ar wind level (in the central wake) and ~0.7 (in outer wake), consistent
with satede=observations [Ogilvie et al., 1996; Zhang et al., 2014]. Near the wake
boundar'ts-,jwe locations of the wave fronts of the three MHD modes are shown by
curves im(fast mode), black (Alfvén mode) and blue (slow mode). The color
codes arﬂsame as those used in plots of the observations in Figure 2. For the input
paramette chose, the group velocities of three MHD modes are almost the same
along thﬁrections (parallel to the magnetic field), and it is hard to distinguish
which ront is associated with the plasma perturbation. However, the slow and
Alfvé§ cannot propagate in the £Y direction (perpendicular to the magnetic
field), alﬂt_he plasma perturbations (green and blue regions) are clearly confined

within tt mode wave front, well beyond the Alfvén and slow mode fronts

(Figure Ea -a3), which is consistent with our observations (Panels a2-a3 in Figure 2).
e

>
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In the hybrid simulation, field lines indeed bulge toward the Moon after they cross
the body. Figure 4-b1 shows the distribution of the bend angle &s,, inthe Y=0 plane.
Here the defipition of the bend angle is that used in our

ObservatmﬁXZ =arctan(B, /B, ) —arctan(B, , / B, ) - The distribution of s, along

Z is simyar tor the simulations in this figure and the observations in Figure 2-b1 .
Around @w wake boundary (the narrow blue region in Panel b1 where Z<-1 R_
and X<({,,aZ IS negative; when Z increases from -1 R, &,, turns positive and
above Z:E 5., beginsto decrease; s,, finally becomes negative again near the
top bou@of the wake (the blue region in Panel bl where Z~ 1 R, and X<0); &,,
IS more @Iy negative near the upper wake boundary than near the lower
boundari=kg order to compare the simulations with the statistics obtained from
observations, the field line bend angles in the simulation are plotted as functions of Z
in Figuret'eb-i'n which the color codes denote the different downstream distances. The
simulathproduces the overall structures of the bend angle well (the magnitude
and th@-gnetric structure), as is evident from a comparison of Figure 3a

-
(observaB) with Figure 3b (simulation). In Figure 3b, the bend angle calculated at

<C
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-4 R, shows variations at the same scale as the mesh of the simulation (0.085 R.), and
this could be indicative of numerical artifacts at that distance.

——
FACs ar@nt in the lunar wake. The FAC distributions in the X=-2 R, and X=-4
R_ plames=mm® shown in Figure 4 b2-b3. FACs are confined within the Alfvén wave
front, in@ng that the magnetic perturbation there are indeed Alfvénic and that an
Alfven \MS present in the lunar wake. The typical magnitude of the FACs in the
simulaticD'about 1-2 nA/m?. It is noticed that the wake plasma with typical density
of ~0.6 ﬁthe normalized density is ~0.1 and the averaged ion density is 6.6 cm™)

in the nemoon region is reaccelerated by ~75 km/s (corresponding to
R e x Sng from 0.3 to 0.1, see cross-sections c2 and c¢3 in Figure 2) within 2

R fro R to -4 R, in about 10 seconds. The corresponding perpendicular

current (Mc%), which is diverted from FACs and acts to reaccelerate the wake

plasma,-tﬁhould be of a magnitude of ~1.5 nA/m? if the field magnitude is 5 nT.
One woa eypect the field-aligned current density to be similar to the estimated
perpendlcuﬁ current density as observed, if the length scales over which the

perper%ﬁ and parallel currents flow are comparable. FACs are intense near the
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solar wind shadow boundary. These strong FACs arise from the ambipolar diffusion
effect [Samir et al., 1983] and have distorted the Alfvén wing FACs. In the lunar
wake, electrons flow down a flux tube to refill the region empty of plasma in the
center omake, producing a positive FAC on the top of Figure 4 b2 and b3 and a

negative ™€ on the bottom.

USCTI

-
4 DiscMon

=

Alfvén wings, characterized by flow perturbation, field line bending and FAC, are a

common structure in the interaction between a planetary body and plasma flow.

~\
Slowing and diversion of flow is generally thought to result from the presence of a
F
significant internal magnetic field, the finite conductivity of body itself or its
e

ionosphere ?rell et al., 1965] and/or from ion pickup (ionization and charge

exchange) ‘foertz, 1980], and non-conducting, unmagnetized obstacles is generally
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thought not to generate Alfvén wings. Using theoretical analyses and simulations,
Vernisse et al. [2013] systematically studied the interaction between stellar winds,
whether super-Alfvénic or sub-Alfvénic, and highly resistive planetary bodies. They

e
argued t rrents are related to the magnetosonic waves triggered at the surface of
the obaaEE By using Cassini data and MHD simulations, Simon et al. [2012]
confirmf_tjt Alfvén wings are present at Rhea, owing to the diamagnetic current in
the wakmn Rhea interacts with the sub-Alfvénic Saturn's magnetospheric plasma
flow. In thj.l work, we have elucidated the role of both pressure gradient and plasma
slow-down in generating the Alfven wings by performing statistical analyses
of simultémeous measurements made by two ARTEMIS satellites, one in the solar
wind upstrgm of the Moon and one in the downstream wake, and by comparing the
data with results of a three-dimensional hybrid model of the interaction.

—

Plasma agnetic perturbations in the lunar wake should be discussed in two
diﬁere@ons, the deceleration region and the reacceleration region, which are not

strictly‘d'srl'rfguishable. In the regime of MHD theory, the acceleration/deceleration of

plasma igtrolled by the momentum equation:

30
This article is protected by copyright. All rights reserved.



dv - -
2 _VP+JIxB
Pt

wherep, V, P, j and B are plasma mass density, velocity, thermal pressure,
electric'éﬁalnt density and magnetic field, respectively. The lunar wake is taken to
be in a_steady state (poV /ot =0), and the inertia term pdV /dt becomes pV-VV. In
the near—%ﬂﬁn wake (X>-2 R,), there are regions where the flow decelerates
significantly (Red region in Figure 2 c1) while field line bend is weak (Figure 2
b1-b2 and black and red curves in Figure 3a). In this situation, the magnetic tension
force is weak and the moonward pressure gradient force is responsible for plasma
deceleralog In the region beyond X=-2 R, plasma is reaccelerated from ~0.7Vsw to
the back d solar wind velocity (Vsw), and field line bends are clearly seen
(Figuré In this region, the inertial term (spatial variation of velocity in a steady
state, pLW) generates the current. The pressure gradient (VP , where P is plasma
pressure@e also contributes to the field line bend through the perpendicular
currentﬁxcept for the wake boundary region, the pressure gradient in the X
directionjmmd> points towards -X as shown by the large green arrow in the center of
Figure SQhe wake boundary, however, a minor pressure gradient is present in the

+X dir%between the unperturbed solar wind and the outer wake as shown by the
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two small green arrows in Figure 5a. Since both the X components of the inertial term
(pV - vV ) and the pressure gradient term (VP ) point mainly downstream, the net
perpengw current and the associated field line bend is large in this region and the
pressurent Is taken as an example to interpret how the associated current bend
field IihTigure 5a and 5b. The diamagnetic currents arising from these pressure

gradient@ = (-V,PxB)/B? point inward in the central wake along the -Y

directiompoint outward on the wake boundary as shown by the red symbols in
Figure 5@ these currents make magnetic field perturbations in the -X direction
where Z@d in the +X direction where Z<0 as shown by the pink arrows in Figure
5a. The Wround IMF field line (the blue arrow in Figure 5a) is thus bent towards
the Mﬁhown by the cyan curve with arrowhead in Figure 5a. These currents

produ si-antisymmetric profile of s,, along Z (red curve in Figure 5b).

—
Additior@atures of the field bends and the flow require further interpretation. In
the Iunamén wings, field line bending is asymmetric in Z both in the observations
and in ‘t-'h%rid simulation (Figure 3a and 3b). The asymmetry is a combined effect

of the tilted feld line and the presence of density and thermal pressure gradients
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along the Z direction (v ,P). The associated diamagnetic currents (red arrows in
Figure 5¢) make a bipolar perturbation to the background IMF as shown by the cyan
curve with arrow in Figure 5c¢ (the pink arrows show the magnetic perturbations). The
bend an@iﬁle along the Z direction associated with v_P is shown schematically
by the 'reEurve in Figure 5d, with two negative dips (clockwise rotation of field lines)
near the@ boundaries but a positive perturbation (anti-clockwise rotation) in the
central mThe profile of the resulting bend angle s,, isthe combination of the
effects OEP and v,P, which is shown schematically by the blue curve in Figure

5d. Thisgcﬁematic form is a good representation of what is seen in our observations

as well mhe hybrid simulation.

The fI%Ieraﬁon also exhibits asymmetry along the Z-axis (Black curves in
Figure 1%2.and b3). Flow in the upper half of the wake (Z>0) is decelerated less than
that in tI@/er half (Z<0), and plasma is even accelerated at Z>0 (Panels a3 and b3
in Figu@d Panel d1-d3 in Figure 2 and Figure 4). We attribute this asymmetry in
plasma eceleration to the effects of plasma refilling along field lines from the

surroundinf folar wind into the wake [Ogilvie et al., 1996; Gharaee et al., 2015]. On
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average, the IMF in our data set tilts, as shown by the oblique black line in Figure 2b;
the angle ¢, between X and B,, is~58°. In this geometry, when plasma refills
the wan field lines from above, the plasma velocity in the -X direction
increasem plasma refills from below, the plasma velocity in the -X direction
decreaEeEnels d1-d3 in Figure 2 and Figure 4). The superposition of the

antisymlttj: parallel flow and the symmetric perpendicular flow produces the

observemnmetry.
-

Unlike a@ly open wing structure at the planetary moons, the lunar Alfvén wings
that forme solar wind are confined within an acute angle of the Mach cone due
to the Ifvénic solar wind. The two wings appear strongly 'folded-back’. The
config§of an Alfvén-wing structure depends on the flare angle of the two
wings, agd for a simplest case (the background magnetic field is perpendicular to the
backgroow), it is defined by 6, =atan(1/M,), where M, =V /v,, V isthe
backgr£dﬂow velocity and v, is Alfvén velocity [Ridley, 2007]. In the lunar
wake Mwing case, the z component of the Alfvén velocity is

V, =sind, /Ba/mn, u, , where ¢, isthe IMF direction relative to the X direction, B
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Is the magnitude of the IMF, m, isthe ion mass and n. isthe ion number density.
The median values in our dataset give Vv, =64 km/s. The background solar wind

velocitx‘v -:370 km/s) is much higher than the Alfven velocity and thus the solar

wind is {upeAlfvénic. In our data, the Alfvén-wing flaring angle o, is very small

(aboutISE
O

Ina prev‘i_gLE analysis, we speculated that the deceleration of flow and the bending of
the field Ee wake could be produced by interaction with heavy lunar dust grains,
roughly @nary in the Moon’s frame [Zhang et al., 2014]. It is known that the
Moon iswunded by a tenuous atmosphere of charged dust grains. Direct evidence
for the s is the existence of the so-called 'lunar horizon glow' [e.g., Rennilson
and CE&M], which is thought to arise from the scattering of sunlight off of
the dust 'L:a.ins [Zook and McCoy, 1991]. The charged dust is present on both dayside
and nigh@ of the Moon at altitudes up to 100 km above the lunar surface [e.g.,
Stubbs_gEZO%]. The 3-D hybrid simulation that we have described in this work

was run without lunar dust but, nonetheless, reproduced our observations. Both

observatlons:and simulations identify a pressure gradient along the lunar wake
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sufficiently large to produce the effects observed, and the simulation shows that
Alfvénic perturbations and associated closure current system are significant in
producing both bends and flow reacceleration in the wake. Thus it seems that charged
dust nee@_be invoked to explain the dominant measured properties of the lunar
wake, altmeemh perturbations related to charged dust may yet be found to affect some

aspects (t:ij field and plasma structure near the Moon.

)
5. SunEry

C

Alfvén v@@ usually develop from the interaction between conducting or magnetized

obstacles and a flowing plasma. Incompressible perturbations are imposed by

field-aligned currents closing through the conducting body, which reaccelerate the

slowed |5Iasma [Neubauer, 1980; Kivelson et al., 1997]. Finite conductivity of the

interacti@stem may arise from the body itself or the surrounding plasma of the

body (iﬂmmre) [Neubauer, 1980; Linker et al., 1998]. The interactions between
e

moving plasma and static heavy ions (charged dust) or pickup ions added in the

vicinity of the body provide other possible sources for the generation of Alfvén wings
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[Linker et al., 1998; Jia et al., 2011]. In the literature, Alfvén wings have only rarely
been identified or discussed in the interaction of non-conducting obstacles and
flowing plasma [Khurana et al., 2008; Simon et al., 2012; Vernisse et al.,
2013]. ver, theoretical analysis and simulations predict that diamagnetic
currents=mmrch arise from pressure gradients, may be significant sources for
magneti@urbations in a lunar type interaction between stellar winds, whether
super-AIU’jc or sub-Alfvénic, and highly resistive planetary bodies [Vernisse et al.,
2013]. Bgfng Cassini data, Simon et al. [2012] showed that Alfvén wings are
present i& lunar type interaction system between the sub-Alfvénic magnetospheric
plasma ftﬁﬁ Saturn and its moon, Rhea and ascribed their presence exclusively to
the di%ﬁc currents. In this paper, analysis of measurements made
simultaneously by two ARTEMIS satellites, one in the solar wind upstream of the
Moon anﬂe in the downstream wake, and comparison of the data with results of
three-dinﬁs;ional hybrid model of the interaction reveal that pressure gradients in the
wake slow down the inflowing solar wind. An Alfvén wing current system is

mli—

generatebl in _response in the super-Alfvénic plasma system that reaccelerates the

wake pla;to the ambient solar wind speed. Such Alfvén wing structures, caused

<C
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by pressure gradients and the attendant plasma slow-down in the wake, should
exist downstream of any non-conducting body in a super-Alfvénic plasma flow.

e

ARTEI\/IE.sJat_eIIites identified two basic features of Alfvén wings in the lunar wake:
bendirm) of=re magnetic field (producing a Moonward-oriented bulge in the field near
the centwhe wake) and deceleration of plasma flow. Observations show that these
two pertwions are confined within slow or Alfvén fronts (Panel b1-b3 and c1-c3

in Figurﬂ well as in Figure 4). We ruled out the possibility that these field line
bulges ac.lsed by finite conductivity of the Moon itself as suggested by Wang et
al. [201]€.Uting that field line bending caused by body induction should decay in
the w, ur data, however, the bend angles of field lines increase as the

=

down istance increases (Panel a2 and b2 in Figure 1, and Panels b1-b3 in

Figure ZL
O

The simEa 1ons well represent all the lunar wake properties observed by ARTEMIS
satellit=d=mm® lunar wake identified by the depletion of plasma density is confined by

fast mod;\/e fronts; the field line bend angle s,, and flow deceleration are

<C

38
This article is protected by copyright. All rights reserved.



confined by the Alfvénic or the slow mode fronts. FACs associated with these
perturbations in the simulations confirm the presence of Alfvén wings in the lunar

wake.
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Figure Captions

Figure‘ﬂ'@ﬂ'—a:%) the wake crossing event on August 18 2011. (al) the X (in blue) and
Y (in rs%l‘dinates of the observing satellite, P1, along its wake crossing orbit in
unit of F&-ae-a function of the Z coordinate; (a2) the bend angle of magnetic field line
Sy - Whgi-z <90° (a>90°), &,, isdefinedas o, =a-ayy (O = Ayae — @),
where a(Qrccos[(X -Be)! 1B, 11 1S the intersection angle between the IMF and the

Xaxis X, oy, =arccos[(X -B,,)/|B,, |1 is the intersection angle of the X axis X

and the tic field in the wake and B,, is the projection of magnetic field vector
in the jnto the XZ plane. (a3) the X components of the plasma deceleration rate
R, Ry R, plotted as a function of the Z coordinate. R is defined by the

ratio R &N —V,)/|V, |, Where V, is the background solar wind velocity and

Vi IS t@smavelocityinthe lunar wake. R, and R, are calculated by using

perp

the flouGJonents In the directions perpendicular and parallel to the magnetic field

(Rperp = (\S\/sw)perp / |sz | and Rpara = (VWK _VSW)para / |sz |)’ reSpeCtlver' (bl'b3) the

wake c& event on July 28 2011, and the format is the same as in (al-a3).
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Figure 2. Distributions of the observations from the ARTEMIS satellites in the lunar
wake in the X-Z plane and in the Y-Z plane at different downstream distances. The
quantitiema X-Z planes (the Y-Z planes) are the median values of parameters in
each b= bin size of dX=0.1 R, and dZ=0.1 R, over Y=[-0.5, 0.5] R_ (dY=0.1
R and d@l R_ over X=[-1, -3] R_ and X=[-3, -5] R,). (al-a3) the ion number
density rwlized by the ion density in the solar wind in the X-Z plane (al) and in
the Y-Z gs at X=-2 R, (a2) and X=-4 R_ (a3), respectively; (b1-b3) the bend

angle of@etic field line s,,. The oblique black line in Panel b1 shows the
directiome background IMF B, with 6, =58° (the angle between X andB,,.),

and tﬁ is determined by the averaged direction of IMF in all our dataset. The

yello schematically depicts the bent field line and the bend direction is

determirfggy the sign of the bend angle. (c1-c3) the X component of the

decelera@ate of the perpendicular plasma flow R_,_. (d1-d3) the X component of

perp *

the deoeGon rate of the parallel plasma flow R_,,. (e1-e3) the total thermal
- —

pressureﬂvhich Is the sum of the ion and electron pressure. The white circle

indicat%olar wind shadow boundary, and oblique lines or curves mark the
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locations of the wave fronts of three MHD modes (Red: the fast mode; Black: the
Alfvén mode; Blue: the slow mode) launched at the lunar terminator and propagating
at their group velocities in the solar wind.

O

Figure=3=%#m® bend angles of field lines s,, plotted as a function of the Z coordinate

at differ@wnstream distances. (a) the bend angles observed by the ARTEMIS
satellitemthe bend angles obtained from the three-dimension hybrid simulation.
The cologe denotes the different downstream distance.

Figure 4mributions of the parameters obtained from the three-dimension hybrid
simul§we parameters and formats are the same as Figure 2, except for Panels
b2 an sstributions of FACs at X=-2 R_ and X=-4 R, instead of bend angles,
are shovgi_npanels b2 and b3.

Figure 5!§a2 Diagram in the Y=0 plane depicting the sense of the pressure gradients

along (T wake (green arrows), the associated diamagnetic currents (red

symbolsmx denoting into the plane and a dot denoting out of the plane), and the
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magnetic perturbation directions (pink arrows). The blue arrow represents a field line
of the background IMF, and the cyan curve with arrow denotes a perturbed magnetic
field line. The gray lines demark the wake boundaries. (b) in red, the bend angle
(idealize&wed by pressure gradients along the lunar wake plotted as a function of
Z . (c)ure=f show schematically the bending effects of a pressure gradient along Z
with thew colors scheme as used for (a). The blue curve in Figure 5d shows
schematw the net bends of a field line caused by combining effects of pressure

gradientﬂg the lunar wake (X-component) and perpendicular to the lunar wake

(Z-compct).
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