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Detailed structure and dynamics in particle-in-cell simulations
of the lunar wake

Paul C. Birch® and Sandra C. Chapman
Space & Astrophysics Group, Department of Physics, University of Warwick, Coventry, CV4 7AL,
United Kingdom

(Received 24 April 2001; accepted 6 July 2001

The solar wind plasma from the Sun interacts with the Moon, generating a wake structure behind it,
since the Moon is to a good approximation an insulator, has no intrinsic magnetic field and a very

thin atmosphere. The lunar wake in simplified geometry has been simulated vigDa 1
electromagnetic particle-in-cell code, with high resolution in order to resolve the full phase space
dynamics of both electrons and ions. The simulation begins immediately downstream of the moon,
before the solar wind has infilled the wake region, then evolves in the solar wind rest frame. An
ambipolar electric field and a potential well are generated by the electrons, which subsequently
create a counter-streaming beam distribution, causing a two-stream instability which confines the
electrons. This also creates a number of electron phase space holes. lon beams are accelerated into
the wake by the ambipolar electric field, generating a two-stream distribution with phase space
mixing that is strongly influenced by the potentials created by the electron two-stream instability.
The simulations compare favorably with WIND observations. 2@01 American Institute of
Physics. [DOI: 10.1063/1.1398570

I. INTRODUCTION ered a two-stream ion distribution with a background of elec-
trons as the process by which the wake is replenished.

A wake structure is formed as the solar wind flows past  Simulations of this nature have previously been under-
the Moon. The Moon is to a good approximation an insula-taken'?=**Intriguingly, whereas Farrekt al? find that the
tor, has no intrinsic magnetic field and a very thin atmo-ion dynamics dominate the interaction, the higher phase
sphere. Measurements by Lunar Prospéaiad magnetohy- space resolutions of Birch and Chapriialf established that
drodynamic simulatiorfsof the magnetic fields on the Moon the electron dynamics dominate the evolution of the wake. In
indicate a typical scale height of 100 km for miniature mag-this paper we present new results from these simulations,
netospheres around the magnetic anomalthese crustal including detailed particle density and electric field descrip-
remnant fields will be neglected herélhis results in the tions, a comprehensive analysis of the electron instabilities
Moon being a sink for solar wind particles that collide with occurring in the wake, and a detailed description of the struc-
it. Directly behind the Moon, there will therefore be a void in ture and dynamics of electron phase space holes generated in
which no solar wind particles are present. As the solar windhe wake that are not found in previous simulations.
continues beyond the Moon, this wake is filled in.

Explorer 35 and the Apollo sub-satellites made the first

measurements of the lunar wake, albeit with very low resoll- THE PARTICLE-IN-CELL SIMULATION

lution. They were able, however, to detect a significant  The simulation was performed using a self consistent,
depletion in density behind the Moon. The WIND spacecraftfu"y relativistic, collisionless %D particle-in-cell (PIC)

used the Moon for a gravitational assist on 27 Decembe{:ode. In these simulations, the ion and electron distribution
1994, passing at a d|stapcg of 6.5 lunar rgﬂilx, through . functions are represented by a collection of “superparticles.”
the lunar wake. With all its instruments swnc_hed on, a sllceThese “superparticles,” along with the electric and magnetic
of the'structure of th? ngar que was obtained. Thesg Obﬂelds, can exhibit both full ion and electron kinetics. The
servations showed significant ion and electron depletions,q|qities of the

rarefaction waves traveling away from the wake, increased,,,onens in three dimensions and all quantities depend on
electron temperatures, constant ion temperatures, count&fne patial coordinater, and ime. Since -B—0, the com-

streaming ion beams, an increase in magnetic field strengil,ont 6B along the simulation is constant, but given this
and a number of electromagnetic and electrostatic ""%"183 restriction, the simulation is fully electromagnetic. The phase
Analytical descriptions of the processes involved in fill- space resolution of the simulation scales-agn, wheren is

ing the lunar wake have been conside?@id.ngilyie et a|.3. the number of particles per cell. As in Birch and Chapritan,
detected the counter-streaming beam distribution, creating a 5500 particles per cell were used, compared witB0
two-stream instability. Farre#it al® then analytically consid- particles per cell used by Farrait 212

Figure 1 shows the geometry of the simulation. The
dElectronic mail: birch@astro.warwick.ac.uk simulation box begins directly behind the Moon, perpendicu-
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tions a 2048 grid cell simulation box has been usgdd
B 4:Y V. vt cell=Debye length\p) which equates ta-8R, on either
| side of a 2568 initial void. An initial void of 128\ has also
] been simulated to verify that structures found are not a result
of the choice of the size of the initial void.
Vsw \ -X
T T T T T T T T T 1
P4t lll. RESULTS OF THE SIMULATIONS
2
i Simulation slice We begin by discussing the structures and instabilities
4 found and comparing them with theoretical predictions and
- " Veonveer other simulations. The results will then be compared to the
WIND observations at 6%, .
FIG. 1. Simulation geometry. A. Particle densities

The density profiles along the simulation bpx(R,)]
are plotted on a color plot at regular intervidgongX(R, )1,

Lﬁr tlo ;[he |SO|a{ Winl\(jl ﬂOV\(tthel;Xd;\j/il::eCtitzW \?“:jd patr_aIIeIAt\o with color representing density. Figuréap shows the evo-
e Interplanetary Magnetic FieldMF) (the Y direction. lution of the electron density over the entire simulation.

higher dimensional simulation would be required to describe The first structure to evolve is the rarefaction wave trav-

the lunar wake when the IMF is at oblique angles, and bulkeIing away from the wake at the ion sound spe@g., This is
flows other than in the solar wind flow direction, as the simu—due to the electrons moving into the wake and‘ more elec-

lation is performed in the rest frame of the solar wind with ons from the undisturbed plasma filling the space they

zero convection electric flel_d. The IMF will pass almost un- leave. Ogilvieet al® used analytic solutions of plasma ex-
altered through the Moon since the Moon can be assumed g

X ansion into a vacuum and showed that in such a step in
bﬁ a per:r?ctf!nlsdule_llfﬁr apd t?efrefot no currter1nts Ca.r('j f.IOWt ensity of a plasma, fronN, to a vacuum ax=0 andt
gtr?;rgﬁse eM:iexw.eIIiaSI s(;gturigl;ggn ?)gflr}EnV:I an?j ve?llec':?or?sn:o’ thg expression for pgrticle densities at later times along

) C _ : x are given by the following:
which mimics the removal of solar wind particles by the
Moon. Full shadowing is appropriate since the electron and B X
ion gyroradii (1.2 km and 47 km, respectivélyare signifi- Ns=Noexg — Cgt
cantly smaller than one lunar radius-(738km). As the . . . . .
simulation box moves with the solar wind, the simulation runW.hereNS IS the den5|t_y of part!cle Species No is the a.m-
time can be equated to a distance behind the moon, eﬁ‘eg-Ient solar wind density an@s is the ion sound speed:
tively building up a 2D picture of the wake, provided the kgTe\| Y2
IMF and solar wind flow remain constant. S m; ) ' )

An ion to electron mass ratio of 20 has been chosen in

order to evolve both ion and electron dynamics. This alter@VhereTe is the electron temperature ang is the ion mass.
the simulation’s ion plasma frequency and ion thermal veloc-] N€S€ equations describe a rarefaction wave traveling away
ity to be from the density stepx=0) in the — x direction(away from

the wake at the ion sound speed and an exponential decrease
B n;e? 1’2_ Wpe in density in the+ x direction(into the wake. In the electron
Wpi= 20meeo) /20’ 1) density plot[Fig. 2(@], the rarefaction wave is approxi-
mately where the density has dropped to 4 ém

+1

: ()

( KgT; )1/2 Uthe Initially, the ions behave similarly to the electrons. Fig-
Vthi=| 57| = , 2 ; ; ;
thi 20m, \/2—0 2 ure 2b) shows the evolution of the ion density over the

entire simulation. Again, there is a rarefaction wave in the
sinceT,=T, andn.=n; . Since the actual solar wind veloc- ion density. This wave can be seen to be coincident with the
ity is 25 times the ion thermal velocityy, , the simulation electron rarefaction wave, and therefore also traveling at the
also requires this relationship. Thus, the distance behind thien sound speed in agreement with the above equations. By
moon is given byX=V .t, whereV,~2%y,; andt is taking the electron density away from the ion density at all
measured in plasma periodsgel. This is equivalent toX points in Figs. 2a) and 2b), a charge density plot can be
=0.274Rt wheret is in plasma periods arfd, is the radius producedFig. 2(c)].

of the moon, i.e., half the width of the void. In realityy,e Farther behind the Moon, once a sufficient number of
>V.om™ Ui 3 this may affect the magnitude of the potential electrons have entered the wake, more structures begin to
and effectively rescaleX=V gnt. appear. After— X(R,)~10R, enhancements of the electron

The simulation run time is limited by the length of the density and ion density in the central wake region can be
simulation box. If a wake related structure passes over theeen. These are due to the electrons and ions streaming into
boundary and interacts with other structures moving in thehe wake and setting up a counter-streaming beam distribu-
opposite direction, the simulation must be terminated sincéion. Such a distribution is unstable and subsequently a two-
this introduces an unphysical distribution. In these simulastream instability grows. This instability is discussed in more
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FIG. 2. (Color) The distance along the simulation b¥¥R,) against timelequated to the distance behind the MpifR, ) showing(a) electron density
evolution (cm3); (b) ion density evolution (cm®); (c) charge density evolutiore(cn®); (d) electric field magnitude evolutiod&|/V m~1). The simulation
box extends ta-8R, . The ambient solar wind electron and ion densities are 5°cm
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detail in Sec. IlID. The obvious density enhancements
emerging from this region are due to the electrons being
trapped by electric potentials generated by the instability.
Narrower density enhancements are also generated by the
two-stream instability. In these structures, the electron den- 20
sity forms a double peaked structure about a single peak in 0
the ion density. From Fig.(2), the charge density plot, itcan .
be seen that this is the main deviation from quasineutrality in
the simulations. These are electron phase space holes
coupled with propagating ion structures which we will see  -60
are ion acoustic solitons and are examined in more detail in
Sec. llIE.

The majority of the structures associated with the lunar
wake are confined to within the rarefaction wave. Some elec-
tron phase space holes, however, are accelerated above #16. 3. Electric potentials\(), beginning at 6.8,=1.9R, ; then every
ion sound speed and overtake the rarefaction wave. The oth&8.8v,.=3.8R, .
detectable structures again occur afteX(R, )~ 10R, , gen-
erally just outside the wake. These are slight fluctuations ir?n the electric potential. These peaks are associated with the
the electron density, traveling away from the wake at veloci—b. | | t'p field .t ( P hich doubl
ties between- 1.8 4 and~ 3.4vy,.. They are caused by the Ipolar -electric ield structures, which appear as double

most energetic electrons which have traveled right across t eaked structures in the ele_:ctrlc field magnltude '.ﬁrﬂg'
wake and out on the other side, setting up a bump-on-tai (d)]. Electrons are trapped in these electric potential peaks,

distribution. This distribution is unstable and again, an msta_oscnlatmg back and forth. Some of these peaks evolve to

bility is grown, resulting in these electron density fluctua- become electron phase space holes and move out of the

tions. This is an example of the electron bump-on-tail insta.VaKe: coinciding with the double electron density peak about

bility and is discussed further in Sec. Il F. a S'r_;%le |o|n pgak. ial K which id h
Comparing these density plots with those produced bysimula?ioi eec\}gl(i/epsmfgrt:%ingeieavrverlcthegE:C:evxfe:lvl)fetrhgswglfe
the simulations with an initial void 128, wide shows very his still h | ’ ilating back and forth h '
little difference. The main difference is the distance betweer;r 'S.St' as gectrons 0sCl atlng ack and forth as t €y are
onfined within the peak. In Fig.(8), the electron density

the double electron density peaks. They appear wider than if B : . :
the 256, simulations, however, they are actually similar plot, oscillating density perturbations can be detected in

sizes in Debye length@ot shown here these regions. The electric potential peak becomes wider as
The simulations by Farredit al22 display some similari- more particles move in from outside the wake. It is these

ties with these higher resolution simulations. RarefactionStruCtures that will ultimately coalesce to fill the wake.
waves and a two-stream instability occur, which shall be dis-
cussed further in Sec. IlID. No electron phase space holeg' lon and electron phase space
are simulated nor is the bump-on-tail instability detected. Figures 4 and 5 show the phase spatésvy) for the
electrons and ions, respectively. Note the different velocity
scales on both figures; as described earlier, the ion thermal
velocity is less than the electron thermal velocity ¢
Figure 2d) shows the magnitude of the electric field on = v2004;).
the sameX, Y scale as Fig. ). The first electric field struc- Initially, the distributions are Maxwellian with a gap at
ture to appear is the ambipolar electric field. Significant in-Y=[—1,1JR_. This void mimics the removal of the solar
creases in the electric field magnitude can be seen atind particles by the Moon. In the second phase space plot
Y(R)==*1R,. The electric fields at these points are di- (t=11.1wrjelz>3.0R|_), the electrons have begun to move
rected into the wake. Since the electrons have a higher theinto the wake, followed by the ions. Notice that the ions have
mal velocity than the ion§T.=T; andm,<m;) they move been accelerated as they move into the wake. This is due to
into the wake first, setting up the electric fields pointing intothe ambipolar electric field described earlier. The electrons
the wake. These fields then accelerate the ions into the wakeontinue their thermal expansion into the void, setting up
These initial charge separations can also be seen at the besunter-streaming electron beams, as seen in the fourth
ginning of the charge density plot. phase space pIott(=33.?wrjelz>9.(RL). Now the distribu-
Figure 3 shows the electric potential calculated at regulation is unstable and the two-stream instability grows. The
intervals from the electric field data. The ambipolar electricfirst signs of the instability in ion and electron phase space
field generates the drop in electric potential. This eventuallycan be seen in the fifth plott{=44.4w,;elz>12.0?L). At'Y
disappears as the ions are accelerated to cancel the charge- 0.25R, there is a slight kink in the phase space of the
separation developed by the electrons. The average electiien beam traveling in the-Y direction. This is a direct con-
field magnitude decreases back to almost zero, after whickequence of a peak in the electric potential generated by the
the two-stream instability begins to grow. two-stream instability. In the next phase space plot (
The two-stream instability produces a number of peaks= 55.5(»‘;81: 15.(R,), more disturbances in the phase spaces

Y(R) -2 0 L

B. Electric fields and potentials
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of the electron phase space holes and its associated propa-
gating ion structure, seen in the ion phase space as a bump
on the otherwise smooth beam. In the electron phase space
plots 6 through 10, this and other electron phase space holes
can be seen to travel in both directions alovigat various
velocities. Their associated ion structures can also be tracked
in the same way. One such electron hole has been indicated
in Fig. 4, having carefully followed it with other phase space
plots.

|
[$310)]

D. Two-stream instability in the central wake region

velocity (106 ms_1)
o

-5
5

As described in previous sections, the counter-streaming
particles set up a two-stream instability, which ultimately
causes the wake to fill in. In this section, this instability is
studied in more detail.

Given a distribution of two electron beams traveling at
+V, and two ion beams also traveling atV,, the linear
dispersion relation is

2 2 2 2
Wpe Wpe W W

(@—KVg)2  (@+kVg)?2  (0—KVg)? (@t kVg?Z

1,
®

wherew,, is the electron beam plasma frequeney; is the

ion beam plasma frequency. This gives an expression for the
frequency

2 -1 1 2 2 -1

0 0
Y(R) Y(R)

FIG. 4. Electron phase space evolutip R, ) againstvy], beginning at
0w, =0R, ; then every 11.d,;=3.0R, .

w2=k2VS+(w§e+ w%i)
of the ion beams indicate more disruption by the two-stream , B , ,
instability. Now the disturbances can easily be seen in the +\wpet wiiwhet whi+4K2V3. (6)

equivalent electron phase space plot. There clegrl_y has beeyrp1e wavenumber of the fastest growing wave mode of the
a phase space vortex generatett at+0.2R, . Thisis one 4 stream instability can be determined by considering

dy Vg\/wge+ w%i
W—Oﬁk— T, (7)

at which the growth rate is

2 Vi
VOheT 0

Ymax— 2 (€))

By estimating the electron and ion densities from the
particle density plot§Figs. 2a) and 2b)] to be a third of the
ambient solar wind density, an estimate for the maximum

£ growth rate can be found,
©
= @pe
‘g Wp ~ (9)
g %
Wpj  Wpe
wpi~c— = —, (10
" vi 60

wpe 11
Ymax™ 7 § + a)~0.3wpe. (11)

The growth rate can be measured by summing&hén
the region of interest and taking the natural logarithm. Figure
Y(% ) 1 2 6 shows the result of this calculation over the f'rrs?3w§el
L of the simulation. The dotted line shows the estimated maxi-
FIG. 5. lon phase space evolutidiv(R) againstvy], beginning at Mum growth rate, which follows the increase in 1)
Ow,¢=0R, , then every 11.d,/=3.0R, . quite closely. The initial increase in BE?) is due to the

1 2 -2 -1
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FIG. 7. Electric field evolution on a log scale (V1) shows the distance
FIG. 6. InGE?) plotted against timeequated to the distance behind the ajong the simulation boX(R,) against timeequated to the distance behind
moon X(R,) for the region of the simulation boX=[—0.5,0.3R_. The  {he Moon X(R,). The two black lines represent a point alovigbeginning
dotted line represents the estimated maximum growth rate for this twofrom where the electron two-stream instability begins to grow, traveling at
stream instability. velocities 4.2 10° ms ! and 2.0<10° ms ™%,

ambipolar electric field. If the counter-streaming ion beams
were absent, the growth rate would be adjustedytq, = El€ctron phase space holes
~0.2% . whereas if the electrons were absent, the growth  As described earliefsee Figs. &) and 2b)], double
rate would becomey,~0.06w,.. This implies that the peaked electron enhancements about a single ion peak are
phase space mixing is largely controlled by the unstable disseen to travel away from the wake at a variety of velocities.
tribution of counter-streaming electron beams, rather tharhis deviation from quasineutrality is revealed in the charge
counter-streaming ion beams. This is contrary to the implidensity plot[Fig. 2(c)] and can also be detected in the elec-
cations by Farrellet al®'? who suggest that the counter- tric field plot [Fig. 2(d)]. Figure 8 shows a small region of
streaming ion beams are the cause of the electrostatic instehe density and electric field plots where two electron phase
bility in the wake. space holes with different velocities pass almost unaltered
The generation of the two-stream instability producesthrough each other. By following the trajectory of the elec-
some waves which travel away from the wake. The numbetron holes, their characteristics can be measured directly
of the fastest growing two-stream wave mdd). (7)] can  from the simulation data. The width is the distance between
be substituted in the dispersion relatiffq. (6)] to obtain  the peaks in the electric field magnitude. The density is the
the frequency and thus the velocity of this wave mode:  average electron density in a section of fixed length, about

Wi the center of the electron hole. The amplitude is the height of
W= VI5Vwpet o ' (120  the electric potential peak formed by the electron hole. Fig-
2 ure 9 shows the characteristics plotted against time.
O The velocity of this electron phase space hole increases
e \/EVO. (13 as the simulation evolves. The method of measuring the ve-

locity results in quite a noisy time series. Note the particu-

By estimating the velocity of the counter-streaming elec-larly noisy region at abouX=—43R, . At this time, the
tron beams, an estimate for the velocity of these wave can belectron hole caught up with and passed another electron
obtained. Looking at the electron phase space plgts, hole. The width of this electron phase space hole remains
~20he~1.8X10° ms = w, /k~4x10Pms . Figure 7 almost constantdisregarding the noise and the interaction
shows a region outside the wake where slight increases iwith the other electron holeThe density around the electron
electric field strength were found. The electric field magni-hole, however, clearly increases with time. The electron hole
tude is plotted on a log scale to highlight these fluctuationspasses the rarefaction wave at ab®ut —40R, . Since the
The two black lines begin approximately where the two-ambient electron solar wind density is at 5 ¢inthe density
stream instability begins to develop, and travel aldh@t  around the electron hole should level off there. This does
velocities 4.4 10°ms ! and 2.0<10° ms L. Notice that the happen in some of the other electron holes, but the one under
electric field fluctuations begin along the fastest black lineanalysis just reaches the ambient solar wind when the simu-
This implies that the fluctuations are in some way related tdation is stopped. The amplitude of the electron phase space
the growth of the electron two-stream instability in the wake.hole clearly decreases as the simulation evolves.XAt
There is more structure in these fluctuations than can be at= —43R, , when the two electron holes pass, the amplitude
tributed to the two-stream instability, and this matter shall behere will be the sum of the amplitudes. The top of the peak in
revisited in Sec. Il F. amplitude is at the time when the electron holes coincide.
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Electron Density lon Density

25 25 L . .

X (R =V, xt XR) =V, xt FIG. 8. Electron density, ion density, charge density
: o and electric field magnitude showing two electron

Charge Density Electric Field :

i — o phase space holes passing through each other.

To determine the relationships between these characteelectron phase space holes by Saeki and G&hidescribed
istics of the electron phase space hole, they are plottethter). The structure of Fig. 1@) shows a region of low
against each other on a log—log pl&ig. 10. Many of the  density, occurring at the beginning of the electron phase
points are due to the interaction with the other electron holespace hole’s evolution. The more densely populated region
but by considering Fig. 9, the approximate positions of thesebove logq(pe)~0.65 occurs as the electron hole reaches
can be determined. By disregarding these points, definite reahe ambient solar wind. With other electron holes that spend
lationships between the characteristics can be found. longer in the ambient solar wind, this stretches out at con-

From Fig. 1@a), vyxpd wherea~2.9. The other elec- stant density as their amplitudes decay.
tron phase space holes exhibit similar velocity—density rela- The phase space structure of these electron phase space
tionships, givinngScpg_ All of the other electron phase holes are shown in Fig. 11. Notice the distinct lack of low
space holes exhibit various different relationships for theenergy electrons in the hole. The electrons around the hole
other characteristics. Figure () (velocity—amplitude plot ~ are trapped in the potential peak and are oscillating back and
displays a similar structure to the theoretical and simulated

0.6 0.6
,\4 25 0.4 0.4
23 ~20 So2 =02
< o o
S <15 2 o0 20
2 < o o
> 10 -02 -02
1 5 =04} . -0.4
0.4 0
0 0
30 40 50 30 40 50
5 30
N 12
. el 06 3
] . o 1
4 20 = n
8 < o5 g
o® 0.8
3 10 0.4 - 0.6
0 0.5 1 1.5 ~o0 .
2 0 log,, (A) log,, (A)
30 40 50 30 40 50 10 10
-X(R) -X(R) FIG. 10. Characteristics of an electron phase space hole, plotted against

each other on log—log scales. Shown here(ayevelocity along the simu-
FIG. 9. Characteristics of an electron phase space hole, plotted against tini&tion box, logo(vy) against density about the electron hole,,lg.), (b)
(equated to a distance behind the MpXi{R, ). Shown here arég) velocity velocity along the simulation box, legvy) against amplitude, lag(A), (c)
along the simulation boxyy (10° ms™), (b) width, A (Ap), (c) density density about the electron hole, lgfp.) against amplitude, lqg(A), (d)
about the electron holg, (cm™3), (d) amplitude,A (V). width, log;o(A) against amplitude, log(A).
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5 T T T T T T T T

Electron Phase Space _)(( RL) =325 _X(RL) =36.2
' 0

5 . . . . . . | L .
~0.1 0 0.1 02 03 0.4 05
Y(R,) - hole position

lon Phase Space
T

-0.5 -0.4 -0.3 -0.2 —0,Y1(RL) ~ hc?le positic?ﬁ1 02 0.3 0.4 0.5 _85 0 05 -0.5 0 05
Y(RL) — hole position Y(RL) — hole position
FIG. 11. Electron and ion phase spdog(10° ms %) againstY(R,)] of an
electron phase space hole. In order to see the structure, a number of phaSks. 12. Electric potential about the electron phase space hole structure
space plots over a short time have been combined with the electron hole isolid line), compared to the theoretical shafashed ling
the same place.

forth (circling in phase spageThe double peaked electron indicating that these are examples of coupled states of elec-
density structure is produced since the electron phase spatten holes and ion-acoustic solitons. Since a mass ratio of
density is almost constant around the hole, thus resulting im;/m,=20 has been used in the simulations, it is not clear
the peaks coinciding with the hole edges and the densitywhether such coupled states will be found in reality.
falling significantly in the center. There is another larger  Lynov etall® used a slightly modified Bernstein—
electron phase space hole, just on the edge of this plot. Th@reene—KruskalBGK) scheme which assumed the follow-
ion phase space shows a group of ions removed from thiag form of the potential:
bulk of the ions, coinciding with the center of the electron
phase space hole. This is the electron hole’s associated ion- ®(X)= Do sech(2X/L), (14
acoustic soliton. The beam at the top of the ion phase spaaghere the full width at half amplitudey X=In(1+v2)L. Fig-
(atvy=10° ms 1) does not perturb the local fields or plasmaure 12 shows good agreement between the simulated poten-
since its contribution to the total charge and current densityials (solid line) compared to their theoretical shagea
is small, however, some of these ions are being reflected byashed ling (given the amplitude and widltor four differ-
the positive potential formed by the electron hole. ent times. The only disagreement is in the width of the po-
Many simulations and theoretical models have examinedential peak. This is due to the measurement of the widths
electron phase space hdig® with which the simulated being the distance between the two electric field strength
electron holes can be compared. Saeki and Gétrsimu- peaks, rather than full width at half maximum. Other
lated an electron hole with a velocity less than the ion soun@GK solutions [e.g., ®(X)=®,secH(2X/L), ®(X)
speed. There was a background of ions, which interacteet d,exp(— (2X/L)?) and ®(X)=®,exp(—(2X/L)%] yield
with the electron hole, disrupting it in two and generatingslightly different forms of the potential, which still closely fit
coupled states of electron holes and ion-acoustic solitonshe simulation results.
The electron holes with a velocity above the ion sound speed
do not interact in the same way with the background ions. In
the lunar wake simulations, the electron phase space hoI%s
are traveling at velocities below the ion sound speed, which’
is where the holes are coupled with the ion-acoustic solitons. The electrons that pass right through the wake and
Later on, the velocity has increased above the ion soundmerge on the other side generate a bump-on-tail distribution
speed and therefore the electron holes are not disrupted fuwhich is unstable. The resulting bump-on-tail distribution
ther but continue moving, coupled to the ion-acoustic soli-cannot be formed from the sum of two Maxwellians since
tons, just as in Ref. 15. Different size holes were consideredome of the bulk electrons have been moving into the void.
and theoretical relationships between amplitude and velocitPpn the beam side of the distribution, the core Maxwellian
obtained. Measuring the hole phase space area from Fig. tias been truncatetsee Fig. 4. Since the core and beam
gives a size,S~10\pve. The velocity at this time is populations do not overlap, the appropriate dispersion rela-
~10° ms™%, which gives a Mach numbek] =4. These mea- tion is that obtained from the cold plasma approximation,
surements give a theoretical maximum potential of about 13 2 2
V which is close to the measured amplitude. This implies ~ ®pe, ®pi  _ ®b . (15)
that this model agrees well with the lunar wake simulations, —©> ®° (0—kVp? =

Bump-on-tail instability outside the wake

2
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instability is largely due to the presence of the counter-
=000 streaming electrons, rather than the counter-streaming ions,
4500 as previously thought. By examining the particle densities in
4000 detail, peaked structures associated with the propagating
| — electron phase space holes, generated by the two-stream in-
.1 = §tab|llty, hav_e peen found. Th_ese stru_ctures are also evujent
R in the electric field and electric potential plots. Characteris-
208 2500 tics of these electron phase space holes have been examined,
0.8 y 2000 and found to be in good comparison with previous theoreti-
L 1500 cal and computational work. An electron bump-on-tail insta-
0.4 7 N bility has been found just outside the wake, where electrqns_
83 : had_ passed through Fhe wake and created an unstable distri-
v ‘ 2l bution on the other side.
0« 0 The variations in the IMF are expected to cause signifi-
0 0.05 0.1 0.15 ) . .
k cant differences in the structure of the lunar wake. Since the

IMF was at an oblique angle and varying in magnitude
FIG. 13. The dispersion relation of an electron bump-on-tail instability with h h h WlNDqﬂ b 9 . y ?1 Y icall
an ion background showing reéolid) and imaginary(dotted parts (/;, t_rOUQ QU“ e. yoy, comparlsons W!t_ geometrically
~2X10Pms ™, wy~w,e/\7), plotted over the dispersion relation pro- simple simulations such as this one are difficult. Therefore,
duced from a region of the simulation outside the wake where the wave$n order to simulate these conditions more closely, higher
occur. The frequencies have been normalized to the electron plasma fretimensional simulations are being undertaken. Comparisons
quency pe)- of the simulations have been made and are similar to those in

Ref. 13. The main difference is that a constant electron tem-

wherew,, is the beam plasma frequency aviglis the beam Perature was simulated.

velocity. Estimates ofwp~wpe/\7 and Vp=~2x10° ms™*

yield the dispersion relation shown in Fig. 13. The solid lineACKNOWLEDGMENTS
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