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Abstract
Low frequency (<~0.01 Hz) magnetic fluctuations around the Moon in 

the solar wind have been reported since 1960s. They are extended 
upstream of the lunar wake edge along the interplanetary magnetic field 
lines. We analyze magnetic field data detected by SELENE and ARTEMIS 
to reveal generation processes of the fluctuations. 

Our analyses indicate that observed polarizations of the magnetic 
fluctuations are determined by the spacecraft velocity: right-hand 
polarization when S/C moves downstream, left-hand polarization when S/
C moves upstream. This fact suggests that their phase velocity in the Moon 
frame is smaller than the spacecraft velocity and they are R-mode in 
plasma frame, i.e., they are phase-standing whistlers. They are possibly 
generated as bow waves around the lunar crustal magnetic anomalies and/
or ballistic fluctuations carried by electrons modified through the wake.
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Fig. 1. Diagram of the umbral and penumbral regions formed due to the absorption of the 
solar wind by the moon. A sample orbit of Explorer 35 is shown, as are the regions of space 
where rapid fluctuations of the interplanetary magnetic field are observed. The direction of 
the electric field, necessary to maintain charge neutrality, is also indicated. 

tions are not observed in the solar wind umbra! 
core of the lunar shadow but appear to exist 
both upstream and downstream of the pen-
umbral shadow of the moon. Simultaneous 
plasma data were not available for correlative 
analysis, and it is assumed that the magnetic 
field magnitude anomalies [Colburn et al., 1967; 
Ness et al., 1967, 1968; and Taylor et al., 1968] 
indicate the location of the solar plasma umbra 
and penumbra. 

One condition necessary for the observation 
of these fluctuations is that the magnetic field 
line passing through the spacecraft must also 
pass through the lunar penumbral region. The 
spatial extent,· relative amplitude, -direction, and 
solar wind properties that favor the occurrence 
and observation of these fluctuations will be 
presented. 

ExPERIMENTAL OBsERVATIONs 

Simultaneous observations of the interplane-
tary magnetic field on March 26, 1968, by Ex-
plorers 33 and 35 are shown in Figure 2. While 
Explorer 33 is measuring the interplanetary 
magnetic field, Explorer 35 is in loose orbit 
about the moon. Observations on Explorer 33 
measure a rather steady field with magnitude 
6 y. The observations by Explorer 35 reveal 
the presence of an umbra! increase in field mag-

nitude and detectable decreases in the penum-
bral region identified, respectively, by + and -
signs on the magnitude plot. The average direc-
tion of the interplanetary magnetic field, the 
spacecraft orbit, and the direction to the earth 
are shown in the upper left-hand corner. At 
this time the satellite Explorer 33 is located 
at XBB = 27.3 Rs, Yss = 7.5 Rs, Zss = -4.5 
Rs, while Explorer 35 is located at Xss = 56.5 
Rs, Yss = -24.3 Rs, Zss = -3.4 Rs, SO that 
a separation of 43.2 Rs between the two space-
craft exists. These simultaneous data illustrate 
an important feature of cislunar space, namely, 
that on the average the interplanetary magnetic 
field is relatively uniform over this distance 
scale for time scales of 30 minutes or more. 

In Figure 3 are presented simultaneous obser-
vations of magnitude measurements at 5.11-
second intervals obtained by both spacecraft 
during the March 26, 1968, pass illustrated pre-
viously in Figure 2. Identified on the Explorer 
35 data are noisy and quiet regions of the 
magnetic field. The presence of a quasi-sinu-
soidal variation in the field magnitude on Ex-
plorer 35 is spurious and associated with the 
aliased spin period of the spacecraft and the 
incomplete removal of spin modulation associated 
with zero level and gain uncertainty of the two 
sensors transverse to the spin axis of the space-

[Ness and Schatten et al., 1969]
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verse to the average field direction. The noise 
regions represent relatively large amplitude per-
turbations where magnitudes of the transverse 
perturbations in interplanetary space increase 
by a factor of 1.4-1.7, whereas the longitudinal 
component 'is increased by an order of magni-
tude. In the very quiet umbra! core the trans-
verse and longitudinal perturbations are re-
duced by an order of magnitude from the 
undisturbed interplanetary medium. 

The spatial extent of rapid fluctuations ob-
served by Explorer 35 from July 1967 through 
July 1968 is shown in Figure 7. The position of 
the spacecraft where the field fluctuations were 
observed has been rotated above the moon-sun 
axis into the selenocentrie solar ecliptic plane. 
From this figure the extent of the fluctuating 
field region may be determined. It is seen that 
the disturbances are observed far from the moon 
both in the Y direction and also upstream of 
the wake. This indicates that the propagation 
velocity of these fluctuations has a component 
traveling perpendicular to the solar wind direc-
tion relatively fast as compared with the solar 
wind speed itself. The spatial extent of the dis-
turbances does not possess any shock wave 

appearance indicative of a convective phe-
nomenon associated with the solar wind flow 
past the moon. 

STATISTICAL STUDIES 

Histograms of the occurrence of noise as a 
function of the parameters DF A and DCA are 
shown in Figure 8. The data used in this figure 
were obtained from sequence averages over an 
interval of 81.8 seconds. The histograms of noise 
occurrence as a function of DF A illustrate a 
generally flat appearance out to approximately 
1 lunar radius and then a. rapid decrease. This 
graph substaritiates the hypothesis that the 
field fluctuations occur only on those field lines 
that pass through the spacecraft and the lunar 
plasma penumbra. In addition, there is only a 
slight increased occurrence of fluctuations with 
deeper umbra! penetration by the field lines. 
This supports the hypothesis that the noise is 
associated with those field lines that intersect 
the penumbra and is not associated with the 
umbra! core of the lunar wake. 

An important parameter that sh,ould be 
studied is the plasma {3 value and other micro-
scopic characteristics of the interplanetary me-
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Fig. 7. Spacecraft positions, when rapid fluctuations were observed, rotated about the Xss• 
axis into the X 8s.-Yss• plane. 
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DF A is the Distance to the extended field 
line From the X 888 Axis. 

DCA is the Distance along the field line from 
the spacecraft to the point of Closest 
Approach to the axis of the wake 
(DCA= Xsa- X.,). 

XW is the XssE coordinate of the position 
along the field line where the inter-
section with the theoretical lunar Wake 
occurs. 

DW is the Distance along the field line from 
the spacecraft to the lunar Wake surface 
intersection XW. Values of this quantity 
greater than 0 are defined to indicate 
that the spacecraft is upstream from 
the position where the field line crosses 
the wake (Xsc > XW), and conversely 
a negative value is indicative of a space-

2.9 
213 
1.7 

craft position that is downstream from 
the lunar wake intersect position (XW < 
Xsc). 

The above parameters will be used in the follow-
ing discussions of detailed passes and statistical 
analysis of the spatial occurrence of rapid fluc-
tuations. All distances will be in units of lunar 
radii. 

Figure 5 shows a series of three additional 
passes through the lunar wake in which obser-
vations of rapid field fluctuations were made by 
Explorer 35. Universal time and spacecraft 
position in selenocentric coordinates are tabu-
lated along each abscissa. In addition, the shaded 
regions indicate those times when the field line 
that passes through the spacecraft also threads 

. the lunar wake as defined by the criterion DF A 
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Fig. 5. Observations of field magnitude by Explorer 35 for 3 passes during April 25-27, 
1968. Universal time, selenocentric radius, and <f> angle are shown on the abscissa. The shaded 
regions are indicative that the field line that passes by the spacecraft threads the lunar 
wake region. The numbers above the abscissa represent the distance DCA. 

Low freq. fluctuation around wake edge

magnetic fluctuations < 5 Hz detected by Explorer 35 [Ness et al., 1967, 1968; Taylor et al., 1968] 
• on magnetic field lines which cross the lunar wake 
• slightly more transverse than longitudinal  
• extend up/downstream for >1000 km from the wake → travelling speed ≧ solar wind speed
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SELENE event 1

• ~100 km altitudes 

• in the solar wind (SW) 

• Alfven Mach number, MA ~ 8 

• polarized fluctuations  
<~0.01 Hz 

• from dayside ~SZA60°  
to outer wake 

• LH inbound to wake 

• RH outbound from wake

equator



SELENE event 2

• ~100 km altitudes 

• in SW 

• higher Mach number, MA ~ 16 

• polarized components <~0.1 Hz  
in disturbed field 

• from terminator to inner wake 

• LH inbound to wake 

• RH outbound from wake
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Table 1. Summary of features seen in hybrid simulations as a function of scale size of the 
obstacle. 

Dp Upstream Plasma 
Changes

Waves Magnetospheric features 

<<c/ pi None Whistler None
<c/ pi Some flow deflection, 

n increases, and v 
decreases at r>Dp

Whistler wake, 
fast and slow 
magnetosonic
waves at wake 
edges

Precursor of a plasma tail 

>c/ pi Pileup at r~Dp

Flow deflection, 
n, T, B increase, v 
decreases
Reflected ions 

Fast mode bow 
wave upstream 
Slow mode 
wake

Particle acceleration at 
dipole (Particle trapping at 
belts)
Tail with hot plasma 
Reconnection precursor 

>>c/ pi Flow modified and 
deflected at bow shock 
at r>>Dp

n, T, B increase, 
v decreases 
Magnetosheath

Bow shock Magnetopause, cusp 
Tail with plasma sheet 
Radiation belts 
Reconnection, leading to 
ion acceleration and 
magnetic island formation 

5. THE EFFECT OF THE SOLAR WIND INTER-
ACTION INSIDE THE MAGNETOSPHERE 

The processes occurring inside the magnetosphere are controlled at the 
Earth by the mass, momentum and energy that enter the magnetosphere from 
the solar wind. While approximations to these processes can be included in 
MHD and the hybrid codes, in general we still use models based on 
observation to treat these areas. Thus in this section we abandon the use of 
numerical simulation to illustrate processes. We use observational data to 
compare the circulation of the plasma in the Earth’s magnetosphere, which 
can to zeroth order be understood as due entirely to the solar wind 
interaction, with the circulation of the plasma in the jovian magnetosphere, 
which to zeroth order is independent of the solar wind interaction. 

Figure 14 shows the model of Dungey (1961; 1963) for how the solar 
wind drives magnetospheric convection, or the circulation of plasma, for two 
diametrically-opposite conditions: due northward IMF and due southward 
IMF. The northward IMF case has reconnection of oppositely-directed 
magnetic fields behind the cusp. If only magnetic tension were important, 
the flow would be across the polar cap toward the sun and magnetic flux and 

phase-standing whistler wake perturbation 
around the Moon has been also suggested 

[e.g., Halekas et al., 2006]

Shock/wake waves around obstacles

2-D grobal hybrid simulation [Russell et al., 2005]

26 C. T. Russell, X. Blanco-Cano, N. Omidi, J. Raeder, and Y. L. Wang

indicates the bending of the magnetic field around the obstacle. When Dp is 
very small (top) a whistler wave is created. The field is bent but there is no 
density perturbation. When Dp is larger but still less than an ion inertial 
length both a whistler mode wake and a magnetosonic mode wake are 
formed. This shows up in both the magnetic field and the density. 

When Dp is close to unity the interaction begins to produce some 
magnetospheric characteristics (Omidi et al., 2003). There is a fast mode 
wave that is the precursor to the magnetosheath and bow shock and a slow 
mode wave  in the center  of the tail that is the precursor  to the plasma sheet.  

Figure 9. Magnetic field component along the flow and the plasma density for four different 
hybrid runs of increasing obstacle size illustrating the cross scale coupling of kinetic and 
global scales. The simulations use a two-dimensional dipole field equivalent to that produced 
by two current carrying wires into the page. The box size is longer in the bottom two cases as 
indicated. Interplanetary magnetic field is northward. 

c/ωpi in SW ~ 100 km 
Dp at lunar magnetic anomalies ~ 10 km
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Fig. 1. Typical spatial distribution of field fluc- 
tuations near the moon. 

turbulent region, a distance z ~ Ve/o• where Ve 
is the electron thermal speed. Beyond this dis- 
tance the electrons phase mix away the memory 
of the turbulent region since electrons perturbed 
at many different times overtake each other 
and the fields produced by averaging over all 
these electrons become small. Thus. we may ex- 
pect to observe turbulence well away from the 
unstable sheath. 

The existence of this ballistic effect has been 
discussed theoretically for a variety of situa- 
tions [Landau, 1946; O'Neil and Gould, 1968; 
Krall and Tidman, 1969] and has been dem- 
onstrated experimentally [Maimberg et al., 
1968]. It is a mechanism entirely distinct from 
wave propagation. It gives local fluctuations 
whose frequency and wave numbers are deter- 
mined not by the dielectric properties of the 
plasma but by the fluctuation spectrum in the 
turbulent region. Arguments on observational 
grounds that wave turbulence plays a role 
downstream in the moon's wake have been 
given by Michel [1968a, b] and Ness [1965]. 

In the next section we describe the geometry 
of the situation, sketch the calculation of field 
fluctuations, and identify the ballistic effect. 
In the concluding remarks we give the size, 
polarization, and spatial extent of magnetic 
fluctuations that can arise from ballistic effects, 
and discuss briefly other characteristics that 
could be experimentally checked. 

CALCULATION OF BALLISTICALLY IN•)UCE•) 
FLUCTUATIONS 

The geometry of the problem we consider is 
shown in Figure 2. At the edge of the plasma 
cavity in the moon's wake (region I) large density 
gradients exist [Whang, 1968a, b]. The magnetic 
field fluctuations we are discussing are those 
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observed in region II (Figures i and 2). There is 
an extensive literature (see Krall, [1968] for a 
review), which shows that inhomogeneous regions 
such as I are universally unstable to low-fre- 
quency waves with frequencies 

eBo 

where M is the mass of the plasma ions. The 
most unstable modes are typically waves pro- 
pagating oblique to ]]0 with speeds below the 
Alfv•n speed and wavelengths whose component 
perpendicular to ]]0 is of the order of magnitude 
of the ion gyroradius 

V• 

where V• is the thermal speed of the ions. The 
wavelength parallel to B0 is generally longer 
than k. 

Because the solar wind velocity U0 is greater 
than either the Alfv•n speed, ion acoustic speed, 
or ion thermal speed, none of the low-frequency 
waves generated in region I are expected to 
travel upstream into region II. However, tur- 
bulence in region I will alter the velocity distri- 
bution of the reflected thermal electrons every- 

REFLECTED THERMAL 

ELECTRONS 
INTERPLANETARY 

B o PLASMA REGION IX. 

•z DRIFT-TURBULENCE 

Fig. 2. Configuration of the coordinate system 
used in calculation of the ballistic effects. 
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Equations 2 and 3 are now solved for the field 
amplitude •,• in terms of the boundary values 
at z - 0. These solutions have the general form 

•(•, •, •)•.•(•, •, •) 

(• - •) 
where D and G are f•ctions determined by the 
set of equations 2-3. The behavior of •(z) is 
then found by invert•g the Laplace transform 

•(•, •, z): • • e'•g•(•, •, •) (•) 
The value of the integral (5) is determ•ed by 

the poles of • in the complex K plane. There 
are two types of pole, one at the zeros of the 
dielectric function D(K, •), and the other at 
K • •/o•, with • to be then integrated over. 
The result can be written 

•(k •, z) d(d•)-i f G(•)f, (0) • •iK• dv 
• •- Ko•, 

+ fav •(•)f'(•' z: o, •, •) ,•. 
D k, o• '• 

where D(k, Ko, •) : 0 defines the eigenwave- 
number K•. 

The first of these two contributions to • 
represents plasma waves. The zeros of the plasma 
dielectric function D define the normal modes of 
oscillation of the plasma. In general K• will 
have a positive imaginary part in a stable plasma 
corresponding to a spatial decay of the waves 
by a generalized form of Landau damping away 
from the boundary. The second term is called 
'ballistic.' It consists of the memory of the 
bo•dary conditions imposed on the electrons 
at z: 0. This memory appears in the form of a 
perturbed distribution 

• • e'•/•.f•(o) 
which does not decay at large z, but becomes 
highly oscillatory, so that the fields that are 
proportional to 

f&• e'•'/•'A(0 ) 
vanish by phase mixing. The e•stence of these 
fields is well-documented [Hirshfield and J•ob, 
1968; Akxeff et al., 1968]. The memoryf• (0)e • • *•" 

persists until Coulomb collisions between par- 
ticles wash it away. 

In quiescent laboratory plasmas the question 
of which of the two contributions to E• in equa- 
tion 6 persists for the largest distance from the 
source at z - 0 is dependent on the parameters of 
the apparatus. In the case of the solar wind, 
however, the wave contribution propagates 
with the wave velocity that is not likely to be 
large enough to overcome the plasma flow. Thus 
for this case we shall only retain the second term 
of equation 6 in obtaining the field fluctuations. 
To simplify this ballistic effect we assume f0 - 
no(m/2T) 3•" exp -- mv"/2T so that 

Bx(k, •, z) 

-- --2ca• '" 0) 

-- 2c k'Ca9o ß 

B• • --• B,. 
For the types of z = 0 turbulence discussed 

at the start of this section this result can be 
summarized by (1) spatial decay in a scale 
•V./•, and (2) polarization of magnetic fluctu- 
ations with 

5B,: • ' •'•,-o (S) 
where V, is the electron thermal speed and • 
and [• refer to B0. Typically •/k is of the order 
of the gradient drift speeds in region I, which is 
much smaller than V,. Thus we expect $Bx > 
$B•. 

There are two basic ideas in the work presented 
here. The first is a very general one, that field 
fluctuations can be due not to local instability 
but to particle distributions that arrive at a 
point z with a memory of an initial perturbation 
at z = 0; the fields due to these ballistic effects 
may sometimes dominate fields due to plasma 
waves, which also transmit ener• away from a 
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at the start of this section this result can be 
summarized by (1) spatial decay in a scale 
•V./•, and (2) polarization of magnetic fluctu- 
ations with 

5B,: • ' •'•,-o (S) 
where V, is the electron thermal speed and • 
and [• refer to B0. Typically •/k is of the order 
of the gradient drift speeds in region I, which is 
much smaller than V,. Thus we expect $Bx > 
$B•. 

There are two basic ideas in the work presented 
here. The first is a very general one, that field 
fluctuations can be due not to local instability 
but to particle distributions that arrive at a 
point z with a memory of an initial perturbation 
at z = 0; the fields due to these ballistic effects 
may sometimes dominate fields due to plasma 
waves, which also transmit ener• away from a 

Ballistic effect

[Krall and Tidman, 1969]

plasma waves ballistic effects

• field fluctuations can be carried upstream from  
the wake edge by reflected thermal electrons along B0 

• no relevance to wave propagation  
& local instabilities 

• ω/k ~ Vdrift ≪ Ve → δB⊥ > δBǁ



Summary

1. We revealed that polarizations of low freq (<~0.01 Hz) magnetic 
fluctuations observed around the Moon and upstream of the lunar 
wake are determined by the spacecraft velocity: Vsc,x<0 → RH, 
Vsc,x>0 → LH. 

2. This fact indicates that their phase velocity in the Moon frame is 
smaller than the spacecraft velocity and they are R-mode in plasma 
frame, i.e., they are phase-standing whistlers. 

3. They are possibly whistler wake perturbations generated around the 
magnetic anomalies and/or ballistic fluctuations carried by electrons.


