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GEOTAIL observation of upstream ULF waves associated with lunar wake
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Left-handed, circular polarized ULF waves with frequency of 0.3–1.1 Hz were detected by GEOTAIL at 27 lunar
radii upstream of the moon when the spacecraft was magnetically connected with the lunar wake. The wave was
detected twice at 16:45–17:00 and 18:55–19:02 on October 25, 1994, when the spacecraft and the moon were on
the dawn side of the Earth’s magnetosphere. The ULF wave was propagating in a direction nearly parallel to the
background magnetic field. The observed frequency and polarization are explained by reversal of polarization of
right-handed, sunward-propagating electron whistler waves with frequencies above 1.4 Hz in the solar wind frame
of reference, which were excited through the interaction with electron beams flowing in anti-sunward direction
downstream of the lunar wake. The downstream flow of electron beam is explained by filtering effect of the
potential drop at the boundary of the lunar wake. Low-energy components of electrons are reflected back by the
potential drop, and the rest components, with energies higher than that of the electric potential penetrate through
the wake. The velocity distribution of downstream electrons would be modified to have some bump or shoulder
in energy range to form a beam, which is likely to excite whistler mode wave through cyclotron resonance. The
lowest energy of the resonant electrons was calculated to be 0.96–2.5 (keV) from the lower boundary of the detected
frequency. The variation in the lowest frequency suggests that there are some regions of the lunar wake where
potential drop is reduced.
Key words: Lunar wake, ULF wave in the solar wind, whistler mode wave, wake potential structure, cyclotron resonance.

1. Introduction
The lunar wake is a plasma cavity in the solar wind left

on the anti-solar side of the moon as the solar wind parti-
cles were absorbed by the body of the moon (Schubert and
Lichtenstein, 1974). The magnetic and plasma fluctuations
characteristic of the lunar wake were extensively examined
by Explorer 35 (Nesset al., 1968). The magnitude of the
magnetic field was found to increase in the umbra, and an
alternating pattern of increase and decrease was observed in
the penumbra region. In addition to the magnetic structure,
rapid fluctuation in magnetic field was observed in the vicin-
ity of the wake when Explorer was magnetically connected
to the lunar wake (Ness and Shatten, 1969).

The knowledge on the lunar wake has been refined by
WIND spacecraft with its high-time resolution magnetic
field and plasma experiments. WIND traversed the lunar
wake at∼6.8 lunar radii downstream of the moon and ev-
idenced that the wake extended to that distance (Owenet al.,
1996). The magnitude of the magnetic field was enhanced in
the shadow region and depressed just outside of the shadow.
The plasma density was reduced from ambient solar wind
value down to 0.5 (cm−3) (Ogilvie et al., 1996, Bosquedet
al., 1996). Ogilvieet al. (1996) also showed the presence of
field-aligned, cold ion beams refilling the lunar cavity, which
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were accelerated by an electric field of the order of 2× 10−4

(V/m).
Prior to the entry into the lunar wake, the WIND space-

craft detected precursor ULF waves and energetic electron
flows (Farrellet al., 1996). The ULF activity occurred up-
stream of the wake on field lines connected to the wake
penumbra. The observed frequencyωO BS varied stepwise
depending on the abrupt change in the solar wind velocity
VSW . Farrell et al. (1996) used a couple ofωO BS corre-
sponding to two different values ofVSW to obtain the an-
gular frequencyω � −12 (rad s−1) and the wave number
k � 6 × 10−5 (m−1) in the solar wind frame, and concluded
that the wave was a whistler mode wave. They estimated the
energy of electrons that might be resonant with the whistler
mode waves. The energy of the resonant electrons was cal-
culated to be 500–1500 (eV), while simultaneous observa-
tion of electrons showed the presence of counterstreaming
component at 442 (eV). Thus they suggested that electron
beams reflected at the lunar wake were responsible for the
generation of the whistler mode waves. Futaanaet al. (2001)
showed an enhancement of such backstream electrons in a
velocity range below 13000 (km s−1) which suggests an ac-
celeration of electrons by a potential drop of 475 (V).

In this paper, we report upstream ULF waves of 0.5–1.2
Hz detected by GEOTAIL at 27 lunar radii upstream of the
moon on October 25, 1994, when the spacecraft and the
moon were both on the dawn side of the Earth’s magneto-
sphere as shown in Fig. 1. The waves were observed twice at
16:45–17:00 and 18:38–19:02, when the interplanetary mag-
netic field line connected the moon and the spacecraft.
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Fig. 1. The positions of the moon and the GEOTAIL in geocentric solar ecliptic coordinates during the period from October 24 (DOY 298), 1994 to
October 26 (DOY 300), 1994, with projections of model bow shock and magnetopause surface. Both the moon and GEOTAIL were in the dawnside of
the Earth. The original figure was adapted from ISTP Spacecraft Orbit Plots (http://www-istp.gsfc.nasa.gov/orbits/).
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Fig. 2. The dynamic spectrum of the IMF Bz component during the period from 16:20 to 17:10 on October 25, 1994. The wave activity associated with
lunar wake was observed between 0.3 to 1.1 Hz during the period from 16:45 to 17:00. Each spectrum was calculated for each 1 minute period, except
for the 26 second period 16:53:00–16:53:26 which was shortened by the data gap 16:53:26–16:53:41.

2. Observation
The magnetic field data used in this analysis were ob-

tained by GEOTAIL/MGF instrument (Kokubun et al., 1994)
at a sampling rate of 16 vectors/second. The 3 components
and the magnitude of the magnetic field were Fourier trans-

formed every 1 minute. Figure 2 shows a dynamic spectrum
of the IMF Bz component in the GSE coordinate system ob-
served on October 25, 1994. During the period from 16:45
to 17:00, an enhancement of wave activity was found in a
frequency range from 0.3 to 1.1 Hz, in addition to the low
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Fig. 3. The spectra of the magnetic fluctuations in (a) unperturbed solar wind obtained from 16:21 to 16:22, October 25, 1994, and (b) the ULF wave
associated with the lunar wake, obtained from 16:51 to 16:52, October 25, 1994.
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Fig. 4. The second example of the ULF wave encountered by GEOTAIL during the period from 18:55 to 19:02 on October 25, 1994. There was a wave
activity between 0.3 and 1.1 Hz with a clear cut off at the upper boundary. Similar but less clear fluctuation was observed during the period from 18:38
to 18:48.

frequency ( f < 0.3 Hz) wave activities which are often ob-
served in the solar wind.

Figure 3 compares the spectra of (a) the magnetic fluctua-
tion in unperturbed solar wind, and (b) the ULF wave activity
associated with the lunar wake. The frequency range of the
wave activity in Fig. 3(b) shows a clear upper cutoff at 1.1

Hz. The lower boundary seem to be at around 0.3 Hz, but it
is less clear.

Figure 4 shows another example of the ULF wave encoun-
tered by GEOTAIL during the period from 18:55 to 19:02 on
October 25, 1994; there was a wave activity in a frequency
range 0.3–1.1 Hz, again with a sharp upper cutoff at 1.1 Hz.
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Fig. 5. Magnetic connection between the lunar wake and GEOTAIL. The 3-second magnetic field vectors only for the periods from 16:45 to 17:00 or from
18:55 to 17:02, are represented by straight lines if they crossed the modeled wake within 40 RL of the moon. The shaded area indicates the model lunar
wake represented by a cylinder whose radius is the same as that of the moon, with an axis extends in the direction of the real-time solar wind behind the
moon. (a) A meridional view. (b) An ecliptic view with the Sun on the left hand side.

The lower boundary which was higher than 0.7 Hz at the be-
ginning of the event decreased gradually to be as low as 0.3
Hz at 18:57 in the middle of the duration of the wave activ-
ity, then it turned to increase to become higher than 1 Hz at
the end of the event. The upper boundary of the frequency
range remained the same. Similar feature was observed in
the previous case given in Fig. 2.

Preceding the event, there is another wave activity at
around 1 Hz during the period from 18:38 to 18:48. It also

had upper cutoff at 1.1 Hz and similar signature in spectrum,
but less clear.

The ULF waves were observed at 27 lunar radii upstream
of the moon in the solar wind. The spacecraft did not enter
the lunar wake itself, but was magnetically connected to the
wake. Figure 5 shows the position of GEOTAIL with respect
to the moon, the model lunar wake (the shaded area), and
the magnetic field lines which connected the wake and the
spacecraft. The position and the magnetic field are given in
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Fig. 6. An example of waveforms of the ULF waves in minimum variance coordinates. From top to bottom, the components along the direction of
maximum, intermediate and minimum variance, and the magnitude of the magnetic field. No filter is applied after the magnetic field vector was sampled
at 16 Hz.

selenocentric solar ecliptic coordinates, and the Sun is on the
left hand side of Fig. 5. The magnetic field was stable and the
average was (−5.8, 1.8, 0.7) (nT) for the period 16:45–17:00
and (−6.0, 2.6, 0.4) (nT) for 18:55–19:00. The lunar wake
is modeled with a cylinder whose radius is the same as that
of the moon, with an axis extending downstream by 40 lunar
radii from the center of the moon in the direction of the solar
wind. The magnetic field lines are linearly extrapolated to
see if they intersect the model lunar wake. It should be noted
that the extrapolated field lines also intersected the Earth’s
bow shock throughout the half-day period 12:00–24:00 of
October 25, 1994 displayed.

Figure 5 tells us that the magnetic field lines connected
the spacecraft with the lunar wake. The magnetic connec-
tion allowed the upstream propagation of the ULF waves as-
sociated with the lunar wake. On the other hand, the mag-
netic connection is not the only condition for detection of
the ULF wave. The magnetic field lines often connected
the spacecraft with the lunar wake during the period from
12:00–24:00, but the ULF waves were detected in short, lim-
ited periods of 15, 10 or 5 minutes described above. ULF
waves were often absent even when GEOTAIL was magneti-
cally connected to the wake. The intermittent detection of the
wave activity suggests that some other condition is required
for the wave to be accessible from GEOTAIL.

Figure 6 shows an example of waveforms of the 16 Hz
magnetic field data for 1 minute period of the ULF wave. No
bandpass filter was applied after the sampling. Note the en-
hancement of fluctuation with a frequency around 1 Hz. The
amplitude of the fluctuations in transverse components Bmax

and Bmed in the direction of maximum- and intermediate-
variance were larger than that of the magnitude B of the
magnetic field, suggesting that the waves were propagating
nearly parallel to the magnetic field.

The direction of the wave normal of the 1-Hz ULF wave
was calculated by minimum variance analysis (Sonnerup and
Cahill, 1967) applied every 1 minute. As the value of mid-
to minimum eigenvalue ratio (λmed/λmin) was larger than
2.5, we are confident that the direction was determined with
sufficient accuracy (Lepping and Behannon, 1980). Figure 7
shows the angle between the background magnetic field and
the wave number vector. During the period from 16:45 to
17:00, the angle was on average as small as 10 degrees,
indicating that the wave was propagating nearly parallel to
the magnetic field. The situation was the same for the other
cases; the angle between the wave number vector and the
background magnetic field was less than 14 degrees during
the periods from 18:55 to 19:01, and from 18:38 to 18:46.

The magnetic fluctuation of the ULF wave was found to
be left-hand polarized with respect to the background mag-
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Fig. 7. The angle between the background magnetic field and the wave
number vector of the 1-Hz ULF wave calculated by minimum variance
analysis applied every 1 minute. The angle remained as small as 10 de-
grees, although there were occasional excursions to 33 degrees at maxi-
mum.

netic field in the spacecraft frame of reference, i.e., rotating
in the opposite direction of the gyration of electrons. Fig-
ure 8 shows an example of the hodogram of the magnetic
field in minimum variance coordinates. Left-handed, circu-
lar polarization is clearly seen. Throughout the periods of
16:45–17:00 and 18:55–19:02, the ULF waves showed left-
hand polarization.

3. Resonance Condition between the ULF Wave
and Electrons

3.1 Summary of observations
The properties of the ULF waves detected by GEOTAIL

upstream of the lunar wake are summarized as follows:

i) The frequency ranged from 0.3 to 1.1 Hz with sharp
upper boundary.

ii) The ULF wave propagated in a direction nearly parallel
to the background magnetic field.
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Fig. 8. A hodogram of the magnetic field during a 3 sec period from 16:47:27.9 to 16:47:31.0 sampled at 16 Hz, displayed in minimum variance coordinates
determined for 1-minute period from 16:47:00 to 16:48:00. The direction of the background magnetic field was approximately from back to front side
of the paper, B0 ∼ (6.2, 0.7, 0.1) (nT) in minimum variance coordinates. Left-hand polarization was detected throughout the period of enhanced ULF
wave.

iii) The ULF wave was left-hand polarized as measured in
the spacecraft frame of reference.

iv) The ULF waves were detected when GEOTAIL was
magnetically connected to the lunar wake, although the
wave activity often disappeared in the same configura-
tion of the magnetic field.

v) The lower boundary of the frequency of the ULF waves
was variable and it was lowest in the middle of each
event.

3.2 Polarity reversal of sunward-propagating waves
The ULF wave was detected by GEOTAIL upstream from

the moon only when the magnetic field connected the space-
craft and the lunar wake. It suggests that the wave was prop-
agating away from the wake along the magnetic field line
toward the Sun against the solar wind flow. As Fairfield
(1974) suggested concerning the upstream wave from the
bow shock, the most probable candidate for such ULF wave
is the whistler mode, since it has a group velocity greater
than the solar wind velocity. The whistler mode wave is
right-hand polarized in the frame of the solar wind plasma,
however, waves observed by a spacecraft undergo a Doppler
shift to be detected at an angular frequency

ωO BS = ω + kVSW (1)

by a spacecraft in a rest frame, where ω and k are the angular
frequency and wave number vector in the solar wind frame
of reference, respectively, and VSW is the solar wind velocity
with respect to the spacecraft. The observed frequency ωO BS

turns to be negative when k is in the upstream direction and
|kVSW | is larger than ω, indicating that the observed polarity
is reversed.

For the case presently analyzed, the solar wind velocity
VSW was (−501, 25, 6) (km s−1) and the direction of k
was k

|k| ∼ (0.92, −0.35, −0.13) for 16:50–16:51, thus it
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Table 1. Polarization detected at GEOTAIL for combinations of polarization and orientation of k vector in solar wind frame.

In solar wind frame In GEOTAIL frame Remark

Polarization k ωO BS Polarization to be detected

right-hand
(electrons)

sunward ω − |kVSW | left-handed if ω < |kVSW |
right-handed if ω > |kVSW |

OK
NG

anti-sunward ω + |kVSW | right-handed NG

left-hand
(ions)

sunward ω − |kVSW | right-handed if ω < |kVSW |
left-handed if ω > |kVSW |

NG
prohibited

anti-sunward ω + |kVSW | left-handed inaccessible

Table 2. Cycrotron resonance with electrons.

Wave in solar wind frame

Polarization k Electron beam Resonance condition

right-hand
(electrons)

sunward
ω <

|kVSW |

sunward
(kVB E AM > 0)

ω − |kVB E AM | − |kVSW | = n
e

n < 0, opposite to electron cycrotron
motion

anti-sunward
(kVB E AM < 0)

ω + |kVB E AM | − |kVSW | = n
e

n > 0 if
|kVB E AM | > |kVSW | − ω


e: electron cycrotron frequency

was possible that a right-hand wave in the solar wind frame
was observed as a left-hand polarized wave in the GEOTAIL
frame only if the phase speed was smaller than 470 (km s−1).

Table 1 lists possible combinations of polarization and
orientation of wave number vector k of candidate waves in
the solar wind frame, together with resulting frequency ωO BS

and polarization as seen from GEOTAIL. The detection of
left-hand polarized wave is explained by

i) sunward-propagation of right-hand polarized wave
whose phase speed was lower than the solar wind ve-
locity component along the wave vector,

ii) sunward-propagation of left-hand polarized wave
whose phase speed was higher than the solar wind ve-
locity component along the wave vector, or

iii) anti-sunward propagation of left-hand polarized wave.

The second candidate is improbable because no left-hand
wave is allowed to exist in that frequency range. According
to Eq. (1), the frequency in the solar wind frame ω = ωO BS−
kVSW = ωO BS + |kVSW | becomes larger than the observed
frequency ωO BS = 2.5–7.5 (rad s−1 ), which is much higher
than the ion cyclotron frequency 
i = 0.6 (rad s−1) for the
background field |B| ∼ 6.2 (nT) for this case. In the plasma
wave theory, no left-hand polarized wave is allowed to exist
in the frequency range 
e > ω > 
i .

The last candidate is inaccessible from GEOTAIL unless
the wave is generated upstream of the spacecraft.

Thus the most probable explanation of the detection of
left-handed wave is reversal of polarization of the sunward-
propagating waves which are right-hand polarized in the so-
lar wind frame.

The reversal of the polarization does not occur unless the
wave propagates against the solar wind. Thus the wake-

related ULF waves with left-hand polarization must be ob-
served only in upstream of the lunar wake.
3.3 Resonance condition for electron beams

In order that the sunward-propagating wave become reso-
nant with gyrating electrons, the electric field in the electron
frame of reference must be right-hand polarized. Table 2
summarizes the resonance condition between right-hand po-
larized waves and electrons that can account for the left-hand
polarization in the GEOTAIL frame of reference.

As recognized in Table 2, the resonant electron beam
must flow downstream in the solar wind stream. For such
electrons, the resonant condition with sunward-propagating
wave is

ω + |kVB E AM | − |kVSW | = n
e (n = ±1, ±2, ±3, ...)

(2)
where the harmonic number n becomes positive if
|kVB E AM | > |kVSW | − ω. It is easily satisfied by electrons
whose speed is larger than the difference between the solar
wind speed and the phase speed of the whistler mode wave.
Assuming n = 1, the energy of the electron beam is obtained
from

|kVB E AM | = |kVSW | − ω + 
e. (3)

By substituting Eq. (1), we can rewrite Eq. (3) as

|kVB E AM | = −ωO BS + 
e. (4)

On the other hand, Farrell et al. (1996) suggested cy-
crotron resonance of whistler mode waves with reflected
electrons, but the resonance condition for sunward flowing
electrons with sunward-propagating wave in the solar wind
frame of reference is

ω−|kVB E AM |−|kVSW | = ωO BS −|kVB E AM | = n
e. (5)



576 T. NAKAGAWA et al.: UPSTREAM ULF WAVES ASSOCIATED WITH LUNAR WAKE

Fig. 9. A schematic illustration of velocity distribution function of electrons modified by the presence of the lunar wake. Low-energy components are
reflected back by the potential difference at the boundary of the wake, whereas high-energy components that can overcome the potential difference pass
through the lunar wake into the downstream solar wind, where they undergo resonant interaction with waves.

As evidenced by the polarity reversal, ωO BS is negative, thus
n in Eq. (5) becomes negative, indicating that the wave is ro-
tating in the opposite direction of cycrotron motion of elec-
trons when observed from electrons moving sunward at a ve-
locity VB E AM . That is, the reflected electrons outstrip the
upstream-propagating wave and observe left-hand polarized
field. Thus effective energy exchange is not expected be-
tween the sunward-propagating wave and reflected electrons
propagating in sunward direction.
3.4 Anti-sunward streaming electron beams

The electron beam flowing downstream in the solar wind
does not conflict with the idea of reflection of electrons at
the boundary of the lunar wake. Figure 9 illustrates the idea.
Low-energy components of electrons are reflected back by
the potential drop at the lunar wake, and the rest components,
with energies higher than that of the electric potential at the
boundary of the lunar wake, penetrate through the wake into
the downstream solar wind, where they are coupled with the
sunward-propagating wave. The lunar wake behaves like a
filter that percolates only high-energy electrons. The velocity
distribution of downstream electrons would be modified to
have some bump or shoulder, which is likely to cause some
beam driven instability.
3.5 Resonance with whistler mode waves

The energy of resonant electrons as well as the frequency
and wave number of the resonant wave are obtained from
Eqs. (1) and (3) combined with the dispersion relation for
the whistler mode wave

ck

ω
= ωpe√

ω(
e cos θ − ω)
, (6)

where c is the speed of light, ωpe ≡
√

neq2

meε
= 2π×

18 (kHz) is the plasma frequency deduced from
the frequency of Langmuir wave detected by GEO-
TAIL/PWI instrument (Matsumoto et al., 1994,
http://www.kurasc.kyoto-u.ac.jp/gtlpwi),

e ≡ q B0

me
= 2π × 174 (Hz) is the electron cyclotron

frequency calculated from the mass me of electrons, the unit

charge q, and the magnitude of the background magnetic
field B0 = 6.2 (nT). The angle θ between the wave number
vector k and the background magnetic field B0 was small
for the present cases.

Figure 10 illustrates the dispersion curve (6) for parallel
propagation θ = 0 and the condition (3) for the electron cy-
crotron resonance. In the ω-k diagram, Equation (3) appears
as a straight line

ω = 
e − (VB E AM cos θke − VSW cos θkS) k (7)

with a negative inclination −(VB E AM cos θke − VSW cos θkS),
where θke is the angle between the wave number vector k
and the beam velocity VB E AM , and θkS � 20◦ is the angle
between k and the solar wind velocity VSW . As the wave
number vector k was almost aligned with B0, the angle θke

is thought to be small under the assumption that the elec-
tron beam was nearly aligned with the background field B0.
The inclination of the line of Eq. (7) is negative, because
VB E AM cos θke is supposed to be larger than VSW cos θkS . In-
deed, Farrell et al.(1996) estimated the energy of the reso-
nant beam to be 500–1500 (eV) which corresponds to 1.3
×107 – 2.3 ×107 (m s−1), while VSW was 5.0 ×105 (m s−1).
The inclination becomes steeper as the electron beam be-
comes faster.

The cyclotron resonance occurs at the intersection of the
dispersion curve and the negatively-inclined straight line (7)
in Fig. 10. Around the resonant point, the group velocity
Vg = ∂ω

∂k is larger than the phase velocity Vph = ω
k . The

resonant wave is detectable from GEOTAIL when the group
velocity is fast enough to propagate upstream against the
solar wind flow

VSW < Vg cos θkS, (8)

and the detected polarity becomes left-hand if ω < |kVSW | ,
that is,

Vph < VSW cos θkS. (9)

The inequality (8) gives the lower limit of ω, while the in-
equality (9) gives the upper limit of ω. In Fig. 10, the reso-
nant wave must be on the dispersion curve between the two
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 Vph = Vsw cos θ ks 

 Vg cos θ ks   = Vsw 

 parallel propagation θ = 0

    0 

     e Ω

ω

 k 

ω OBS (low) 
ω OBS(high)

 fast beam
 slow

 beam

Fig. 10. A schematic illustration of the dispersion curve (6) and the condition (3) for the electron cyclotron resonance of n = 1 which appears as straight
lines with negative inclinations −(VB E AM cos θke − VSW cos θkS). The inclination becomes steeper as the electron beam becomes faster. The light
line represents a slow beam. The resonance occurs at the intersection of the dispersion curve and the negatively-inclined line. The resonant wave then
undergoes a Doppler shift according to Eq. (1), represented by the lines with positive inclinations VSW cos θkS , and detected by a spacecraft at an angular
frequency ωO BS . Because of the polarization reversal, large ω in the solar wind frame is detected as small |ωO BS | in GEOTAIL frame of reference.
Dashed lines are drawn to indicate the upper limit of ω where Vph = VSW cos θkS and the lower limit where Vg cos θkS = VSW .

dashed lines representing the boundaries of the inequalities
(8) and (9).

By substituting the observed parameters VSW = 502 (km
s−1) and cos θkS = 0.94 into the inequalities (8) and (9), we
can estimate the range of ω and k of the resonant wave as

0.82 × 10−2
e < ω < 2.7 × 10−2
e (10)

and

9.4(

e

c
) < k < 17(


e

c
), (11)

which correspond to frequency of 1.4–4.7 Hz and wave-
length of 100–180 (km).

From the range of ω and k thus obtained, we can estimate
the inclination of the line of Eq. (7) in Fig. 10. The line of
Eq. (7) connects a point (k, ω) on the dispersion curve in the
range described above and the point (0, 
e), the inclination
of the line is obtained as

0.057c < (VB E AM cos θke − VSW cos θkS) < 0.10c, (12)

which results in the energy of the resonant electron beam
1
2 mV 2

B E AM of the order of 0.82–2.5 (keV). Much faster
electrons out of this range may be in resonance with whistler
mode wave, but such wave cannot be detected by GEOTAIL
because its group velocity is too small to propagate against
the solar wind stream.
3.6 Upper boundary of the observed waves

The resonant wave should be observed at an angular
frequency ωO BS determined by Eq. (1), which appears as
a straight line with a positive inclination VSW cos θkS in

Fig. 10. Figure 11 shows a close-up of Fig. 10 for the pa-
rameters observed. Because of the polarity reversal, the up-
per limit of the observed frequency |ωO BS| corresponds to
the lower limit of ω determined by the condition (8) for the
group velocity Vg . By substituting ω = 0.82 × 10−2
e and
k = 9.4(
e

c ) into Eq. (1), the upper limit of |ωO BS| is calcu-
lated to be 1.1 Hz, which agrees with the observation.

The lower limit of ω depends only on the dispersion curve
(6) and the condition (8), the upper boundary of the observed
frequency |ωO BS| remains the same as far as the solar wind
condition represented by 
e, ωpe, VSW and the angle θkS

remains unchanged. Actually the solar wind condition was
almost constant as recognized in Fig. 12. This is the reason
why the upper boundary of the observed frequency ωO BS

was constatnt while the lower boundary was variable.
3.7 Lower boundary of the observed waves

On the other hand, the lower limit of the observed fre-
quency |ωO BS| was higher than that expected from the in-
equality (9) as recognized in Fig. 11. The upper dashed line
represents the inequality (9) which results in |ωO BS| ∼ 0,
while minimum value of the observed angular frequency
ωO BS(minimum) deviated significantly from 0. Rather, it is
considered that the lower limit of the observed frequency
|ωO BS| is controlled by the lower limit of the energy of the
resonant electrons.

We can estimate the lowest energy of the resonant elec-
trons by using the lowest frequency |ωO BS|. The light line
in Fig. 11 represents Eq. (1) with lowest |ωO BS| of 0.3 Hz
detected in the middle of each event. The line intersects the
dispersion curve at (k, ω) = (15.7
e

c , 2.3 × 10−2
e), thus
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Fig. 11. The dispersion curve for the observed parameters ωpe

e

= 103, θ = 0, VSW = 502 (km s−1) and cos θkS = 0.94, together with the lines
representing Eq. (1). The light line indicates the wave detected at lowest frequency |ωO BS |, and the thick line indicates the wave detected at highest
frequency |ωO BS |. The dashed lines with inclinations VSW cos θkS (upper) and VSW / cos θkS (lower) intersect the dispersion curve at the upper and
lower limits of frequency range, respectively.
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Fig. 12. The solar wind condition on October 25, 1994, for the periods of detection of the wake-related ULF waves. From top to bottom: the magnitude
|B| and solar ecliptic angles φB, θB of the interplanetary magnetic field, ion number density N , ion temperatude Ti, the magnitude |V | and direction φV,
θV of the solar wind bulk velocity. The original figures were created by the DARTS system at ISAS, Japan.

the lowest energy of the resonant electrons is calculated to
be 0.062c, which corresponds to 0.96 (keV).

At the beginning and the end of each event, the lower
boundary of |ωO BS| was as high as the upper boundary. It
indicates that the the lowest energy of the resonant electrons

was as high as 2.5 (keV). When the lowest energy of the res-
onant electrons became higher than that, the resonant wave
became inaccessible to GEOTAIL as the group velocity was
too small to propagate upstream against the solar wind flow.
This is the way how the ULF fluctuations disappeared from
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GEOTAIL

Fig. 13. A schematic illustration of spatial variation of potential structure of the boundary of the lunar wake (not in scale). In most parts of the wake
boundary, the potential difference is large enough to reflect low-energy electrons, but in some areas, the potential drop is reduced, and some components
of lower energy electrons can pass through the lunar wake and undergo resonant interaction with whistler mode waves with a group velocity large
enough to propagate upstream against the solar wind. GEOTAIL detects the resonant wave intermittently, depending on which part of the wake the
spacecraft was magnetically connected.

Table 3. Cycrotron resonance with ions.

Wave in solar wind frame

Polarization k Ion beam Resonance condition

left-hand
(ions)

anti-
sunward

sunward ω + |kVB E AM | + |kVSW | = n
i

n > 10, improbable

anti-
sunward

ω − |kVB E AM | + |kVSW | = n
i

not accessible from GEOTAIL


i : ion cycrotron frequency

the GEOTAIL observation during the period of stable solar
wind.

The lowest energy of the resonant electrons is thought to
be equal to the potential drop of the lunar wake. That is, the
potential drop was smallest in the middle of each event, and
higher at the beginning and the end of the events.

4. Discussion
4.1 Variation in potential drop of the wake

The variation in the lower boundary of |ωO BS| is not due to
variations in the solar wind parameters. A variation in solar
wind speed VSW would cause variations in both upper and
lower boundaries of the wave activity as reported by Farrell
et al. (1996). For the cases presently analyzed, the solar wind
was actually stable (Fig. 12) and only the lower boundary of
|ωO BS| varied with upper boundary unchanged.

Figure 10 shows that the lower limit of the observed fre-
quency |ωO BS| depends on the lowest energy of the resonant
electrons, and thus the potential drop of the lunar wake. The
fact that the lower limit of the observed frequency |ωO BS|
was lowest in the middle of each event indicates that the po-
tential drop of the lunar wake was lowest in the middle of
each event. At the beginning and the end of each event, the
lower limit of |ωO BS| was higher, and the potential drop was

larger. It indicates that there was a spatial variation in poten-
tial structure of the lunar wake. Figure 13 illustrates the idea.
On most of the wake boundary, the potential difference was
large enough to reflect low-energy electrons. Only high en-
ergy components of electrons can pass through the wake and
coupled with whistler mode waves at relatively smaller fre-
quency around which the group velocity is not very fast, thus
the resonant waves cannot propagate against the solar wind
stream. In such areas of the wake boundary, there must be
some area where the potential difference was small enough
for lower energy electrons to pass through to undergo reso-
nant interaction with whistler mode waves whose group ve-
locity was large enough to propagate upstream of the solar
wind. The orbital motion of GEOTAIL caused a change in
geometry of magnetic connection to the wake; the resonant
wave was observed intermittently when the spacecraft was
connected to the region of reduced potential barrier.
4.2 Testing possibility of ion cyclotron resonance

In Section 3.2 we assumed that the ULF waves were right-
handed whistler mode in the solar wind frame. Here we re-
examine one of the other candidates. As the ULF waves were
observed upstream of the Earth’s bow shock, there is a pos-
sibility that ions reflected at the bow shock traveled far up-
stream from GEOTAIL, where they might excite waves. Ta-
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ble 3 summarizes the resonance condition for ion beams that
can account for the left-hand polarization in the GEOTAIL
frame of reference. In this case, the wave must propagate
downstream in the solar wind, kV̇SW > 0 as summarized in
Table 1. For sunward streaming ions with a velocity VB E AM

in GEOTAIL frame of reference, the resonance condition
with anti-sunward propagating, left-hand polarized wave in
the solar wind frame of reference is

ω + |kVB E AM | + |kVSW | = n
i , (13)

where 
i is the ion cyclotron frequency. By substituting
Eq. (1), Equation (13) becomes

ωO BS + |kVB E AM | = n
i . (14)

The observed frequency was 1.1 Hz while the ion cyclotron
frequency was 0.09 Hz, the number n in Eqs. (13) and (14)
becomes more than 12. It is not likely that energy was
effectively exchanged between waves and particles through
a resonant interaction with such a large n.

On the other hand, if we think of ion beams flowing down-
stream, the resonant condition

ω − |kVB E AM | + |kVSW | = n
i (15)

can be satisfied with small n by significant velocity VB E AM

of ions, but in such case, the resonant wave would be excited
and propagate downstream of the bow shock, and is com-
pletely inaccessible to GEOTAIL.

Thus, the left-hand polarized ULF waves as detected by
GEOTAIL cannot be explained by cyclotron resonance of
left-handed wave with ions reflected by the bow shock.

5. Summary and Conclusions
ULF waves were detected by GEOTAIL at 27 lunar

radii upstream of the moon, when the spacecraft was mag-
netically connected with the lunar wake. The frequency
ranged from 0.3 to 1.1 (Hz) with sharp upper bound-
ary. The ULF wave was propagating in a direction nearly
parallel to the background magnetic field, and was left-
hand polarized as measured in the spacecraft frame of ref-
erence. The wave is explained by reversal of polariza-
tion of right-handed, sunward-propagating electron whistler
waves, excited through electron-cyclotron resonance with
downstream-flowing electron beams. The downstream flow-
ing electrons result from a filtering effect of the lunar wake.
Low-energy components of electrons are reflected back by
the potential drop at the lunar wake, and the rest compo-
nents, with energies higher than that of the electric poten-
tial at the boundary of the lunar wake, penetrate through the
wake into the downstream solar wind. The velocity distri-
bution of downstream electrons would be modified to have
some bump or shoulder to form a beam, which is likely to
excite whistler mode wave through cyclotron resonance. The
upper limit of the observed frequency was determined from

the condition that the wave can propagate upstream against
the solar wind. The lower boundary of the observed fre-
quency indicates the lowest energy of the resonant electrons
which ranged from 0.96 (keV) to 2.5 (keV). The lowest en-
ergy of the resonant electrons is a measure of potential bar-
rier at the boundary of the lunar wake. The variation in the
lowest frequency suggests that there are some regions where
potential drop is reduced.

Acknowledgments. The authors are grateful to S. Kokubun and
GEOTAIL/MGF team, who carried out the high-time resolution
magnetic field measurement on GEOTAIL, and to T. Nagai, who
supplied the 16-Hz sampling MGF data. Thanks are also due to
H. Matsumoto, H. Kojima and GEOTAIL/PWI team for providing
the plasma frequency on October 25, 1994. The authors thank S.
Machida and K. Tsuruda for valuable comments and discussions.

References
Bosqued, J. M., N. Lormant, H. Rème, C. d’Uston, R. P. Lin, K. A. An-

derson, C. W. Carlson, R. E. Ergun, D. Larson, J. McFadden, M. P. Mc-
Carthy, G. K. Parks, T. R. Sanderson, and K.-P. Wenzel, Moon-solar wind
interaction: First results from the WIND/3DP experiment, Geophys. Res.
Lett., 23, 1259–1262, 1996.

Fairfield, D. H., Whistler waves observed upstream from collisionless
shocks, J. Geophys. Res., 79, 1368–1378, 1974.

Farrell, W. M., R. J. Fitzenreiter, C. J. Owen, J. B. Byrnes, R. P. Lepping,
K. W. Ogilvie, and F. Neubauer, Upstream ULF waves and energetic
electrons associated with the lunar wake: Detection of precursor activity,
Geophys. Res. Lett., 23, 1271–1274, 1996.

Futaana, Y., S. Machida, Y. Saito, A. Matsuoka, and H. Hayakawa, Counter-
streaming electrons in the near vicinity of the moon observed by plasma
instruments on board NOZOMI, J. Geophys. Res., 106, 18729–18740,
2001.

Kokubun, S., T. Yamamoto, M. H. Acunã, K. Hayashi, K. Shiokawa, and
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