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Whistler waves, Langmuir waves and single loss cone electron
distributions inside a magnetic cloud: Observations

O. Moullard,! D. Burgess,? C. Salem,®* A. Mangeney,® D. E. Larson,*
and S. D. Bale*

Abstract. Whistler waves propagating along the ambient magnetic field are observed
within a coronal mass ejection (on January 10, 1997) associated in time with Langmuir
waves and electron distributions of a single loss cone type. In addition, background
observations are made on the plasma wave activity in the sheath and foreshock regions
that precede the magnetic cloud, on the observed radio emissions (including a type II radio
burst) and on the geometry of the cloud. All the data comes from the WIND spacecraft.
The whistler waves are identified using full magnetic waveforms while possible evidence
of coexisting parallel, and antiparallel propagating Langmuir modes are found in the
waveform and spectral wave data from the WAVES experiment. A few hundred low
energy electron distributions from the Three-Dimensional Plasma (3DP) experiment are
investigated. Finally, we tentatively suggest that this type of plasma wave particle activity is
linked to the type II emission observed, i.e., that the emission mechanisms are proceeding
and taking place within the magnetic cloud instead of at the shock region as usually thought.
The extra suprathermal electrons could source from electrons accelerated at reconnection
sites between the magnetic cloud and the ambient interplanetary magnetic field. A linear
instability study using observed properties of the electron distributions is to be presented in

a following paper.

1. Introduction

Plasma wave activity has not been much investigated in-
side magnetic clouds. Low frequency electromagnetic (EM)
waves have been observed in the solar wind in association
with Langmuir waves, sometimes together with ion acous-
tic waves [Kennel et al., 1980; Thejappa et al., 1995b; The-
Jjappa and Macdowall, 1998]. These EM waves are usu-
ally primarly identified as whistlers from their frequency,
below the electron cyclotron frequency f.., and magnetic
character (lower frequency branch of the electron cyclotron).
Yet complete identification or further characterization (e.g.,
sense of polarization or comparing field and frequency de-
pendent refractive indices) requires to infer the propagation
angle from three orthogonal components [Lengyelfrey et al.,
1994]. Nonlinear wave coupling between a whistler wave
and a Langmuir wave has been in general rejected in favor
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of these waves sharing only a common source of instability
[e.g., Kellogg et al., 1992]. For example, Kennel et al. [1980]
consider dissimilar wave fluctuations as an evidence against
wave coupling occuring. It is often said that oblique whistler
wave vectors are required for the coupling; yet Chian and
Abalde [1999] recently showed analytically that the coupling
of parallel propagating whistler and Langmuir waves can re-
sult in a transverse wave. Observed on their own whistler
waves are usually attributed to an electron heat flux insta-
bility, and distributions of a loss cone type or beams with a
perpendicular temperature above the parallel are said to be
unstable to whistlers.

Electron distributions in the (ecliptic) solar wind come in
various shapes generally split into a “core” at low energy
and a “halo” at higher energy, distinguished by a change of
slope in the distribution typically within 50-100 eV [Pilipp
etal., 1987]. Often T, /T., ~ 1, but Ty /Th, > 1.1(c,
core; h, halo; L, perpendicular to B; ||, parallel to B; T,
temperature). Phillips et al. [1996] observed several periods
with suprathermal single loss cone distribution in ULY SSES
data, with a loss in the antiparallel direction attributed to a
antisunward strahl being mirrored back in a weak magnetic
bottle (loss cone (half) angle was around 60°). These periods
seemed associated to the forward and reverse shock of some
corotating interaction regions.

Coronal mass ejections (CME) which are fast enough to
drive a shock are often observed associated with solar ra-
dio type II bursts. A type II signature is recognized on a
radio spectrogram as a relatively narrow band emission that
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drifts toward lower frequencies with time (see for numbers
Reiner et al. [1998a]). With a density model this frequency
drift converts to the shock front speed. Consequently type II
emission is usually thought to be generated by shock ac-
celerated electrons at the fundamental and/or the harmonic
of the local plasma frequency [Reiner et al., 1998b]. Re-
cently, Bale et al. [1999] observed fast electrons and Lang-
muir waves upstream of an interplanetary shock time corre-
lated with what they considered to be a type II burst observed
in situ (emission seen briefly 1 day before and at the shock).

Here whistler waves propagating along the ambient mag-
netic field (identified with full B waveform data) and waves
at near the plasma frequency (f;,.) considered to be Lang-
muir waves (with possible evidence of coexisting parallel
and antiparallel propagating modes) are observed very well
time correlated with single loss cone electron distributions
in two active periods within a magnetic cloud. This plasma
wave particle activity could be linked to the type II emission
observed, in which case the type II emission mechanism pro-
ceed and take place within the magnetic cloud instead of at
the shock region as usually thought. The observation is made
using WIND spacecraft data.

2. Magnetic Cloud Observed on
January 10, 1997

The coronal mass ejection (CME) in this case study is
the “ISTP event” from January 6 to 11, 1997 that has been
tracked from Sun to Earth by conjugate observation from
the International Solar Terrestrial Program (ISTP) spacecraft
and ground stations [Webb et al., 1998; Fox et al., 1998,
Reiner et al., 1998a]. The front of the magnetic cloud as-
sociated to this CME is detected by the WIND spacecraft
(~ 100 R, from Earth) instruments on January 10, 1997
at 0445 UT (Figure 1). From January 10 at 0815 UT to
January 11 around 0100 UT, the magnetic field rotates very
smoothly as indicated by its latitude 6 decreasing almost lin-
early with time from 175° to 25°, its longitude ¢ constant
at 230° (in GSE coordinates), a near constant and relatively
large amplitude B = 14 nT. The proton plasma beta is very
low 8 ~ 0.02. This is a classical magnetic cloud signature
consistent with a two-dimensional magnetic rope structure
[review by Burlaga, 1991]. The magnetic field is strongly
southward then strongly northward after rotation, with its
B, component varying from —10 nT to 10 nT, i.e., rotat-
ing by 8 ~ 180°. The global magnetic field geometry is of
“south-west-north” type [Mulligan et al., 1998], with an ax-
ial magnetic field in the ecliptic plane and a positive helicity,
i.e., a right-hand twist along the axial field.

The whole observed interplanetary CME structure (see
caption in Figure 1) can be seen as a region of increased and
rather obviously related fluctuations of B and n (and Vsw)
from January 10, 1997 at 2000 UT to January 11, 1997 at
0800 UT, marked by a transition from a slow wind (Vsw =
375km s~ 1) to a fast wind (Vsw = 550 km s~1). The end of
the magnetic cloud in the strict sense is marked by the pres-
ence of a compressed trailing density region [Burlaga et al.,
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Figure 1. CME event on January 10 and 11, 1997: in
chronological order, the observed interplanetary CME is
structured into a sheath (following a shock), a magnetic
cloud, a trailing high density region with two magnetic
holes, a trailing sheath and is followed by a fast solar wind
stream. (top to bottom) |B|, By, By, |Vsw]|, n, and S.

1998] starting from January 10, 1997 at around 2000 UT.
Inside the high density region (peak at n = 43 cm™3),
the magnetic field is also compressed and peaks at 25 nT.
However, the magnetic field also drops dramatically down
to B = 0.7 nT on January 11, 1997 at 0345 UT. This large
dip in the magnetic field or magnetic hole lasts about half an
hour at Vew = 450 km s™1, thus it is almost a million kilo-
meters long. This magnetic hole has a very high 3 ~ 100
and is approximately associated with a negative density gra-
dient together with a positive velocity gradient, so that the
magnetic hole could be related to a thin current sheet. In
fact there is a second magnetic hole on January 11, 1997
at 0545 UT. The rear of the magnetic structure of the CME
is consistent with a magnetic doughnut shape. Besides the
twisting of the magnetic field lines around the axial field, one
can imagine that before eruption the anchored loop structure
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twisted by 180° around its expanding direction (radial) and
subsequently reconnected where the knot was formed. The
escaping closed structure would logically have a doughnut
shape with a magnetic depression inside. Such a twisting is
also compatible with the eccliptic plane magnetic field in the
hole being found opposite to the one inside the cloud in a re-
gion where B, approaches zero. To complete these general
observation, one notices that the magnetic field direction is
radial before and after the CME event.

3. Interplanetary Shock and Type I1

The CME drove a shock in the interplanetary medium and
was associated with solar type II radio emission. At 1 AU,
on January 10, 1997 at 01:00 UT, the shock is characterised
by a jump discontinuity increasing the magnetic field ampli-
tude by a factor 4 and the density by a factor 2, as well as
an average ejecta speed (465 km s~!) greater than the am-
bient solar wind speed (380 km s~1). In absolute numbers,
the proton density n jumped from 6.8 cm 2 to 13.2 cm ™2,
B from 2.3 nT to 9.0 nT, and 3 from 1 to 0.5 (with large
fluctuations in the sheath). This density measurement comes
from the Solar Wind Experiment (SWE) and the magnetic
field data from the Magnetic Fields Investigation (MFI). The
type II emission initially appears on the WAVES-TNR spec-

8303

trogram (Figure 2) at 250 kHz on January 8, 1997 and is
intermittently seen until January 10, 1997. On this day it ap-
pears as multiple bands slowly drifting of frequency within
50-100 kHz (top panel of Figure 2). More than one type II
signature is found which means there are many emission
sites along the CME driven shock. Reiner et al. [1998a]
located some of the emission sites on January 8, 1997 to
be upstream of the shock when it interacted with a corotat-
ing interaction region (CIR), which characteristic solar wind
speed pattern is seen in the days nearby the observed mag-
netic cloud. There is no obvious sign of local type II emis-
sion in the shock region on January 10, 1997.

There is no indication of any type II emission occurring
(locally) in the sheath of the magnetic cloud. According to
the type II signature on the spectrogram during this period,
the emission would have to be at 2 f;_ . Thereis a 2 f;,, emis-
sion line (with some bursts), but it appears to be emission
from the terrestrial foreshock because its frequency varia-
tions are delayed relative to the plasma line at f, . Addi-
tionally, the 2f,, emission line does not have a frequency
closely matching any of the type II drifting bands.

The low-frequency (below f,.) emission is typical of a
class of interplanetary shock, with enhanced electrostatic
(ES) activity upstream and enhanced EM emission down-
stream [Thejappa et al., 1995a]. The upstream ES waves ap-
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Figure 2. Some electric and magnetic spectrograms from WIND-WAVES during the interplanetary CME on Jan-
uary 10, 1997. See description in Sections 3 and 4. (top to bottom) TNR spectrum (electric, 4-256 kHz), FFTH spectrum

(electric, 21.3 Hz-10.4 kHz), portion of FFTM spectrum (magnetic, 5.3-540 Hz). The whistler active period (see series of
bursts near the f._/3 curve in the magnetic spectrum) are at 0830~1000 UT and 1600-1830 UT.
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pear at first sight to be ion acoustic waves strongly doppler
shifted in frequency up to around 10 kHz. A closer inspec-
tion of the FFTH spectrum shows that the ES wave activity
before 01 UT is enhanced at different times in 3 frequency
ranges (1-3 kHz, 3-6 kHz, 4-10 kHz) rather than being a se-
ries of broadband signals of frequency up to 10 kHz as seen
on the spectrogram. Only some of these upstream ES waves
can be ion acoustic waves doppler shifted by the solar wind
since the maximum doppler shift is Vsw /(27Ap) ~ TkH z,
with the observed values Vgw = 380 km s~1, debye length
Ap =9m~ (T, = 7eV,n = 5cm™3), cosbpy = 1,
and for a wave vector parallel to the interplanetary mag-
netic field. The downstream EM waves, of frequency below
fe./3, are likely whistler waves.

Additionally, the radio type II emission and other radio
emission are observed while the magnetic cloud hits the
Earth’s magnetosphere (reconnection occurs). First some
auroral kilometric radiation (AKR) is seen in the WAVES-
TNR spectrogram (Figure 2). AKR is intense and broadband
radio emission from the Earth’s magnetosphere, typically
observed in the frequency range 100-500 kHz [Kurth et al.,
1998]. The AKR might well relate to the increase of rela-
tivistic electrons (above MeV) observed in the outer Earth’s
radiation belt [Buhler et al., 1998]. Additionally some mul-
tiple narrowband emission drifting up in frequency is seen
between 0900 UT and 1030 UT within the frequency range
80-200 kHz. The emission consists of two (or three) bands
that appear harmonically related, are separated by roughly
80 kHz (or 40 kHz), and drift up by ~ 100 kHz in an hour.
This emission is faint relative to the intense AKR and ra-
dio type II. Could that emission be harmonics of an Earth’s
magnetospheric emission?

4. Plasma Wave Activity

The input for the WAVES instruments on board WIND
(TDS, FFT, TNR, RADI1, RAD2) comes from three or-
thogonal electric dipolar antennas and a tri-axial magnetic
search coil, although only the lower frequency detectors
(TDS, FFT) benefit from a magnetic input. Effective antenna
lengths are 43.5 m and 4.68 m for the spin plane wire anten-
nas z and y, and 2.54 m for the rigid antenna along the spin
direction (calculated by Bob Manning, Paris-Meudon Obser-
vatory). See Bougeret et al. [1995] for a pre-launch descrip-
tion of the WAVES experiment. In particular, the TDS (Time
Domain Sampler) is a fast magnetic and electric waveform
sampler functioning essentially in two modes: a mode called
TDSF (TDS Fast) which captures events from the two spin
electric (AC) input at a fast sampling rate, f, = 120 kS s~ ¢,
and another called TDSS (TDS Slow) which samples from
four components of the electric (DC) and magnetic input at
fs = 7.5 kS s~. The waveforms are 2048 samples long,
thus a TDSS event lasts about 0.27 s and a TDSF event lasts
17 ms. The WAVES data presented here was accessed us-
ing the version 1.7d of the Windlib database package (see
acknowledgments).

A general view of the plasma wave activity on January 10,
1997 can be seen in Figure 2, which displays some electric
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and magnetic spectrograms from the spectrum analyzer TNR
(Thermal Noise Receiver) and the swept-frequency detector
FFT (Fast Fourier Transformer). The input is from the « sen-
sors. The full frequency range of TNR (4-256 kHz) and of
the FFTH (FFT High) band (21.3 Hz-10.4 kHz) are repre-
sented for the electric spectrum and a portion of the FFTM
(FFT Medium) band (otherwise ranging 5.3 Hz—2.7 kHz) for
the magnetic spectrum. The FFT sweeps three frequency
bands.

Noticeable features in the spectrograms are: (1) for TNR
the multi-band radio type II, the trailing density region (in-
crease of f;,.) and Langmuir waves (enhanced plasma line at
fp.)» (2) for FFTH the ion acoustic broadband and narrow-
band spikes (also in TNR) and a low-frequency “ion acoustic
continuum”, (3) for FFTM a low-frequency “whistler con-
tinuum” and two distinct periods of whistler wave activity,
0830-1000 UT and 1600-1830 UT, appearing as series of
bursts near the f._/3 curve. These waves will be shown to
be whistlers. The expressions “active period” and “quiet
period” will herein define periods with and without these
waves, respectively. The plasma activity within the two
(whistler) active periods is the main focus of this study.

Two distinctive periods of whistler activity are found with-
in the magnetic cloud, the first one at 0830-1000 UT ob-
served within the frequency range 120-280 Hz peaking at
220 Hz (0.53 f,), the second at 1600-1830 UT of frequency
range 70-210 Hz and peak frequency at 115 Hz (0.3 f.).
Appropriate waveform data from the TDS waveform sam-
pler is available for the second period only. Minimum vari-
ance analysis of the magnetic field waveforms leads to a
strong identification of the waves as whistlers (see next para-
graph for detail and results). The two relevant real solutions
(small negative or positive doppler shift) of the observed
whistler wave dispersion relation are found to have an ob-
served polarization consistent with being whistlers, based on
their wave speed relative to the solar wind speed. The case
of negatively doppler shifted wave frequency, correspond-
ing to an antiparallel propagating wave, will be detailed in
numbers.

These two whistler active periods are associated in time
with electric oscillations at frequency near f,_ considered
here as Langmuir waves. In the TNR spectrogram, the
Langmuir waves appear as an enhancement of the plasma
line, i.e., the “line” of thermal emission near f, . Elec-
tric signals at near f;,_ that have large intensity are usu-
ally considered to be ES rather than the electric part of an
EM signal. Also, similar observed waves have been found
likely to propagate parallel to the background magnetic field
[Kellogg et al., 1999], in favor of the view that these are
Langmuir waves. During the two whistler active periods,
the emission at near the plasma frequency (20-25 kHz) ap-
pears complex with side bands on either side of f,. and
short time scale structure in the waveforms. Maximum
electric field amplitudes in the plasma line (delimited using
the spectro-object method described by Moullard [2000])
are 14 uV m~! (0.73 4V m~'! Hz™2 when normalised by
the frequency integration band) for the first whistler ac-
tive period and 6.2 £V m~! (0.38 xV m~! Hz~3) for
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Figure 3. A TDSF Langmuir waveform found during the
second whistler active period on January 10, 1997. Note the
2 fp. feature (~ 40 kHz).

the second period. The fast sampled electric TDSF wave-
forms captured during the whistler active periods are essen-
tially fp. emission (Figure 3). Their power spectra show
broad peaks around f,,, sometimes resolved into double or
multiple peaks, and cases of weaker 2f;_ peaks. Most of
these Langmuir waveforms have a rather transient aspect.
The peak frequency of the f,, emission varies between 20—
25 kHz. Langmuir waveforms are observed with electric
field amplitude Ey mostly within ~ 0.5-1.5 mV m™~! else
~ 0.01 mV m~! in some weaker events. The transient as-
pect of these Langmuir waveforms could well be a combi-
nation of an ion acoustic solitary event [see Mangeney et al.,
1999] and oscillation at fp, . Nevertheless, such waveforms
have been described as “foreshock Langmuir solitons” [Kel-
logg et al., 1999]. The multiple peaks indicate simultane-
ous emission at frequency 0.8 f,_ (lower limit) and near and
above f,.. These complex power spectra correspond with
what is seen in the TNR spectrogram on a smaller timescale:
bursts near f,, together with side bands on either side of
fp.- This suggests parametric decay may occur. Emission at
2 fp. is seen on the power spectrum of many of the Langmuir
waveforms, as in the figure example.

There may be some (doppler shifted) ion acoustic waves
associated in time with the active periods, as indicated by
some sporadic electric spikes in the FFTH (with no mag-
netic signal in the FFTM magnetic spectrum), although this
is not a strong enhancement compared with the rest of the
magnetic cloud. The broadband electric spikes in TNR be-
low but reaching up to f,,, are more likely caused by aliasing
owing to the strong fp. emission. At frequencies below fp,,
in the TDSF ion acoustic observational range, only one sinu-
soidal waveform is found during the whistler active periods
and the other waveforms are (ion acoustic) solitary like. This
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near monochromatic waveform, captured at 0941 UT, has a
frequency 2.5 kHz and an electric amplitude 0.1 mV m™?.
The narrow band emission is also seen in the FFTH spectro-
gram as short lived.

There is otherwise some background plasma wave activity
to discuss. Some low-frequency ES wave continuum at fre-
quency below 500 Hz, i.e., more or less the ion plasma fre-
quency fp,;, and some low-frequency EM wave continuum
at frequency far below 100 Hz (consistent but not strictly
identified as whistlers) are continuously present during the
magnetic cloud. Most of the emission of frequency between
100-500 Hz is of electrostatic nature as indicated by the
absence of magnetic signal in the FFTM spectrograms at
frequency above 100 Hz outside of the whistler active pe-
riods. No particular doppler shifted (above fp,;) ion acoustic
wave activity is observed within the magnetic cloud com-
pared to usual solar wind conditions [Moullard, 2000]. Spo-
radic broadband electric spikes are found consistently in
both the TNR and FFTH spectrograms, and in the FFTH
some narrow bandwith electric spikes (i.e., near monochro-
matic) are seen below 4 kHz. Some low-frequency bursts are
observed within the magnetic cloud, in particular EM bursts
of frequency below 100 Hz. However, none of these low-
frequency emissions are enhanced during the two higher fre-
quency whistlers periods. Noticeably, on January 10, 1997,
the ratio fc_/fp; sometimes approaches one, which perhaps
has some effect on the wave activity. For all the waves ob-
served, agreement is found between the low duty cycle elec-
tric and magnetic analyzers data in different frequency range
and the waveform data.The FFT spectrograms are marked
by many horizontal lines, i.e., signals at some constant fre-
quency, that are necessarily interference events. Such an in-
terference line at 400 Hz in the FFTM magnetic spectrogram
curiously happens to nearly coincide with the f._ line within
the magnetic cloud, but it is not an electron cyclotron emis-
sion line.

5. Analysis of Whistler Waveforms

Regarding the whistler wave observations, a general re-
mark can be made. The large magnetic fields found within
magnetic clouds should favor the detection of whistler waves
whose observed frequency range otherwise falls in the very
low-frequency response range of the waves instruments.

A high concentration of slower sampled events (TDSS)
is found in both (whistler) active periods. The TDSS mode
is only favorable (including full magnetic waveform) dur-
ing the second active period 1600-1830 UT. Among the
27 TDSS events found in this period, only one of them is
mere “noise”. The TDSS magnetic waveforms appear mod-
erately monochromatic with an observed peak frequency
within 100-145 Hz (average 119 Hz) matching the FFT ob-
servation. The observed frequency f' is here deduced from
a fit to the detrended and despun waveform rather than from
the power spectrum peak. The waveforms are quite mod-
ulated, and sometimes phase jumps are seen. The mag-
netic field amplitude |B| varies within 0.08-0.35 nT (av-
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Figure 4. A whistler waveform on January 10, 1997. A 800
point-long sample of the electric field component E, (solid
line) and one magnetic field component B, (dash line) af-
ter removal of the interference pattern and of the calibra-
tion trend. The wave electric field was exceptionally well-
resolved by the WIND-WAVES-TDS sampler despite the
DC interference pattern.

erage 0.2 nT). Remarkably, the wave electric field is often
well-resolved by TDS in these events, despite the presence
of a DC interference pattern. The electric fluctuations are
seen in some portions of each TDSS sample as sinusoidal
variations superimposed on the electric interference patterns.
At poor resolution, the detrended electric waveform portion
appears as a square like function varying between two val-
ues with a periodicity matching the magnetic field frequency.
This indicates an electric amplitude of at most 0.1 mV m~!,
corresponding to half a telemetry number for these DC pat-
terns. Other portions are better resolved (five telemetry num-
bers and more) in which case the sinusoidal aspect of the
electric waveform is obvious. This is examplified in Fig-
ure 4 showing the exceptionally well-resolved electric fluc-
tuations in TDSS event 9 at 174807 UT. The parallel refrac-
tive index ny = c|B|/|E| ~ c|B;|/|Eq| is estimated from
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over three portions of length 100 points showing different
modulations, |E;| = {0.28,0.25,0.24} mV m~}, |B,| =
{0.17,0.17,0.16} nT leading to n) = {182,203,193},i.c.,
ny = 190 £ 10, i.e., within +5%.

The same method of analysis as by Moullard et al. [1998]
is applied to the waveforms: (1) the trend from calibra-
tion or spacecraft interference is fitted with a combination
of low-frequency sinusoidal and second-order polynomial
and removed, (2) waveforms are despun and transformed
into GSE coordinates, and (3) minimum variance analysis
is applied to the magnetic full field waveform. Only 10
waveforms are retained for which the low-frequency cali-
bration trend was well removed (12 events out of 27) and
with a good minimum variance quality (10 events out of
12). A good minimum variance quality is defined here by
(e2/eo,e1/eq) > (9,9), i.e., the ratio of the eigenvalues in
the maximum and intermediate variance directions us and
u; over the eigenvalue in the minimum variance direction
up being above a threshold. A bad quality is usually found
for waveforms with noisy portions, not well detrended or
with large phase variations, so that this is not a bias against
nonplanar waveforms.

A large minimum variance quality is found in the TDSS
events varying from (11,14) up to (112,115) together with
similar maximum and intermediate eigenvalues so that the
waves are planar and quasi-circularly polarized. The waves
propagate along k = +u, with a direct angle between ug
and the IMF (equivalent to 6 g) indicative of quasi-parallel
propagation, i.e., fyp < 25° in all cases. The evolution
of the wave magnetic field in the plane of field variations
(u1,u2) shows that the waves are all right-hand polarized
with respect to the IMF in the observation frame.

A cubic equation derived from the dispersion and doppler
shift relations (in appendix A) is solved for deducing the
wave number and the frequency f in the rest frame from
the observed parameters. It is more correct than assuming
f = f' because the doppler shift can be quite important
with 8y as small as 30°. With the parameters in this obser-
vation, two real solutions are found for the case of negative

Table 1. Characteristic Parameters for the Whistler Waveforms on January 10, 1997 1600~

1830 UT .

fl, ekv, GkB, fCe’ fpe’ k, f, w, Vg, Vg COSOry, sz, n
Hz deg deg Hz kHz km™! Hz rads™! kms™? kms™! kms™!

128 26.8 21.8 381 26.7 -0509 160 1010 -1970 -1760 448 152
117 453 95 391 223 -0341 134 844 -2470 -1740 444 121
130 41.8 11.3 391 22.8 -0.384 150 945 -2460 -1830 443 122
101 344 18.0 390 227 -0.329 120 755 -2290 -1890 443 131
129 322 219 386 275 -0516 159 1002 -1940 -1640 442 155
145 355 17.0 390 239 -0461 172 1079 -2340 -1900 443 128
122 40.0 105 389 237 -0.384 143 898  -2340 -1790 445 128
108 27.1 242 386 259 -0.426 134 845 -1980 -1770 445 151
107 329 185 386 247 -0384 130 817 -2130 -1790 444 141
117 343 186 393 22.1 -0353 137 860 -2440 -2010 437 123

This is the negative doppler shift case, fp, is from 3DP ion density (very well behaved compared
to SWE proton density during the active periods), n is the oblique refractive index (from rest frame

frequencies), and f' is the observed frequency.



MOULLARD ET AL.: WAVE PARTICLE OBSERVATION IN A CME

positive doppler shift and one real solution for the case of
positive doppler shift. During both whistler active periods,
By - Vsw > 0 so that the positive doppler shift case corre-
sponds to a wave propagating parallel to the magnetic field
(negative and antiparallel, respectively). For this observa-
tion, both the parallel and antiparallel propagation solutions
are consistent with a right-hand polarized wave in the rest
frame (as required for low-frequency whistler waves) be-
cause vy cos fxy is always found greater than the solar wind
speed. The parallel propagating wave solution and one of
the two antiparallel propagating wave solutions have simi-
lar k and f (i.e., relatively small doppler shift), thus similar
phase speed.

All relevant and deduced wave parameters for the case
of negative doppler shift are reported in Table 1. The fre-
quency of these waves in the rest frame f is ~ 24 Hz on
average above the observed frequency f', with f in the
range 120-172 Hz, of mean < f >= 144 Hz. This leads
to wave numbers k ranging -0.516-0.329 km™!, of mean
< k>= —0.4 km™!, and oblique refractive indices n rang-
ing 121-155, of mean <n >= 135, with n ~ n|. The phase
velocity v varies within -2470-1950 km s™! and averages
<wg >= —2240 km s™!. The parallel refractive index es-
timated from the field amplitudes for the ninth event of the
table “9”, n) ~ 190, compares well with n; ~ 143 calcu-
lated from the frequencies. This is an additional argument
consistent with choosing a whistler dispersion relation. Esti-
mates of the refractive index from the electric and magnetic
field amplitude could in principle also be obtained from the
FFT data, but this instrument has not yet been properly cali-
brated.

As an example for the positive doppler shift cases similar
solution, consider the first waveform. The following charac-
teristics are found: k = 0.363km ™1, f = 105Hz, f'— f =
+23 Hz, and |vg cosOryv| > |Vsw], i.e., 1620 > 448 in
km s~! (n = 166). Larger refractive indices are found for
lower rest frame frequency, i.e., for positive doppler shift
than for negative doppler shift (true below f_/2). For event
9, in the positive doppler shift case, n ~ 200, which
compares better with the field amplitudes refractive index.
There is another case of negative doppler shift with, for the
first waveform, k = —3.4km™', f = 344 Hz, f' — f =
—216 Hz, and |vg cos Oy | > |Vsw], i.e., | — 600] > 448 in
kms~!. Note the very large doppler shift (large k) leading to
a rest frame frequency near f._. This third case with f near
the resonance frequency f.. is not thought a viable solution;
such a wave would be damped very quickly.

To summarize, for the second active period (with wave-
form data), the waves are EM, of frequency below f._, pla-
nar, circularly polarized, and propagating along the back-
ground magnetic field. Together with the additional ev-
idence (sense of polarization consistent in both observed
and rest frame, observed electric field component leading
to a reasonable match between field and frequency based
dispersion indices), this unambiguously identifies the low-
frequency waves as whistler waves.
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6. Electron Distributions Observed

The electron distributions observed during the whistler
(and Langmuir wave) active periods are very distinctive.
They consist of largely increased suprathermal populations
of single loss cone aspect relative to an average distribution
found during a whistler quiet period.

By examining a daily contour plot of the electron distribu-
tion in pitch angle in the 250 eV energy band [Larson et al.,
2000], the whistler wave activity was found associated in
time with a much increased electron population in the paral-
lel direction for the 0830—1000 UT period and in the antipar-
allel direction for the 1600-1820 UT period. Electrons of
energy 250 eV are halo electrons of speed ~ 9400 km s?.
In the rest of the magnetic cloud, there is either no appar-
ent asymmetry in the electron distribution in pitch angle at
250 eV or a weaker unidirectional streaming or a bidirec-
tional streaming, as often found within magnetic clouds. Ob-
served in detail, the electron distribution in pitch angle (fig-
ure not shown) indicates that the 250 eV electron population
in the first period 0830-1000 UT is strongly increased in
the parallel direction, especially within 0-60°, but this in-
crease also extends to the antiparallel direction up to 110°.
Approximately the opposite is observed during the second
active period 1600-1820 UT, i.e., an enhancement in the an-
tiparallel direction extending to pitch angles below 90°. In
both cases, the increase is bursty in time in the same manner
as the whistler activity. This is consistent with the analysis
below of the captured electron distributions.

The electron data comes from the solid state analyzer
EESA-low from the Three-Dimensional Plasma experiment
(3DP) on WIND [Lin et al., 1995]. The EESA-low instru-
ment observes electrons of energy below 1.2 keV, i.e., of
velocity below 20 10® km s™1. The lower observational en-
ergy is dictated by the spacecraft potential. The data is pro-
cessed in two formats: the “full” distribution is a cut in a
plane containing the IMF, while the “reduced” distributions
in the parallel and perpendicular direction (f|| and f ) result
from an integration of this full distribution in the perpendic-
ular and parallel directions, respectively. The data on board
is originally expressed in spherical coordinates, transformed
into cartesian GSE coordinates, from which the B direction
is attainable, a cut is chosen that includes B, and the data is
translated into the solar wind frame by localizing the center
of the bulk protons. The electron distribution is not corrected
for spacecraft potential. Therefore the density and tempera-
ture of the core population are not quantitatively trustworthy,
but the effects are negligible at high energy, for example, for
the halo population. The phase space distribution has been
interpolated from its energy-angle dependence to a regularly
spaced grid of two-dimensional velocity space, with velocity
ranging from -20—20 10% km s—1.

To cover the active periods, 288 electron distributions
were investigated over the joint periods 0730-0926 UT and
0930-1126 UT, 1530-1726 UT and 1728-1924 UT (small
data gap in between them). Distributions are sampled over a
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spacecraft spin period (~ 3 s) every 90 s. The electron distri-  is defined as the maximum value of all the electron distri-
butions observed during the active periods are compared to  butions for each velocity space bins, rather than the mean.
a reference electron distribution representative of the quiet The reduced distributions of the electron distributions that
periods. contributed to fquier (diamonds) are represented altogether

During the selected quiet period at 0730-0822 UT, a rep-  above a contour plot of fquiet(v), v.) (Figure 5). The elec-
resentative electron distribution referred as fquiet, is deduced ~ tron distribution fqyier splits into an isotropic core popula-
from 33 very similar distributions. For convenience, fquiet tion, ¢, ~ T¢, , and a halo population showing some tem-
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Figure 5. Reduced electron distributions in the parallel and perpendicular direction and two representative two-dimensional
distributions. (left) quiet period; (right) first whistler active period 0830-1000 UT.
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Figure 6. Loss cone representative electron distributions observed at the times of the two whistler active periods inside the
January 10, 1997 magnetic cloud. These distributions are obtained by subtracting a mean distribution over the quiet period

0730-0822 UT.

perature anisotropy, Th” > T}, . The break between core
and halo occurs around #3000 km s~! in the parallel direc-
tion and around +3250 km s~ in the perpendicular direc-
tion. This type of electron distribution relates to the weak
“bidirectional heat flux” found in the electron distribution in
pitch angle at 250 eV.

All the reduced electron distributions of the first whistler
active period are altogether superimposed on the quiet period
reduced distribution fquiet (diamonds) above a contour plot
of a representative distribution function fy (vy,v.) (Fig-
ure 5). Relative to fquiet, all electron distributions show
an excess of suprathermal electrons. The reduced paral-
lel distribution are strongly asymmetric with a large ex-
cess of electrons in the parallel direction, i.e., unidirectional
parallel heat flux, and the perpendicular reduced distribu-
tion is enlarged (it is symmetric by definition). The break
between core and halo occurs around —3250 km s~ and
+2250 km s~ in the parallel direction (asymmetric) and
42750 km s~ ! in the perpendicular direction. The simplest
space velocity geometry dependence that one could infer
from the reduced distributions and their gaussian fits is that
of an extra electron hot beam population additional to the
quiet period distribution.

Subtracting the electron distribution found in the quiet pe-
riod to the electron distributions during the active period re-
veals neatly the geometry of the extra suprathermal popula-
tion: it is a single loss cone distribution. Apparently, this loss
cone does not extend to the lowest energies, possibly imply-
ing some scattering at low energy. This additional loss cone
is shown for a representative active period distribution f,1
(Figure 6). For graphical convenience, negative values are
“zeroed” to 1072°. Note that the central part of the differ-
ence distribution is not meaningful but owing to small fluc-
tuations in the high counts at low energy resulting in large

differences. In Figure 6, the direction of the solar wind is
shown by a solid line from the origin. The loss of electrons
is in the antiparallel direction, antisunward, and the angular
(half) width of the loss cone is on average a, = 70° (varying
between 60° and 80°).

To summarize, the excess population (actually denser than
the rest of the halo population) found in the first active
period appears as a suprathermal loss cone distribution in
the antiparallel direction (sunward). During the second ac-
tive period, the situation is opposite, i.e., the resulting loss
cone is in the antiparallel direction and sunward orientated.
This time, the break between core and halo occurs around
—2500 km s~! and +2750 km s~ ! in the parallel direction
and 2750 km s in the perpendicular direction.

Loss cones are generally attributed to magnetic mirror-
ing: only the particles with direct pitch angle o > . (in
0-90°) are reflected back when the particles move toward a
region of stronger field in a magnetic bottle geometry. The
loss cone (half) angle is given by sin a.> = B/Bj, where
By is the maximum field amplitude in the bottle or mirror
field and B is the local field associated with . In this as-
sumption, the present loss cones are associated with a weak
magnetic mirror By; ~ 1.13B ~ 16.8 nT because of their
large angles.

7. Correlation Between Whistler Waves,
Langmuir Waves, and Electron Loss Cone
Distributions

The loss cone distributions are very well correlated in time
with the whistler activity (Figure 7). For this, a time series
of the magnetic field was calculated from the FFTM spectro-
gram by summing over a frequency range (69-282 Hz) in-
cluding the observed frequency bandwidths of both whistler
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Figure 7. Magnetic time series from FFTM within the
whistlers frequency range and electron distribution times
during the two whistler active periods on January 10, 1997.
The ordinate line at 250 is an indicative threshold of the
whistler wave activity relative to the entire day. The times
of electron distribution capture are marked with vertical
crosses: loss cone at 300, others at 100.

periods. The ordinate line at 250 is an indicative threshold
of wave activity relative to the entire day, though the ampli-
tudes are not calibrated. The times of electron distribution
captures are marked with vertical crosses: at ordinate 300
for the loss cones and at ordinate 100 for the other types of
difference distributions (noise remnants or very weak beam-
like). Very weak loss cone distributions were not considered
loss cone and do not correlate to the whistler activity, which
would imply that the density of the loss cone matters.

The loss cone distributions are also very well correlated
in time with the Langmuir wave activity (Figure 8). For
this, a time series of the electric field intensity was calcu-
lated from the TNR spectrogram by integrating the electric
field intensity within the plasma line using the spectro-object
method to track the changing frequency range of the plasma
line [Moullard, 2000]. This was done for both whistler pe-
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Figure 8. Time series of the electric field intensity within
the plasma line from TNR and electron distribution times,
during the two whistler active periods on January 10, 1997.
The ordinate line at 0.1 is an indicative threshold of the f;,_
wave activity relative to the entire day. The times of electron
distribution capture are marked with vertical crosses: loss
cone at 0.1, others at 0.01.

riods. The ordinate line at 0.1 V m™! Hz™ % is an indica-
tive threshold of wave activity relative to the entire day. The
times of electron distribution captures are marked with verti-
cal crosses: at ordinate 0.1 #V m™! Hz~ 2 for the loss cones
and at ordinate 0.01 xV m™! Hz~% for the other types of
difference distributions.

8. Toward a Linear Instability Study

The distributions described clearly have the potential to
be unstable to wave growth. The observed correlation be-
tween wave activity and distribution type (Figures 7 and 8)
indicates that the waves are observed within their source re-
gion, so that, in the source region, the particle distribution
is unstable to, possibly, both whistler and Langmuir waves.
This possibility will be explored by using a linear dispersion
solver called WHAMP [Ronnmark, 1982], which can give
the (exact) dispersion relation @ (k) for a plasma consisting
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Table 2. Parameters Obtained From Fitting the Electron Dis-
tributions During the Whistler Active and Quiet Periods .

Parameter Quiet Active 1 Active 2
n, cm™ 3 7.1 4.7 6.6

Four vz 24.0 19.5 23.1

Bt 15.2 14.8 14

We,, rads™! 2673.4 2603.1 2462.4
feo, Hz 425.5 4143 391.9

Fo: Ay 8.0107° 50107° 5.0107°
Fo . A1 0 0 0

Fo: As 780 500 500

Fy: As 820 500 500

Fo: vg,kms™t 1103.1 707.1 707.1

Fo: By 4281072 1231072 1931072
Fi: A 9.310713 129107 1121071
A -13.6 1454 -1415

F: A, 3713 2490 2432

Fy: As 3447 2683 2559
Fi:iny/ng 551074 1281072 1.11072
Fi:vg, kms™ 5251 35214 3439.4
Fli vd/vt 0 0413 -0.411
}G:JHM/IBM 22.66 24.8 23.7

F:T. )Ty 086 1.16 1.11

Fy: Ay 37110714 6511071 4.6510°18
F: A 0 -13.6 -3000

Fy: A,y 5198 3713 3713

Fy: Aj 4826 4136 4309

Fp: Ty /Ty L1 1.24 1.35

F3: Ay 6511071 15510714
F: Ay 3100 8500

F3: A,y 3713 1485

F3: As 3713 1485

Fy, core fit; Fy, F», F3, halo fits.

of a sum of bi-Maxwellian distributions. This will be the
subject of a second paper.

In view of the linear instability study, we report here the
results of a fitting procedure to the electron distributions for
periods with and without whistler activity. The fitting pro-
cedure used three to four Maxwellians to fit the reduced par-
allel and perpendicular distribution functions. The justifica-
tion for using this type of fit, despite having an extra popu-
lation that clearly does not have a bi-Maxwellian form, will
be given in the next paper. The results of the fitting proce-
dure are shown in Table 2. The electron particle distribution
function is assumed of the form

Z Ao, exp —5

where the A parameters are adjusted to fit the observations.
In Table 2 some relevant relative values are also extracted.
Note that since the core of the electron distribution is not
well-resolved, we actually use the density from the 3DP ion

flopve) =

52y ()]
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instrument for wy, , and from the electron data we extract the
relative densities of the various components. This will not
be extremely accurate, but we only need to approximately
characterize the distributions, so that we can define model
distributions for the instability study.

9. Discussion

To summarize, there is within this magnetic cloud a strong
observational case of wave particle activity with time and
intensity correlated Langmuir waves, whistler waves (prop-
agating along the magnetic field) and electron loss cone dis-
tributions. At the same time, type II bands are observed at
near the local 2 f;,, and side bands around fp,_. So it is tempt-
ing to speculate that some type II emission mechanisms are
taking place: parametric decay involving Langmuir waves
(L+ L' — T(2f,.)) and perhaps whistler waves could well
occur. Additionally, there is no sign of local type II emission
activity in the sheath or in the foreshock of the interplanetary
magnetic cloud. Perhaps, type II emission is proceeding in-
side the magnetic cloud, instead of taking place in the shock
region as usually thought.

The time correlation between the single loss cones occur-
rence and the whistler and Langmuir waves activity is excel-
lent. During the second active period, where whistler wave-
forms are observed, the single loss cone present a loss in
the antiparallel direction, the loss cone direct pitch angle is
a. = 70°.

Are the observed loss cone distributions unstable to both
whistler and Langmuir waves and how? A preliminary study
(not presented here) found the electron distribution linearly
unstable to both waves with properties closely matching
the observed. The electron distribution was simply mod-
eled as a beam, i.e., no loss cone features were accounted
for, using observed properties based on the multicomponent
Maxwellian fits on the reduced distributions (shown here).
The instability study also puts a constraint on the direction
of the whistler wave vector: parallel to By when the loss
of electrons is in the antiparallel direction (and vice versa).
This is quite incompatible with the classical electron cy-
clotron mechanism that predicts a wave vector aligned with
the loss direction. The results of this work are to be delivered
in a following article.

The issue of the source of the suprathermal electrons is ex-
tremely interesting. The single loss cone features in the dis-
tribution match an electron beam mirrored within the mag-
netic cloud or erosion of the pitch angle distribution by inter-
action with the whistler waves. A number of possibilities for
the origin of such a beam can be suggested: remote connec-
tion to an interplanetary shock associated with the magnetic
cloud, a burst from coronal source (unlikely), connection to
a reconnection site between the magnetic cloud and its sur-
rounding sheath or ambient solar wind structures. A quick
investigation of the cloud geometry indicates that the active
sites could be located on the same flux surface in the outer
part of the magnetic cloud.
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Appendix A: Whistler Wave Dispersion
Relation in the Observed Frame

The whister wave dispersion relation is traditionally ex-
pressed in the refractive index form n?(w)

k2c? wge
w?  w(we, cosbrp —w)

Choosing
@ = w/we, cosbrp and k = ke/wp,

simplifies nicely the dispersion relation to

e
1-0
then easily inversed
]}2
L:) ==
1+ k2

substituting back gives the dispersion in the form w(k)

We, cos O gk?

2
2 wPe
k* + %=

The system formed by the dispersion and doppler shift rela-
tions

w=w+k-V

w = We cosfk};k2
2
k245

with knowns wp_, we,, 0xB, V, 0xv, w', and unknowns f, w,
is solved for k giving the cubic equation

0 = k3(Vcosbry) + k?(we, cosbrp — w')
2 2

ik(%%’—V cosbry) — w’ﬂc%i.

This equation is degenerated in two cases corresponding to a
positive or negative doppler shift k-V = +kV cos 6y . This
equation represents the whistler wave dispersion relation in
the observed frame.
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