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Very low frequency waves in the heliosphere:
Ulysses observations
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A. Balogh,* R. J. Forsyth,? D. J. McComas,® and J. L. Phillips®

Abstract. An overall profile of plasma wave activity in a frequency range of 0.2 to
448 Hz in the solar wind is presented using 6 years of Ulysses data which cover a large
range of heliographic latitudes (0° to +80°) at distances from 1 to 5 AU from the Sun.
The spacecraft has continuously observed wave activity with peak power below the
local electron cyclotron frequency f... Four distinct types of fluctuation phenomena
have been observed: (1) enhanced electromagnetic fluctuations associated with the
interplanetary shocks and heliospheric current sheet crossings and other solar wind
turbulence; (2) enhanced electromagnetic fluctuations associated with compression
regions of high-speed stream interfaces, which were observed in periods of increasing
solar wind velocity; (3) electric fluctuations associated with the expanding solar
wind, which were observed in periods of decreasing solar wind velocity; and (4)
enhanced electric fluctuations in the high-latitude fast solar wind plasma. The
fourth type of wave activity was observed nearly continuously with the relative
power observed peaked near the local f... The first three types of waves were
observed in the heliomagnetic streamer belt flows, where the spacecraft frequently
encountered enhanced solar wind turbulence, interplanetary shocks, and current
sheet crossings. The electromagnetic wave bursts (types 1 and 2) are likely to be
whistler mode. The occurrences of apparently electrostatic waves during periods of
expanding solar wind are coincident with significant reductions in the electron heat
flux intensity. The generation mechanism of these electrostatic waves is still under
investigation, but the observations may imply that these waves reduce the intensity

of the heat flux through enhanced wave particle scattering associated with a heat

flux instability.

1. Introduction

Prior to the Ulysses mission, very low frequency
(VLF) plasma waves in the solar wind have been ob-
served and studied, mostly based on data obtained
within 1 AU from the Sun and near the ecliptic plane
(see, for example, review papers by Gurnett [1991] and
Schwartz [1980], and references therein). Electromag-
netic noise with frequency between the ion (f.:) and
electron (f..) cyclotron frequencies has been observed
in the solar wind in earlier missions. It is commonly be-
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lieved that these waves are whistler mode emissions, as
their frequency range suggested. Helios 1 and 2 have ob-
served whistler mode fluctuations at all radial distances
between 0.31 and 0.86 AU using search coils which cover
a frequency range from about 4 Hz to 2.2 kHz [Neubauer
et al., 1977a, b; Beinroth and Neubauer, 1981]. They
also found that the whistler wave intensity tended to
increase with decreasing radial distance from the Sun.

Whistler waves associated with solar wind turbu-
lence, for example, waves near interplanetary shocks,
have drawn much attention and have been studied in-
tensively. Observations from Helios 1 [Neubauer et al.,
1977a, b] and Helios 2 [Gurnett et al., 1979a] and from
ISEE 3 [Kennel et al., 1982; Coroniti et al., 1982]
have shown that magnetic noise in the above men-
tioned frequency range was strongly enhanced by inter-
planetary shocks, and the enhancement extended many
hours downstream of the shocks. In a study of sev-
eral shock events, Coroniti et al. [1982] suggested that
the whistler waves they observed were generated prop-
agating at large angles to the ambient magnetic field
based on analysis of B/E ratio. Helios observations
found [Beinroth and Neubauer, 1981] that magnetic
wave power intensifies in the vicinity of stream inter-
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faces and decreases with decreasing velocity, often in-
terrupted by sharp and brief enhancements or by the
next fast stream. They suggested that the waves were
generated locally.

Several free-energy sources for the whistler mode
instabilities in the solar wind have been suggested.
Among them, the electron heat flux has been suggested
as a possible free energy for instabilities in the so-
lar wind. These instabilities include fast magnetosonic
waves, Alfven waves, and whistler mode waves [Gary et
al., 1975a, b], ion acoustic waves [Gurneit et al., 1979b],
lower hybrid waves [Marsch and Chang, 1982, 1983],
and others. Neubauer et al. [1977b] suggested that the
field-aligned current might drive the whistler mode in-
stability. Scerf et al. [1967] suggested that whistler
waves could be produced by ions with parallel velocity
larger than the wave phase velocity, which interacted
with the wave and excited an anomalous cyclotron res-
onance.

The unique orbit of Ulysses extends our observa-
tions into the solar polar regions and also to farther
distances from the Sun for measurements of magnetic
waves. Also, the Ulysses plasma wave instrument is
unique for measuring low-frequency waves because the
spin axis of the spacecraft is always nearly toward the
Sun, and thus there is less photoelectron effect; and
the measurements are extended to frequencies as low
as fractions of hertzs. These advantages have been uti-
lized to make a number of important observations of
VLF plasma waves in the solar wind. In this study we
report Ulysses observations of VLF wave activity in the
solar wind during 1990-1996, as Ulysses completed its
first solar polar orbit and started the second orbit. The
observations cover a radial distance ranging from 1 to
5.5 AU and heliographic latitudes up to +80°.

Ulysses Orbit (1990—-1996)
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Figure 1. Ulysses orbit from 1990 to 1996, plotted
in terms of the radial distance from the Sun and the
heliographic latitude. The solid part of the trajectory
is for the locations of Ulysses when it was within the
heliospheric current sheet region, and the dotted part
is for the locations in high-latitude fast solar wind.
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Figure 1 shows the Ulysses orbit from 1990 to 1996,
plotted in terms of the radial distance from the Sun
and the heliographic latitude. The solid lines in the fig-
ure indicate the location of Ulysses in the region where
the spacecraft regularly crossed the heliospheric current
sheet and frequently encountered interplanetary shocks
and other solar wind turbulence. This is the region of
heliomagnetic streamer belt flows [Bame et al., 1993],
which encircle the heliomagnetic equator and extend
outward, surrounding the embedded heliospheric cur-
rent sheet. In this paper, we will refer to this region
as the heliomagnetic streamer belt (HSB). The dot-
ted lines indicate Ulysses locations when it was outside
the HSB, in the fast solar wind stream (700-800 km/s).
As indicated by the latitude-longitude maps of velocity
[Coles, 1995], years of solar minimum are characterized
by high-speed flow everywhere except in a low-velocity
trough over the equatorial streamer belt that occupies
a latitude range of ~ +20°. We will see later that the
characteristics of waves occurring inside and outside the
HSB are very different.

In the following sections, we will first describe the
data we used and the problems concerning background
noise determination and then present the observations
of plasma waves at frequencies between 0.2 and 448 Hz.
This will be followed by discussions of the interpreta-
tion of the observed phenomena by comparing the new
observations with the previous observations.

2. Instrumentation and Data

The low-frequency plasma wave data used in this
study are obtained by the waveform analyzer (WFA)
which is part of the unified radio and plasma wave
(URAP) instrument [Stone et al., 1992; Kellogg et al.,
1992] aboard the Ulysses spacecraft. The URAP experi-
ment analyzes the signals on four antennas: one electric
and one magnetic antenna aligned along the spin axis,
which is always directed toward the Earth, and one elec-
tric antenna and one magnetic antenna perpendicular to
the spin axis. The spin plane electric antenna consists
of two monopoles of length 35.2 m each; with a space-
craft diameter of 2.6 m, this gives a tip-to-tip length of
73 m. The WFA provides spectral analysis of electric
and magnetic signals in 10 low-band and 12 high-band
channels, which cover a frequency range between 0.22
and 448 Hz. The data used are measurements made
in the spacecraft spin plane with a 64-s time resolution.
The measurements on the antenna aligned with the spin
axis are not used here because of the higher noise level.
The solar wind data (solar wind velocity, plasma den-
sity, and temperature) are obtained by the solar wind
observations over the poles of the Sun (SWOOPS) ex-
periment [Bame et al., 1992]. The magnetic field data
are obtained by the Ulysses magnetometer experiment
[Balogh et al., 1992]. The timing of shock encounters,
which are identified on the basis of the magnetic and
plasma observations jointly, is provided by the magne-
tometer team [Balogh et al., 1995a; Forsyth et al., 1996).

It is found that the background electric noise of the 10
low-band channels of the WFA data (from 0.22 Hz t0 5.3
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Figure 2. The background noise of 10 low-band and 12 high-band waveform analyser channels
(at 1024 bit rate and when the plasma frequency receiver was in the fast scan mode) derived from
the data for the years 1991-1996. The curves below 10~8 V2 /Hg are the high-band background.
The solar aspect angle is plotted in the bottom panel.

Hz) varies with the solar aspect angle, i.e., the angle be-
tween the Sun, Ulysses, and the Earth (the SUE angle).
Since the frequency range of interest includes these low
frequencies, the determination of the background noise
of the instrument becomes very important. The varia-
tion of the background noise oceurs probably because of
the existence of a sunward directed photoelectron cloud
around the spacecraft, which affects measurements at
the receiver input. The effect of the photoelectron clond
is evident in the measurements of the dc electric field
(not shown), which produce one peak voltage in a spin
period. The detailed analyses and discussion of the ef-
fects are a task of future work. The above effect does
not affect the high band of the instrument, which is iso-
lated from the lower frequencies by a high-pass filter.
The background noise level of the WFA is calculated
as follows: For each channel, a background value is de-
rived from the data in every 5-day period as the av-
erage over the 10% of the data with minimum values.
These background values for all 5-day periods are then
interpolated to obtain a background value for each day.
Since the background noise for each channel varies with
different scan modes of another instrument, the plasma

frequency receiver (PFR), and with different bit rates,
the calculations of the background noise are conducted
separately for fast and slow PFR scan modes and at two
different bit rates (1024 and 512). In the upper panel
of Figure 2 we show as an example the time variation
of the background noise in 10 low-band channels and
12 high-band channels for the years 1991-1996, at 1024
bit rate and when the PFR was at fast scan mode. The
variation of the solar aspect angle for the same period
is shown in the lower panel, which displays a corre-
lation with the low-band background variation. The
background of the high-band channels (9.3-448 Hz) was
nearly constant except for the period from mid-1994 to
mid-1995, when the high-band background varied with
the solar aspect angle.

3. Wave Observations

Throughout the interplanetary medium, Ulysses has
continuously observed a variety of wave activities with
peak power below and near the local electron cyclotron
frequency f... Plate 1 shows the dynamic spectra of
the electric noise measured in the spin plane for the
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years 1991, 1995, and 1996. In the spectra, the wave
power is expressed by the relative intensity, which is
the ratio of the measured signal minus the background
noise, divided by the background noise. With such dy-
namic spectra, we are able to identify the frequencies
at which the wave activity is most intense. We may
miss the waves whose intensity is below the instrument
noise, but the overall pattern of the wave activity, which
is correlated to other independent measurements (e.g.,
the ambient magnetic field and thus the electron cy-
clotron frequency, solar wind velocity, and the electron
heat flux), as will be shown later, seems to justify the
removal of the background noise.

In the entire year of 1991 the spacecraft was in the
heliomagnetic streamer belt flows near the ecliptic plane
heading for Jupiter (see Figure 1). In early 1995, the
spacecraft reentered the HSB from the southern solar
polar region and was traversing the region from about
day 30 to 100 (between ~ 20° and —20° heliographic
latitudes). After that, the spacecraft iraveled in the
northern high-latitude heliosphere for the rest of 1995
and most of 1996, until about day 219 of 1996 (~30°),
when the spacecraft started to see corotating structures,
indicating the spacecraft was in the HSB again.

3.1. Characteristics of Waves Within and
Outside the HSB

The spectra in Plate 1 show that wave activity ob-
served within the HSB has a pattern distinct from that
outside the region. Within the HSB, where Ulysses fre-
quently encountered solar wind turbulence, alternating
high- and slow-speed solar wind streams, and interplan-
etary shocks, enhanced and highly variable electric field
wave events were observed. The peak power of these
waves is seen in a wide range of frequencies from near
the local f.. (the white curves overplotted in each panel)
to the lowest frequency (0.2 Hz). We will show later
that electrostatic waves and electromagnetic waves have
been observed in the HSB under different solar wind
conditions. At high latitudes outside the HSB, where
the solar wind has a relatively constant speed of ~700-
800 km/s [Phillips et al., 1995], and the magnitude of
the solar wind magnetic field becomes relatively stable
as indicated by f.. lines [see also Balogh et al., 1995b],
the wave spectra become less variable. Nearly continu-
ous wave activity with relative power peaked near the
local f.. was observed. The two distinct patterns of
wave spectra within the HSB and in the fast solar wind
are consistently observed throughout the mission [see
also Stone et al., 1995].

There is an apparent cutoff of wave power at the low-
est frequency (9.3 Hz) of the high band, most clearly
seen in the spectra of the waves in high-latitude fast so-
lar wind, which is obviously not physical. The apparent
cutoff is due to high background noise of the low band,
which makes it difficult to detect weaker wave activ-
ity. After the background is subtracted from the data,
weak signals in the low band may not be seen, while
the signals in the high band, which has greater sensi-
tivity, can still be seen. In spite of these background
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effects, comparison of the spectra in the fast solar wind
with the spectra in the HSB, where signals in the high
band sometimes disappeared and strong signals in the
low band are frequently observed, leads us to believe
that the high-latitude fast solar wind conditions are fa-
vorable for low-frequency waves to occur. The relative
power of these waves observed by Ulysses peaks near
the local f... The electric component of these waves
may extend to lower frequencies but may be too weak
to be seen in the low-band channels.

In Figure 3a we show as examples three spectra for
periods when Ulysses was in the fast solar wind. Two of
them are taken on day 258 of 1994 and day 213 of 1995,
when the spacecraft was at the highest southern and
northern latitudes (both at ~80.2°) and at about the
same distance from the Sun (~2.28 and 2.02 AU). The
third spectrum was taken on day 203 of 1996 (~+31.1°,
4.11 AU), before the spacecraft reentered the HSB from
the north. Each spectrum shows a peak power below
but near local f.. (marked with dotted vertical lines in
the upper panels), as seen in the plots of the relative
intensity (upper panels). The wave power measured at
the two polar regions is about the same and has no
obvious asymmetry. The wave intensity in the third
spectrum is much lower than the other two, mainly due
to the much larger distance from the Sun, as the in-
tensity of the waves decreases gradually with increasing
distance from the Sun [Beinroth and Neubauer, 1981;
MacDowall et al., 1996]. In calculating the electric
wave power, we have used 23 m as the effective length
of the antenna. Note that in each spectrum, there is
a smaller peak in the relative intensity near the lowest
frequencies. It is produced by large rapid fluctuations of
the instrument noise in the channels of 0.3 and 0.4 Hz,
and thus there is always noise power detected above the
background level determined by our method. This effect
caused the nearly continuous enhancements at ~0.3-0.4
Hz seen most of the time in Plate 1.

Magnetic field noise detected by the spin-plane search
coil (not shown) in the fast solar wind outside the HSB
was near the background level for most of the times.
Only when Ulysses approaches within ~1.5-2 AU of the
Sun (at the end of 1994 and in 1995 before Ulysses
entered and after it exited from the HSB) were mag-
netic field signals significantly above the background
[Lengyel-Frey et al., 1996; MacDowall et al., 1996]. The
continuous wave activity in the high-latitude fast solar
wind, which was obvious in the electric field data, is
not observed in the magnetic field data. This may be
because beyond about 2 AU, the intensity of the mag-
netic component of the waves was usually lower than
the instrument background noise.

3.2. Electrostatic and Electromagnetic Waves
in the HSB

It is found that the highly variable VLF waves in the
HSB consist of electrostatic and electromagnetic waves
which occur under different solar wind conditions. Plate
2 shows the data taken within the HSB flows during
the fast latitude scan of Ulysses in 1995. The top and
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Plate 1. Dynamic spectra of 1-hour averaged relative intensity of spin plane electric wave power
for (top) 1991, (middle) 1995, and (bottom) 1996. The horizontal black bar in the middle of each
panel is a frequency gap between low-band (0.2-5.3 Hz) and high-band (9.3-448 Hz) channels of
the instrument. The vertical black bars crossing all channels are data gaps. The local electron
cyclotron frequency is overplotted as a white line in each panel. Day of year, heliographic latitude
(HLAT), and distance from the Sun (R, in astronomical units) are indicated. The data of intensity

stronger (weaker) than the maximum (minimum) values shown in the color scale to the right are
expressed as the color of the maximum (minimum). The enhanced signals in channels of 0.3 and
0.4 Hz, which are seen most of the time, are not real.

bottom panels show the electric field and magnetic field
spectra for days 40-70 in the same format as that of
Plate 1, but the WFA data are 15-min averages. In the
second panel from the top the solar wind velocity for
the same period is plotted. The first two vertical dashed
lines (on days 41 and 47) mark two forward shocks, and
the third line (on day 48) marks a reverse shock. The
last three dashed lines mark heliospheric current sheet
crossings by Ulysses.

A remarkable feature in the spectra is that strong
magnetic wave bursts are observed in the following so-
lar wind conditions: (1) near interplanetary shocks, for
example, on days 47 and 48 (we note that there is lit-
tle wave signature for the shock at the end of day 41,
which is a rare exception. Only a few among a few
hundred events which are identified as interplanetary
shocks have little wave signatures); (2) in the periods

of increasing solar wind velocity, for example, on days
43, middle 46-47, 56-59, and 63-64, and day 67; and (3)
when the solar wind is more turbulent, which is seen
as enhanced fluctuations in the solar wind data, for ex-
ample, on days 53, 59, and 67. In periods of the first
two cases, the ambient magnetic field usually increases,
as seen from the f.. lines (white curves in the high-
band part of the spectra), and thus the frequency of the
waves, which is always below the f.., extends to higher
channels. The magnetic wave bursts in the above three
cases are broadband in frequency, extending from a few
tens of hertz to the lowest limit of the WFA. The elec-
tric component of these waves is observed to be stronger
in the high band than in the low band, which indicates
that the peak power of these electromagnetic waves may
be at about 10-30 Hz, which is a fraction of the local
fee (approximately a few hundreds of hertz). As an
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Plate 2. (top to bottom) Spectra of 15-min averaged relative intensity of spin plane electric
wave power for the period from day 40 to day 70 of 1995, plotted in the same format as that of
Plate 1 (overplotted in the panel with white curves are a local f. line, which falls in the high
band, and a lower hybrid frequency line in the low band); the solar wind velocity in km/s; the
electron heat flux in xW/m?; and magnetic wave power in the same format as that of the electric
spectra. The vertical dotted lines mark shock and heliospheric current sheet crossings. The bars
in the second panel indicate the periods of decreasing solar velocity.

example of the spectra of these electromagnetic wave
bursts, we show in Figure 3b the spectra of electric and
magnetic field waves for a 2-hour period on day 47 of
1995. The spectra show that there is significant mag-
netic wave power (with relative intensity between 1.0
and 2.0) at ~10 Hz and below, while the electric wave
power is significant in the high band (above 10 Hz) only.
The ratio of CB/E suggests that the waves are likely
to be whistler mode. Taking the E and B values at 14
Hz from Figure 3b, we have CB/E = 300. The index of
refraction for whistler mode n = [f2/f(f.. cos6— f)]*/2
can be estimated as ~470, which agrees with the CB/E
ratio. Here we have taken the wave frequency f = 14,
the wave angle § = 0°, the'plasma frequency f, and
f-e calculated taking the electron density as about 7/cc
(from SWOOPS data), and the magnetic field sirength
at about 7 nT.

Another remarkable feature in the spectra in Plate 2
is the occurrence of enhanced electric wave bursts dur-
ing the periods of decreasing solar wind velocity, imply-
ing expanding solar wind streams. These periods are
marked approximately by bars on the top of the second
panel. These waves are apparently electrostatic since
there is little corresponding magnetic wave activity ob-
served during these periods. In the spectra of magnetic
field waves (the bottom panel) the relative intensity de-
creases dramatically during these periods. Figure 3c
show spectra of these electric waves observed in a 2-
hour period on day 55 of 1995. Compared with the
spectra in Figure 3b, the electric field spectrum in this
example shows a significant wave power at a few hertz
(with relative intensity above 0.5), while the magnetic
noise is near the background level. During these peri-
ods the ambient magnetic field was usually decreasing.
(We note that in Plate 2, from the end of day 49 to the



(a) Sep 15, 1994 (Day 258)

LIN ET AL.:

Aug 1, 1995 (Day 213)

VLF WAVES IN THE SOLAR WIND

12,029

Jul 21, 1996 (Day 203)

2 5:0:16 — 5:58:56 1:0:33 — 2:58:57 20:0:59 - 20:58:35
EREE -] anaasus snnasu s ns s enmate BER Y snmas mnmati sy e T IV J o s B S AR A B A
o 1.0F . i 1.0 E
B osf { ost 3
& oof i oo} 3
o -0.5F i -0.5¢F 3
& —1.0 i-1.0
© o -2 -2
-4} 1 -4t 1 -4} ]
~~
N
g | el | e} -
~ 6 B
~~
£ s ] s} ]
s ® -
< —10} { -10f 1 -10f ]
x
Y
o —12} 1 -12} 1 —12f ]
[«]
-
-14} 1 -1} 1 -14} 1
-16 AN PRI BT | ol —16 T sl ul cd —16 ul RN BT BT
107" 109 10" 102 10® 107! 10® 10! 102 10® 107! 102 10! 10%2  10°
Hz Hz Hz
) (b) 12:0:25 -13:58:50 Feb 16, 1995 (Day 47) v (c) 5:0:23 -6:59:51 Feb 24, 1995 (Day 55)
3 15F — 2.5 : 3 ; 1.0F - .
2 1.0f : ] 2.0 : & 15 ' 1 ] !
8 o0.5f P :g . 3 1.0 : 0.5 : ]
g 0:0 3 1 o5 g 0.5F . 0.0F . 1
88 ud I L sl B an
% @
Log (Ex in (V/m)z/Hz) Log (By in nTz/Hz) Log (Ex in (V/m)z/Hz) Log (By in nT2/Hz)
- T T T T T T ._4 T r T T T T
-6l 1 2 —6F . of
of A
-8F p -8l —2f
_2.
-10F -10} -4}
_4.
=12y -12} -6}
-6}
-14r s -14} -8
-16 ) . . —10 . ) . -16 . . . -10 . . .
1077 10° 10" 102 10 1077 10° 10! 102 103 1077 10 10" 102 10® 1077 109 10! 102 108
Hz Rz Hz Hz

Figure 3. (a) Power spectra of spin plane electric field for three periods in 1994 (heliographic
latitude ~—80.2°, at 2.28 AU), 1995 (~+80.2°, 2.02 AU), and 1996 (~-+31.1°, 4.11 AU). Plotted
in the upper panels is the logarithm of the relative intensity which is used to plot the dynamic
spectra in Plate 1. In the lower panels the logarithm of the power density is shown. The
instrument background noise is plotted with dotted lines. The solid circles indicate the central
frequency of each channel. Vertical dotted lines in the upper panels mark the local f.. for the
periods. (b) Power spectra of spin plane (left) electric field and (right) magnetic field for a period
between 1200 and 1400 UT, day 47, 1995, plotted in the same format as that of Figure 3a. (c)
Power spectra of spin plane (left) electric field and (right) magnetic field for a period between

0500 and 0700 UT, day 55, 1995, plotied in the same format as that of Figure 3c.

beginning of day 50, magnetic wave bursts are observed
briefly. This interval occurred as the solar wind veloc-
ity became flat and more fluctuating in the middle of
the decreasing trend, which again shows that the elec-
tromagnetic waves are associated with turbulent solar
wind. See also Figure 4.)

The peak power of the electrostatic noise falls mainly
in the low band (<5.3 Hz) and extends to the lowest
channel. This frequency range is often near or below
the local lower hybrid frequency (the white curve in the
low-band spectra), which is calculated as (feefei)'/?,
where f.; is the proton gyrofrequency.



12,030

LIN ET AL.: VLF WAVES IN THE SOLAR WIND

N O
o o
o o

Vsw (km/s)
o
o
)

» O
o O
o O

300

;

¥d

....................
----------

Log(E VZ/Hz)

________

[ [ U [ A
Qoo o oo AR
oMo L o OO

Log(B nT2/Hz)

40

55 60 65

DAY (Year 1995)

Figure 4. Data for the period from day 40 to 70 of 1995. (top to botiom) The solar wind velocity
in km/s; logarithm of spin plane electric wave power density (in V2 /Hz, 15-min averages) for 1.33-
Hz channel (the dashed curve is the background level); logarithm of spin plane magnetic wave
power density (in nT?/Hz, 15-min averages) for 14-Hz channel; and the electron heat flux in
uW/m? plotted in the log scale. The vertical dotted lines mark shock and heliospheric current
sheet crossings. The bars in the top and bottom panels indicate the periods of decreasing solar
wind velocity when enhanced electrostatic waves are seen.

3.3. Relation Between the Electron Heat Flux
and the VLF Waves

In Plate 2 the electron heat flux Q. is plotted in the
third panel from the top. The heat flux is calculated
from equation (2) of Scime et al. [1994]:

_ [ Merrr2e 53
Q.—/2UU f.d%,

where U = v— < v >. It is found, in general, that
the heat flux level increased significantly during the pe-
riods of increasing solar wind velocity, near interplan-
etary shocks, and when the solar wind was more tur-

bulent, i.e., during the periods when we observed en-
hanced electromagnetic waves, while in the expanding
solar wind, when enhanced electrostatic noise was ob-
served, the heat flux decreased to and remained at a
lower level.

These correlations between the wave intensity, the
solar wind velocity, and the heat flux can be better ob-
served in Figure 4, which shows line plots of the data
in Plate 2. The electric field waves are represented by
a channel with central frequency at 1.33 Hz (second
panel), and the magnetic field waves are represented by
a channel of 14.0 Hz (third panel). The figure shows
that strong magnetic wave bursts are mainly associated
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Figure 5. The logarithm of the spin plane (left) electric wave power at 1.3 Hz and (right)
magnetic wave power at 14 Hz versus the electron heat flux, for days 40-70 of 1995. The wave
data are 15-min averages. The straight lines are the linear fit of the data.

with increasing solar wind velocity and are coincident
with the bursts of high-level heat flux (~4 W /m? and
above). In these intervals, the electric field intensity is
relatively low, often reduced to near background level
(the dashed curve in the second panel). Examples of
such intervals can be found between two shocks on days
47 and 48, and between days 56 and 58. In contrast, in
the intervals of decreasing solar wind velocity (the inter-
vals marked with the bars) the electric field increased to
a level well above the background, while the magnetic
wave intensity dropped to near background. Note that
the magnetic signals at lower frequencies have the same
variation as that for the channel shown (see Plate 2).
In these intervals, the electron heat flux was usually low
(~1-2 puW/m? or lower). In Figure 5 we show this rela-
tion between electric and magnetic waves and the heat
flux level by plotting the logarithm of the wave power
versus heat flux, Q.. The left panel shows that the high-
intensity E field is associated with low Q. (below ~3
pW/m?), while at high Q., the E field power is low.
The magnetic wave power (right panel) varies in the
opposite way, with the wave power tending to increase
with increasing Q.. The linear fit lines overplotted are
to show the trend of the relationship only.

The above occurrence pattern of VLF waves under
different solar wind conditions has been frequently ob-
served throughout the mission [see also Lin et al., 1997],
from the ecliptic plane to medinm heliospheric latitudes
as long as Ulysses was in the HSB. In Figure 6 we show
similar observations for the first 120 days of 1993, be-
fore the heliospheric current sheet ceased to be seen
by Ulysses at heliographic latitudes ~—30° [Smith et
al., 1993]. During this period the spacecraft was in the
midheliographic latitudes of ~—22.7° to ~—29.7° at a
distance of ~5.06-4.77 AU from the Sun. The recur-
rent high-speed (~700-800 km/s) solar wind streams
are obvious in the top panel. The source of the ma-
jor recurrent high-speed streams is believed to be the

equatorward extension of the polar coronal hole, while
the valleys between stream peaks are due to crossings
of the heliomagnetic streamer belt [Bame et al., 1993].
Unlike the period shown in Figure 4, the increases of
the solar wind speed in Figure 6 are often very steep
and are accompanied by shock crossings (marked with
vertical dotted lines). As a result, significant magnetic
wave bursts are observed only in short intervals near in-
terplanetary shocks (see the third panel). Similar to the
case in the 1995 period (Figure 4), the strong magnetic
wave bursts are coincident with significant reductions in
intensity of the electric field at lower frequencies (rep-
resented by the 0.89-Hz channel in the second panel)
and large increases in the electron heat flux. The oc-
currences of these short intervals are marked approxi-
mately with solid circles in the second panel. Note that
the overall heat flux level is about 10 times lower than
that in the 1995 period, because the spacecraft was at
a farther distance from the Sun in this period, and the
electron heat flux decreases rapidly with heliocentric
distance [Scime et al., 1994].

In the rarefaction regions, in which the solar wind
velocity was decreasing (marked with the solid bars in
the top and bottom panels), the magnetic search coil of
the WFA recorded mainly the background noise. Mag-
netometer data [Smith et al., 1993] also show that these
intervals are intervals of unusually low and quiet mag-
netic field, but in these intervals, we observed enhanced
electric waves, which are well above the background. As
in the case of the 1995 period, the frequency of these
waves extends to the lowest channel of the instrument.
The heat flux levels in these intervals are usually very
low, usually less than ~0.2 uW/m?. We note that in
some cases when the spacecraft was not close to any
shock, we observed a significant increase in electron heat
flux when the intensity of electric waves decreased. Two
of such examples are marked with open circles in the
second panel of Figure 6.



[
»
R
(S

LIN ET AL.: VLF WAVES IN THE SOLAR WIND

9007
g —
£ 700§ _
N ;

2 500 f ﬁ

" :

> . -
300 L

~ —4.0F = N N T .

N e O e @ . ®:: 0

\ _4.5 W » ' v oo AL A B

o~ I -

> =5.0p U UK e —

& - A S E
2 ~55E 0.89 Hz =

— -6.0E ! ]

N -6.2F 5 E

T i ; =
> T84E 14.0 He ]
't 6.6 : =

£ -6.8F 3

o i .
S _7.0 d J

DAY (Year 1993)

Figure 6. Similar to Figure 4 but for the first

120 days in 1993. The electric wave data are for

the 0.89-Hz channel. Both electric and magnetic wave data are 1-hour averages. All vertical lines
indicate shock crossings. The solid and open circles in the second panel indicate brief periods of

reduced electric wave power.

3.4. Summary of the Observations

We have presented the overall profile of wave activ-
ity in the heliosphere through Ulysses observations in a
~6-year period. It has been seen that the interplane-
tary medium, especially in the HSB, is rich with wave
activity in a frequency range below and near the local
electron cyclotron frequency.

Intense electromagnetic waves have been observed in
turbulent solar wind, near shocks, and in periods of in-
creasing solar wind velocity. The magnetic component
of these waves has a broad frequency range (from a few
tens of hertz to the lowest frequency of our instrument)
(see Figure 3b), but the spectra of relative intensity
of the electric component seem to show thai the peak
power of these waves is at about 10-20 Hz, which is a
fraction of the local f... The occurrences of these elec-

tromagnetic waves are usually coincident with a large
increase in the electron heat flux.

In the periods of expanding solar wind, i.e., where
the spacecraft observed decreasing solar wind speed, en-
hanced electric field waves are observed. These wave are
apparently electrostatic, since little significant magnetic
component is observed (Figure 3c). During these peri-
ods, the electron heat flux usually decreased remark-
ably, to a level a few times to more than 10 times lower
than its highest levels, which were often seen in the
vicinity of an interplanetary shock or in the periods of
increasing solar wind speed, prior to to the expanding
solar wind periods.

The above electromagnetic and electrostatic waves
are observed in the HSB region. Qutside the region are
fast solar wind streams (~700-800 km/s), which em-
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anated from the south or north polar coronal holes. In
such fast solar wind, VLF waves occur almost continu-
ously with the observed relative power peaked near f..
(a few tens of hertz). They are less variable in frequency
range and in intensity, but the intensity gradually de-
creases with increasing distance from the Sun, and the
frequency of the peak power also decreases as the f..
decreases with the increasing distance.

4, Discussion

Magnetic field waves observed by Ulysses in the vicin-
ity of interplanetary shocks and in the turbulent solar
wind as presented here are similar in nature to those
reported in the previous missions reviewed in the in-
troduction section. Their frequencies fall within the
whistler mode frequency range. The example event in
Figure 3b shows that the B/E ratio of the waves is con-
sistent with the dispersion relation of the whistler mode
waves. Studying Ulysses URAP wave data, Lengyel-
Frey et al. [1996] have shown that whistler waves are
observed downstream of almost all Ulysses shocks and
are observed upstream when the spacecraft is within
a heliocentric distance of about 2 AU. The waves ob-
served downstream of a shock may last for many hours.
Lengyel-Frey et al. [1994] have also found that in the
several interplanetary shocks they studied, the whistler
waves observed downstream of the shocks were highly
oblique, with propagation angles ranging from ~50° to
70°.

From Plate 2 and Figure 4, it is obvious that strong
magnetic wave bursts also occur in regions of increasing
solar wind velocity, not necessarily in the vicinity of a
shock. These regions are often compression regions of
high-speed stream interfaces. This is similar to what
has been observed by Helios at 0.3-1 AU from the Sun
[Beinroth and Neubauer, 1981]. Eviatar and Goldstein
[1980] discussed theoretically several plasma instabili-
ties which were associated with stream interfaces and
the compression region. They found that beyond 1 AU,
the possible range of frequencies excited in these regions
extends from the lower hybrid (due to the modified two-
stream instability) through the ion acoustic frequency
range to harmonics of the electron cyclotron frequency.
More detailed studies are needed to compare these the-
oretical predictions with the observed data. Because
the Ulysses trajectory covers much larger distances from
the Sun and higher latitudes than the Helios orbit, the
spacecraft has spent much more time in the rarefac-
tion regions. The fact that the magnetic wave power
decreases to near or below instrument noise level, in
contrast to the strong bursts in the leading edges of
fast stream events, as clearly seen in Figures 4 and 6,
suggests that the plasma conditions in the rarefaction
regions do not favor the excitation of electromagnetic
whistler mode waves.

A combination of various energy sources may con-
tribute to the excitation of the whistler waves in turbu-
lence solar wind, especially near interplanetary shocks.
Pierre et al. [1995] reported that there was evidence
in Ulysses observations that the electron temperature
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anisotropy [Kennel, 1966] was a possible free-energy
source for the wave growth near interplanetary shocks.
The coincidence between the enhancement of the mag-
netic waves and the large increase in the electron heat
flux suggests that the whistler heat flux instability [e.g.,
Gary et al., 1975a, b; Gary et al., 1994] may also play an
important role in the excitation of the magnetic waves.

While the magnetic field waves basically vanish dur-
ing the rarefaction periods, electric field noise enhances
significantly at frequencies of a few hertz to a fraction
of a hertz. To our knowledge, the occurrence of en-
hanced electrostatic noise in periods of decreasing solar
wind speed has not been reported before. It is very
interesting to find that the enhancements of these low-
frequency electric waves are coincident with significant
reductions of the electron heat flux. This may imply
that these waves are associated with the electron heat
flux regulation in the solar wind.

It has long been suggested that to account for the
electron heat flux regulation in the solar wind, heat flux
limiting instabilities should be considered [e.g., Feld-
man, 1979; Gary and Feldman, 1977]. Among those in-
stabilities, the whistler mode is likely to generate wave
activity in the frequency range that we observed. For
example, the frequencies at which the whistler heat
flux instability grows are near 100 f.; [Gary et al.,
1975a]. In the rarefaction periods in Figure 4 when
the heat flux level was low, the proton gyrofrequency is
fei % 0.02 — 0.03 Hz. Thus the waves observed should
fall in the low-band channel, which is what we see. Gary
et al. [1994] have examined the threshold of the heat
flux instability with a global model based on average
electron properties observed during the in-ecliptic phase
(1-5 AU) of the Ulysses mission [Scime et al., 1994] and
found that the upper bound and radial scaling for the
electron heat flux predicted by the theoretical model
are consistent with the observations [see Scime et al.,
1994, Figure 11le]. By changing Tj;/T., of halo electrons

from 0.735 used by Gary et al. [1994] to 0.95, Scine
et al. [1994] obtained the heat flux magnitude and ra-
dial scaling which match the observations better. We
note that the calculated heat flux, which is assumed
to be regulated by the instability, is ~0.1 gW/m? be-
tween 4.5 and 5 AU and is ~3-4 4 W /m? near 1.35 AU.
These numbers agree with the low heat flux levels in the
expanding solar wind periods in our Figure 6 (~4.5-5
AU) and Figure 4 (~1.34-1.4 AU). This implies that the
heat flux level during these expanding solar wind peri-
ods may be marginally sufficient to drive the whistler
heat flux instability.

We note that the whistler heat flux instability [Gary
et al., 1994] has maximum growth rate in the direc-
tion parallel to the background magnetic field and pro-
duces primarily magnetic fluctuations. If this instability
would reduce the heat flux level, we would expect to see
magnetic waves also in the periods of low heat flux level.
This contradicts what we see. The observations show
that low heat flux is coincident with electric field waves
and limited magnetic fluctuations. One possibility is
that the waves propagate obliquely near the resonance
cone and so have a large E/B ratio and are observed to
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be primarily electrostatic. Also, most plasma instabili-
ties are sensitive to the precise shape of the distribution
function. The above theory of the whistler instability
is based on the assumption of bi-Maxwellian core and
halo electron distributions. In future work, to under-
stand the mechanism of these electric waves, we may
need to modify the existing theory by looking into the
distributions of electrons in more detail and determin-
ing the propagation angle of the waves.

Marsch and Chang [1982] have suggested that in a
typical solar wind plasma, “hybrid” whistler modes can
be excited with the free energy provided by resonant
halo electrons. These waves propagate at large oblique
angles and become nearly electrostatic. The cutoff fre-
quency of these electrostatic modes is near the lower
hybrid frequency. From the electric field spectra dis-
played in Plate 2, the enhanced electric waves extend
well below the local lower hybrid frequency, which does
not seem to agree with the mechanism.

The waves occurring in the fast solar wind outside
the HSB may be electromagnetic waves. Although the
instrument did not detect significant magnetic noise be-
yond about 2 AU, we still observed almost continuous
magnetic noise from about 10 to 20 Hz and below, when
the spacecraft was closer to the Sun but was in the high-
latitude fast solar wind [see, for example, Lengyel-Frey
et al., 1996, Figures 7 and 8]. The frequency range
of the waves suggests that these waves may also be
whistler mode. The heat flux level in high-latitude fast
solar wind is less variable and also less dissipated [Scime
et al., 1995]. It is not yet clear if the heat flux instabil-
ity also plays a role in the excitations of the observed
high-latitude waves.
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