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Abstract. By using data from the Technical University
of Braunschweig flux-gate and search-coil magneto-
meter experiments on board of Helios 2 we study the
spectral properties of the interplanetary magnetic field
over a frequency range from 2.4x10"°>Hz up to
470 Hz. Examples of power spectral density estimates at
different heliocentric distances are shown as well as the
change of the spectra during the progress of a high
speed stream. A general feature of the spectra is that in
a log-log spectral representation the steepness of the
power spectral density estimates varies as a function of
frequency. If we relate the spectral densities by a power
law P~ f~% the spectral index a increases with increas-
ing frequency. At 1 AU « varies on average from 1.6 to
3.4 and at 0.3 AU from 1.0 to 3.4, the major changes in
the spectral index occurring at low frequencies. In ad-
dition, just within the frequency gap between the two
experiments, between 2Hz and 4.7Hz, an inflexion
point is inferred from the spectrum above and below
this frequency range. This spectral feature can at least
partly be attributed to the damping of the Alfvén-mode
waves near the proton and also a-particle cyclotron
frequencies.

The observed power spectra are compared with mod-
els of MHD turbulence and it is found that at least
some of the properties of MHD turbulence fit the ob-
servations remarkably well.

Key words: Interplanetary magnetic field - Solar wind
plasma - Hydromagnetic waves and turbulence

Introduction

The past one and a half decades brought an increasing
number of observational and theoretical studies on wa-
ves, discontinuities and instabilities in the solar wind
plasma. Most reported observations of magnetic fluc-
tuations in the interplanetary plasma show fluctuations
with frequencies well below the local proton gyro-
frequency. A comprehensive review on theory and ob-
servations of MHD-fluctuations is available from Bar-
nes (1979). Only recent instruments on the HELIOS
and to some extent the VOYAGER spacecraft have
background noise levels low enough to monitor the
magnetic component of the fluctuations in the fre-
quency regime between the local proton and electron

gyrofrequency at distances from the sun other than
1 AU (Neubauer et al. 1977a, b; Behannon, 1978). Up
to now the interpretation of observed magnetic fluc-
tuations was done separately for those fluctuations well
above or well below the proton gyrofrequency. An ex-
ception is the work of Behannon (1976), who reported
interplanetary magnetic field power spectra from 10~*
to 12.5Hz obtained during the Mariner 10 mission.
With the HELIOS flux-gate and search-coil magneto-
meter we are able to monitor the interplanetary mag-
netic field from dc-conditions up to the local electron
gyrofrequency. In this work we will present the spectral
properties of magnetic fluctuations in the solar wind
plasma from 2.4 x107°Hz up to 470Hz (at 0.3 AU).
The lower frequency limit was selected to exclude ma-
jor influences of different solar wind stream conditions
on the power spectral density estimates. The high fre-
quency limit is given by the observed magnetic wave
activity exceeding the instrument noise levels. This fre-
quency limit varies between 47 to 100Hz at 1 AU and
470Hz at 0.3 AU for power spectral density estimates
averaged over several hours. On a finer time scale,
magnetic wave activity is also observed at higher
frequencies.

The plan of the paper is the following: First we
describe briefly the instrumentation, measuring method
and raw data analysis as far as is necessary to under-
stand the results. In the following section, after presenting
a short summary of the algorithm used for the com-
putation of the power spectral density estimates frém
the flux-gate magnetometer data, we give examples of
magnetic field power spectra observed at different
heliocentric distances as well as the variation of the
spectra in the course of a high speed stream. In the
following section we discuss the observations and try
an interpretation of the observed power spectra in
terms of waves as well as in terms of MHD-turbulence.
In the last section we briefly summarize the results.

Instrumentation and data analysis

On board each of the two spin-stabilized HELIOS
spacecraft, the Institute for Geophysics and Me-
teorology of the Technical University of Braunschweig
provided two magnetometers, a three component flux-
gate magnetometer (Forstersonde) for observing, in real
time, the interplanetary magnetic field up to 2Hz and a



three-component search-coil magnetometer designed to
observe the high frequency component of magnetic
fluctuations in the interplanetary medium in the fre-
quency range from 4.7Hz to 2.2kHz This instrumen-
tation enables us to study the large scale properties of
the interplanetary magnetic field as well as the mag-
netic component of different wave modes with frequen-
cies from well below the local proton gyrofrequency up
to the local electron gyrofrequency. Since detailed de-
scriptions of the experiments have been given elsewhere
(flux-gate magnetometer: Musmann et al., 1975; search-
coil magnetometer: Dehmel et al., 1975), here we shall
present only a short summary of the experiments, their
measuring method and their data analysis necessary to
understand the results presented in the following sec-
tions.

Flux-gate magnetometer experiment

The flux-gate magnetometer has two automatically
switchable measurement ranges of up +400nT with a
highest resolution of +0.2nT and a maximum sam-
pling rate of 8 vectors/s. The data used throughout this
paper were obtained within the measurement ranges of
+100nT with the highest resolution of +0.2nT and a
sampling rate of 4 vectors/s. A mechanical flipper de-
vice is included in the instrument which makes it possi-
ble to flip by command the sensor parallel to the spin
axis into the spinning plane of the spacecraft to help
determine the zero-offset of the Z-component parallel
to the spin axis. In addition the offset of the Z-com-
ponent is determined continuously by a correlation
technique (Hedgecock, 1975a). The overall offset of the
components in the spin plane composed of sensor off-
sets and spacecraft field are removed by properly
averaging over the spin variation taking into account
the misalignment between the geometric and magnetic
axes of the instrument, where the misalignment angles
are calculated from the data (e.g. Neubauer et al., 1981).
An aliasing filter is included which helps keep the
contribution of power above the Nyquist frequency to
power below this frequency to a minimum.

In this study we use detailed data of the interplan-
etary vector magnetic field with samples every 0.25s
as well as 40s averages. The coordinate system used is
the solar-ecliptic (SE) coordinate system, where X is
taken along the observer-sun line and is directed to the
sun, Z is directed to the north-ecliptic pole and Y
completes the right-handed orthogonal set.

Search-coil magnetometer experiment

The sensor unit of the search-coil magnetometer experi-
ment consists of three orthogonally oriented search-coil
sensors mounted with the Z-sensor parallel to the spin-
axis and the X- and Y-sensor in the spin plane. The
output voltage of each sensor-preamplifier is propor-
tional to the time derivative of the component under
consideration. Further processing is done by a spec-
trum analyzer consisting of two sets of eight bandpass
filters spaced logarithmically in frequency, where one is
used for the Z-component, the other one for the X- or
Y-component. A digital mean-value-computer squares
and averages the filter outputs over successive time
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intervals of lengths T,, where all filters are processed in
parallel. For the data used in this study T, was 1.125s.
The mean square values M, are related to the power
spectral density P(f) of a given component of the mag-
netic field by (Neubauer et al.,, 1977a)

Mn=£ T2 f2P(f)df (1)

where T,(f) is the complex transfer function of filter n
which quickly tends to O beyond the 3dB-points of
each filter. The power spectral densities P, assigned to
the center frequencies f,, of each filter are given by

COM, X fN o df

B =110 (f—) PO

or

_ ~fun _.ji_zij:

P~ PO (7)) 57 @

Here f,, and f,, are the lower and upper frequency
limits of filter n, and f,=f,,—f,, is the bandwidth. For
further analysis 40's averages of power spectral densities
have been used.

We emphasize that the use of the digital mean-
value-computer guarantees an accuracy for the power
spectral density estimates not achieved by interplan-
etary wave experiments in the past. Only this high
accuracy allows the presentation (and interpretation) of
high-frequency power spectral density estimates from a
search coil experiment together with low-frequency
power spectral density estimates from flux-gate-magne-
tometer data.

Power spectral density estimates
of the interplanetary vector magnetic field

The method used for computing power spectral density
estimates from a digital time series is presented below.
For the power spectral density estimates from the
search coil instrument no further calculations are neces-
sary except proper averaging over the time interval
needed.

Power spectral analysis from digital time series

For the computation of power spectra we generally
follow the procedure described by Bendat and Piersol
(1971, p.322ff). Since we are using the fast Fourier
transform technique the data intervals were chosen
such that the number of data fits a power of 2. By
taking 1024 data points for each Fourier transform the
40 s magnetic field averages limit the largest wave pe-
riod which can be analyzed to 11h and 23 min. By
taking detailed data (one vector every 0.25s) one Fou-
rier transform is computed over a time period of 256s.
In order to get a composite power spectrum from 2.4
x10"°Hz up to 2Hz we must compute 170 spectra
from the detailed data (each time overlaps the fore-
going by 165s) and average the resulting power spectral
density estimates for each frequency.

Low order trends were removed by subtracting the
values predicted by a “least squares” fitted second or-
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der polynomial. After the data were reduced to zero
mean and data gaps were filled by zeros the data se-
quences were tapered by a cosine taper data window.
Then the Fourier transform was performed and the raw
spectral estimates were computed. The raw spectral es-
timates were frequency averaged to obtain an equiva-
lent degree of freedom of 32. For the spectra from
detailed data the additional segment averaging leads to
an equivalent degree of freedom of 5440. We limited
our analysis to data sequences having data gaps less
than 5%,. We further excluded a data sequence from
the analysis if the data breaks appeared regular in
occurence. Since missing data are filled by zeros (zero
being the most probable value in the Gaussian ampli-
tude distribution of prepared data) jumps at the be-
ginning and the end of data gaps may cause power
enhancements which are quite difficult to estimate. A
contribution to the total power spectral density owing
to data gaps may be computed from applying
Parseval’s Theorem (e.g. Jenkins and Watts, 1968,
p. 215). Hedgecock (1975b) also used this procedure to
check and correct the amplitudes of magnetic field
power spectral densities. A power spectral density es-
timate was only accepted if Parseval’s Theorem

S2
azzfj P(f)df (3)

was fulfilled. Here ¢ is the variance of a field com-
ponent, P(f) the power spectral density estimate, and
f1 and f, are the frequency limits of the spectrum.

The possible noise sources do not cause any prob-
lems in our analysis. Quantization and instrument noise
are both below 1072nT?/Hz at the highest frequency
inherent in the analysis. The results shown in the next
section reveal that the power spectral densities are al-
ways above the noise level. This is in general true for
all time periods where the spacecraft were close to the
sun. Only under very quiet conditions in the interplan-
etary medium near 1 AU does the power spectral den-
sity reach the noise level at high frequencies.

Observations at 0.3 AU and 0.98 AU

In Figs. 1 and 2 we present representative power spec-
tral density estimates of the Z-component of the in-
terplanetary vector magnetic field at 0.30 AU and at
098 AU. Up to 2Hz the spectral densities are com-
puted from the fluxgate magnetometer data, from
4.7Hz to higher frequencies the spectral densities were
measured by the search-coil magnetometer experiment.
The frequency range of spectral densities is limited at
high frequencies by the instrument noise level and at
low frequencies by the choice of the longest period
inherent in the analysis. Spectral studies in the MHD
regime (frequency range up to 1.2x1072 Hz) are al-
ready contained in Denskat and Neubauer (1982). Pre-
senting only one component does not mean a lack of
generality, since the general features of the spectra for
the components in the ecliptic are very much the same,
although the magnitude may be slightly different.

The two examples at different heliocentric distances
were chosen within time periods under similar solar
wind conditions where the solar wind speed was high
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Fig. 1. Power spectral density estimates of the magnetic vec-
tor field component B, from the HELIOS-2 fluxgate and
search coil magnetometer experiment at a heliocentric dis-
tance of 0.30 AU. In the frequency range from 2.4 x 1075 Hz
to 1.3 x 10”2 Hz the spectral density was computed from 40s
averages of fluxgate magnetic field data. In the range from 3.9
x 1073 to 2Hz the spectral densities were computed from
detailed fluxgate samples every 0.25s. The spectral densities
above 4.7 Hz were measured by the search coil magnetometer
experiment. The dashed lines give power law fits (determined
by a least mean square method) assuming P~f~* for the
different frequency regimes. The dashed and dotted lines are
explained in the text. The statistical confidence limits of the
spectral density estimates are given by the equivalent degrees
of freedom (DF). E.g. for 32 DF 959% confidence limits are
[0.65 P(f), 1.75 P(f)], for 5400 DF these limits are [0.99 P(f),
1.01 P(f)]. At high frequencies the spectrum is limited by the
signal becoming smaller than the instrument noise level of the
search coil magnetometer experiment. The flux-gate magneto-
meter noise is always smaller than 10~2nT?/Hz

with no influence of the leading edges of the two
streams. Despite the similar solar wind conditions the
spectra are quite different especially in certain fre-
quency bands which will be discussed and interpreted
in the next chapter.

The evolution of power spectra in the course of
high speed streams is another interesting subject. In
Fig. 3 power spectral density estimates of B, are shown
as a function of time and stream structure. The first
spectra are obtained during quiet interplanetary con-
ditions at a heliocentric distance of 0.34 AU (Marsch et
al., 1982a). On 11 April 1976 the plasma starts being
compressed with a proton density increase from
60cm~3 to 185cm~* within two days. Behind the re-
gion of compressed plasma the proton velocity in-
creases from about 350kms~! up to 760kms~! in the
center of the high speed stream. The magnetic field
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Fig. 2. Same as Fig. 1 obtained at a heliocentric distance of

098 AU

strength varies between 28nT and 44nT. Apparently
the power spectral density estimates are different at
different locations of the high speed stream and dif-
ferent as well from those spectral density estimates in
the low speed plasma before the onset of the high speed
stream. These differences are most pronounced at low
frequencies up to 107°Hz and at high frequencies
above 4.7 Hz.

In the region of the compressed plasma the spectral
density estimates of B, are enhanced at low frequencies
indicating local wave generation. In addition the spec-
tra in this frequency range are much steeper than in the
center of the high speed stream. The frequency range
from 4 x 1073 Hz to 2Hz shows enhanced spectral den-
sity estimates together with the onset of increasing so-
lar wind speed. At high frequencies above 4.7Hz the
most obvious feature is the drastic spectral density en-
hancement between 4.7Hz and above 100Hz in the
compression region indicating local wave generation
and between 4.7Hz and 470 Hz in the region of increas-
ing solar wind speed in contrast to the most regular
occurence of the spectra in the center of the high speed
stream.

Interpretation and discussion

The power spectral density estimates obtained from
observations at different locations in the interplanetary
medium (Figs 1 and 2) clearly show that the heliocen-
tric distance plays an important role for the evolution
of the interplanetary magnetic field fluctuations. At all
frequencies the power spectral density is decreasing
with increasing heliocentric radius together with a gen-
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eral decrease of the magnetic field strength from about
44nT at 029 AU to 6nT at 1.0 AU. The slope of the
spectra does not change significantly from 4 x 103 Hz
to 10> Hz. The statistical properties of the spectral den-
sity as a function of distance in the frequency range of
the search-coil magnetometer experiment are given in
detail by Beinroth and Neubauer (1981). However, the
slope of the spectral density in the frequency range
below 4 x 10~*Hz changes drastically. Magnetic fluc-
tuations in the MHD regime observed by HELIOS 1
and 2 have been studied by Denskat and Neubauer
(1982) (frequency range from 24x107°% to 1.2
x 1072 Hz) and by Bavassano et al. (1982) (frequency
range from 2.8 x 10~% to 8.3 10~ 2Hz). The authors of
both studies found a variation of the spectral index
with varying heliocentric distance, where the spectra
become increasingly steeper with increasing heliocentric
distance at frequencies below 4 x 10~* Hz. Denskat and
Neubauer come to the conclusion that the solar wind
acts as a low pass filter for MHD-waves (the magnetic
component of which is observed in this frequency range
well below the proton gyrofrequency) meaning that
MHD waves with periods less than about 15 minutes
(in the measuring system) are damped on their way out
from the sun from 0.3 to 0.98 AU. Furthermore Dens-
kat and Neubauer have shown that most of this
damping occurs within a heliocentric distance of ap-
proximately 0.4 AU. The general tendency of the direc-
tional fluctuations of the interplanetary vector magnetic
field is that the slope of the power spectral denstities as
a function of frequency becomes steeper with increasing
frequency. This is true for all heliocentric distances but
stronger for distances within 0.4 AU, where the spectral
slope changes from being proportional to f~' to f?
as a function of frequency.

Both power spectra shown have a peak in spectral
density at 1Hz, where the larger effect occurs in the
case of the spectrum at 0.98 AU. This effect is due to
the difficulty of totally removing the 1 Hz spacecraft
spin period. The effect is only small at 0.3 AU, where
the magnetic field is high (~42nT). Due to the minor
effect of the digitization window the misalignment an-
gles and zero offsets of the magnetometer experiment
could be computed quite accurately. At low magnetic
field intensities of ~6 nT at 0.98 AU the effect of the
digitization window is larger finally leading to en-
hanced spectral density estimates at 1 Hz and - by leakage
- at the surrounding frequencies. Therefore in the case
of the spectrum at 0.98 AU the frequency range from
0.8 to 2 Hz should be considered with caution. On the
other hand the only tiny enhancement in spectral den-
sity at 1Hz in the case of the spectrum at 0.3 AU
makes us confident that at least under high magnetic
field conditions the effects mentioned above do not
essentially influence the spectrum in any frequency
range.

The power spectra shown clearly reveal an unfor-
tunate property of the frequency coverage of the experi-
ments: The major changes in the slope of the spectral
density as well as a displacement between parts of the
spectra occur within the frequency band from 2 to
4.7Hz not covered by the two experiments. Therefore
we must discuss in some detail why these drastic
changes occur. We start with a discussion in terms of
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electro-magnetic wave fields followed by a complemen-
tary discussion in terms of MHD-turbulence.

Superposed wave modes

At the beginning of this discussion we have to carefully
review the various wave modes possible in a hot mag-
netized plasma. The linear theory of wave propagation
in a hot collisionless magnetoplasma described by the
Vlasov-Maxwell set of equations (e.g. Montgomery and
Tidman, 1964) yields an infinite number of wave modes
most of which are strongly damped. At very low
frequencies below the dominant ion cyclotron fre-
quency there are three important wave modes: the Alf-
vén wave and the fast and slow magnetoacoustic waves
(e.g. Barnes, 1979). At oblique angles of propagation
the three wave modes are clearly distinct by their prop-
agation velocities and the characteristics of the wave
perturbation quantities. They are linearly polarized in
the magnetic field and velocity vector perturbations. As
the case of propagation parallel to the magnetic field is
approached one of the magnetoacoustic modes be-
comes indistinguishable from the Alfvén waves. In the
case of the Alfvén speed V, being greater than the
sound speed Vg it is the fast magnetoacoustic mode
which degenerates into an Alfvén wave at 0=0, where
0 is the angle between the propagation vector k and the
background magnetic field. For V, <V, the slow mode
degenerates into an Alfvén wave at 6=0. The alternate
magnetoacoustic mode for =0 in each case is the
sound wave the collisionless counterpart of which is the
jon acoustic wave which has been observed by Gurnett
and Frank (1978) and Kurth et al. (1979a,b) in the
solar wind. At oblique angles 0 it also develops mag-
netic components including magnitude variations. It 1s
clear from this brief discussion of the possible wave
modes at low frequencies ie. in the MHD-range that
the usual identification of Alfvén waves in the solar

DISTANCE TO SUN
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200 <mdlem]

150
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Fig. 3. Sequence of interplanetary magnetic field
power spectral density estimates over a high speed
solar wind stream at the first perihelion passage of
HELIOS-2 in April 1976. The small box on the
right gives 11-hour averages of solar wind proton
bulk speed, proton density, and magnetic field
strength

wind using the relationship between the fluctuations in
vectorial velocity and magnetic field and the lack of
density and magnitude variations has some arbitrari-
ness. The Alfvén waves may be contaminated by some
magnetoacoustic wave energy at small 0. A satisfactory
solution of this problem could be achieved by resolving
the k-vector distribution of waves in the solar wind
with an array of satellites. The part of the wave energy
which is being accounted as Alfvén wave energy but
really belongs to a magnetoacoustic mode could then
be obtained from the continuity of wave energy as a
function of 0 for every mode. Since the degeneracy of
wave modes is serious at small @ only the observations
by Denskat and Burlaga (1977) are significant in that
they show that the solar wind fluctuations cannot be
described by plane wave fields with k parallel to the
magnetic field but rather a broad distribution of k-
vectors around the average B-vector. Hence the fluc-
tuations well below the proton gyro frequency can be
thought to consist mainly of Alfvénic waves (Denskat
etal, 1981). However, fluctuations in magnetic field
strength and plasma density indicate the additional pres-
ence of magnetoacoustic wave modes and/or static
structures (Burlaga and Turner, 1976; Denskat and
Burlaga, 1977). The contribution of magnetoacoustic
wave modes to the overall power level in the solar
wind plasma was estimated to be up to a quarter (Sari
and Valley, 1976). Whether or not the contribution of
magneto-acoustic wave modes to the total power level
is that high, there is general agreement in the literature
that the major part of the fluctuations in the MHD-
region well below the proton gyrofrequency consists of
Alfvénic waves with an admixture of magnetoacoustic
waves and static structures (i.e. tangential discon-
tinuities).

The degeneracy between two of the MHD-wave
modes at §=0 disappears for 6+0. It also disappears
for finite frequencies. At a finite frequency well below



the applicable ion gyro frequency a range of angles 0
from zero to 6, exists in which the wave modes start to
be circularly polarized at 6=0 and become pro-
gressively linearly polarized above 6. Here 0, increases
with frequency. In this more accurate description the
Alfvén wave proper is polarized in the left hand ie.
ionic gyration sense. Since left hand polarization has
not been observed in the solar wind at low frequencies
we conclude in agreement with the discussion above
that the range of k-vectors generally exceeds 6=0, by
an appreciable amount. As the frequency approaches
the He** and proton cyclotron frequencies the Alfvén
waves are damped severely by ion cyclotron damping.
Hence we expect an appreciable drop in power spectral
density which is somewhat stretched out in frequency
due to the Doppler shifts. The remaining power spec-
tral densities at high frequencies then represent the
continuation of the R-mode which at very low frequen-
cies is a magnetoacoustic wave mode into the “whistler
mode” range above the proton gyro frequency. We
therefore attribute the drop in spectral density between
<2Hz and 4.7Hz to the damping of the Alfvén wave
portion of the wave spectrum which, close to the ion
gyro frequencies, are generally referred to as ion cyclo-
tron waves. In the plasma rest frame the damping oc-
curs near the proton cyclotron frequency at a frequency
f which is Doppler shifted to f’ in the frame of
HELIOS with

I'=f(+V/Vp-cosf) 4)

where V, is the phase velocity and f the angle between
the solar wind vector and the k-vector under con-
sideration. f'/f is a complex function of frequency,
direction of propagation and magnetoplasma parame-
ters (e.g. Denskat, 1975). For example, outwardly prop-
agating Alfvén waves have a maximum Doppler ratio
(as a function of 0) of f'/f=8 at 0.98 AU and 5 at
0.3 AU for typical conditions. For the same distances
the proton gyro frequencies are 0.09Hz and 0.7Hz,
respectively. Since the Doppler ratio f'/f grows with
increasing distance the frequency at which the most
pronounced drop occurs varies more slowly than the
proton gyro frequency. Taking into account the some-
what reduced confidence in the spectral densities
around 1 Hz we may conclude that the observations are
at least qualitatively in agreement with the ideas devel-
oped above. Possible variations of the total spectral
densities across the gap are indicated by dotted lines.
The possible contribution of the magneto-acoustic com-
ponent is indicated by dashed lines.

Turbulence

Until now we interpreted the solar wind magnetic field
fluctuations in terms of waves. An alternate but not
mutually exclusive view is to consider the solar wind as
a turbulent medium. By using Kraichnan’s (1965) in-
compressible MHD turbulence theory Coleman (1968)
interpreted power spectra of the magnetic field and the
radial component of the solar wind velocity in terms of
turbulence. Coleman assumed the energy to be avail-
able because of the differential flow in the solar wind.
Through the operation of some undetermined insta-
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bility this energy should be fed into the energy-range
spectrum of the turbulence, 107> Hz< f<10"*Hz, and
the differential motion is dissipated. The energy then
cascades through the inertial-range spectrum of the tur-
bulence, 10~*Hz < f <10~ ! Hz, where the turbulence in
the inertial range should be composed of a hierarchy of
Alfvén waves. Livshits and Tsytovich (1970) developed
a theory of hydromagnetic turbulence spectra in col-
lisionless plasma and concluded that a power law fluc-
tuation spectrum is stable for a spectral exponent «=1,
at least when the Alfvén speed is large in comparison
with the electron and ion thermal speeds. The same
conclusion for Alfvénic turbulence was reached by Co-
hen and Dewar (1974) using a fluid model with the
added assumption of strong damping of sound waves.

With the HELIOS-observations covering a rather
broader frequency range than e.g. Coleman (1968) was
able to use we may compare his turbulence model with
the observations and in addition study the evolution of
the turbulence from 0.29 AU to 1.0 AU. Besides differ-
ential flow HELIOS plasma observations show other
sorts of internal particle energy in the high speed solar
wind as beam-proton and alpha-particle relative
streaming energy (Marsch et al, 1982a,b) being avail-
able as sources to drive the turbulence.

From the observed power spectra it appears that in
the high speed solar wind certain frequencies always
exist where the power spectral density estimates remain
equally steep independent of heliocentric distance and
magnetic field strength. Between 4 x 107*Hz and 2Hz
the spectral exponent is 1.7, with little variation. The
spectra obtained in the center of the high speed stream
(Fig. 3) are a good example of the constancy of the
slope in this frequency range indicating the possible
existence of a universal turbulence law. From these
observations we suggest that for a stationary state of
the turbulence the inertial range spectrum would cover
approximately the frequency range from 4x 1073 Hz
to slightly below the proton gyrofrequency:
4x 1077 Hz< f<10~! Hz. As demonstrated above, this
inertial range turbulence is composed of a hierarchy of
Alfvén waves with a small admixture (say 5%) of mag-
netoacoustic waves and/or convected static structures.
Since the inertial range spectral exponent in the centers
and trailing edges of high speed streams seems to be
extremely constant (from 13 April to 17 April the spec-
tral exponent determined by a least mean squares fit
varies from 1.71 to 1.79) we may try a comparison with
theoretically predicted values. Kraichnan’s turbulence
theory predicted a spectrum proportional to k~*? in
the inertial range of wave numbers. The spectral ex-
ponent o for P(f')~f'~* found by us is different
though not very much but systematically. However, this
is not surprising, as Kraichnan’s (1965) theory applies
to an incompressible medium, and therefore does not
admit coupling of Alfvénic to compressive “eddies”. A
spectral exponent of 1.7 to 1.8 is - fortuitously or not -
near the Kolmogorov 5/3 slope of isotropic turbulence.

The range of dissipation by proton cyclotron damp-
ing extends upward in frequency from the proton gyro-
frequency. By cascading through the spectrum the en-
ergy in these waves is dissipated by heating the protons
leading to a temperature increase T, perpendicular to
the background magnetic field with a simultaneous
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cooling of T and a resulting T, > T (Busnardo-Neto et
al,, 1976, Arunasalam, 1976). Conversely the ion-cyclo-
tron instability driven by T, >T, causes T, to decrease
and T, to increase (Cuperman and Sternlieb, 1975;
Davidson and Ogden, 1975; Gary and Feldman, 1978).
The plasma experiment on board HELIOS has ob-
served such an increase of T, /T; by up to a factor of 2 in
the centers and trailing edges of high speed streams
(Marsch et al., 1982a), whereas TL/T‘l was always smal-
ler than 1 in the slow speed solar wind. The frequency
dependence in the dissipation-range spectrum is of the
order of f 3,

Following Coleman’s model of turbulent flow the
power spectra observed by HELIOS are adjacent to the
energy range of the turbulence and may cover parts of
it. Then the steepening of the spectra from 0.29 AU to
1.0 AU for frequencies below 4 x 1073 Hz may have to
do with a different amount of energy fed into the sys-
tem by differential flow at different heliocentric dis-
tances; ie. less energy is available at larger distances
from the sun. However there is no apparent instability
mechanism working in a way to explain the obser-
vations; i.e. a local instability of Kelvin Helmholtz type
would produce waves close to the cyclotron frequen-
cies (e.g. Dobrowolny, 1977).

The steepening of the low frequency part of the
spectra may find another explanation by applying a
recent MHD-turbulence model of Dobrowolny et al.
(19804a, b) who suggest that a turbulent description can
easily account for the properties indicated by present
observations and is therefore more appropriate than a
description in terms of simple waves. To a good degree
this MHD-turbulence would be characterized by the
absence of nonlinear wave interactions and would nec-
essarily be a mixture of modes with polarization of
Alfvénic and slow magnetosonic types, in his nomencla-
ture.

Dobrowolny et al. explain the apparent contradic-
tion - the presence of an almost structureless power
spectrum and the absence of nonlinear wave interac-
tions - by the interpretation that the property of the
absence of nonlinear wave interactions is not a particu-
lar one of the solar wind turbulence but is a general
outcome of the relaxation of an initially excited MHD
turbulence, provided that this initial excitation is asym-
metric, i.e. favours one sense of propagation of the
Alfvénic fluctuations. The spectral exponent should be
the Kraichnan exponent. If this model applies to the
interplanetary magnetic field fluctuations observed by
HELIOS then there should be no energy transfer across
the spectrum. From HELIOS-observations Denskat et
al. (1981) have demonstrated the existence of only out-
wardly propagating Alfvénic fluctuations. From the tur-
bulence model of Dobrowolny et al. this final one
mode state would not be a stationary one (this would
require the continuous presence of the source) but rath-
er a static state. Consequently, the spectral behavior
between 0.29 AU and 1.0 AU could only be explained by
a linear damping process. Considering low frequencies
<4x1073*Hz this damping must be frequency depen-
dent if the mechanism of a relaxation of initially ex-
cited turbulence would operate also in this frequency
range. However, the relaxation process to a completely
asymmetric state may not be finished for long wave

periods. Dobrowolny et al. (1980b) give the relevant
non linear time T* (which should be much shorter
than a typical convection time)

T*~T, (Iéig—i—‘)z ®)

where T, is the wave period and the + sign stands for
0B
the two possible modes. At 0.29 AU B is between 0.3

and 0.6 (Denskat and Neubauer, 1982). For a wave
frequency of 10~* Hz this relevant nonlinear time
comes out to be ~10°sec, which is almost twice the
convection time at a solar wind speed of 750kms~!
(e.g. in the center of the high speed stream in Fig. 3).
This indicates that at long wavelengths the relaxation
state of the turbulence might not be reached. Long
period waves may still interact nonlinearly possibly
transferring energy from higher to lower wavenumbers.
Such a mechanism is possible by induced scattering by
isotropic particles (Livshits and Tsytovich, 1970) caus-
ing transformation of wave energy along the spectrum
in the direction of lower frequencies. On the other hand
Denskat and Neubauer (1982) did not find significant
differences in the statistical properties of MHD waves
e.g. at 10~*Hz and at 10-2Hz

Summary

By using HELIOS-2 observations of the interplanetary
vector magnetic field we have presented power spectral
density estimates from 2.4 x 107> Hz up to 470 Hz. The
data were obtained with a fluxgate magnetometer and a
search coil magnetometer experiment both provided by
the Technical University of Braunschweig.

A general feature of the power spectra observed is a
rapid change in the slope and a displacement of the
power spectral density estimates between 2Hz and
4.7Hz. The change in the slope may easily be explained
by different wave modes possible well below and well
above the proton gyrofrequency. The interpretation of
the spectral displacement by the cyclotron damping of
the Alfvénic component of the magnetic fluctuations
and the approximate continuity of the magnetoacoustic
component as the proton gyrofrequency is passed not
only provides a satisfactory explanation but may in
addition act as a proof for the generally accepted idea
that the MHD fluctuations consist, in the major part, of Alf-
vén waves with a small admixture of magnetoacoustic
waves and/or static structures. Similar arguments may
be used for the interpretation in terms of hydromag-
netic turbulence. Such an interpretation fits the obser-
vations as well and may be a better choice in describ-
ing hydromagnetic solar wind fluctuations. The power
spectra from the HELIOS observations suggest that the
inertial range of the turbulence covers the frequency
range from ~4x 1073 Hz to slightly below the local
proton gyrofrequency: 4 x 1073 Hz<f<10~!Hz. With
increasing heliocentric radius the overall power level
decreases on average as well as the magnetic field
strength. In addition there are differences in the evolu-
tion of the spectra with changing heliographic distance
at different frequencies. From 4 x 1073 Hz up to 470 Hz
the slope of the spectra remains relatively the same



between 0.29 AU and 1.0 AU. Below 4x 107 3Hz the
spectra are steepening with increasing heliocentric dis-
tance. This behaviour may indicate damping at the
higher frequencies, growth at the lower frequencies, or
an energy transfer from the higher to the lower wave
frequencies.

In addition spectra are presented at different lo-
cations of a solar wind high speed stream, where the
different solar wind stream conditions change ampli-
tudes and slope of the spectra.
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