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Ahstract

Helios 2 magnetic data have been used to derive scvera. s atisi -
cal propsrties of MHD fluctuations associated with the tvailing edge of
a gian stream observed in different solar rotations. Eigenvalucs und
eirgenvectors of the variance matrix, total power and dngrea of compres-
sibil.ty of the fluctuations have been derived and discussed heth as a
function of distance f.om the Sun and as a function of the frejuency ran
ge included in the sampie. The results obtained add new inforast.os 1o
the picture of MHD turbulence in the solar wind. In part’cular a depen-
dence from frequency range of the radial gradiente of various statisti-

sal quantities is obtained.
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1. Int “t‘

Investigations of MHD fluctuations in the solar wind started with
the early work of Coleman (1966, 1967) and Unti and Neugebausr (19488).
S8ince then, the work of Belcher and Davis (1971), followed by numerous
others (Burlaga and Tu=ner 1976, Denskat and Burlaga 1977, Bavassano
et al. 1978), pointed out that fluctuations of /lfvénic type are wmost~-
ly found in association with the trailing edges of high speed streams.
These observations have in tuin stimulated much theoretical work on
the waves, their propagation in the non howogeneous and expanding so-
lar wind and their possible role in heating solar wind ions (for re-
views of these worke sce Hollweg 1977, Barnes 1977).

The fluctuations exhibit a power spectrum extending over many fre
quéncy decades (Coleman 1968) so that it is natural to describe the me
dium as a turbulent medium rather than trying to compare the data with
the picture of single Alfvén waves. A recent critical analysis of the
observations in terms of the equations of incompressible MHD turbulen-
ce (Dobrowolny et al., 1980a) has shuwn that the presently known stati
stical properties of Alfvénic fluctuations can be naturally accounted
for in such a framewoik, It indeed appears that the trailing edges of
high apeed streams (beacause =f the high degree of incompresaibility of
the observed iidctuations) can be ideal regions for studying fundamen-
tal properties of fuiiy developed incompressible MHKD turbulence, a su~-
bject which, becaugze of the difficulty of laboratory experiments, ias
not as developed as that of hydrodynamic turbulence, Some indications

drawn from present solar wind observations, as to the non linear state




of MiD turbulence, have in fact stimulated recent theoretical davelop
ments on the subject (Dodrowolny et al., 1980b; Mangeney et al.,1981).

It is from th) above point of view that we found it important to
take up again a syutematic investigation of statistical properties of
incompressible fluctuations (eigenvaluss and sigenvectors of the va-
riance matrix, variances of various fluctuating componwnts) zcsaciaied
with the trailing edges of the high speed streams.

What we propose to discuse, using Helios 2 observations, are va-
riations of statistical properties of the fluctuations with frequency
(at a given distance from the S8un) and with distance (in a given fre-
quency range).

Variations with frequancy are already contained in the work Jf
Belchor and Davis (1971), who used different time intervals as their
statistical basis, However, both in this work and in the others quoted

previously, the statistical sample used embraces in general regions
of the solar wind with differant characteriztics and which are theve-
fore likely not to be homogeneous in their fiuctuation content.

On the contrary, in the present work, our data refer to the trai
ling sdge of 8 given strean taken at different distances from the Sun.
Therefore our atatistical sample is quite homogeneous, in comparison
with those of other works, as we are focusing actually on the same
turbulent region convected in time at different distances from the
Sun. Variation of properties of Alfvénic turbulence with distance,
for the range of heliocentric distances covered by the Helios space-

craft, have been considered by Denskat et al. (1980) and Denskat and




Neubauer (1981). The most vecent of thase works concentrates on featu-
res of the wvave power spectrum, pointing out some quite interesting
rasulta. These works, again, embrace large meriods of obssrvations and
do not follow our idea of having a sample as homogenscus as possible.

ne statistical properties we will be discussing in this paper
are: ratios of eigenvalues, denoting anisotropy of the fluctuations;
minieum variance direction, total power and compressibility of the
fluctuations. A systematic investigation of power spectra for homoge~
neous sets of observations will be the object of a companion. paper
(Bavassano et al., 1981bH).



2. Magnetic field dats snalveis

For our study on interplanstary magnetic field fluctuations we
have used the magnetic data of HELIOS 2. This spacecraft, launched on
January 15, 1976, has been injected in a solar orbit hsving an aphe-
lion of 0.98 AU and a pervihelion of 0.29 AU, with an orbital period of
about six months. A description. of the instrumentation and data reduc
tion is given by Scearce et al. (1975), Bavassano (1976), Villante and
Mariani (1977).

During the primary mission of HELIOS 2 (January to April, 1976)
we have selected, by inspsction of hourly averages of thu solar wind
data of the Max~Planck plasms experiment on HELIOS 2 as distributed
to Helios investigators (see also Schwenn et al. (1977)), a high velo-
city stream which is abserved by the spacecraft during three successi-
ve solar rotations at different distances from the Sun. The three pe~
riods of the stream observation begin on days 48, (February 17), 74
(March 14), and 103 (April 12) of 1976, at heliocentric distances of
about 0,89, 0.68 and 0.31 AU respectively. Fig. 1 gives the ecliptic
projection of the spacecraft trajectory from day 20 to day 120, 1976.

For this stream we have performed a systematic study of the pro-
perties of the variance matrix of the magnetic field using 6 s average
data.

In order to search for a dependence of the properties of the
fluctuations from the frequency range, the variance matrix has been

evaluated over time intervals of different duration.
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Nors precisely, we have chosen as time basis the following five va
lues: 168s, ®m, 22.5m, 1h, Jh. We recall that Belcher and Davis (1971)
give results referring to time basis of 168.75s, 22.%5 and 3h so that
some comparison with them becomes possible (although their statistiocal
sample is not as homogenecus as ours). When ths time basis increasss we
gain informations about the fluctuations at lower frequencies but, due
to the fact that in all cases we start from 6 s data, the contribution
of higher frequencies remains, Since the powar spectrum of the magnetic
fluctuations decreases rapidly with increasing frequency (Coleman,
1968), wa expsct however that the lower frequencies included dominate
in any giliven time basis.

A comparison between the results obtained during the three encoun=-
ters of the spacecraft with the stream at different distances from the
8un allows an investigation of the radial dspendence of the variance
matrix characteristics (assuming th1 turbulence to be in a staticnary
state and that varistions with heliographic latitude are absent or not
dmportant) .

The high frequency limit of the investigated frequency band de-
psnds on the time resolution of the data., Using 6 s averages, we are
analyzing only frequencies below® '8'10'“2 He in the satellite frame
of reference. In the solar wind frame of reference the proton girofre-
quency corresponding to the observed field intensities (see Table i)
varies from @0.10 to #0.64 He, Taking into account that the solar
wind flow is highly superalfvénic, the Doppler effect causes a strong
shift toward higher frequencies when the fluctuations are observed in




the satellite frame, {except for waves propagating nearly perpsndicu-
lar to the solar wind streaming direction). In conclusion we can say
thst we are observing fluctuations having s frequemcy in general well
below the proton girofrequency.

In a first phase of our investigation we have determined the va-
riance watrix characteristics for exzended periods of time, including
all the stream structure from the initial rise in solar wind speed to
the end of the trailing edge. From this extended analysis we have then
selected, for each stresm observation, one period for which the Alfvé~
nic character of the fluctuations was more evident. Haviong used only
nagnetic data, the criterion of choice was based on a comparison of
our results with those obtained from previous investigations (see refs
rences in Sect. 1) adbout magnetic field variability and properties of
the variance matrix in regions with Alfvénic fluctuations. Consisten=
tly with the known property that incompressible fluctuations of Alfvé~
nic type are mostly associated with the sticam trailing edges, our se-
lected periocds were all in ihe initial part of the trailing edge of
the chosen stream. To have homogensous sets of data the duration of
these periods was furthermore chosen so as to account for the different

rotational velocity of the Sun as seen from HELIOS at the different
times of stream encounters. In other words our analysis refers to pe-
riods of different duration, ranging from about two days to little
iess than four days, in such a way that the angular extent in helio-
graphiic longitude seen from HELIOS during each period is approximately
the same, (We add that no substantial differences were obtained by

using the same duration, e.g. two days, at the different distances).
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In Table 1 wa give the sslnited periods and the correspendiag helio-
centric distance, heliographic longitude interval and heliographic latitude.
Finally, note that in our variance matrix computation no attempt
has been mads to separate dynsmic from static (purely convected) struc
ctures. However, a recent study on the polarisation properties of the

fluctuations using the same sample of data (Bavassano et al., 198la)
has indicated that most of the observed fluctuations can be interpre-
ted as a mixture of purely Alfvénic (perpendicular) modes and modes
vhich also contain a fluctuating component parallel to the average ma-
gnetic field. ‘
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For the pariods of Table 1 we have calculated eigenvaluss m 5
7\3) and eigauvectors of the variance matrix. If we define A ® 3\ Zr
7\3. the eigenvector associated mn defines the minimum nrhucc dai
rection. This is well defined dmu\ « (A2 ?\1) and then the ratio hzl
7\l £ 1 denotes the degree of mhotropy nf the megnetic flucruations
(in the plane perpendicular to the minimum wariance - direstion). The

angle between minimum va;imco direction and average magnetic field
will be denoted by U.

Fig. 2 gives the histograms of the ratios 762/7\1, .7\3/4\1 and the an-
gle © obtained for the three periods of observation of the stream li~-
sted in Table 1 and referring to a time basis of 22.5 minutes, The ran
ge of © has been < .vided {r equal intervals of cos® to account for
solid angle effects. Histograms aligned on the same column refer to the
same quantities at the three different heliocentric distances.

In Pig. 3 we have plottcd. in a uiuilw nrun;cmnc. the distribu~
tion of the quantities a}IB . o'/B mda’ /a’ where o'é is the trace of
the variance matrix (and honcc represents the total power in magnetic
fluctuations), %2 is the variance in field magnitude (and hence gives
a wmeasure of the degree of compressibility of the fluctuations) and B
is the average field magnitude.

By looking at the upper distributions of Figs 2 and 3, referring

to a distance of 0.87 AU from the Sun, we remark, first of all, that




the avarage values of the paramsters which wve infer are close to those
obtained, for near~Earth observations, in most of the investigations
recalled in Sect. 1. it 18 4,/A <€ 1 (A,/A; § 0.1) so that the minimm
varisnce direction is very well defined. This is almost aligned with
the average magnetic field, which is a consequance of the small amount
of power in components of the fluctuations parallel to B (Dobrowolny
et al., 1980a). Furthermore, the variations in field magnitude are very
small with ‘;2,‘2 P4 3-10'3 in a90% of the 22.5 m intervals considered.

Comparing now histograms along each columm in Fige. 2 and 3, we see
that there are changes in the distributions for some of the parameters
calculated. In particular, for the parsmstemn Qli\‘, 7\3/1&1 and G‘ézllz
higher values become more frequent when the distance from the Sun de-
creases. This is bscter seen in Fig. 4 where we have plotted, for each
of the parmmeters of Figs. 2 and 3, the average valus at each stream en
counter (distance from the Sun being on the horizontal axis). The va-
rious curves refer to the five di/ferent time basis used in the stati-
stics (and the curve labelled 3 corresponds to the time basis , 22.5
m, of the histograms of Figs. 2 and 3).

There is a clearly increasing trend for the ratio 7\2/3\1 upon ap=
proaching the 8Sun, which is found for all time basis (and therefore in
cluding different frequency ranges). The same trend applies for 0&2/82
except for curve 5 referring to the time basis of 3 hours and hence
containing the lowest frequency fluctuations. The inverse trend applies
for 032/32 which increases further away from the Sun.

On the other hand, variations of A3//\1 with distance are much less



noticeable. If significant, these are in the sense of ) 3/ viignely
increasing upon approaching the sun which would imply (as the minisum
variance direction is almost aligned with }) that tho ratio bstween
parallel and perpsndicular fluctuations has higher values upon approa-
ching the Sun (ses also Bavassano et al., 1981a).

¥We must now comment on the significance of ths vai.ations eviden~-
ced in Fig. 4. To this end, we have written, in Table 3, for each point
reported in the various plots of Pig. 4, its value and the corresponding
mean deviation.

We see that the variations resulting in Fig. 4 are actually within
the range of these deviations. NMowever, the variations with distance
(and also those with respect to frequency range, ses Sect. 4) resulting
from Fig. 4, have such a degree of coherence (for example, in most ca=~
ses, variations with distance are always in the same senss vhatever the
frequency range) that we are led to delieve that such variaticns are si
gnificant.

This view is also supported by the histograms of Figs 2 and 3
vhere we can see that the variations evidenced by the curves of Fig. 4
really correspond to consistent shifts in the distribution of the va-
lueg for the various parameters.

It therefore ssems possible to conclude that: a) the degree of ani
sotropy of the fluctuations decreases unc:nsi.nqﬁ 2/'}\1) going towards
the Sun; b) the degres of compressibility decreases going toward the
sun; ¢) the total power (normalized) in fluctuations increases upon ap-

proaching the Sun (at least when the wave number range considered loes
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not include fluutuations of periods above 1 hour).

A furthey important point, which i» apparent from Pig. 4 (and did
not appear in any previous investigation) is that the radial gradients
of the various quantities vary with the frequency range. This will be
discu.ied in Sect. 5.

It is vorth noticing that our results concerning the variation
with distance of 022/32‘ and f'zllz cen be compared with some of the re
sults sumparized in Behannon (1978), collecting different satellite da
ts and containing also 1 h and 3 h variances. Our behaviour is confir-
med for all data reported except for the 3 h variances of Pionesr 10.
These refer however to a quite different range of heliocentric distan-
ces than our results.

Finally, as shown in Fig, 4, the relative importance of compressi
ble components with respect to the total fluctuations (mostly incom-

pressible) is seen to increase with distance from the Sun. This confirms

& trend already remarked in the early work of Coleman (1968) and ex~
tends this findipg to the range of heliocentric distancus overed by

the Helios mission.
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In each of the plots of Fig. 4 the time basis increases (from 168
s to 3 h) going from curve ! to curve S. Hence the sample studied inclu
des fluctuations of incrsasingly low fre. euvy. The same Fig. 4, looking
now at a fixed heliccentric distance, indicates the variations of the
various paramvtsrs plotted with frequency range of the fluctuations.

As seen in tha Figure thsze are, for each paraneter, quite systema
tic variations with frequency range, for whose significance the comments
given in the previocus section apply. All the parameters plotted increa-
se upcen extending the frequency range (towards low frequencies). For the
powers (?czlaz and 0‘.2/.2 this increase ii quite obvious. Theresfore the
significant results ve derive from Fig. 4 are: a) the degree of aniso-
tropy of the fluctuations decreases more and more when we include lower
and lower frequencies (52/Q‘ increasing upon increase of the time ba-
sis). Therefore, the higher frequency components of the fluctuations
tend to be more anisotropic than the low frequency components.

b) The ratxo'\alkx is also increasing upon increasing the time basia.
This implies that the ratﬂosks”/ SBL_incznnlcn when lower frequencies
are taken into account (|, and ;, refer to the average magnetic field
diraction).

As mentioned already, three different time basis were also taken
in the work of Belcher and Davis (1971). As these authors considered
in their analysis averages over the entire mission or over solar ro-

tations, the regions of solar wind looked at are likely to have dif-
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ferent characteristics with respect to those of osur investigation, so
that a direct comparison with our results is not strictly correct.
Having precised this, we remark however that also Belcher and Davis
results are indicative of an increase of the ratios between eigenva-
lues for lower frequencies, although their excursion is smaller than

the oine we obtain.
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5. Summary and discussion

Uoing‘ﬂcliou 2 magnetic data, we have analyzed some statistical
properties of MHD fluctuations associated with the trailing edge of a
given stieam observed in different solar rotations at different distan
ces from the Sun. The homogeneity of the sample of data used is a
main point of difference with respect to all previous investigations
on properties of Alfvénic turbulence in the solar wind.

Eigenvalues and eigenvectors of the variance matrix, total power
in the fluctuations and power in the fluctuatioms of field magnitude
have been derived using 5 different time basis for the statistics.
Thus a discussion of these statistical propertiez Loth as a function
of distance from the Sun and as a functiun of the frequency range of
the included fluctuations has become possible.

The most signifiicant results obtained can be summarized as fol-
lows:

- the degree of anisotropy of the fluctuations (in the plane perpen-
dicular to the minimum variance direction) decreases upon going towards
the Sun for all frequency ranges considered. At fixed'heliocentric
distance, the same anisotropy decreases upon increasing the time ba-
sis. Hence the higher frequency fluctuatione appcar to be more aniso-
tropic than the lower frequency components.

- the total (normalized) power in MHD fluctuations increases upon ap-
proaching the Sun (for all frequency ranges except when periods above

1 h are included). As obvious, at fixed heliocentric distance, the to
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tal power increases as lower and lower frequencies are included in the
sample.

- the degree of compressibility (variance of field magnitude normali-
zed to Bz) in the fluctuations generally decreases going towards the
Sun.

Although, for clarity of exposition, we have discussed separately
the variations with distance (for given frequency range) and, vicever=-
sa, the variations with frequency range (at fixed heliocentric distan-
ce), an important point we obtain (and clearly seen in Fig. 4) is that
the variation with distance of the various parameters depends from fre
quency range.

This is a main conclusion resulting from this investigation and
not appreciated in previous studies of variation with distance, wostly
concerned with wave amplitudes (sec Barnes, 1977; Behannon, 1978; Vil-
lante, 1980). The available theory with which variations of the fluc-
tuations with distance have been compared so far is the geometric op-
tics approximation of wave propagation (see Barnes, 1977). However,
our results on dependende from frequency of the various radial gra-
dients cannot certainly be Explnined in this framework (as it does
not contain, in principle, frequency effects) and one must resort to
something else.

In the range of heliocentric distances considered WKB propagation
would predict an increase in normalized wave power 0E2/82 with distan-
ce. This is just the opposite of the trend indicated by the curves in
Fig. 4, with the exception of curve 5, referring to the 3 h basis,

which is rather flat. A recent work of Villante (1980), referring to
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1 h variances, concludes that the data are more consistent with 022/82 -

constant than the geometric optics indication.
Besides the disagreement with the geometric optics prediction, the

radial gradients of 0"c2/82 that we have obtained increase when we re-

strict thc sample to higher frequencies (i.e. decreasing the time lasis).

However, for curves 1,2,3, i.e. for samples including periods roughly
below 20 m, the gradients seem to remain the same.

To explain this type of behaviour, it seems necessary to invoke
some damping mechanism on the waves., The damping should increase with
frequency. This is indeed a feature of all damning mechanisms we can
think of, both collisional and collisionless. However, as it is commonly
quoted in the literature (see Barnes, 1977), damping mechanisms on
Alfvénic waves are quite ineffective,

Variations with frequency of the radial gradient of our parame~
ters could also in principle be due to various non linear effects ope-
rating differently in different spectral regions. However, if we remain
in the framework of incompressible MHD turbulence and solar origin of
the waves, the times of non linear cascade of the modes along the spec-
trum (Dobrowolny et al., 1980b) are much shorter than the convection
time up to our minimum distance of 0.3 AU from the Sun, for the wave-
lengths we have included in our samples. This implies that the turbu-
lence is there in a state with no (or very small) non linear interac-
tions. Results by Denskat et al. (1980; on correlation between velo-
city and magnetic field fluctuations indicate that indeed the modes
are essentially outwardly propagating (and hence without non linear

interactions as these require Alfvénic waves in the two directions).
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Thus there does not seem to be at the moment a simple explanation
of the observational results concerning the variation with frequency of
the radial sradients of variocus parameters and some further theoretical
study of the properties of Alfvénic turbulence is necessary.

Finally, the turbulence is not strictly incompressible and compres
sibility (although remaining small) is relatively more important away
from the Sun.

A possibility of having compressible components of the fluctuations
is given by the perametric instability of Alfvénic waves. For incohe-
rent Alfvén waves (ohen and Dewar, 1974), this depends from the index
of the wave power spectrum (which should be &£1). Recent studies of po-
wer spectra in the range of Helios heliocentric distances (Denskat and
Neubauer 1981; Bavassano et al. 1981b) indicate indeed a spectral index
of the order of 1 at 0.3 AU but only for frequencies below 1.5 + 10 2
Hz. However, the time scales of the parametric process, as discussed by

Cohen and Dewar for the expanding solar wind, appear to be quite margi-

nal.
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168s ba 22,50 1h 3h
R(AV) (1 (2) (3 (4) (s)
0.87 0.23020.149 | 0.27130.163 | 0.31620.155 | 0.32740.113 | 0,458+0.166
A | 0.65 0.234$0.139 | 0.29940.152 | 0.389+40.163 | 0.48940,168 | 0.601+0.101
0.20 0.288+0,150 | 0.38420.153 | 0.456+0.1€0 | 0.533+0.151 | 0,62640.135
0.87 0.02240.014 | 0.03640,023 | 0.063+40.029 | 0.11040.044 | 0,176+0.061
ALA | 0.6s 0.023+0.014 | 0.04540.025 | 0.08140.037 | 0.13640.047 | 0,199+0.055
3 0.29 0.038+0.022 | 0.07740.057 | 0.12640.047 | 0,168+0.044 | 0,204+0,040
' 0.87 0.07140.062 | 0.12840.090 | 0.214+0.119 | 0.298+0.111 | 0.407+0.103
)
arz/az 0.65 0.090+0.071 | 0.15240.091 | 0.239+40.121 | 0,30740.091 | 0.392+0,096
0.29 0.16640.102 | 0.23940.111 | 0,30740.110 | 0.35140.099 | 0,382+0.080
0.87 | 0.0011+0.0014/0,0015+0.0017{0.0022+0.0022 |0.0034+0,00260.0053+0.0021
cr—i/n2 0.65 | 0.0007+0.0007]|0.0011+0.0011{0.0016+0.0013 |0.0023+0.0015|0.0038+0.0021
0.29 | 0.0011+0.0011|0,001240.0010]0.0014+0.0008 |0, 0018+0.0008 | 0.0023+0.0008
b
0.87 | 0.016120.0165(0,012840.0125( 0.0095+0.0074|0,0i 12+0,0072 {0, 013440, 0051
2
0-40% | 0.65 | 0.0092+0.00840.006740,0051  0.0064+0.0043 |0,0075+0.0046 |0,0109+0,0065
[ 0.29 | 0.0059+0,00460.0051+0.0032| 0.0045+0.0021|0.0052+0.0020|0.0064+0.0026

Table 2 - Mean values and deviations, for each stream encounter,

of 7\2/7\1. 7\3/761. a‘é/n

2

2,2 2,2

T. indicates the time basis used in the variance matrix

b

computations,
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Figure Captions

Fig. 1 - Projection on the ecliptic plane of the orbit of Helios 2 for
the first four months of 1976,

Fig. 2 - Statistical distributions for the three stream encounters
(see periods of Table 1) of: (a) the ratio of the eigenvalues
32/31; (b) the ratio 7\3M1; (c) the angle @ bdetween the mini-
mum variance direction and the average field vector. The ana

lysis has been performed on a time basis of 22.5 minutes,

Fig. 3 - Statistical distributions for the three stream encounters
(see periods of Table 1) of: (a) the ratio 0'2/32.0'(2: being the
trace of the variance matrix and B the field magnitude; (b)
the ratio a'i/Bz.a': being the varience in the field magnitude;
(c) the ratio g%/a%. The analysis has been perforuwed on a ti-

me basis of 22.5 minutes.

Fig. 4 - Variation with the heliocentric distance of the nverage values,
for each stream encounter,of?\ /7\ (a), A /7\ (b).a"c/B (¢),
GJ/B (d), 0‘/0" (e). The five curves in each panel refer to

Llie different tine basis used in the statistics.
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