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INITIAL RESULTS FROM THE VOYAGERS 1, 2 MAGNETIC FIELD EXPERIMENTS

M. H. Acuna, L. F. Burlaga,

R. P. Lepping and N. F. Ness
Laboratory for Extraterrestrial Physics
Goddard Space Flight Center
Greenbelt, Maryland 20771

1. Introduction

The aim of this paper is to survey some of the initial results
obtained with the Goddard Space Flight Center magnetic field
experiments aboard Voyégers 1 and 2. We consider the period from
launch in August 1977 to March 1978, when the spacecraft moved from 1
AU to 2.5 AU. A plot of the trajectories is given in the paper of
Belcher et al., which appears in these proceedings.

The interplanetary magnetic field observations on each spacecraft
are made with a dual magnetometer system, described by Behannon et al.
(1978) . The Principal Investigator is N. F. Ness. Vector magnetic
field measurements are made at a rate of 16.66 samples/s (every 60
milliseconds), allowing a detailed study of small scale phenomena such
as shocks. At high bit rates, all of the measurements are '
transmitted, while at the lowest data rates 1.92 second averages of
the field are transmitted. Since the spacecraft are always in the
solar wind, mesoscale and macroscale phenomena can also be
investigated, the only interruptions being due to limits on the
telemetry coverage. The complex task of data reduction is
carried out jointly for the plasma science and the magnetic field
experiments at GSFC, sc plasma and magnetic field data are
simultaneously available for analysis in a common format. Dr. H.
Bridge, the Principal Investigator of the plasma experiment, and two
of his Co-Investigators at MIT, J. Belcher and J. Sullivan, provided
the plasma data that appear below.

The plan of this paper is to: discuss some large-scale
characteristics of the interplanetary magnetic field in the period
August 1977-March 1978; describe a characteristic of a post-shock
flow; and analyze the detailed structures of three types of
interplanetary shocks.

2. Large-Scale Structure
Hourly averages of the magnetic field intensity (B) and direction

(r»,38) are shown in Figures 1 and 2 for two consecutive solar
rotations. The angles 1 and ¢ are measured in heliographic (RTN)
spacecraft centered coordinates: § is the latitude measured with
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2 is likewise irregular and non-recurrent. (Note the logarithmic
scale.) PFor example, exceptionally low intensities were observed on
January 29 (Figure 1), but they did not recur on the following
rotation., Similarly, exceptionally low intensities were observed on
February 14 (Figure 2), but they were not observed 27 days earlier.
In general, the magnetic field intensity varies more on SR 1976 than
on SR 1975. ’

The results in Figures 1 and 2 are representative of the
large-scale fields observed by Voyagers 1 and 2, i.e., the magnetic
field intensity and direction are irregular and they usually do not
show simple, recurrent patterns. The reason that the Voyager results
are so different from the Pioneer results is probably associated with
the phase of the solar cycle. The Voyager observations were made
during an increase of solar activity, when there were many active
regions at mid-latitudes and few large, stable coronal holes near the
equator. The corresponding Pioneer observations were made in the
declining phase of the solar cycle, when activity was low and large,
and stable coronal holes were present near the equator.

3. A Post-Shock
Flow
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The multiple

spacecraft configuration was ideal for studying azimuthal gradients,
i.e., in the direction normal to the earth-sun line. Behind the shock
at Voyager 2 (0507 U.T., September 20), indicated by the abrupt

increase in speed V and magnetic field intensity B in Figure 3, the
speed and field intensity decreased monotonically to the preshock
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values ¥ 20 hrs later. 1In contrast, behind the shock observed at
Voyager 1 (2130 U.T. + 50 m, September 19) the speed and field
increased for several hours before decreasing to the preshock values.
In other words, the post-shock speed and magnetic field intensity
profiles at Voyager 2 resembled a blast wave or F-type shock
(Hundhausen, 1972), while the profiles behind the shock at voyager 1,
just 4.2° away, resembled a driven wave or R-type shock (Hundhausen,
1972) . The speed profile at IMPs 7 and 8 was similar to that at
Voyager 1.

Our interpretation of these observations is that the shock was
driven by a piston with a thin lateral boundary. The piston passed
Voyager 1 and IMP, but it did not extend far enough in the azimuthal
direction to intercept Voyager 2. Thus, the width of the boundary was
less than 4.30.

4. Shock Structure

Voyagers 1 and 2 observed more than 20 shocks in the € months

interval under consideration. Here, only three shocks will be
discussed: a perpendicular forward shock (B perpendicular to the shock
normal, and the shock moving away from thévsun relative to the
unshocked plasma); an oblique forward shock; and a quasi-parallel
reverse shock {moving toward the sun relative to the unshocked
plasma). Table 1 gives the basic parameters just before and after
each shock.

Perpendicular

forward shock.

Figure 4 shows the VOYAGER 2
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abrupt increase in the magnetic field intensity such that BZ/BI =
n2/nl (see Table 1 and Burlaga, 1971), and 2) the absence of any

significant change in the direction of B. Given Vir Vo and BZ/Bl =
n2/n1 one can use the mass conservation equation to obtain the shock
speed, viz., U = 400 km/s, or U-V, = 60 km/s relative to the solar

1
wind ahead of the shock.

A full least squares fit to a subset of the Rankine-Hugoniot
conservation relations (Lepping and Argentiero, 1971) yielded the
normal orientation as An = 29.10, Gn = -11.2° with a rest frame shock
speed of 382 km/sec. The corresponding angle between the best fit
pre-shock field and the normal was 88° thus confirming the
perpendicular character of this shock. The "quality factor" normally
associated with this calculation was 0.74 (where unity corresponds to
an excellent fit) indicating a good fit. Using a time delay
calculation between the sudden commencement time (1142 U.T. on 19
September) at earth and the shock passage at Voyager 2 reasonably
consistent results were obtained: VS = 310 km/s, xn =27°, Gn = -2°,
The slightly lower shock speed (19%) may be explained by local shock
curvature in the Earth-voyager region, consistent with the limited
extent of the associated driver plasma.

The structure of the shock is simple. There are no fluctuations
upstream; the intensity increased in a very short time in the main
shock transition, and behind the shock there are random fluctuations
of very small amplitude.

Oblique forward

shock. An oblique

forward fast shock
VOYAGER 2
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(see Table 1), confirming that the event was probably a forward shock.
The direction of the magnetic field changed slightly across the shock,
indicating that the shock was oblique. One can use the coplanarity
theorem to calculate the shock normal (e.g., see Hundhausen, 1972).
The angle between the shock normal and the upstream magnetic field was
47°. The speed of the shock with respect to the upstream solar wind
was U—Vl = 102 km/s.

The structure of the oblique shock shown in Figure 5 is somewhat
more complicated than that of the perpendicular shock described above,
but it is not turbulent. Wave packets with quasi-sinusoidal, high
frequency fluctuations appear upstream of the shock transiéion, and
lower frequency fluctuaticns appear downstream.

Figure 6 shows
power spectra in the

. “wange (0-8) Hz for

; . VOYAGER 2 FEBRUARY 2, 1978
the undisturbed

. I 2 min, onalysis Intervals
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distinct peak at ®

1.2 Hz in the 5-second interval ahead of the shock, corresponding to
the quasi-periodic fluctuations evident in Figure 5.

A polarization analysis for the quasi-periodic fluctuations just
ahead of the shock showed that the fluctuations are nearly circular RH
polarized waves propagating 40° with respect to the
ambient magnetic field. This is shown in the holograph of Figure 7
which gives a plot of the perturbation vector in the maximum variance
plane; the wave vector, k, and the component of B parallel to 5 are
normal to the plane of this figure and point into the paper. Waves
such as these have been observed upstream of the earth's bow shock.
Greenstadt et al. (1975) and Fairfield and Feldman (1975) identified
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them as whistler
waves, Taking
advantage of the
successive inward
and outward motion
of the bow shock,
they showed that the
bow shock whistlers
were standing waves.
Their technique
cannot be applied to
an interplanetary

shock, which locally

moves in just one
direction. 0On the
other hand, the
fast, uniform, known
motion of
interplanetary
shocks offers the
advantage that scale
lengths can be
determined more
precisely.
Quasi-parallel,

reverse shock.

Figure 8 shows an
unusual event, _
recorded by Voyager
2 at 0920 UT on
January 29, 1978.
There is a large
abrupt decrease in
density and proton
thermal speed
(temperature) and a
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slight decrease in magnetic field intensity coincident with an abrupt

increase in bulk speed.

shock (e.g., see Burlaga, 1971).

This is the signature of a reverse, fast

High resolution (1.92s) magnetic field data in Figure 9 show a

small change in magnetic field direction (A) and a small increase in.



intensity (B) at ”
0919 UT, which is
the main transition
in the shock. The

small size of ax and P voraceR 2
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the shock is oWMNMMWN““W”VM@@@gf@kwwmw\AmﬁwwmmMManwwM;

guasi-parallel (for m& | " i o ?

a parallel shock A 3607 ]
The structure {:wmuwwﬁﬂiWM,ﬁﬁmM e AR R :

of this shock e e " e 25578 0 s

differs appreciably

from that of the

perpendicular and

oblique shocks

discussed above. ' FIGURE 9

Upstream (late

times), there are low frequency, irregular fluctuations extending >
500,000 km from the shock. A preliminary power spectral and
polarization analysis reveals these fluctuations to be left hand,
elliptically polarized waves with characteristic periods of 20-25
seconds. The main shock transition is turbulent, with large amplitude
fluctuations in both intensity and direction; these fluctuations
extend to high frequencies, as indicated by the high variance of the
60 ms measurements of the magnetic field components in Figure 9.
Downstream (early times--in the shocked plasma) there are high
frequency, turbulent fluctuations extending > 250,000 km behind the
shock. Power spectral and polarization analyses indicate that these
fluctuations are right-hand, nearly circular-polarized waves with
characteristic periods of 6 to 12 seconds, the period decreasing as we
approach the main shock transition.
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5, Summary

Some early results of the vVoyager 1 and 2 magnetic field
measurements between 1 AU and 2.5 AU were surveyed.

In the macroscale data (> 27 days) it was noted that the magnetic
field intensities and sector patterns were complex and variable, in
contrast to the simple and stable patterns oberved in the same region
{1.0 to 2.5 A.U.) by Pioneer 10 and 11 during 1974.

On a smallet scale, the flow configuration behind the September
14-21, 1978 shock was investigated using magnetic field and plasma




data from voyagers 1 and 2 and from IMP 7 and 8. The shock was driven
by a piston and the azimuthal boundary of the piston was found to be
very thin at 1 A.U.

The structures of three different types of interplanetary shocks
were analyzed. A perpendicular forward shock was found to be thin and
laminar, with almost no fluctuations upstream and downstream. An
oblique forward shock was found to be thin, with whistler wave packets
upstream and higher intensity turbulent fluctuations downstream. A
quasi-parallel, reverse shock was found to be turbulent, with
irregular, LH, elliptical-polarized fluctuations extending >500,000
km upstream, and with the nearly circular-polarized waves extending >
250,000 km downstream.

TABLE 1
Shock Characteristics

Event at Voyager 2 B B n n T T A

1 P 1 2 1 2 1 V2
Sept. 20, 1977 3.1 6.8 9.1 19.8 2.4 4.5 341 381
Feb. 2, 1978 2.3 4.3 1.7 4.0 1.4 3.8 335 390
Jan. 29, 1978 0.7 1.2 0.5 1.2 1.0 5.4 370 330

3

(B is in gammas, n in em ~, T in 104OK, and v in km/s)
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ALFVEN WAVES AND ALFVENIC FLUCTUATIONS IN THE SOLAR WIND

K.W. Behannon and L.F. Burlaga
Laboratory for Extraterrestrial Physics
Goddard Space Flight Center
Greenbelt, Maryland 20771, USA

Abstract Recent measurements have confirmed that fluctuations in the
bulTk veTocity of the solar wind are correlated with fluctuations in the
magnetic field more than one-third of the time and that these observed
"Alfvénic" fluctuations have several characteristics in common with
Alfveén waves. They are not "“pure" Alfvén waves because there are fluc-
tuations in magnetic intensity, and at times tangential discontinuities
are also present. Because the fluctuations in B are three-dimensijonal,
they are most consistent with being general Alfvén waves, although they
are usually found to be "nearly" transverse. The assumption that the
observed waves are plane waves may not be valid over distances > 0.01 AU.
A better theoretical understanding is needed with respect to mode-cou-
pling, stability, and propagation.

1. INTRODUCTION

Although the interplanetary magnetic field has a spiral configuration
on average, there are always fluctuations in it on scales of an hour

or more. In general, these fluctuations are complex and are the result
of many different physical processes. There is a re]ative]y'simp]e_sub—
set of these fluctuations which occurs more than one third of ﬁhﬁftime
and is characterized by a high correlation between f]uctuationsyimfthg
bulk velocity v and the magnetic field B. These are called A]fvénig‘
fluactuations. Alfvénic fluctuations are important for several reasons:
they scatter cosmic rays; they modify heat transport; they influence
geomagnetic activity; they may carky'information on the fundamental
acceleration process of the solar wind; and their relative simplicity
offers the hope that their physical nature can be understood, thus con-
tributing to a better underétanding of a fundamental plasma.

The subject of Alfvén waves has been discussed in several reviews
during the past few years (Hollweg, 1974, 1975, 1978; Barnes, 1974;
VoTlk, 1975) which were written from a theoretical point of view. A com-
prehensive, balanced review of the: theory and observations of Alfveén
waves and Alfvenic fluctuations was recently written by Barnes (1978).
In this present review we attempt to give a concise account of the basic
types of Alfveén waves that are possible and a summary of the observations
of Alfvénic fluctuations that have been made using both magnetic field
and plasma data. We shall tend to stress the ways in which Alfvénic
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fluctuations (AF's) differ from pure transverse Alfvén waves (TAW's),
in the hope that it will stimulate fresh thinking and new progress in

solar wind and wave studies. We shall also show the ways in which AF's

resemble TAW's.

2. BASIC TYPES OF ALFVEN,NAVES

"Alfvén wave" is a general term covering several different possible

types of magnetic field and plasma fluctuations. Necessary conditions

for an Alfvén wave of any type include the following.

1.‘§(t) can be written as the sum of an unperturbed component Eo and
the»wave perturbation Ed: i

B =38, + 58 - (1)

Note that <B> = B  if and only if <B,> = 0, and <B;> is not neces-
sarily zero in general (here < > denotes the average).
2. The wave moves a]ong‘go at the speed
v = B _/V&rp,
A, 0 (2)
where p is the density. :
3. There is a perturbation in bulk velocity, Vl’ which is related to
El by the equation

Jy =2 (Vg 7Bg) By | (3)

The minus sign refers to waves moving in the go =,Eo/Bo direction.

4, The waves satisfy a linear wave egquation. Both large amplitude
Alfvén waves (BlnfBO) and small amplitude Alfvén waves (Bl<<BO) are
Tinear waves in this sense. The instantaneous Poynting flux for an
Alfvén wave 1is

$ea ERs - am B (BB, (4)

where V, is given by (3). S can be written as

e o .0 - :
.5 B [(BIL) Bor Blu E&L H Bo EJL]' (5)
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The last term may be written as [Bgl(4nﬁ TR which represents a con-
vection of the unperturbed field energy by the perturbation velocity
normal to B . For waves which are periodic, the last two terms in (5)
averagdge to zero, and the average Poynting flux in a wave packet is
v
A 5~

8> = - —2(By,)" B,. (6)
4q

Since VAo = V, cose, where Vo = B//&7p and 8 is the angle between B
and B, one can write (6) in the form
(s> = - Xﬂ (811)2 cos éméo. (7)
4

- Alfvén waves can be classified on the basis of the number of dimen-
sions in which El fluctuates at an observing point, i.e., there are
three-dimensional, two-dimensional, and one-dimensional Alfvén wave per-
turbations. Let us consider each type in turn.
1. Three-dimensional El perturbations (General Alfvén Wave) In addition
to properties 1.-4. above, a general Alfvén.wave has the characteristics

a. |B] =B =[B  + B;| = constant.
b. E& moves in three dimensions.
Thus, for this wave Bl||¢ 0, and the
tips of’g and El move on the surface
of a sphere (Figure la). That this
type of Alfvén wave can exist has
been demonstrated theoretically by
Whang (1973), Goldstein et al.
"GENERAL" TRANSVERSE (1974), and Barnes (1974). The
ALPYRN WATE RLEVER wavE Poynting flux for this wave is given
by Equation (5).
2. Two-dimensional E& perturbations
(Transverse Alfvén Waves and Rota-
. tional Discontinuities) If El(t)
fluctuates in a plane, the locus of
the tip of B, is a circle given by

181=CONST

. . 2 1
SVALFRN WAVE FLUETUATIONS the intersection of this plane with
Fig. 1. Schematic depiction of the the sphere [B| = constant (Figure

‘basic types of Alfvén waves (see 1b). If the plane does not contain

Text). As shown, observed Alfvénic , o
fluctuations combine features of the center of the sphere, Bo may be

- both general and transverse fluc- gofined as the direction normal to

tuations.
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the plane. Such Alfvén waves are called transverse Alfven waves (TAW's)

because E& is transverse to B/ (Bln = 0). If the plane defined by B1
does contain the center of the sphere |§J = constant, then B, moves on
the arc of a great circle of the sphere, }Ell = |B}, and B = 0. If

this case is regarded as the limiting case B, * 0, than Voo = 0 and‘the
Poynting flux goes to zero. This means that the "wave" does not propa-
gate along B

For a TAw there is a minimum variance direction m of B (t), which is
para]]e] to B and thus defines B Clearly, B, = B - m and, of course,

11 = constant # 0 and Bln = 0. The minimum vagiance direction is deter-
mined by finding the direction m which minimizes <[(B - <B> -&]2> (see

Sonnerup, 1971; Burlaga and Turnef¥; 1976). This is equ1va1ent to diago-
nalizing the matrix <BiBj> - <Bi> <Bj>, isd, = 1,2,3; The smallest

2

eigenvalue, A is equal to the variance of B along m, i.e., A = <Bh|

A rotational discontinuity is a special kind of transversemA1fvén
wave with the characteristic that él changes discontinously in the MHD
approximation. The wave moves along B = m, which is at an angle 6=sin
(Bl/Ba) with respect to the ambient f1e1d B,

3. One-dimensional perturbations (small amplitude waves) If B moves on
an infinitesimal arc of the circle |B| = constant, B, is parallel to the

arc and is essentially along one dimension, say p. Clearly this requires

that B1 << B and it implies that B is normal to i5>‘ One may choose
B0 = €§>,V1n which case <Bl> = 0 (figure 1lc). The average Poynting flux
is <S> = 1% B% <B>. This wave has frequently been discussed in the lite-

rature of small amplitude MHD waves.

3. OBSERVED CHARACTERISTICS OF ALFVENIC FLUCTUATIONS

To the éxtent that the Alfvénic fluctuations observed in the solar wind
resemble one or more of the Alfvén waves defined above, one can speak
of the following wave characteristics:
(a) the correlation between V, and Bys (b) the polarity; (c) the wave
speed Va3 (d) the locus (dimensionality) OF.§1(t); and (e) the wave
amplitude BI/Bo' Two characteristics of AF's which are not consistent
with the definition of an Alfvén wave are: (f) the existence of fluc-
tuations in Lgl; and (g) the presence of tangential discontinuities
among AF's. It is also commonly assumed that AF's are plane waves, but
jt will be shown in section 4 that this is a questionable assumption.

~ We shall now consider in turn (a) through (g) above.
a. Corre]atioh’between !4 and‘EJ. AF's have been studied in the time
domain using both plasma and magnetic field data by Belcher, Davis and

-1
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Smith (1969) (BDS), Belcher and Davis (1971) (BD), Burlaga and Turner
(1976) (BT), and Denskat and Burlaga (1977) (DB). Considering 6-hour
intervals in the period June 14-Nov.21, 1967, BDS and BD found a corre-
lation coefficient p between vlr and Blr > 0.8 one third of the time.

BD found |p| > 0.6 55% of the time in that period. DB and BT considered
one-hour intervals in periods during 1967, 1968 and 1971, and they found
o] > 0.6 40% of the time. Thus, AF's represent a substantial fraction of
interplanetary microscale fluctuations.

AF's have also been identified by Coleman (1966) using cross spectral
analysis techniques. Considering fluctuations in the range 1 to 50 cycles
per day for four 10-day periods and two 6-day periods, he found coher-
ences between Vr and Br of from 0.20 to 0.70, with an average of 0.46.
(b). Polarity The sign of the correlation coefficient or coherence
between 11 and 51 indicates the direction of propagation of the wave.

A1l of the authors quoted in (a) found that essentially all AF's are
propagating away from the sun.

{(C).s Have-sgeed The constant of proportionality between ll and EJ is

K = Vp,/B, for an Alfvén wave. Thus, one can compare the "observed" Vp
with the "theoretical" value given by Vp, = BO//T?E by examining the
distribution of BOK/(BOJI?E) = K/&np = D. This should be unity for an

- . ' . ' Alfvén wave, and indeed BDS, BT, and DB
5 —awenc—{3
E &
(]

found <D> = 1. However, the distribution
of D is broad, and values of D>2 are
sometimes found; the reason for this
is unknown.
X2/A1  (d) Locus of B, The distribution of B,
can be expressed as the distribution of
the eigenvalue ratios A3/A2, Az/xl, A3/A1
which are obtained by diagonalizing the
matrix <BiBj>'<Bi><Bj>‘ BDS observed
02 04 06 08 10 Xa/kz that typically one eigenvalue was small
. = ' i ' and the other two larger and of compar-
able size, indicating that the magnetic
field fluctuations were primarily in a
plane, but they did not give the eigen-
value distributions. BD computed eigen-
: values for the entire Mariner 5 data set,
SZ?Geﬁ-ogiz;;iB:::::Ze°:]?;gf"'but they did not separate AF's from
soids of B for hour intervals other fluctuations. BT and DB obtained
relative to maximum eigenvalue 4p. 4ictributions, shown in Figure 2, of

A,, showing fluctuation close :
t¢ but not entirely within a eigenvalues of AF's. Ay is the variance
plane.

07502 04 08 08 10 \y/\
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of B along éo’ i.e., Ag = <B§">. Figure 2 confirms the result of bDé.
but it also indicates that a3 # 0. In particular, BT and DB found that
<83, >1/2/<83 1% <(2;/2))/% = 0.1. Taken literally, this means that
there are non-zero fluctuations along Bo and therefore that the fluctu-
ations in B are 3-dimensional, i.e., the waves are general Alfvén waves.
Nevertheless, it is true that the waves are nearly transverse (Figure
1c), and an error analysis has not been made to determine to what extent
Ay is due to the small instrumental uncertainties. Figure 2 also shows
that AF's are neither linearly polarized (xz/A1 << 1) nor circularly
polarized (B1 tracing a circle with AZ/AI =T},
(e). Wave amplitude As noted by Hollweg (1978), there seems to be no
distribution of Bl/Bo for AF's in the literature. However, this ratio is
probably close to 0.7 + 0.1 based on studies by Chang and Nishida (1973)
and BD, although those authors considered all types of fluctuations to-
gether, not just AF's. BT found a most probable value of between 0.3 and
0.4 for the relative amplitude of the transverse component of AF's.
Now we turn to two types of AF observations which are not consistent

with the properties of Alfvén waves.
(f). Fluctuations in |B| BD observed that small fluctuations in |B|
could be present among AF's. They found that in general <B§">§0.1 <B§4>'
and they concluded that Alfvén waves are dominant over compressive waves.

. : ' ' ' BT showed that in 85% of the AF's they
examined, §|B| # 0. Their distribution

of éB/B (Figure 3) shows that the average

40+ B
is 0.06, which is at least six times
greater than the experimental uncer-

0t Il Z 0.6 |/ tainties. Thus, AF's are not pure Alfvén

waves; they must include convected struc-
tures and/or compressive waves. Consis-

. tent with this are the observations of
Sari and Behannon (1978) and Sari and
Valley (1976) that there is generally a

= high coherency between fluctuations in
|B| and along <B> and those in at least
one direction normal to <B> with phase

of 0° or 180°.

i 3;’bistri;3€ﬂon of rela- (9). Tangential Discontinuities among
tive field magnitude fluctua- Alfvén Fluctuations The conditions for
:;3":B;§r<95?2?51:i$2 l;éa:e2£6 AF's are necessary but not sufficient
that the fluctuations, though conditions for Alfvén waves. There is no
small, are not zero. guarantee that a discontinuity across

“ﬂuﬁl.l"“!z 18
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o which Vlz(VA /B ) B,y is an
EXP%:QR 33 EXP&;{E‘R 38 CROSS CORRELATION FUNCTIONS -~ 0 0 ~
O 1 i RD, for example. DB showed
L av, 5 AV, 5| &
RN Bl e 5| ¢ Ry \ Riz, TANGENTIAL DISCONTINUITY 1 (s
o T NRVAR NN AV examples of TD's among AF's
o e , — T (Figure 4); The TD's were
ﬁ,ww_ g ﬁ\oﬁ_ixuw, e ..]mmmwm1dent1f1ed by determining the
AT & -af A avy =5 -9 LU
i e R orientation of the disconti-
1 ¥ ) ! .
3: o g0 5f\ﬂhm~?f AN nuity surface from the time
Sl | :d B s delay in moving from one
&¥~—w-‘ &‘~_‘ ;« 54\ spacecraft to another, and
faﬁf:m&m ﬂ;%dmﬁ%w,“’-_5 Vv then by showing that there was
=4 g ") A r | 5 N | - -
CORL IR °'°”“R'?““ no component of B along the.

Fig.4. A Tu opserved in magnetic field and
plasma data by both Exp.33 and Exp.35.
Field is given in terms of solar ecliptic laga et al, (1978) have also
components and magnitude as solid lines; )

Solar wind speed, density and temperature demonstrated that TD's can

normal to that surface. Bur-

as dashed lines. Cross-correlation func- exist among AF's. They iden-
tions were computed from magnetic field tified the TD's by means of a
data.

minimum variance analysis of the current sheets associated with the dis-

‘continuities. The occurrence of convected structures among AF's m1ght

simply be the result of Alfvén waves moving through an ensemble of sta-
tionary structures.

4. ARE ALFVENIC FLUCTUATIONS PLANE WAVES?

It is usually assumed that "Alfvén waves" in the solar wind are plane
waves. This means that‘g‘1 and 11 are functions of x—VAt, where ; is the
girection of propagation. The amplitude, Bl’ and the propagation vector,
k, of a plane wave are the same everywhere in the (y,z) plane. Thus a
spacecraft which intercepts a phase plane at one point should measure
the same amplitude and k as a second spaéecraft,which intercepts the
phase plane at any other point. In other words, two spacecraft separated
by any distance L should measure the same B(t) profiles (except for a
phase difference) and the same k. Obviously, truly plane waves do not
exist. The relevant question is "over what distances are AF's approXi—
mately planar in the solar wind?". This question cannot be answered with
observations from just one spacecraft. ‘

Given observaticns of Alfvénic fluctuations from 2 spacecraft separa-
ted by a d1stance L, one can test for planarity of the waves (1) by
comparing kl’ measured locally at spafecraf1 1 with k2 measured Tocally
at spacecraft 2, or (2) by comparing k measured locally at one space-
craft with the phase plane normal, n, calculated on the assumption that
the wave is a plane wave. If the fluctuations are plane waves, one should

el TR,

el e el Lt
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find that E1 = §2 an? that El,z = n. For transverse waves one should
have that k = m, and n can be calculated by a geometrical argument which
uses the phase Tag of §B (t) between the two spacecraft and the measure-
ments of solar wind velocity.
20 - Actually, with 2 spacecraft
. in the ecliptic plane, only

the projection of n in the

ﬁ N/No 10%

ecliptic plane, n_., can be

;:; ~ determined. This must be

: A yay i compared with the correspond-
Qe 30° 60° 90° ing component of k, i.e.,
‘x A A i th ﬁ . ;.
§ ﬁ[ (rnp . wi 9’ in testing for
i planarity.
Fig. 5. Distribution of the angle between This latter method was

T R

e elgenector My SoTresPonding 16 the, used by 0. They tested for
the ecliptic piane, and the wave vector i the planarity of AF's ob-

‘ for propagating plane wave fluctuations. served in l-hour intervals
by 2 spacécraft separated by
20~70 RE' Their resu1this shown 1in Figure 5. Ihis illustrates that, in
general, for 17 cases n_ was not parallel to k_. Thus the AF's observed
were apparently not plane over distances of 20-70 RE. Since DB were only
able to test 17 one-hour intervals, it is not known whether their results

are truly representative of all AF's in the solar wind.

Re 5. PROPAGATION OF ALFVENIG FLUL;UATIONS

g Assuming nearly plane waves and using geometric optics, Barnes (1969)

% and Volk and Alpers (1973) predicted that the wave vector k for MHD

>‘§ waves would be refracted as the waves propagate such that k is essen-~

: tially radial at 1 AU if it has started out parallel to Eo near the sun.
This is 1in the absence of velocity gradients, however, i.e., it is based
on a simple model of symmetric radial flow. When the velocity gradients

: in streams are also considered, as has been done by Barnes and Hollweg

f - (1974), Hollweg (1975), Richter and Olbers (1974) and Richter (1975),

: then, rather than being radially directed at 1 AU, the wave vgctof ﬁ is
refracted WGstward (aWay from BO).at the front of a stream and:eastward
(toward BO) at the rear of the stream.

For plane transverse Alfvén waves, the wave normal is given by the
minimum variance direction. Analysis of AF's show that the minimum vari-
ance direction is usually close to the mean field direction rather than
in the radial direction (BDS, BD, DB). Solodyna and Belcher (1976),
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Buriaga and Turner (1976) and Daily (1973) showed that this is true also
for both compression and rarefaction regions of streams. Thus, the ob-

served minimum variance directions do not agree with the directions of

wave normals predicted by the theories.

[

N
FAST A
k2
A
k PLANE
A A WAVES
SLOW
AV=0 AV#0
{a) (b)
NON-PL ANAR
WAVES

(c)
Fig.. 6.

(b) plane wave propagation with
stream effects included, and (c)
propagation of waves appreciably
curved on a scale < 0.01 AU.

ITlustration of (a) plane
wave propagation without gradients,

The theoretical predictions are
all based on the assumption that the
waves are plane over distances on
the order of~1 AU; as illustrated
in Figure 6. The tendency for k to
become radial in the absence of grad-
ients is the geometrical effect shown
in Figure 6a. When streams are in-
cluded, the gradients produce the
deflections illustrated by the sketch
in Figure 6b, mainly by convection.
The various arguments do not apply,
however, if the waves are not plane
waves over distances on the order of
the scale of streams and stream gfad—
ients. In particular, they are inap-
plicable if the waves are curved
appreciably on a scale of < 0.01 AU,
as shown in Figure 6c. For waves that
are not plane waves, Amin can always
be close to <B> and still be variable

over. distances > 0,01 AU because <B> itself is variable over such dis-
tances. The fact that the autocorrelation length of B is = 0.01 AU is

consistent with this picture.

6. STABILITY OF ALFVENIC FLUCTUATIONS

The stability of Alfvén waves in the lTimit 8 = nkT/(BZ/Bw)+0 has been
investigated theoretically by several authors (Galeev and Oraevski%,
1969; Hollweg, 1971; Cohen and Dewar, 1974; Cohen, 1975; Chin and
Wentzel, 1972; Lashmore-Davies, 1976). Although several types of insta-
bilities have been identified, the assumption g+0 is not applicable to
the solar wind, so it is not certain that those instabilities can occur

in the solar wind,

Recently Goldstein (1978) has investigated the stability of a finite-
ampTitude, circularly-polarized Alfvén wave for the case Bsl, which is
the relevant case for the solar wind. He found that the waves can decay
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for all g<1 by means of an MHD modulational instability. In particular,
an Alfveén Waye decays into a forward-propagating magnetic wave, a for-
ward»propaga%ing density wave, and a backward-propagating magnetic wave.
The decay waveévare not normal modes of the plasma. The decay occurs as

a result of the Alfvén wave coupling to random density and magnetic fluc-
tuations in the ambient medium. The growth rate of the driven waves in-
creases with 6]B|/B‘and decreases with increasing 8. It is surprisingly
large in general. The decay of AF's may be an important factor in heating
and accelerating the solar wind.

The growth of Alfvén waves as a result of an instability produced by
the velocity shear in streams has been investigated by Bavassano et al.
(1978). They have found that short wavelength waves moving in a direction
close to that of the mean magnetic field can grow in velocity shear rer
gions under the conditions observed near 1 AU, and they observed magnetic
field fluctuations in such regions which are consistent with those pre-
dicted by the theory. They also have concluded, however, that most of the
Tong wavelength Alfvén waves could not be produced in this way, and hence
that they probably originate near the sun.

7. SUMMARY AND CONCLUSIONS

Results obtained during the last few years have confirmed that fluc~
tuations in the bulk velocity of the solar wind are correlated with fluc~
tuations in the magnetic field more than one-third of the time and that
these Alfvénic fluctuations have several characteristics in common with
Alfvén waves. However, it has also been shown that AF's are not "pure"
Al1fyen waves, because there are fluctuations in magnetic intensity and
because tangential discontinuities can be found among AF's. Further-
more, there is evidence that the plane wave assumption used in most
theoretical studies of Alfvén wave propagation is not valid over dis-
tances » 0.01 AU.

Several important questions have been raijsed and should guide further
studies of AF's. These include the following. What is the cause of the
variations in magnetic field intensity in AF's? Over what distances are
AF's approximately plane waves, and how does this change with interplane-
tary conditions? Is there a turbulent cascade of energy or simple mode-
coupling near 1 AU? Are AF's general Alfvén waves? The answers to these
questions will require accurate, simultaneous-plasma and magnetic field
data from at least two spacecraft with separations in the range
< 50,000 km to > 500,000 km. Also needed is a better theoretical under-
standing of the behavior of large amplitude Alfvén waves, especially
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with respect to their coupling to other modes, their stability, and
their propagation. A kinetic theory approach to these problems is par-
ticularly needed.
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‘LOCAL AND GLOBAL PROCESSES WHICH IMPACT SOLAR WIND ELECTRONS
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ABSTRACT A new detailed first principle kinetic theory for solar. wind
electrons which is neither fluid nor exospheric in nature is
presented. This theory illustrates the global and local properties of
the sclar wind expension and coulomb collisions that are reflected in
the observed electron velocity distribution function--such as its
bifurcation, skewness, and the "differential" temperatures of the
thermal and suprathermal subpopulations. This theory is also shown to
make numerous predictions of correlations amongst electron solar wind
parameters which have been previously reported.

The extant models of the solar wind represent the extremeg of
approximations that can be made using the Knudsen number (K =

Apgg/B)
as an ordering parameter: the fluid approximation (K<<1l) enjoys a
certain popularity because of its tractable mathematics, although the
transport coefficients (such as the thermal conductivity, viscosity,
etc.) that are used seem dubious at best (c.f., Kopp and Orrall, 1977,
for a recent review); the exospheric approach (K v ®) is hampered by
the non-uniqueness of the soiuticns which satisfy the Vlasov equation.
Direct observations (Ogilvie and Scudder, 1978) indicate that reality
afﬁl AU for electrons is in between these two extremes with Ke A
This paper discusses the first quantitative attempt to discuss the
physics of solar wind electrons in the more realistic, intermediate

Knudsen number regime.

The electron Knudsen number at 1 AU is comparable to that éxpected in

'the acceleration regime of the solar wind in the lower corona. If we
can understand what factor(s) control the observed heat flow, it seems

likely that this understanding could impact the current reexamination
of the solar wind energy budget in the acceleration regime. We begin
our discussion with a brief overview of in situ observations of
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electrons at 1 AU which provide yardsticks for assessiﬁg theoretical
attempts to understand solar wind electrons.

The low energy thermal portion of the electron velocity distribution
function has been called the "core" or "cold" component and
approximates, with some license a paraboloid in 1ln(f) vs velocity; the
suprathermal component (i.e., everything which is not the core) is
often called the "halo" or "hot" component. There is some effective
Maxwellian with a "differential®™ temperature which approximates these
populations. The effective "temperature" of the suprathermal
component is substantially larger than that of the thermal componhent;
its "density" is only a few percent of the ion charge density. The
signature that this distribution is carrying a heat flux is the
asymmetry of this distribution function. The electrons that are
carrying the heat are not those as in small Knudsen number transport
theory where there is a slight skewness in f£(v) in the vicinity of one
thermal speed;'these asymetries are observed at higher speeds (usually

cannot be represented by

above 2-4 (rms) thermal speeds, and f o bserved

a single Maxwellian.

v

\,
"

A brief list of observed interrelationships of solar Qiﬁd electrons is
given below. The halo density fraction of the total d§2§jty is
nearly independent of large variations in the ambient dﬁﬁ%}ty.j This
number turns out to be on the order of 6+2% (where we haye used
deviations quoted by Feldman et al., 1975). The ratio ofﬁthe
suprathermal to thermal "temperatures" is remarkably constant with a
value something like 6+1. The halo fraction of the total density is
strongly anti~correlated with the local bulk speed (if it is nearly
‘the asymptotic bulk speeds, Scudder and Olbert (1978a)). The
hifferen:ial temperature of the halo population is anti-correlated
with the bulk speed; and the heat flux is lower in absolute magnitude:
in high speed wind than in fhe low speed wind (Feldman et al., 1976
and Rosenbauer et al., 1977).

A further point of some interest concerns the reproducibly bi-model
appearance of the electron distribution function. If we plot 1ln(f) vs
proper frame kinetic energy for particles moving both along and
opposed to the local magnetic field direction, there is a break
energy, E*, between approximately linear segments, which empirically
scales as E¥* = 7ch (Scudder and Olbert, 1978b). This energy has an
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intrinsic relation to the properties of Coulomb collision cross
section and its velocity dependence.

The radial variations of the core and the halo components have béen
determined from data returned by the Plasma Science Experiment on
Mariner 10 (Ogilvie and Scudder, 1978). The radial variation of the
core electron temperature between 0.4 and 0.85 AU was approximated as
an inverse power law with exponent 0.3+0.08 and that of the halo
component was essentially without radial variation. If we extrapolate
these radial dependences toward the sun we obtain some indication that
there is a common zone where these particles may have previously been
members of the same Maxwellian population above and below the break
point energy, E*. This radial position where the two radial profiles
converge is in the proximity of 2—15R0.

In Figure la we show
data acquired by the
NASA/GSFC VES ’
instrument on ISEE-1
in the format (1n(f)
vs w,). The

SIFC VECTOR ELECTRON SPECTROMETER || LOCAL THERMODTNAMIC EQUILISRIUM
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immediate: the system
is not in local thermodynamic equilibrium (LTE)--if it were in LTE
with the same internal energy it would look in this format as in

‘figure 1lb. Immediately we can state that the Braginskii (1965) (small

Knudsen number) formulae for transport coefficients are not relevant

‘for this system; Fourier's law (Q = -K VT) does not apply in most of

the relevant regimes of the solar wind. Fourier's law is a gross
oversfmplification of the physics of heat transport in an

inhomogeneous plasma-and only obtains theoretically under extremely

simplifying assumptions. We must attempt a kinetic type formulation,
in the presence of Coulomb collision and K,V 1: we have to compute the
electron distribution function both in configuration and velocity
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space. We then have to take the appropriate moment of the distribution
function to determine the flow of heat. <Clearly, if we have a theory
which can replicate the observation of the distribution function, then
we may have some hope in developing a quantitative discussion of the
flow of heat in this system.

The Coulomb interacticn between a "test"™ electron and the plasma is
often broken up intc regimes for which the test electron has an impact
parameter, b, less than and greater than the shielding debye length,

A a’ (c.f.,.e.g., Cohen et al., 1950 or Krall and Trivelpiece
(1973)). The interactions with b < Ad may be visualized as binary in
character with shielded ion scattering sites; when b > A a the
interaction is a many body interaction of the test particle with the
correlations of the targets on a scale L > Aﬁ and is a "wave-particle"
interaction.

In this paper we will discuss the strict consequences of (binary)
Coulomb collisions in the cavity occupfed by the solar wind. Our
considerations will give rise to a global sense of causality, whereby
we shall come to understand that the in situ electron observations are
connected in rather dramatic ways to the extremities of the
heliospheric cavity. This; in turn, implies that to interpret the
local observation of the electrons in the medium, one must be thinking
about the system in the laxge.

Our approach is to start from the Boltzmann equation with a relaxation
time approximation for the Coulomb scattering operator. The relaxa-
tion time approximation is also known as the Krook approximation
i{Gross and Krook (1556)) and is currently being used as a mathematical
simplification to see qualitative effects; the information obtained is
alréady sufficiently instructive to illustrate interesting features of
a fully ionized plasma which is inhomogenecous. The relaxation time
scale we have used is the velocity dependent Coulomb time scale for an
effective 90° deflection; the explicit formulae are discussed in o
detail in Scudder and Olbert (1978a). The approach is to discuss an
approach via perturbation where a guess motivated from observation,
for the equilibrium spatial profile, F(r,v), is assumed to be a
convected Maxwellian with a specified radial dependence of density,
thermal (core) temperature and bulk speed. We then inguire, via the
relaxation'approach, "how do the local Maxwellian populations
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'accommodate' or take notice of their environment:as allowed by the
smooth forces and Coulomb scattering that the electrons experience,
enroute to setting up a microscale consistent with the macroscale
forces and the properties of Coulomb collisions?" The empirically
motivated choice of a local Maxwellian stems from the evidence at all
radii for which direct observations have been made that there is an
approximately Maxwellian core or cold component for the electron
distribution function. Direct in situ determinations (Ogilvie and
Scudder, (1978)) of the mean free path for Coulomb collisions over the
scale height indicate that there are marginally enough Coulomb
collisions to start the process of local Mawellization.

Formal solutions to the Boltzmann partial differential equation are
rarely of much help in calculating the solution, but they often
provide valuable qualitative insights into the physical processes at
hand. The formal steady state solution for ‘cur problem at a given
time, t*, at a given location, r*, and at a given velocity v, is given
by

—

* o ewx .
£ E, £ )=F(x, 1) exp (S )HT exp (S @IV Vit DRz /letlde' ()
A

* % % .
where S( ;.V_; ‘ay_:t )E§

1/<[t™"1de",

The structure of this solution is particularly interesting since it.
illustrates the global nature of the eventual solutions we will
obtain. The first term represents an attenuated, exp(-S ), signal of

‘"source" phase density from the boundary, the addltlonal term

represents the superposition of "source™ phase density which can reach
the observer from intervening spat1a1 layers properly attenuated for
the intervening depth, S{(r',r ) Let's examine the nature of this
quantity S in.the formal solution. The quantity S is a counter of the
effective number of Coulomb collisions experienced by a representative
element in the phase space going along the characteristic in the
presence of the smooth forces from (r',t') to (r*,t*). The quantity
exp(-S) which occurs in the formal solution is also a very interesting
quantity to understand. This quantity 1s the normalxzed survival
probability to transit from (r',t' ) to (r :t *) without experiencing an

effective 90° coulomb scattering. The equations of motion are hidden
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in this formal solution; the attenuation provided by the Coulomb
effect is explicitly present in the 5 quantity. The extinction
provided by the Coulomb scattering is analogous to the similar
behavior of the optical depth {T(Vv)) of radiative transfer theory; we
will refer to this quantity S as the "collisional depth".

If we consider an observer at 1AU it is important to know how large S
is as a function of energy. This quantity can be shown a posteriori
to range from approximately 2 to over 30 when one considers electrons
with local kinetic energy at 1AU which range from 500eV to 5eV. This
immediately implies that in the solar wind we are connected in a.
dramatic way at higher energies to the plasma microstate in vicinities
well removed from that of the place of observation, since the observer
is not screened off from large phase densities at this boundary at
this energy. This implies that for any physical quantity which depends
on the moderate to higher energy electroﬁs, such as the heat flux, one
must consider the entire system. Because of this global connectivity
local Knudsen number arguments appear inadequate to vindicate
Pourier's law in inhomogeneous plasmas. This is not the whole story
-~ this is just the extinction portion of the contributions to the
local phase density; there remains the question of the energetic
accessibility.

We have seen that this

quantity exp(-8) is a qwxv,@m

normalized survival ¢ ' 3w w0
) 30,

probability. Can we understand = F // 7/

microscopically from the
properties of Coulomb

o
s
T

collisions , what allows this

o
rFY
T

"transparency" of the corona
to the observer? In Figure 2

we illustrate a universal plot

o
F
T 1
1

0.4
of the properties of a fully

Pcarreamc (A2 hmip, W/ Wy o)
Peunvivar (623 mip W/ Wy o)

ionized plasma for which T <<
(mp/me)Tp. The ordi?ate is
exp(-S) and the abscissa is
the scaled qguantity u =

(2]

3 8
P T
.

L )
° 4

2 3 4 S

y/wT,e, where w is the Vew/uy g

electron's proper frame speed
and the normalizing factor for | FIG. 2
u is the rms thermal speed of
the electrons. We have asked
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the question "what is the survival probability for traversing a
fiducial local length in the plasma, namely the local free path for
the rms thermal electron, as a function of test electron speed?"
Because u is a scaléd dimensionless quantity, this is an universal
plot for the above stated temperature range. We now ask what is a
reasonable statistical definition thatva test electron "surviwves"
without having an effective 90° scattering while transiting this
fiducial length. Since this is a statistical question a customary
level of confidence is 3 sigma. If we adopt this level of certainty
we define a éharacteristic scaled speed u*=2.16. If we also recognize
that this is a statistical relation, then we should expect some
dispersion in this quantity, say, ranging from 2-4 sigmas. For
particles above this range of characteristic speeds, we thus argue
that these particles last Coulomb scattered more than one local rms
thermal speed electron's free path away from the observer. In
principle we have established that there is a collisional window above
this speed range to whatever plasma populations are beyond our
fiducial length. If we examine breakpoint data from experimental data
from all the Mariner 10 data and an analysis of published IMP data we
obtain the most probable points for u* as indicated on the figure.
These most probable experimental points nearly coincide with the
guantity u*. The entire range of experimental values of the
breakpoint energy determined on Mariner 10 is indicated by the
stippled zone on this figure. This zone is centered in the 2~4 sigma
zone defined previously. This spread is also consistent with the
uncertainties in a re-analysis of publishéd IMP data (Scudder and
Olbert, 1978b). This is a very strong argument in our opinion that

Coulomb processes may be the dominant factor in determining the local
‘distribution function. This also means that Coulomb physics is also
'intrinsic to the conduction problem since the break point energy is in

:the proximity of the largest skews of the local distribution function.

If we are going to integrate the Boltzmann equation we must think
seriously about the smovth forces which the electrons experience
enroute to the observer. This raises the question of what are the

. smooth forces which the electrons experience? " Among the most

important smooth forces is the parallel electric field which the
charged particles experience because the medium is inhomogeneous.

This parallel electric field is present in all fluid theories which
impose the external condition that the medium be pointwise neutral and
that the electron and ions have the same bulk speeds. This parallel
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electric field can be determined from the generalized Ohm's law (c.f.
Scudder and Olbert, 1978a for details), once the electron pressure and
density variation have been given {(as in our initial ansatz, supra).
Our polarization potential barrier is very similar to that published
by Lemaire and Scherer, 1973). This potential represents a
significant barrier of the order of 1.5 keV to the progress of
electrons along the tubes of force from the corona (we have assumed a
Parker spiral). This is especially critical since the electrons
observed at earth presumably originate in a thermal plasma in the
corona with a kT of the order of 100eV,

If we return to the formalism, we can see by integration by parts that
(1) may be rewritten as a superposition of two terms

F (A4S = S ) ,
£(t) = = 0) + ¢ exp (rAS (Flt (AS)J))dF L (2)
F (a8 = Q) _ )
(Local) (Global)

one that is by definition 1océl, (As=0), plus a superpositon of
differential phase density that is accessible to the observer
multiplied by the probability that it does not get extincted enroute
to the observer. We see immediately that the departure from the
local distribution function is this global integral. Since there
appears, by direct observation, to be a marginally adequate number of
collisioﬁs to Maxwellize the 1ow'energy "core" we see from (2) that
taking F to be the local Maxwellian is a good idea. Among the details .
required to "realize" a solution of the Boltzmann problem, one must
collect all contributions (in steady state) which could have ever
made it to the observer. 1In this connection it is important to notice
that in the entire solar system it is very difficult to get electrons
to cross magnetic tubes of force, either by finite radii effects or
collisional diffusion. (This means the life and death of the electron
is along the same field line upon which it was injected in the lower
corona. This means that the problem is topologically one
dimensional). This implies that the stochastic problem of getting all
the contributions is restricted to the given tube of force which the
threads the position of the observer. The contributions from a given
layer at r' can contribute particlés going both fore (away from sun)

f+(fx~,r ) and aft £ (av r ) along the local mainetlc field at the '
observer; conversely the observer measuring f (v ,x ) will in general
have non-negligible contributions from radial positions along the tube
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of force that are both inside and outside that of the observer. It is
quite possible on the basis of kinematic accessibility that the
electrons which comprise the local aft halo phase density, £,
originated in the corona, propagated along the local tube of force,
passed the location of the observer at some earlier time, proceeded
along the tube of force and have been scattered back toward the site
where they come to be observed going toward the sun. This same level
in the corona can also contribute strongly to the forward portion of
the halo £t Clearly, in steady state there is also the kinematic
possibility that there are more than one turning point orbits between
"source” layers and the observer; the problem of getting all the
contributions comes down to tracking down all these turning point
orbits. Due to the limitations of space in the present monograph we
will not pursue this details as they are available in the literature
(Scudder and Olbert, 1978a).

Another example of the
electron distribution function
is given in Figure 3 where we

have plotted the distribution 1MP:6 NOVEMBER 5,153 (703 uT
function in the proper frame 8} -
adapted from Feldman et al., i o °, §
1975, as discussed in Scudder e ° °

and Olbert (1978a). The 2 ef- ° ° -
principle reason for this 'g ol .' o |
figure is to show that ® o o
different experimental groups § 4 o °° .
obtain similar velocity ~§~3~ o o
distributions (compare figure = + * |
"la) and establish a basis for T . :

. SR * ° 0 1 |nrerpoLaTED +
' comparison with the . . 1+ ® 180° . T
theoretical realizations which oLt 1 :kr[ml! D,“ﬁ e

=16 -8 0 8 i

we will subsequently discuss. Wy ] 2108 em/sec
The thermal ahd suprathermal
populations are clearly
present; the break between the
‘two parabolas occurs at

. approximately 2 rms thermal
speeds; the break in the profiles occurs roughly two and one-half
orders of magnitude below the maximum value of the entire distribution

function; the distribution is skewed with a magnitude which should be

FIG. 3
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compared with the gheoretical solutions; the ratio of the fore and aft
phase density f+/f- asymptotes to a value of approximately 6.

Figure 4 shows a plot in the
same format as that of Figure
3 of a theoretical solution
with an asymptotic solar wind
speed of 400km/s. The
logarithmically spaced dots
are the theoretical solution;
the pafhbola is the local
Maxwellian ansatz, F = f(o)k.
Among the features of this
profile are the suprathermal
population, present even
though no wave particle
interactions were included in
this theory, the suprathermal
population with approximately
the correct relative
importance in the overall
distribution function, the
skewness of the distribution
function, which compares
favorably with that

tog 1(vy,11aU) cM Csecd (ARBITRARY NORMALIZATION)

illustrated in the previous figure

the distribution function, and the

intrinsic property of the Coulomb scattering

VELOCITY DISTRIBUTION
L of!') (v, 75 L1AU.) THEORY N
—4(aS=0~=rallAU)

Ug 400 KMJSEC |

-

P BT sl gy

V) (103 KM/SEC)

FIG. 4

of in situ data, the bifurcation of

break point energy of the solution

‘which automatically has the correct position

since this is an
process.

From this solution we will establish contactAwifh thé expefimeﬁgal

extrapolation of the radial variation of the
consistent with a prior contact at different

core and halo being
times with the same

Maxwellian population somewhere in the regime of 2-15 R, Let's ask,
"where were the collected electrons last members of a Maxwellian
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recently from a Maxwellian

'source' population?" We
consider in Figure 5 these
radial source regions. The

vertical axis is the *SOURCE" REGIONS

Ug» 400 KM /SEC

.8 w03

10

contribution of phase density
which is ultimately collected

g

at the indicated observer's -

]
»

o
At (R, ReLIAV. SeV)

positién and the horizontal 1072
axis is the radial location of
the Maxwellian from which the

contribution comes. The 5eV

electrons collected at 1AU are 7 -iof

Af (R, Re11AU., 500eV)

seen to have come most

population in the immediate OBSERVER |

proximity of the observer; o™t

£+(5eV) comes predominately
from a Maxwellian population '
inside .the radial position of
the observer; f (5eV) comes
from slightly outside the
observer. Both these contributions are from within one rms thermal
free path of the observer. By contrast, consider the radial positions
of the dominant contribution of the phase density for kinetic energy

500eV at 1AU. We see that both f' and £~ contributions at 1AU

originate in collisional populations very near the base of the corona
in the region of l-lORe. We thus see that we recover (by considering
the Coulomb extinction and the self consistent forces) the
experlmentally inferred regime of common thermal origin, since the
thermal core has been reprocessed many times in different c011151onal
populatlons with different T's. There is little doubt that at an
earlier time the thermal electrons were in collisionél equilibrium
with other electrons near the base of the corona.

This figure also dramatically illustrates the direct contact which the

1AU observer has (at suprathermal kinetic energies) to the boundaries
of the system. In these senses the in situ electron distribution
function has both local and global information in it: the thermal
regime has the local gradient physics; the population of the £* in the
suprathermal regime proclaims the existence of the hot, very dense
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corona many mean free paths away- and the skewness of the
supecrathermals contains the information of the transit of these
particles beyond the observer in the distant heliosphere where they
are backscattered to be collected going toward the sun.

The typical radial position where these particles are turned to move
again toward the sun is 5-10AU, depending on the energy. We think the
key point that has been missed in the exospheric calculations is that
the wrapped nature of the interplanetary field in the ecliptic
introduces a longer arc length path to exit the heliospheric cavity
than estimates based on the characteristic radial dimension of the
cavity. This in turn implies that the Coulomb mean free path and the
free path of any energy electron divided by the scale height aloﬁg the
magnetic field decreases with increasing distance; this in turn
implies that it is inconsistent to neglect the backscatter of
energetically unbound electron back into the heliospheric cavity.

(Cf. Scudder and Olbert 1978b and Sittler 22,21. (1978) (this
monograph) for further discussion on this’point.)

To establish some contact withk
the parameter variation with

the asymptotic¢ solar wind
< VELOCITY DISTRIBUTION

o "%y, r=L1AL,) THEORY i
—71a8=0 e r=l1 AL

speed which we noted in the

T

introduction, we consider in

Figure 6 a theoretical U 8OO KM/ SEC |

solution for an asymptotic 1
solar wind speed of 800km/s.
It can be shown in a rather
general way that faster wind
implies a higher electrostatic
potential energy barrier for
the coronal electrons to get
to the 1AU observer. It is

thus not surprising to see

that the suprathermal R LN BT TSI GPEIETI | B

T T R 5 i6
vy (10%kM/sEC)

tog t(V,,1.tAL.) CM™ESECS (ARBITRARY NORMALIZATION)

populations are depleted
relative to the thermal phase
density~this was one of the ;
. - . . FIG. 6
strong -anti-correlations which
has been noted in the data.

If one compares this solution

with that of Figure 4 we also see that the effective suprathermal
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'dlfferentlal" temperature is lower in high speed wind than high.

This is also a reported correlation in the solar wind electrons, The
lower mean energy or differential "tempegatute” for the suprathermals
in the high speed wind arises principally as a result of the dominant
radial position of ballistic connecEion shifting into the upper corona
(10-20R ) as a result of the enhanced barrier between the lower corona
and the observer. Since the heat flux is anigverage over three
properties of the distribution function: Q = anskewTskew {skew) ,
(where n is the number of particles carrying the heat, T is their
effective mean energy, skew is the asymmétry of the heat carrying
regime of f(v), and a is a dimensionless constant of order 1), and all
of these quantities are inversely correlated with the asymptotic bulk
speed we immediately have that the local heat flux should be
anti-correlated with the asymptotic bulk speed. This is a global
-relation and has none of the proximate character implied in the.
Fourier's heat law that is so commonly uéed. This latter .
anti-correlation has been reported at lAU by Feldman et al. (1976) in
another context and also reported by Rosenbauer et al. (1977) inside
1AaU.

For lack of space in this monograph the details of the émpirical
corroborations of the expectations of this theory may be found in a
forthcoming series of papers in the JGR: (Scudder and Olbeirt 1978a,
1978b).

CONCLUSIONS:

Fourier's law is certainly not a correct description for the transport
of heat in an inhomogeneous.plasma. The thermally driven stellar
'(solar) wind problem should be reposed. The principle impact will be
for the acceleration region where perhaps inadequate estimates have
‘been previously made for the rate at which internal energy can be
supplied to the expanding flow. Coulomb collisions play an essential
role in the transport physics of solar wind electrons.

'The observation of a suprathermal population in an inhomogeneous
plasma cannot be taken as a Eriori'evidence'of wave-particle »
interactions; by the nature of our construction we have excluded wave
particle interactions, yet the combination of inhomogeneity and the
Coulomb "window" above E*=7kT¢ naturally gives rise to this leakage of

non-local collisional populations in superposition with local

oF POOR SAGE. 1§
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collisional populations. This is at odds with the Parker and Tidman
(1958) suggestion that all suprathermal populations are generated as a
result of Fermi or betatron action. ’

A theory necessary to show the global signatures in the in situ
electron data is in its formative stages; these techniques have
already suggested new ways to look at the data to extract information
about the inaccessible regions of the solar wind expansion.

oy

! The theory that has been developed makes 'definite predictions, which
have been corroborated. As an example the theory predicts (Scudder
and Olbert, 1978b) the asymptotic radial variation for the electrons

thermal temperature to be inverse 1/3 power as is supported by the
: Voyager 2 electron observations reported in this monograph by Sittler
et al., (1978).
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RADIAL VARIATION OF SOLAR WIND THERMAL ELECTRONS BETWEEN 1.36
AND 2.25 AU: VOYAGER 2

E. C. 8ittler, Jr.*
J. D. Scudder
NASA/Gocddard Space Flight Center

Laboratory for Extraterrestrial Physics

Greenbelt, MD 20771

and
Jd. Jessen
Center for Space Research

Massachusetts Institute of Technology

Cambridge, MA Q2139

ABSTRACT Preliminary estimates of the electron core temperature as a
function of radial distance from the sun between 1.36 and 2.25 AU are
presented. The electron core temperature is found to gradually
decrease with a power law index equal to -0.34 + 0.16.

INSTRUMENT

The Voyager spacecraft plasma instruments measure solar wind electrons
in addition to the ions as have been reported by Belcher et al. (1978)
in this monograph. The electron sensor (see Figure 1 in Belcher et
al., 1978) is a cylindrical, potential modulated Faraday cup, with
aperture normal perpendicular to the radial and 23° above the ecliptic
plane. The field of view of the sensor is conical, with a half angle
of 45°. The angle between the éverage Parker magnetic field direction
and this normal is a decreésing;function of the radial distance, with
a maximum value of 45° near earth and a minimum value of 23° at 2.25
AU as the interplanetary magnetic field becomes increasingly
transverse to the radial. The electron measurements are derived from
fluxes which are locally directed away from the sun along magnetic
tubes of force.

The electron sensors have two energy modes El: 10 eV - 140 eV and E2:
140 eV - 5950 eV, each mode possessing 16 contiguously spaced energy
channels with nearly equal widths of 320 km/s in speed. We will
concentrate on the low énergy regime in which the thermal component oFf
the electrons are usually found. These are the first electron
measurements which are differential, yet contiguous across the thermal
plasma regime. This narrow spacing allows a determination of electron
temperatures as low as 3 x lO4OK, where the electron thermal speed is
1000 km/sec.
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Two samples of electron
spectra from Voyager 2

VOYAGER 2 ELECTRONS
data, acquired at 1.47

1.47 AU
and 2.38 AU, <

-26|. . .
respectively, are shown
in Figure 1. These T : :

g .. FIT DATA
spectra were selected as - ‘T O 1 1
they represent similar »m¢,;>~q; 4 ]
COUNT Rl
flow states of the solar -30 S . T
X . 2000 6000 10,000 2000 6000 10,000
wind at different radial Vyy (KM/SEC) Vyy (KM /SEC)
distances. The actual u= 475 KM/SEC u =440 KM/SEC
N=44 cM3 N=27CM3
macroscopic parameters Te = 1.1 X 105K Te =6.3 X 10%°K !
are given beneath each 1977, DAY 320, 0519UT 1978, DAY 54, 0034 UT |
figure. The ordinate of
each spectrum is the
reduced distribution FIG. 1
function, Fe(! -ﬁ), given
by A
F (v) = % 2 Vg =<¥r-n>? @
e''n 3 :
Yo Avn

where ; is the unit normal of the sensor, w is the mean tuned speed,
and A is a proportionality constant. The horizontal axis of each
figure is the apparent speed of the detected electrons at the
spacecraft. This speed is related to the ambient electron's speed |v
before encountering the spacecraft sheath by the relation

1vg! _ATZ_%__«» . {23

©

where ¢ is the spacecraft's electrostatic potential with respect to
the plasma. The solid line histogram form of the plotted data
explicitly shows that the measured currents, I(vn) represent integrals
over a speed range, Avn.

al

Since the current, I, collected by the detector represents a folding
of instrument characteristics with the ambient properties, the reduced
velocity distribution, Fe(vh) is not strictly proportional to the

ambient phase density, fe(vn). It can be shown that Fe(vn) is very
similar to the actual velocity distribution. This is best illustrated
by considering the crosses overlayed on this figure. The crosses
represent the best fit convected Maxwellian, in the presence of a
spacecraft potential, convolved with the instrument's response function
for the thermal electrons (core). A Maxwellian in this format woul
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be a parabola. The conVolution of the Maxwellian is almost
indistinguishable from a parabola. We are thus justified in
discussing the shape of Fe(vn) as being very nearly that of fe(vn) s0
long as fe(g) does not have structures with half angles of less than

~40°. 1In both spectra we see in Fe(vn) a characteristic low energy
regime, where the convolved thermal Maxwellian (+'s) agree very well
with the observations; these observations also show a non-Maxwellian
suprathermal tail. For thsse two examples. the departures from the
thermal Maxwellian occurs at a speed for yhich the electrons have
characteristic kinetic energies of 6 - 7ch where Tc is the thermal
temperature and k is Boltzmann's constant. The suprathermal electrons
are almost always detectable above the one telemetry count threshold
which itself generally represents an ambient signal larger than
detector noise levels. In the more distant spectra the detector gain
has been increased by a factor of 10, yielding a corresponding
increase in sensitivity per telemetyy count. These two representative
examples clearly demonstrate the instruments capability toc meaming-
fully measure and allow analysis of electrons many astronomical units
'from the sun; in this connection, as of this writing, Voyager 1 is
Acquiring electron data well above one telemetry count and instrument
noise beyond 4 AU.

ANALYSIS

We bave detefmined ambient thermal electron pafameters under the
assumptions that: (1) the thermal electrons are well represented as
an (isotropic) convected Maxwellian (2) and that the ?rincipal effect
of the spacecraft potentizl on the sampled distribution function is
that it is shifted in energy by the relation of equation (2) (cf.,
Sittler, 1978 for discussion of this point). The first assumption

- will be supported a posteriori by detérmining the local Coulomb mean
free path over the scale height (Knudsen number) and showing that
there are an increasingly adequate number of pitch angle scatterings
to isotropize the thermal electrons. Because the core electrons
dominate the electron density they cannot have a common bulk speed
very different than that of the ions. This has been verified at 1 AU
by Montgomery et al. (1968) and Feldman et al. (1975). The second
assumption follows from an extension of Mott-Smith and Langmuir's
(1927) results in the presence of highly subsonic flows'(cf;, Sittler,
1978) . Since some attempts have been made to make the Voyager
spacecrafts near iso—potentials'to prevent arcing at Jupiter'

I = i A i
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encounters, we have an a posteriori check on the reasonable magnitude

of the derived spacecraft potential. Once we have made these

assumptions an analytical expression for Fe(vn, T , ¢) can be written

which is a non-linear functional of the core eleciron temperature, TC,
and the spacecraft potential, ¢. The electron density is not a free
parameter in our analysis, since we fixed the normalization of the
Maxwellian by requiiing it to equal the positive ionic charge density
determined from the forward cluster'(ne = np + 2 n, }. We acgquired =2
zeroth order estimate of TC(O) as (d ane/dE)_l/k where the
logarithmic gradient is determined using the second and third speed
channels. Note, the first energy channel has been temporarily omitted
from our fits for now, since it has not yet been calibrated properly.
We then use the first five measured channels (2-6) to determine, via

gradient search, the optimal Tc(n) and é(n)

. In general these five
point fits were poor since the higher channels contained an admixture
of suprathermal populations. We kept deleting the highest speed
channel and redoing the fit until it was either x2 acceptable or we
were down to three points (one degree of freedom). In some instances

when Tc s 4 x 104°K, the three points fit were unacceptable and were

dbmitted from subsequently averaged data. The reason for this

difficulty which confined our analysis inside 2.25 AU is not due to
the instrument's inability to resolve such a steep spectrum, but is
due to the core electrons beginning to move inside the lowest energy
channel as they cool. This effect is consistent with the scaling law
for the breakpoint energy E* = 7kTC proposed by Scudder and Olbert
(1978) . Because of this, one may have only one or two points
characteristic of core electrons, while the remaining are
characteristic of suprathermal electrons. This selection effect,
which in our opinion does not seriously affect the current radial
domain, would have caused our daily averages to be biased toward
higher temperatures, especially at larger radial distances where the
electrons are getting colder. When the first energy channel does
become available our analysis will be carried out to larger radial

distances.
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An overview of the radial
variation of thermal
solar wind electron
properties is presented

v i VOYAGER 2
in Figure 2. We have . 3
. I T T T T T SR T e T T T T T T T T
plotted daily averages of ok ’jW’J '”3YPYV nm.qu “m”ﬂ{ﬂ :
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(proton) speed. In x £ t P M et " Pqﬂr i
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support of our first B0 : — %0
n o
assumption above we see
that the Knudsen number FIG. 2

is less than one for all

stream conditions and in

the radial interval has

an average of 0.3. The scale height that has been used for the
plotted Knudsen number is H = (4 in ne/dr)—l“is actually a lower
bound, since the more appropriate scale height should be Hy = (d in
ne/d l)“l where the derivative is taken along the local magnetic field
direction. These two facts imply that on average in this range the
thermal electrons experience in excess of 4 collisions per scale |
length, H“ r which is sufficient on'theoretical grounds (Spitzer,
1953) to "Maxwellize" the core electrons. Although not shown for
lack of space, the inferred, median spacecraft-plasma potential is 5.7
eV, consistent with theoretical estimates of this quantity for a
conducting spacecraft surface in sunlight.

The core temperature shows the usual compressive heating in stream
interaction regions and the tendency to be locally cocler in high
speed than low, that would be expected for its behavior like a
classical gas (cf., Scudder and Olbert, 1978a,b). The electron core
temperatures vary between 1.5 x lOSOK and 4.5 x 104°K with an average
value of 7.4 x 104°K, that is significantly lower than the mean value

of 1.25 + 0.29 x 10°°K reported by Feldman et al. (1975) based on 1 AU
observations.
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The daily average temperature data indicate as a whole a gradual '
decrease with radius, best fit (with formal errors) by an inverse .
power law with index o = 0.34 + 0.16 and 1 AU intercept values of Tc
(1 AU) = 104.94 = 0.050 '

interaction effects we also computed sliding linear least sqguare fits

K. 1In an effort to try to reduce stream

to 3 data points which were spaced 26 days apart, none of which being

within a leading edge of 2z stream. We thus obtained a distribution of -

slopes and intercepts giving a weighted mean inverse power law index
of 0.47 and temperature at 1 AU equal to 9.8 x 1040K. Theéevvalges
happen to be in good agreement with our average fit to all the data.
We also fit only the first two solar rotaﬁions of data to the power
law relation to minimize the selection effect discussed previously.
We obtained a power law index consistent with that reported fbr the
entire three rotation fit.

A full analysis of this data set has not been completed. 1In order to
‘present a timely preliminary survey for the Solar Wind 4 Conferehce
all this data have been processed in the last two months. 1In time, a
more thorough evaluation will be possible.

PISCUSSION .

The preliminary radial variation of the thermal electrons between 1.36
and 2.25 AU of r *, o = 0.34 + 0.16 is consistent with the recent
determination of this quantity by Ogilvie and Scuddsr (1978) as
determiﬁed from Mariner 10 data acquired between 0.4 and 0.85 AU, and
as determined by Gringauz and Verigin (1975) between earth and orbit
of Mars. This asymptotic variation in the core temperature is
centered in the range (0.21 ~ 0.44) suggested by Scudder and Olbert
(1978b) in order that the Coulomb collisional window at E* = 7ch be
the local polarization potential energy to infinity. This radial
variation appears'to imply that the core is becoming more and more
collisionless since the gas Knudsen number scales as

for inverse square density variation and inverse power law index a for

the temperature variation. If o < 0.5 then Kg grows with radius. The

_best fit o= 0.34 seems to imply by this type of argument that the
" core will become less and less collisional with increasing radius.
-However, the magnetic Knudsen number for any latitude not over the
solar spin axis goes as |

= A - ' ‘ :

1
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which decreases for any inverse temperature variation. We thus
conclude that our data are consistent with an increasingly collisional
character of the core electrons as r increases.
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OBSERVATIONS OF THE 'STRAKL' BY THE SOLAR WIND ELECTRON
SPECTROMETER OM MARINER 10

K. W. 0gilvie
J. D. Scudder
NASA/Gcédzrd Space Flight Center
Laboratory for Extraterrestrial Physics
Greenbelt, MD 20771

ABSTRACT A search of Mariner 10 electron cdata has been made for
examples of unusual distribution "functiong, and three examples found
which are-identified with-the-"Strahl" previously described by

Rosenbauer-et al. (1976). The electron sprectrometer on Mariner 10
observed only. electrons in motion_towards:the sun sc the present

results may be due to a "kinked" magnetic field geometry. The

characteristic large increases in electron flux density at energies
above about’ 50 eV appeared when the magnetic field direction was

within the solid angle-of the instrument 2nd disappeared when this
-condition-was-no longer fulfilled. ' At othex times and distances, the

magnetic field direction was often_within the solid angle of the
instrument at times when no "Strahl™ was observed. 2all three .
observations were made early in the encounter of the spacecraft with a

‘high-speed stream, at heliocentric distances of between 0.65 and 0.45

AU. The angulas response of the instrument is +3.5° in the ecliptic

- plane and-+13.5 perpendicular to that plane, and contour plots

indicate the "Strahl™ to be a narrow feature with an energy dependent
FWHM ranging between 13 degrees at 400 eV 2nd ~ 40 at 50 eV,
superimposed upon the normzlly quasi-isotropic halo part of the

electron distribution function.

INTRODUCTION

ThisvpaperAwill describe and interpret obéerbations of‘a distortion of
theﬂinéexplahetary'electron distribution function along the direction
of the magnetic field. This distortion was first described by
Rosenbauervgg al. (197e), when diécussing observations by the plaéma‘

.iﬂstguments on the HELIOS spacecraft, and cslled by him the 'strahl®.

The présent observations were made by the plasma electron spectrometer
on Mzriner 10k(Ogilvie et zl., 1977) at radial distances between 0.45
and 0,65 Ab. This instrument scanned thrcugh an arc of 120°, from
¢SE =‘140° to ¢SE = 2509, Figure 1, zbout the anti-solar direction,
and thus could only observe electrons in motion towards the sun. &
search of the 90 days of éat& £ﬁkéﬁLﬁuringvﬁhefétuise from 1 AU to
ﬁercury turned up at least three ekaﬁples‘of the phenomenon. The
relationship of this distortion to the magnetic field is illustrated
by the fact that the strahl was only detected by Mariner iUthen,tﬁe
magnetic field vector passed within the sensitive cone of'the
instrument, bringing with it the 2xis of the strahl. The effect was

not seen, however, every time the magnetic field direction was within._.
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this cone. The examples of the strahl found in the Mariner 10 data
supported the contention of Rosenbauer et al. (1976), that the strahl
is usually found early in the observation of a high speed stream.

OBSERVATIONS

The electron piasma instrument on Mariner 10 has been fully describeéd
by Ogilvie et .al. (1977); the most important characteristics for the
present purpoéé are the energy;iahge (13.6 to 700 eV) and the angular -
resolution {(+3.5 degrees in a plane petpendicular»td the scan axis and

+13.5 degrees 'in a plane containing the scan axis). The scanning

motion was ‘at a rate of one degree per second about an axis, Figure 1,
perpendicular to the ecliptic plane. A 15 channel differential
electron7energy spectrum was taken-once every six seconds. The

Mariner 10 data was»searched'for'spéctra”with abnormally high fluxes

at high energies, and the evenﬁsldescribéé here are part of the -

- results of that

ssarch. Figure 2

shows the most T0 NORTH

extensive of‘the ?
five observations, _ :
and the one from ’ w1
which the most

information can be TO SUN<- IXSE

extracted. The top R
5 panels are S * TYsg $.= 140 'Q9>
logarithmic plots of '

electron counting

rates during a 3 1/2 ypg, 1, The geometry of the detector scan,.

hour period, Electrons with velocity vectors falling inside
the ‘angulazx space.éel < 13.59, ¢ = Q 'to 70

measured when ) degrees and ¢ = 320 to zero degrees can entex

Mariner 10 was ' the detector at some time duxing its angulaxr

situated at a radial North,
distance of 0.51 AU.
At this time the

scan, The scan axis points within a degree of
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FIG. 2. Observation of strahl on March 16, 1975. The double

peaks at the higher electron energies are caused by the scanning
motion. - ‘The angle 8 is the magnetic field latitude angle.- The
angle § 1s the angle between the detector and the magnetic field

(¢B - ¢D)
spacecraft had just encountered a compression region,.ahd was situated

- Until about 2130 UT the low energy
channels (represented by the 40 eV and 71 eV channels in Figure 2)

'showed a small flux variation with scan angle but at higher energies

{220 and 389 eV, for example) no such variation was present and the
Between 2115 and 2140 UT, the interplanetary.
magnetic field direction rotated slowly from a direction ¢ = 2360,9-
3'o°, to a direction ¢ 335 ) 6 —-0 Electrons can enter the 1nstrument
at some time during its scan if their veloc1ty vectors fall in the

" 0s68sx

fluxes were low.

angular regzons¢— 0 to 70 degrees and ¢ = 320 degrees to 0,
13.5 degrees, Figure 1, so that electrons alzgned with the magnetlc
field could then be observed, and greatly increased highly anisotropic
fluxes appeared in the higher energy channels; there was little change
The characteristic double-peaked appearance at
these energies is introduced by the motion of the éetector, which
traversed the velocity space structure twice in each angular scan. 1In

‘response to a slow change in the magnetic'field direction, to ¢ =

308°, 8 = -26°,
We can see from Figure 1 that the angular width of the

the flux of field aligned electrons again disappedred,

i
:




strahl decreases as energy

- $1250°

increases. Figure 3 shows a
normalized logarithmic contour
plot (of Log [7/f)c]) of the
distribution function
projected onto the ecliptic
i plane for a time period of
é three minutes at 2130 UT
. during this event. The
guantity f15 is the value of
the distribution function
derived from the lowestbeneréy
-.channel (13.6 eV). The vector’
labeled B represents the
directiqp;gf the magnetic
field, projected oh the scan

plane, and the shaded sector.

shows the angular width (7°) FIG. 3. Logarthmic contour plot of the
T . . electron distributigon function for the °
of the instrument acceptance event in Figure 2 gt 2133 UT,

in this plane. One can see
from Figure 3 that the
apparent FWHM of thHe strahl,

- . . 10729,
‘at an energy of 350 eV, is of F
~order thirteen degrees, about X STRAHL
twice the angular resolution 50 ’
L . 107V
of the instiument. Correcting £
for the non differential .
instrument response yields a | ALONG STRAHL AXIS
n OP Y 1073 / Te = 1.1 x10%°
value of 12.9" for the FWHM. 3 Tw = 2.7X10%
Thus the strahl appears as a L \\ *\\\;‘\\
distortion of the distribution 32k :  PERPENDICULAR
function which can be measured F o~ TO STRAHL AXIS e
C Te= 8.6 X 10
at all energies but is most - 'y, To= 4.08 X 105°
‘marked at several hundred —_
electron volts, and therefore 3 *,
~ :
characteristic of the halo. f
It is very strongly correlated 34 R TR SRS WA T
. ) ) ' 20 40 60 80 100 120
with the magnetic field , - ENERGY (eV)

direction. 1In Figure 4 we N . -
' ] . j ; . FIG, 4. The distribution function
plot the distribution function  ,iong the axis of the strahl and

along the axis of the feature approximately perpendicular to it,
and perpendicular to that '
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axis. We see that the 51
" differential temperature

characterizing the core
electrons up to 50 eV shows
‘little change, while that of
the higher energy electrons is

almost twice as great along
‘the axis as perpendicular to

the finite velocity space
width of the structure.

it. The distribution fuaction ?E
also appears to be a better - ,””’ﬁ_ e A
, - £it to a Maxwellian along the '%5 : ;_,LA_:;‘:;wi;"L~—i——i z
; axis than perpendicular to it,' Byly) © ’
; _In Figure 5 we see another : -ghn e e
' example, an observation made %w,o;__;qg,wbmuua§v~«a.v~»~_a
on February 22, 1974, at a N T
: heliocentric distance of 0. 635 o T:: 383ev N
. AU in front of a high speed g fflA’TNtf“ﬁj :~'TV”‘ R 1
i " stream. There the magnetic glwm_ rov
field rotates from ¢ = 90 'S ook VNNWKMA~/¥J»~\vﬁ&JvJ\-
degrees, 0 =0 degrees to ¢ = o uT B® 3% B 9%
135 degrees ;6 =0 degrees and FEBRUARY 22,1974 :i
back  again. This is about %
‘five degrees‘less.than ) 1 %
required for the magnetic ggGFegﬁuaﬁ; ;gseig$gion of a strah' :
field direction to enter the :
instrument, but the é
anisotropic counting rate at ORIGINAL PAGE IS ;
high energies appears due to : OF POOR QUALITY :
; ']
L

Table I shows details of the five strahl detections; the search of the
Mariner 10 observations during which these were found was conducted ,:
for unusually high counting rates at high energies. We cannot
therefore state that no other strahl observations exist undetected in
the data, but-our purpose is not to survey general conditions of
occurrence of the strahl, for which a sunward-facing instrument is
obviously more suitable, but to use the angular resolution of the
present instrument to study a few cases, primarily the March 16, 1974
aobservation shown in Figure 2.

T IR FORE NG




TABLE I 52

Radial Relation to
Date Position Streen ‘Remarks
i. Feb. 22, 1974 0.635 Immediately before Figure 5
field maximum
2. March 3-4, 1974 0.59 Questionable
3. March 16, 1977 - 0.51 Immediately before Figure 2
' N field maximum
4, March 22, 19%4 0.45 Immediately before
: ﬁ field maximum
5. March 24, 1977 0.48 High bulk speed

. CONCLUSIONS-

The observations show that electron distribution functions having
~distortions along the magnetic field direction can be observed by an
anti-sunward -facing detector. The angular half-width of the strahl
decreases with increasing energy, with a FWHM value of 12.9 degrees at
an energy pf» 350 eV, and the electrons measured along the mégnetic

field have .a temperature of order 8 x 10°°

K. - Such distribution
- functions are observed at positions close to the density increase at
the leading edge of high-speed streams, in general agreement with
'Rosenbauer (1976). 1In AFigure 6 we see two hypothetical geometrical
arrangements leading to the observation of a strahl .in the anti-solar
direction. 1In each case the spacecraft is situated at the point X,
Just in front of the compression region of & high‘speed stream
édvancing towards the left. 1In the first case, a, the strahl ié
formed by electrons moving away from the sun in a kinked field
configuration. The variation of the magnitude of the magnetic field
along 3 fielid line passing throﬁgh the point of observation is shown
schematically in the B-L graph; the locally collisionless halo
electron component forms the strahl in the region of decréasing
magnetic field. In case b, there is no kinked field configurétion,
but electrons scattered back towards the sun at great distances are
focussed into a strahl by moving from the higher magnetic field in the
compression region into the region of lowasr magnetic field before it.
This is again illustrated in the B-L graph inset intO‘Figure‘Gb.. A
decision between these two possibilities must await the interpretation
of more examples. ‘
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(a.) . (b)

FIG. 6. Two possible magnetic field configue
rations which could be associated with the’
observation of a strahl in the cases described in
this paper. The Iinset graphs indicate the vari-
"ation of the magnetic fleld B along the arc-line
I, going from A to B. ' ’
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An Bvaluation of Corotating Solar %ind Stream Models

V. Pizzo
MAS/NRC PResident Research Associate
Laboratory for Extraterrestrial Physics
Goddard Space Flight Center
Greenbelt, Maryland 20771 USA

ABSTRACT

Vie compare the predictions of six nonlinear, single~fluid, corotating
stream models ranging in sophistication from a one-dimensional
hydrodynamic description (1-D HD) to the full three~dimensional
magnetohydrodynamic (3-D MHD) formulation, for initial conditions at
0.3 AU intended to mimic the Helios close-pass data. It is shown that
inclusion of both the multi-dimensional flow and the magnetic field
are crucial to accurate description of the resulting stream evolution
inside 1.0 AU. For most dynamical studies, the simpler 2-D MHD model
will suffice. The full 3-D version is required only to investigate
those properties strongly affected by the north~south flow.

Two main elements comprise any numerical simulation: first, the
physical processes implicit in the egquations used to describe the
system; and second, the input conditions, Depending upon the input
. conditions, the relative importance of the physical mechanisms in the
model can change dramatically. Therefore, before we can safely apply
a moéel to the analysis of complex real data, it is necessary to
engage in a systematic investigation into the properties of the model,
using carefully chosen hypothetical examples that are both simple
enough to facilitate analysis, yet realistic enough to touch upon the
relevant physics of the system under study.

It is our purpose here to examine a family of basic single-fluid
models of corotating structure in the solar wind--ranging in
sophistication from a 1-D HD formulation to a 3-D MHD description--to
see how the dimensionality of the formulation and the treatment of the
magnetic field relate to the predictions forthcoming from these
models.

Steady, corotating solar wind flow in the supersonic
interplanetary regime may be approximately described by the MHD
equations, presented here in vector form in the inertial frame:

- q 38 . or =
) + V .pu Q
-2 %% + (Z-V)ﬁ = 4‘%VP + Z%E(ng)xg - Ei T
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V*B =.0
>
-9 %% = Vx(ux3)

The independent variables are the usual spheiical coordinates (r,
8,6), while the dependent variablés are the velbcity, 3, the density,
p, the pressure, P, and the magnetic field, B. The polytrope index, 7y,
is set at 5/3 in the examples presented here, G is the solar
gravitational constant, and 2 is the solar scuatorial rotation rate.
With the assumption of field-aligned flow in the rotating frame, the .
last (induction) equation may be eliminated entirely (except in the
1-p MHD formulation). Thus, in the full 3-D MHD case, we are faced
with a coupled system of six hyperbolic, nonlinear, PDE's in three
spacial variables. Details of the numerical techniques required to
solve such systems may be found in Pizzo (1978a, b).

‘The essential physics embodied in these expressions is best viewed:
in the second (momentum) equation. The two terms on the left contain
the basic kinematic steepening effect known as the stream interaction
mechanism. (The -023/3¢ term explicitly accounts for the exact
relation between time and azimuth for corotating structure in the
inertial frame.) The first two terms on the right describe the
dynamical reaction of the plasma to these rotational~inertial forces.
Thus, there exists a competition between the kinematic steepening
mechanism on the -one hand, and the dynamical broadening processes
attributable to ‘gas and magnetic pressure forces (and, to a lesser
extent, magnetic tension) on the other. v

Within the context of MHD models, the two main factors regulating
the course of the dynamical evolution are the intehsity of the field

~and the dimensionality of the formulation (the number of degrees of

freedom allowed to the fluid motions). On this basis, we can
establish a classification scheme encompassing six models, most of
which, in some variation, have appeared before (1-D HD: Hundhausen,
1973; 1-D MHD: Steinolfson et al., 1975; 2-D HD: Goldstein, 1971; 2-D

‘MHD: Nakagawa and Wellck, 1973, Goldstein znd Jokipii, 1977, and'Han,

1977; 3-D HD- PIZZO, 1978a, 3 ~D MHD: Rlesebleter, 1977. and Plzzo,

1978b) .
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Our procedure will be to compare solutions obtained with each of
the six models for identical input conditions, beginning at 0.3 AU and-
terminating at 1.0 AU. Thus the results of this paper zpply only to
stream dynanmnics insidé earth orbit; a follow-on will deal with"
corotating ‘sttucture in the distant solar wind, where the streams
are highly evolved and shocks dominate the flow.

In Fig. 1, ve show the
input variations at 0.3
AU in radial velocity, u
number density, &, and
temperature, T as a

600}

rl

function of solar
longitude. The nature of . . ~
. . . 300
this hypothetical stream
distribution--the narrow ‘ :
ST 120
transition between the
flow states and the marked

uy (km/sec)

intrinsic temperature-
density-correlations—-. 40}~
were chosen to mimic the o

n {ecm™3)

(Rosenbauer et al., 1977).
The other parameters, as
appropriate in each model,

T (103°K)

were ﬁreated as follows: _.///{ \

‘the gas pressure is held 120

constant across the stream | Ce— 525° —l

at the inner boundary, as FIG. 1. SOURCE CONDITIONS AT 0.3 AU

is the field intensity (|B]

= 45v); the azimuthal - ,

velocity, Uy, is chosen such that the flow tubes in the rotating frame
are all initially parallel; the meridional velocity, o is set equal
to zero; and the geometry of the 3-D distribution is a simple figure of
revolution centered at the equator (i.e., circular contours on the
source surface r_ = 0.3 AU). For numerical convenience, we postulate
periodic boundary conditions in the azimuthal direction. None of these

1atter parameter specifications se:iously’affect our results.
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Given these initial conditions at 0.3 AU, we use a
finite-differencing form of the MHD eguations to simulate the stream
evolution to 1 AU. Figure
2 depicts solutions in the 600
eguatorial plane at 1 AU
for the 1-D, 2-D, and 3-D
MHD models. Just two
parameters, the radial
velocity and the number

u, (km/sec)

density, suffice to
contrast the behavior of

the models Ve B &
: o 1. sevseee 3D MHD
immediately see that the — P =) MHD

3-D and 2-D solutions are 60 i ~=—==1-D MHD
guite similar, whereas the ] '

1-D prediction is
radically different. What
has happened is that the
nonradial flow in the
multi-dimensional cases,
though small (ue, u¢<<ur), ~
acts to smooth out the O+ =
compression significantly. L 1 | 1

v {em™3)

i
As the fluid is radially 40 60 80
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squeezed in the stream LONGITUDE (DEG)

interaction, a vigorous  pys 5  DIMENSTONALITY EFFECTS (1 AU)
shear flow develops at the

interface between the fast and slow regimes, and the fluid slips
laterally, thereby relieving the compressional stresses. This
nonradial flow is not included in the 1-D description, and hence the
evolutionary state of the stream is grossly overestimated. (In this
case, the 1-D model predicts shock formation at about 0.4 AU, contrary
to the observations, while the multi-D models shock near 1.2 AU.)
Figure 2 also demonstrates that the burden of the nonradial flow
effects are contained within the 2-D formulation; little is gained by
expanding to 3-D. This behavior arises because the azimuthal flow is
more directly driven by the rotational interaction than the meridional
flow, which is of a decidedly subsidiary nature. The north-south
transport of material spurred by the meridional motions has little
effect upon the gross stream dynamics at any given latitude, except at

the very fringes of the stream, where the amplitudes are low. ORIGINAL PAGE IS
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the kinematic¢ steepening, - 2-D MHD}
with a forward-reverse 60 z ——— 2-D HD
shock pair. forming near —- ' P
0.8 AU. (The compression '? . ,:
teg}on in the ?-D model is g :l ‘ oRlGINAL PAGE- IS
narrower than in the 1-D ~ ‘ OF POOR QUAL ITY
MHD at 1.0 AU since that < B
of the latter shocked L= '
close to the sun and O ' -~ —
expanded thereafter.) The . ‘

- presence of the IMF | I | i |
approximately doubles the 40 (o) ‘ 80

" local characteristic speed LLONGITUDE (DEG)

2t which disturbances
'propagate, thus spreading

i

Fig. 2 is a direct measure of dimensionality effects in stream >
dynamics. However, an equally important gquestion concerns the role of

.the smooth interplanetary magnetic field (IMF). Because the field is

tied to the fluid motions and because the thermal and magnetic energy

édensities are comparable in the solar wind, we might expect magnetlc

effects to be significant in the interaction dynamics. |
In Fig. 3, we isolate

——
the magnetic influence by 6007
considering 2~D MHD (solid
line, same as Fig. 2) and 3 =
2-p #D (dashed) solutions  w
at 1 AU executed for the 5 .
input conditions of Fig. ~ |
=

l. We see that, like the
1-D MHD model, the 2-D HD 300+
description overestimates '

FIG., 3. MAGNETIC EFFECTS (1 AU)

the stresses over a much larger area. Cdnsequently, the magnetic field
broadens the interaction structure not by a large increase in the
nonradial flow velocities (which are nearly the same in the HD and MHD
cases) but by distributing these deflections over a greater range.
For‘initially steep-sided streams, Figs. 2 and 3 demonstrate that
dimensionality and magnetic effects act roughly on a par--néglectbof
either factor in a simplified model leads to gross misrepresentation of
the evolutionary state of the stream near earth orbit. We do note,
however, that inclusion of the IMF declines in importance (relative to
the dimensionality)kfor,streams having broader initial transitions
between fast and slow flows (e.g., were the input variations more
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nearly sinusoidal). In that case, the physical scale of the
- interaction region becomes so large that, even at the elevated
magnetosonic speed, there is insufficient time for pressure signals to
‘traverse the structure before it transits a substantial radial
distance. /— -

Thus the relatively economical 2-D MHD ‘description’ emerges as the
preferred vehicle for studying large~scale dynamics inside 1 AU and for
experimenting with new physical processes (e.qg., conduction, waves) in
the structured solar wind. However, only the full 3-D formulation
provides information on meridional flows, which are directly related to
the unseen solar wind structure far from the ecliptic plane and which
may have significant influence on the average angular momentum
transport. ' ' '
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INVESTIGATION OF SECTOR BOUNDARY FINE STRUCTURE BETWEEN 0.3 AND 1 AU

K.W.Behannon and F.M.Neubauer
Inst. fir Geophysik und Meteorologie der Techn. Univ.
3300 Braunschweig, F.R.G.

Abstract Sector boundary regions as seen in magnetic field data taken
by HeTios 1 between 0.3 and 1.0 AU during its primary mission were gen-
erally complex in structure, consisting of clusters of fine-scale di-
rectional transitions. The total field magnitude typically decreased in
association with these directional discontinuities. The results of min-
imum variance analysis of 103 well-defined transitions show that the
transition surface had a widely variable, at times perhaps oscillatory,
local orientation. In 75% of the cases, the tilt of the surface relative
to the ecliptic plane was found to be > 450, The transitions were gen-
erally most similar in magnetic characteristics to tangential discon-
tinuities, although the results are not inconsistent with the observation
of a small but nonzero normal component in at Teast half the cases stud-
ied.

1. INTRODUCTION

In spite of a great deal of work on the macroscopic aspects of mag-
netic sector structure over the past 14 years, very 1ittle has been
done on the fine structure of the sector boundaries themselves. Studies
to date (Smith, 1972; Bavassano et al., 1976) have presented results
based on a relatively small number of boundary observations., A survey
over a large number of observed boundary transitions shows that such
transitions are usually more than just a single simple reversal of mag-
netic field polarity. They are often very complex in structure, con-
sisting of a series of abrupt changes in field direction together with
depressions in field magnitude. Thus, on the large scale, one is ‘led

to speak of "sector transition regions" in the observational data that
consist of clusters of directional discontinuities and are also periods
of retatively lTow and variabie field strength.

This report presents some of the preliminary results from a compre-
hensive study of the sector transitions observed by the T.U. Braunschweig
fluxgate magnetometer on Helios 1 (Musmann et al., 1975). Specifically,
the data are from the primary mission period, December 1974 to April
1975, during which the spacecraft covered the heliocentric distance
range 1.0 < r < 0.3 A.U. The results to be described are from the min-
imum variance analysis of primarily 8 sec. average magnetic field vec-
tors,

Before analysis results are presented, exampTes of data on several
time scales, including the high resolution data (4 vectors/sec), will be




62 ' ]

shown to illustrate both the large scale complexity and the fine-scale 3

structure of sector transition regions. Quantitative results will then

be described which address specifically

(1) fine-scale boundary orientation, and

(2) the type of discontinuity that best describes the fine-scale bound-
ary.

There were two major magnetic sectors during the Helios 1 primary

mission period, with at least two very narrow sector regions also visi-

ble (Neubauer, 1978). In the present study, eleven data intervals of

from one to five days each have been analyzed. Within those intervals, ~

a total of 103 fine-scale transitions were found which

(1) appeared to be sector boundary-associated by visual inspection of
the data;

(2) had acceptably well-resolved variance ellipsoids (each case satis-
fied the cri:2rion Ao/Ag > 2, where A, and A, are. the intermediate
and minimum eigenvalues, respectively, determined in the minimum
variance analysis); and

(3) had angles of rotation in the discontinuity plane w > 120° to dif-
ferentiate them from ordinary directional discontinuities in the

4 solar wind, since > 90% of such discontinuities are found to have
: w < 120° (Burlaga et al., 1977; Lepping and Behannon, 1977).

TR S PN S

2. EXAMPLES OF TRANSITION REGION DATA

On  the macroscale, the sector boundary which separated the two major
magnetic sectors appeared to be a relatively simple-structured boundary.

Wewost o DOSTTOSW-08AY __In fact, it was found on
F sl S FILAMENTS —, e e, Taame~w_ Jexamination to have been
] 1 . ::-': - -v.-,: R2® .“'—\\ - .
M bt = LT . Jcomplex in structure du-
. J 1 1
v . . 1
L S B S S ey — o ring the first and third
| - M % ! i “q‘»-.'_ EA '.:v . X .
0k :: :} : i “ .+ Jtimes that it was observed
1l b 1 : .
oo} . ift::‘ N | land simple and sharply y
el e e ST, . .
g;. J1: “4? ) : }' SR |{defined on the second and
£ L IR | . oo ) .
. - - RO | . R -
N T T AT SR S . . ~|fourth recurrences. The
. T r I T e L :complexity observed on
- . . I O R ~
0 b T o T e e - e L L B L i —e i S dpasses  one and three con-
e AN :‘"_"; h--v-..."' v W '-/4(-.‘ X B DS P o]
Rl A:..‘u.:n\..'nul.lh...l...“LL“..tlz..;n;...;':..l.....éu“.‘lzu.uils...u sisted not On]y of ']arger.
n s ’ ' . 0 .
15 DEC 1974 16 DEC 17 DEC number of discontinuous

Fig. 1. Helios 15-min. magnetic field measure- yotations of the magnetic
ments of complex sector boundary near 1 AU. . X
Data are field magnitude F, azimuth angle ¢ in field, but also of peri-
ecliptic plane (00 toward.gua), and elevation ,4s of intermediate

angle o above and below ecliptic plane.
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Figure 1 shows 15-min. averages of field data taken during the first
period at 0.98 AU. During the two days prior to the major change from
"away" (-) to "toward" (+) orientation, the direction angles show that

L2NLINS S an B A | T T e T YT T YT T

20 -
F 154 A

uT é:OO 10 20 30
17 DEC. 1974

Fig. 2. Helios 8-sec. averaged data showing
fine-scale sector transition. In addition
to field magnitude and direction, RMS
deviation of magnitude F is also given.
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cioenn . 20 . 40 pgeqas T E— 10
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17. DEC. 1974

Figd. 3. Detailed (250 msec) measurements of
transition shown in Figure 2. BZ is field
component in minimum variance direction; BX
and BY are in maximum and intermediate vari-
ance directions. Hodograph shows smoothed
XY-plane variation of field (1l-sec. averages).

the field tended to al-
ternate between the "away"
spiral direction and a
direction intermediate in

azimuth between the "away"

and "toward" directions.

A tendency for alternation
between positive and neg-
ative 8 angles can also

be seen. These data sug-
gest that a series of
possibly filamentary
structures was observed

in the sector transition
region. A few large fluc-
tuations in direction were
also observed to occur
after the main, macroscale

polarjty reversal. In all,

13 individual transitions

1that satisfied the above-

lTisted setection criteria
were found during the
period shown, some of them

1corresponding to the
1"filament" boundaries

seen in the 15-min. aver-
ages.
Figure 2 shows one-

1half hour of 8-sec. aver-

age data that dinclude a
typical fine-scale tran-
sition, in this case from
positive to negative sec-
tor polarity. The field
magnitude is seen to be
reduced significantly

. s
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during the relatively sharp direction change.

Figure 3 shows the most detailed data for this transition. One sees
7 (<BZ>=1~4y).
The continuous change in magnitude during the transition results in the
roughly linear rather than circular appearance of the hodograph.

in this case a smalj but persistent normal component, B

3. ANALYSIS RESULTS

1. A major subject of interest in this investigation concerned the orien-
tations of the fine-scale transition boundaries studied. Minimum variance
analysis yielded an estimate of the normal vector orientation in each
case. Figures 4a and b show examples of these results for two different
boundary transitions in terms of the 6,9 coordinates of the tip of the
unit normal vector. For each example, arrows mark the azimuthal angle
values of the dire¢tions perpendicular to the average observed field
azimuth angle, ¢B,vand to the spiral direction, a., calculated from the
mean solar wind speed. The points plotted have been coded according to
the value of the ejigenvalue ratio, AZ/A3, previously defined.

In Figure 4a the results for the transitions comprising the boundary
region shown in Figure 1 are given. Although the set of normal directions
in this case are spread over ranges of 110% in e and 99° in ¢, a tendency
is seen in the majority of cases for recurrence of an azimuthal orienta-
tion centered roughly half way (within + 200) between the radial direc-

) . . . a . .
a 0+ 90° e 90° b 0+ 90° e 90° tion and the direction

80_15-17DEC o7 ll 80“7 T "xl‘ —r—perpendicular to the
7 ' spiral field direction.
601 -1 60+ ' . .
. i - 4Some oscillation of the o
40F . Lot ‘ 4angle is also seen, al-
. . " ﬁt .
20k i 20k 1though in only three
i 5 Jcases were negative val-

-
ey 0 6y 0 ues obtained.
- ] i ] Figure 4b shows re
-20t 1 -20p . aur
- . - 4sults from a transition
~40f X 25 Ma/rg< S 1 -40F 1region which consisted
L. oS5s » <10 X n 4
g0k ©10s = g ok * Jon the macroscale of a

i 7 b} 22FEB1975 X {negative-to-positive
803680 170 190 210 230 ~80' 535530 280 270 polarity change, with
Y ey 11 fine-scale transi-

Fig. 4. Orientations in elevation and azimuth tions satisfying the

of collective transition surface normal vec- . .

tors for sector transition periods (a) near selection criteria. Here
1 AU and (b) at 0.52 AU. For symbol definition the normal orientations
see text.
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were scattered about an azimuthal direction roughly perpendicular to the
average spiral direction. There was also an oscillatory deflection of
the normals often to large elevation angles, both positive and negative.
Such data are consistent with a model of the boundary in which the sur-
face is rippled or corrugated.

A statistical study over all 103 fine-scale transitions being cocn-
sidered in this investigation shows that <6,> ~ 0%, with |e | < 452 in
75% c? the cases and <legl> = 32° + 219, wh1ch means that the fine scale
boundary surface was predom1nate1y oriented at an angle > 45° to the ,
ecliptic p1ane. The wide variability seen in fine-scale boundary orien- ;

28 S I IR AN T T

tation makes it difficult, if not impossible, to infer an average orien-
' tation or "tilt" for the macroscale
current sheet from such observations.

N=103 | 2. The second major point of interest
w 2 120°

MEAN = 0.17

in the investigation was the identi-
fication of the type of discontinuity
most consistent with the fine-scale

transition observations. Figure §
shows the distribution of normal

o< , i et component magnitudes, normalized in
00 0.2 0.4 06 08 10 _
B, /<B> each case by the average total field

, . magnitude, i.e., |Bn|/Bb' As can be 5
S BiahsT et SISt I IOn OF  seen, sk of the cases had [,/ s
surface normal vectors relative to < 0.3, a s1gn1f1cant1y larger fraction
average total field in each case. than is found in general for ordinary
directional discontinuities in the solar wind (see review by Neubauer

and Barnstorf, 1978). In particular, few cases were found which were
consistent with “1arge—|Bn|/Bo" rotational discontinuities. On the other
hand, by conservative estimate approximately half the cases yielded nor-
mal component magnitudes which were larger than one would expect for

a truly zero normal, when pdssib1e measurement and computational errors

are considered.
4., SUMMARY

A study of the sector transitions observed during the primary mission
of Helios 1 shows that such transitions were generally "complex" rather
thand"simple" in structure on the fine-scale. Results suggest that the
boundary surface may at'times'have had a loc¢ally irregular or "corru-
gated" structure, since ' ‘ ,
- a. the transition regions were observed to be composed primarily of clu- i

ST S Tt

AN R

]
S
ol
-]
4



66

sters of discontinuities;

b. the tilt «f the discontinuity surfaces was found to be > 45° on aver-
age; and '

c. coherent patterns of oscillation of the transition surface normal
direction were sometimes seen.

s s

It is concluded that the fine-scale boundary is more near]\,“TD 1ike"

"RD~11ke“ on average on the basis of

a. the generally small magnitude found for the component normal to the
boundary surfaces, and

b. the observation usually of "dips" in total field magnitude in asso- *
ciation with the directional discontinuities.

For at least half the cases studied the results were not inconsistent

with the existence of a small, nonzero normal component as required,
for example, for reconnection,.
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