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ABSTRACT

Magnetic field and plasma data from 5 spacecraft (Voyager 1 and 2,
Helios 1 and 2, and IMP-8) were used *o analyze the flow behind an
interplanetary shock. The shock was followed by a turbulent sheath in
which there were large fluctuations in both the strengtn and direction of
the magnetic field. This in turn was followed by a region (magnetic cloud)
in which the magnetic field vectors were observed to change by rotating
nearly parallel to a plane, consistent with the passage of a magretic loop.
This loop extended at least 30° in longitude becween 1-2 AU, and its radial
dimension was approximately 0.5 AU. In the cloud the field strength was
high and the density and temperature were relatively low., Thus the
dominant pressure in the cloud was that of the magnetic field. The total
pressure inside the cloud was higher than out side, implying that the cloud
was expanding as it moved outward, even at the distance of 2 AU. The
momentum flux of the cloud at 2 AU was not higher than that of the preshock
plasma, indicating that the cloud was not driving the shock at this
distance., It is possible, however, that the shock was driven by the cloud
closer to the sun where the cloud may have moved faster., An extraordinary
filament was observed at the rear of the cloud. It was bounded by current
sheets whose orientations were preserved over at least 0.12 AU and which
were related to the plane of maximum variesnce of the magnetin field in the
cloud.



1. Introduction

The existence of unusual magnetized clouds of plasma enitted by the
active sun was proposed by Morrison (154) as a cause of world-wide
decreases in coamic ray intensity, lasting for days and correlated roughly
with geomagnetic storms. Cocconi et al. (1958) suggested that the magnetic
field lines in such a cloud form an extended loop, the field lines being
anchored in the sun, and they called such a loop an "elongated tongue" :ad
a "magnetic dottle". A similar concept was di scussed more quantitatively
by Piddington (1958), who consid red the additionsl possibility that a loop
could become detatched from the sun by magnet‘: field reconnection, forming
closed magnetic field l1ines in the solar wind (» magnetic "bubble")., Gold
(1659) proposed that the magnetic loop might be preceded by a shock wave
(see also Gold, 1656, 1962). All of these authors envisaged that the
magnetic cloud or loop {s {ormed by motion of plasma ejected from a fiare
or some other transient soler disturbance. None was very specific about
the 3-dimensionsl configurations of the magnetic field

Magnetic fields in transient flows behind shocks (hLereafter called
magnetic clouds) have been recorded by many spacecraft and discussed in
mary publicztions, However, the geometry of the lines of force is
difficult to determine from measuremenis at a single spacecraft, and direct
evidence for magnetic field line configurations in the form of loops or
bubbles has been elusive (see Hundhausen, 1672). Montgomery et al. (1974)
and Gosling et 8l. (1973) sugges.ed that low temperatures which they
observed behind shocks were associated with magnetic bubbles, but they
presented no magnetic field observations. Similarly, Palmer et al. (1078)
and Bame et al. (1980) speculated that bi-directional anisotropies which
they observed behind some shocks were associated with magnetic bubbles, but
again no magnetic fiela observations were presented. Statistical evidence
for magnetic loops behind shocks was presented by Pudovkin et al. (1977,
1979) based on the magnetic field data compiled by King (1977): however,
they did not consider th* plasma observations, Bobrov (1979) noted that in
some flare-associated streams one component of g. viz, that parallel to
the earth's geomagnetic equatur, varies systematically in a way that he
suggested 1is consistent with a closed magnetioc loop in that plane.



Schatten et al. (1968) presented evidence for a magnetic loop in the
equatorial plane using magnetic field data (rom IMP-3, Observations of
monotonic, 2-dimensional variations in the magnetic field behind a shock,
consistent with the passage of a magnetic loop or tightly wound helix, were
discussed by Burlaga and Klein (1980).

This paper investigates the configuretion of the magnetic field in a
flov behini a shock observed at 2 AU on January 6, 1978 and at «» 1 AU on
Jaunary 3. It will be shown that the magnetic field in the "driver" gas
closely resembles that of an extended loop with ordered fields as proposed
by Cocconi et al. (1958) and Piddington (1958). ‘However, there is a
region (a sheath) between the shock and the stream in which the field is
strong and turbulent. We discuss data from 5 spacecraft--Voyagers 1 and 2,
Helios 1 and 2, and IMP-8.

The positions of the spacecraft are very favorable for this
investigation, as shown in Figure 1, Voyagers 1 and 2 w-re close tuv one
another at 2 AU; Helios 1 was near the Voyager-sun line, at 0.¢ AU; and
Helios 2 and IMP-8 were close to one another near 1 AU, Voyagers 1 and 2
were 30°L of the earth. This distribution of spacecraft wakes it possible
to put a significant lower limit on the azimuthal extent of the cloud.

The data which are discussed below are from the magnetic field and
plasma experiments listed in Table 1, which also identifies the Principal
Investigator (PI) for each experiment. The IMP-8 magnuetic field and plasma
data discussed below are from a tape compiled by King (1979) from data
deposited by the Principal Investigators in the National Space Science Data
Center of NASA/Goddard Space Flight Center, The Voyager magnetic field and
plasma experiments are described in the papers of Behannon et al. (1977)
and Bridge et al. (1977), respectively. The Helios magnetic field
experiment (Rome/GSFC) and plasma experiment are described in Scearce et
al. (1675) and Schwenn et al. (1975) respectively.



2. Overview of the January 1978 Event

The basic characteristics of the magnetic field and flow behind the
shock are illustrated by the Voyzier 1 magnetic field and plasma dJata shown
in Figure 2. The nearly monotonic variation of the latitude of g (6, in
heliographic coordinates) from large southern directiont to large northern
directions and the higher than average magnetic field strengths (F) is
consistent with the passage of a magnetic loop ( see Section 3), It is
useful to speak of the magnetic field in the post-shock ejecta without
reference to a specific configuration, and for this purpose the term
"magnotic cloud" is convenient, The magnetic cloud passed the spacecraft
between approximately mid-day on January 6 and mid-day on January 8, 1978,
as indicated by the vertical dashed lines in Figure 2, There is an
uncertainty of a few hours in the times of the boundaries. Our choice for
the time of the front (early) boundary is based on the sudden increase in
field strength and the change to large southern directions. Note that the
proton temperature (Tp) dropped abruptly by an order of magnitude across
tris boundary, and the proton density (n) tell appreciably shortly
afterward, Our choice for the time of the rear (later) boundary is based
primarily on the sudden decrease in § from an extreme northern direction.
One might argue that this boundary occurred later or that the boundary is
diffuse and filamentary; this ambiguity is not important for the objectives
of this paper. Note that the density increased abruptly by an order of
magnitude at the rear boundary, but the magnetic field strength,
tanperature and bulk speed did not retu..a to near-average solar wiand values

across this boundary.

Inside the magnetic cloud the field strength was high and the direction
varied smoothly. The density, the proton temperature (Tp) (moment
temperature) and the electron temperature (Te) (core temperature) were
relatively low and irregular and the speed was high with a familiar stream
profile. Such a pattern in the plasma parameters has previously been shown
to be characteristic of transient post-shock flows (see, e.g., Hundhausen,
1072; Montgomery et al., 1C74; Gosling et al. 1973; Dryer, 1075; Burlaga et
al., 1980; and Burlaga and King (1979). In any case, the profiles do not
resemble those in stationary flows.



Ahead of the magnetic cloud there was s region in which the magnetic
field vas extramely turdulunt as indicated hy the large fluctuations in
both the magnetic field smrength and direction (see Figure 2). The plams
in this region vas unusuelly hot and dense. The transition from ambient
eonditions to this region ocourred during s dats gep lasting 6.5 hours.
Across this gap, F, n, V, 'l‘p and 'l'. all increased, suggesting the presence
of a shock vave. Voyager 2, vhich was lc~ated close to Voyager 1, did
observe 3 shock, and we caloulated that this shock chnuld heve passed
Voyager t at the time indicated by the arrcs in the top panel of Figure 2,
1.e., in the data gap. Thus it is fairly certain that the turbulent, hot,
dense plamas preceding the magnetic cloud in Figure 2 was produced by »
shock wave. Ve infer that 1) 3cmevhere betueen the sun and 2 AU the shock
vas driven by the piamme carrying the magnetic cloud and 2) this cloud was
preceded by 8 turbulent sheath consisting of shocked plasma from the
uptrean region, snalogous to the earth's magnetosheasth. Further evidence

fn support of these inferences is given delow.

The Helios 2 observations of the January 1978 event are shown in
Figure 3. A magnetic cloud is identified by the high field strengths snd
the charac.eristic variation in the latitude of the magnetic field
direction (here the latitude is given in olar ecliptic coordinates and it
1is denoted bY ¢ to distinguish it fram the heliographic latitude angle )
used in the Voyager data reduction system). Our estimated positions uf the
front and rear boundaries of the magnetic loop are shown by the vertical
dashed lines in Figure 3. The front boundary position was chosen on the
dagis of the sudden increase in F, and the rear boundary position was
chosen on the basis of the drop in ¢ tovard the nominal spiral-field value.
Agein the boundaries are not determined unambiguously. and one might argue
that they are not thir or that they should be chosen 3 few hours earlier or
later, but this is not important for our principal obiectives.

Helios 2 cbserved that the density and tempersture were relatively low
in the magnetic cloud and the speed was higher than the ambient value, just
as in the Voyager 7 data. In this case, howvever, the stream was followed
by & maller stresm, vhich is possidly one reason for the ambiguity in the
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rear boundary o€ the magnetic cloud. We regard this smsll stream as a
separate flow system, and it will not be considered further.

The magnetic cloud and transient flow at Helios 2 were preceded by a
hot region in which the magnetic field strength was high and both the
strength and direction were highly variasble. The fluctuastions in the
magnetic field direction are described in Figure 3 by the veriance, o2, of
the Cartesian components of g We interpret this hot turbulent region as a
sheath consisting of shocked plaasma, as discussed sbove in reference to the
Voyager 1 dastu. A shock was observed by Helios 2 at 1450 UT on Jaunary 3,
1978. 1Its local speed was 480 km/s and its normal was ¢, 32, 0y ¥ 4°,
The source of the flow system could be one of three flares observed on
Jaunary 1st: 1) a 2N flare at 0554 UT at S20° E34° {n McMath region 15083,
2) a2 N flare at 0727 UT at $17°, E 10° in McMath region 15081, 3) a 2N
flare at 2145 UT at S21°, E06° in McMati: region 15081, We cannot make a
unique association of the flow with any one of these events. In summary,
the Helios 2 data, like the Voyager 1 data, show three phenomens: a
magnetic cloud in a fast stream, a shock which 1s presumably driven by the
stream somewhere between the sun and «» 1 AU, and a sheath between the shock
and the magnetic clouwd.

3. 8ize of the Magnetic Cloud

The magnetic field strength profiles and the magnetic field latitude
angle profiles for Voyagers 1 and 2, IMP-8 and Helios 2 are compared in
Figure 8. (There are no Helios ! magnetic field data from the Rome/GSFC
experiment for this event.) The time scales for each spacecraft have been
shifted such that the shock falls on the solid vertical line in Figure 4,
f.e., in effect we set t = 0 at the time of the shock (see Table 2). The
calculated shock time was usead for Voyager 1, as described above in the
discussion of Figure 2. The froniL boundary of the magnetic cloud observed
by Helios 2 occurred » 16 hours after the shock. We assume that this
separation is approximately the same at all spacecraft and we represgent the
front boundary by a single dashed vertical line in Figure 4, This boundary
was not seen at Voyager 2 due to a data gsp. The front boundary at IMP may
have occurred a few hours earlier than implied by the dashed 1line in Figure



4, but that is unimportant for our purpose. The rear toundary observed by
Helios 2 was much clcser to the shock than that observed by Voyager 1 or
Voyager 2, IMP, which was 2alose to Helios 2, observed a similar result.

The size of the magnetic cloud can be estimated using the times of the
boundaries shown in Figure 4 and the spacecraft positicns at those times,
It {s convenient to do this by plotting the positions of all the boundaries
at one instant, which we take to be hour 22 on January 6, These positions
were calculated using the measured bulk speeds at each boundary and
assuming that the plasma moved radially away from the sun at a constant
speed between v 1 AU and « 2 AU, The positions thus obtained are shown by
the dots in Figure 5, An uncertainty of %t 8 hrs in the times of the
boundaries corresponds to an uncertainty of % 0.08 AU in their positions,
as indicated by the error bar shown at the dot on the IMP-sun line., Thuse
the error bars are small compared to the dimensions of the magnetic cloud.
The dots in Figure 5 have been connected by eve to delineate the general
shape of the cloud. One can draw two significant conclusions about the
size of the magnetic cloud from Figure 5: 1) Its azimuthal extent between
1 and 2 AU was at least 30°, and 2) its radial dimension was approximately
0.5 AU,

Uk, Magnetic Field Configuration in the Cloud

The familiar two-dimensional sketches of a magnetic loop suggest but
never show that the magnetic field is planar, i.e.,, that the lines of force
are plane curves and taere is one dimension in which the magnetic field
does not change. The minimum variance analysis of Sonnerup and Cahill
(1967) has frequently been used to identify and describe planar magnetic
field configurations associated with thin current sheets in the solar wind
and planetary magnetospheres. We have used this method to analyze the
magnetic field configurations in the magnetic cloud described above ( see
al 00 Burlaga and Klein, 1980, and Klein and 3urlaga, 1981). The only
modification required is the uss »f hour averages rather than high
resolution measurements, corresponding to the larger scale of the magnetic
clouds. We carried out a minimum variance analysis for each of the data

set s--Voyager 1, Voyager 2, Heiios 2 and IMP-8, Since the front and rear



boundaries of the magnetic cloud are ambiguous, we did the minimum variance
anglysis for several intervals, The results are not sensitive to the
boundary times within the uncertainties discussed in Section 2 so we

present only the results corresponding tc the boundari{es shown in Figure i,

Figure 6 shows the results obtained from the Voyager 1 and 2 mugnetic
cloud data. The Z-direction is the direction in which the varfance of g is
a minimum, and the X-Y plane {s normal to Z. In both cases, g rotates
relatively smoothly through a large arc in the X-Y plane. The components
of § normal to this plane are verv smmall, and they are consistent with zero
within the uncertainties of the rsethod (see Lepping and Behannon, 1980;
Siscoe and Suey, 1€72), The ncrmal to the plane of maximum variance may be
specified by {ts heliographic longitude, An' and latitude, 6n. For Voyager
2 and Voyager 1, respectively, ) = 234° and 231° while & = -17° and -42°,
Thus, the Voyager 1 and 2 results are consistent with one another within >
+ 13°, which is approximately the error expected from the minimum variance
analysis, and the average normal at their positions {s An = 232° and xn z
-26°,

The minimum variance analysis results obtained using the magnetic cloud
fields measured by IMP-8 and Helios-2 are shown in Figure 7. Again it .s
found that the magnetic field rotates relatively smoothly through a large
arc, and the components of g(t) normal to this plane are smmall and
consistent with zero. For IMP-8 and Helios-2, respesctively, the normals
are given by A, = 230°, 203° and 8, = -2U°, -46° in solar heliographic
coordinates., Thus the IMP-8 and Helios-2 results are consistent with one
another within * t 15° and the average normal at their positions is Ay F
218°, &, = -34°,

Comparing the normals obtained from the minimum variance analysis using
data from Voyagers 1 and 2 with those obtained using data from Helios-2 and
IMP-8, (which were v 1 AU closer to the sun than Voyager 1 and 2 and « 20°
E of the Voyager-sun line) we find nearly the same results for both
positions, 1In particuler, the average of the normals measured by Voyagers
(= 232°, 8, = -26°) agrees with the average of the IMP-8/Helios-2

normal s (An = 218°, 8y -34°) within the accuracy with which the normals
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can be determined, These results demonstrate that the magnetic field
configuration is substantially planar and highly organized on @
large-scale.

A qualitative sketoh of & posssihle magnetic field configuration in the
cloud is shown in Figure 8. This configuration {s consistent with the
observations, but it {s not uniquely determined. It is based on the
magnetic field observations in Figure 2-4, the cloud structure shown in
Figure 5, and the results of the minimum variance analysis described sbove,
Figure 8 shows the magnetic cloud as 8 circular oylinfer whose axis 1ies in
the equatorial plane, making an angle of nearly 9° with respect to the
radiasl direction in accordance with Figure 5. Since we have no information
out of the ecliptic, the cross section could also be drawn as an ellipse or
an irreguiar form snd the axis might be inclined with respect to the
ecliptic, The magnetic freld lines in the cloud lie in a plane which i
tnalined 35° with respect to * .¢ ecliptic. They are drawn in Figure 8 as
closed circular loops, but they could be more complicated closed curvaes or
they might be open "tongues" as described by Cocconi et al. (1958).
Measurements out of the ecliptic are needed to distinguish among these
alternatives. There is a further smbiguity owirg to the uncertainty in
determining the component of g normal to the plane of maximum variance,
i.e., it 18 possible that the lines of force form very tightly wound
helices. Finally, there 18 some evidence that the axis of the circular
cylinder is slightly bent. Thus, Figure § {s schematic and non-unique, Jt
it 1s consistent with the observations snd represents some basic
characteristics of the magnetic cloud.

5. Plasma Parameters in the Magnetic Cloud

In order to compare the bulk flow measurements made by Voyagers 1 and
2, Helios 1 and 2 and IMP-8, it is convenient to discuss each of the flow
parameters separately. Figure 9 shows the density profiles measured by
each of the spacecraft. The time scales have beoen zhifted such that the
shocks sre on the same vertical line (see Teble 2). The vertical dashed
lines in Figure 9 represent the magnetic cloud boundaries chosen as
described in Section 2 in reference to Figure 4, (The rear boundary of the
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magnetic cloud seen by Helios 1 could not be identified with certainty,)
Inside the magnetio cloud the density is highly variadle, often changing by
nasrly an order of ri>*gnitude in o few hours. Generally the density inside
the magnetic cloud {s significantly lower than average, but there are
oclasional fluctuations whick reach the ambient value. Such low densities
have often been observed in flare ejecta. There are two possible
explanations for them, not mutually exclusive: 1) The density in the
magnetic cloud was relatively low at the sun where it was ejected, and/or
2) the magnetic cloud expanded as it moved from thes sun to the spacecraft
ot R > 2 AU. Evidence for expansion of the magnetic cloud will be
discussed in the next section.

The speed profiles measired by the S5 spacecraft e-e shown in Figure 10.
All of the spacecraft observed fast (> 400 km/s) plasms in the magnetic
cloud, but the individual speed profiles differ appreciadly. Voyager !
observed a familfar stream profile, with a rapid rise to a maximum speed cof
nearly 700 km/s followed by a monotonic decline Lo lower speeds. Voyager
2, on the cther hand, observed a flatter speed profile, with speeds between
500 km/s and « 600 km/s; however, it should be noted that higher speeds
might have occurred in the large data gap on January 7. The IMP and Helios
2 speed profiles are similar to one another, both showing a decrease from «
650 km/s to «+ 450 km/s in the magnetic cloud. It appears that material in
the rear of the magnetic cloud near the positions of IMP and Helios-2 was
accelerated by a stream which vas overtaking the cloud, Material ahead of
the cloud was also mouving very fast, perhaps because the magnetic clond was
embedded in a8 larger stream or perhaps because the cloud accelerated
material ahead of it. The Hellos-1 speed profile is the most complicated.
The shock and magnetic cloud were advancing into a fast (« 600 km/s)
plasma, so the post-shock speeds were much higher than in the other cases.
This {s possibly a latitude effect (see Figure 1), although it was not seen
by Voyagers 1 and 2, There was no well-defined rea' boundary, and there
was no large chenge in the speed profile at the front bounda:y. However,
the speeds inside the cloud seen by Helios 2 were at least as high as those
observed by the other svacecraft. We conclude that material inside the
magnetic cloud as a whole was moving significantly faster than the average
solar wind speed, but no single, characteristic speed profile was observed
by all of the spacecraft,
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Finally, consider the temperature profiles, shown in Figure 11, All of
the spacecraft observed lower than average temperatures near the cen .er of
the magnetic cloud and near-average temperatures close to its boundaries,
Large fluctuations in the temperature were observed, and one cannot dravw 8
amooth representative temperature profile, In the sheath, the temperatures
were higher than average, presumably owing to heating by the shock., The
Helios-1 profile {s anomalous in that the temperature drops abruptly a few
hour s after the shock, suggesting that the shock had moved through some
relatively cool plasma at that position,

6. Dynamics of the Magnetic Cloud

In this section we examine the Voyager 1 and 2 momentum flux and
pressure profiles in search of information about tne dynamical properties
of the magnetic cloud. The momentum flux, p V!, the total pressure
(PT = nk (’I‘e * Tp) + B2/8y%) and the ratio of the thermal pressure to the
magnetic pressure, Br = nk (Te . Tp)/(B’/Sw) are shown in Figures 12 and 13
for Voyager 1 and Voyager 2, respectively.

The overal' momentum flux profile observed by Voyager 1 resembles that
observed by Voyager 2, but there are significant differences in detail
owing to the large fluctuations in n and T. The most significant result is
that for the most part the momentum flux i{nside the magnetic cloud {s not
appreciably higher than that ahead of the shock. This suggests that at tlie
positions of V1 and V2 (v 2AU) tne shock was no longer being strongly
driven by the magnetic cloud, even “hough the cloud was moving
super sonically with respect to the ambient solar wind, One possible
scenario is that near the sun both the denesity and speed were high in the
cloud giving a momentum flux large enough to produce a shock there, 1In
transit to 2 AU the magnetic cloud expanded causing a reduction in the
density such that the momentum flux inside the cloud was not large when it
arrived at V1 and V2. The shock continued to propagate outward even though
it was not driven by the cloud at 2 AU,
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The pressure profiles in Figures 12 and 13 show that even at v 2 AU the
total preasure inside the magnetic cloud was somewhat higher than the
ambient pressure ahead of the shock. This implies expansion of the cloud
at 2 AU as a result of the high pressure, and it suggests thst there was
expansion close to the sun, The expansion was caused primarily by the
magnetic pressure rather than the thermal pressure, for 31 5 1 inside the
magnectic cloud, Note that in some parts the magnetic cloud the thermsl
pressure was negligible--8 < 0,05, In general, the magnetic field energy
was dominant in the magnetic cloud, which may explain why rather large
fluctuations in density and temperature could persist inside the magnetic
cloud. The high magnetic energy density is consistent with the
ob servations of smoothly varying magnetic fields inside the cloud and the
ordered large-scale configuration of the cloud discussed in Section 4,

7. Discontinuities in the Flow Observed by V1 and V2

A remarkable filament in the V2 magnctic field and plasma data is shown
in Figure 14 near noon on January 8. It {s see~n most clearly as an
erhancement in density and a depression in field strength, but one can also
see 2 cdepressicn in the temperature., Thus, the filament 18 u dense, coul
region with relatively low magnetic field strengths. The boundaries of the
filament are very thir when viewed on this scule. The filament {s shown at
higher resolution (1,02 sec averages) in Figure 15a. Even at this
resolution the boundaries of the V2 filament appear as step functions in F
and n, and abrupt changes are also seen in T and V. The front boundary of
the filament (A) is associated with a current sheet (directional
discontinuity) as evidenced by the large, rapid, step-like change in § and
A. The rear boundary (B) is also associated with a current sheet, but this

is not as clearly defined as A.

The filament was also seen by V1, which was 0.12 AU from V2. This may
be seen by comparing Figures 14 and 2, and by comparing the results in
Figure 15a and b. The filament is not as well defined in the V1 data as it
is in the V2 data. 1In particular, it is difficult co identify a rear
boundary at V1 corresponding to B at V2 (see Figure 15). However, the
front boundary (A and A') is nlea~ly seen by both spacecraft with
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essentially the same qualitetive signsture in F, &8, ), n, Tp and T, (V1
quantitative estimates not yet availadblé in such special regions where
el ectron core temperatures are 3 3x 10““! during the cruise 1 phase of the

mission,)

The nature of the boundaries of the filaient can be determined by
considering the variation of the total pressure Py = nk (Tp + Ty + F%/(8%)
across the filament, This is shown for V2 in Figure 16, where it is seen
that there 18 essentially no change in PT across the filament and its
boundaries. According to the theory of MHD discontinuities (see Landau
and Lifshitz, 1962 &na Burlaga, 1971) this excludes the possibility that
the discontinuities are fast or slow shocks. Shocks are also excluded by
the signs of the changes inn, T and B, The constancy of PT indicates that
the discontinuities are tangentisl discontinuities (TD), rotational
discontinuities (RD) or contact discontinuities (CD). A CD {s ruled out by
the change in magnetic field directiun, and an RD is effectively ruled out
by the very large zhanges in F and n. Thus, the boundaries of the filament
must be tangential discontinuities.

Tt is possible to determine the orientations of the surfaces bounding
the filament by examining the internal structure of the current sheets
(Sonnerup and Cahill, 1967; Siscoe et al., 1968; Burlaga et al., 1977).
The Sonnerup~Cahill method gives further evidence that the boundaries are
TDs, since the component of § normal to the plane of maximum variance is
less than 15% of the mean field. Using the method of Siscoe et al. (1968),
which is more accurate for TDs tran the Sonnerup-Cahill method, we obta.n
the normals of the surfaces A, A' and B 1isted in Table 3. The normal of
the plane of maximum variance of 9 in the magnetic cloud (see Section 3),
is also given in Table 3. These results are shown graphically in Figure
17, where the intersections of the surfaces with the ecliptic plane and a
meridian plane are shown by solid line segments, and “he corresponding
intersections of the maximum variance plane of g are shown by dashed line
segments. Table 3 and Figure 17 reveal three significant results. First,
the orientation of surface A at V2 is similar to that of surface B at V2,
as one might expect for a filament. Second, the orientation of A at V2 is
very similar to that of A' at V1, despite the relatively large separation
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(0.12 AU) between the two spacecraft. (Previous studies by Burlaga and
Ness, 1969 and Denskat and Burlaga, 1977, showed that the orientation of @
current sheet may change appreciably on a scale of 0.005 AU.) Third, the
normals of the mmall-scale filament boundaries lie close to the normal <o
the maximum variance plane of the magnetic field vectors in the mesoscale
magnetic .loud (see Figures 6 and 7). In other words the orientations of
the small scale current sheets bounding the filament are related to the
masoscale configuration of the magnetic field in the strerm behind the
shock., It will be of interest to examine other clouds in order to
determine the generality of this conclusion, but that iz outside the scope

of this paper.

Figure 17 shows the orientations of four other discontinuities: the
shock at V2, two directional discontinuities in the sheath seen by V1 (D
and E), and a directional discontiruitity observed by V1 near or in the
front boundary of the magnetic cloud. These four surfaces are nearly
parallel to one another, but their orientations differ from those of the
filament boundaries and the maximum variance plane of the magnetic cloud.
This difference is consistent with presence of two types of flow
regimes--the flow associated with the magnetic cloud and the flow in the
sheath. The orientations of the current sheets ahead of the magnetic cloud
may be related to the geometry of the surface of the cloud. In particular
they are consistent with the boundary being an element of a nearly

spherical front as shown in Figure 5.

8. Summary

We have analyzed a flow system consisting of a shock, a turbulent
sheath, and an ordered "magnetic cloud" in transient ejecta associated
with the shock, u3sing magnetic field and plasma data from 5 spacecraft.

The emphasis is on the magnetic cloud which was identified by a
characteristic variation of the latitude angle of the magnetic field. The
size of the cloud was found to be % 0.5 AU in radial extent and > 30° in
azimuthal extent, and the front boundary was nearly normal to the radial
direction. As the magnetic cloud moved past each of the spacecraft the
magnetic field direction was observed to change by rotating nearly parallel
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to a plane. Thvs, the magnetic field configuration in the cloud was
essentially two dimensional. The orientation of this plane of maximum
variance with respect to the spacecratt-sun line and solar equatorisl plane
was the same at all of the spacecraft within % 20°, These results suggast
that the lines of force in the magnetic cloud formed loops, but it uould
not be determined whether these loops were open or closed.

Inside the magnetic cloud the speed was high and the density and
temperature were relatively low, especially nesr the middle of the cloud.
The total pressure in the cloud was higher than the ambient pressure at
2 AU, indicating that the cloud was probably expanding at 2 AU and, by
inference, within 2 AU as well. The magnetic pressure was larger *nan the
thermal (ion plus electron) pressure, indicating that the expansion was
driven primarily by the magnetic field which presumably originated in some
transient process at the sun. Expansion driven by the high magnetic field
pressure inside the cloud is at least one cause of the low density and
temperatures in the magnetic cloud; the input conditions might be another

cause,

The momentum flux in the cloud at 2 AU was not generally higher than
that ahead of the cloud, yet the cloud was preceded by a shock., It is
suggeste. that the shock might have driven by the stream carrying the
magnetic cloud when it was near the sun, but that the momentum flux
decreased in transit to 1 AU owing to expansion and perhaps deceleration so
that at 2 AU the shock was no longer driven, but rather moved on ahead of
the cloud by virtue of the motion it acquired earlier. Of course, we
cannot exclude the possibiiity that the shock and ejecta were created
independently at the sun.

At the rear of the magnetic cloud there was a most unusual filament
characterized by high n and low B and T, with very thin boundaries having
the nature of tangential discontinuities. This filament was in equilibrium
with the medium ir which it was embedded. Its boundaries (current sheets)
were nearly parallel to the plane of maximum variance of 9 in the magnetic
cloud. Current sheets in the sheath ahead of the magnetic cloud had
different orientations, more nearly perpendicular to the radial direction

and parallel to the surface of the shock wave.

o reeige o
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TABLE 1
EXPERIMENTS AND PRINCIPAL INVESTIGATORS

VOYAGER 1, 2 HELIOS 1, 2 IMP-8
MAGNETOMETER NESS (GSFC) MARIANI/NESS NESS (GSFC)
(ROME/GSFC)
PLASMA ANALYZER BRIDGE (MIT) ROSENBAUER BRIDGE

(MAX-PLANCK/GARCHING) (MIT)




TABLE 2
SHOCK TIMES

SPACECRAFT DAY HR/MIN
VOYAGER 2 JAN, 6 0134
HELIOS 1 JAN, 3 0838
HELIOS 2 JAN. 3 1450
IMP 8 JAN. 3 2041

SSC JAN. 3 2024
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TABLE 3
FILAMENT BOUNDARY NORMALS

DISCONTINUITY SPACECRAFT DAY ,HR/MIN A 8
A V-2 8,1030 235° -15°
B V-2 8,220 230° 0°
A! V-1 8, 1440 208° - 4°

23
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5
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FIGURE CAP™JONS

Positions of Voyager 1 sand 2, Helios ' and 2, and IMP (neer
Earth) in the period Jsnuary 5-8, 1678. Positions are in
inertial heliographic coordinates, (a) being the equatorial
plane view and (b) shcwing the elevation of the spacecraft
above (below) the egustorial plane,

Voyager 1 observations of a magnetic cloud and associated
flow. The dasta are U min averages. The direction of § is in
solar heliographic coordinates; § is the latitude (8 = 0°
when g {s in the equatorial plane and i{s positive when g
points northward) and ) is the azimuthal angle (A = O when g
points radially away from the sun and increases counter-
clockwi se when seen from the north). The Voyager {1, 2
temperatures are compv.ed by taking moments of the ob served

distribution functions.

Helios 2 observations of the magnetic cloud and associated
flows, Here the direction of § is in solar ecliptic
coordinates; 6 is the latitude (8 = O in the ecliptic plane)
and ¢ is the azimuthal angle (¢ = 0 when g points toward the
sun).,

Magnetic field strengths and latitudes measured by V1, V2,
H2, and IMP-8,

Sketch of the geometry of the cloud. The dots show where the
observed boundaries of the cloud would be at 2200 UT on
January 6, 1¢78, assuming that they moved at constant speed.
The shape of the cloud is determined by simply connecting the
dots, and it is nnly approximate. This figure shows that the
cloud extends at least 30° in the azimuthal direction and

« 0.5 AU in the radial direction.



FIGURE 6

FIGURE 7

FIGURE 8

FIGURE ¢

FIGURE 10
FIGURE 1

FIGURE 12

FIGURE 13

FIGURE 14

FIGURE 15
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Results of the minimum variance analysis of hour averages of
the magnetic field in the cloud observed by Voyasgers 1 and 2.
en and \n give the normal to the plane of maximum variance in
soler heliographic coordinates.

Results of the minimum variance analysis of hour averages of
the magnetic field observed by IMP-8 and Helios-2. Although
the data used were in solar ecliptic coordinates, the
directions of the normals are shown in solar heliograpnic
coordinates so that they can be compared with the Voyager
rezults,

Sketch of possible magnetic field configuration in the
magnetic cloud, based on the minimum variance normals in

Figure 6 and Figure 7, and on the shape shown in Figure 5,

Density profiles. The V! and V2 data are 5 min averages; the
IMP, HY annd H2 data are hour averages,

Bulk speed profiles., Averages as i{n Figure 9.

Temperature profiles, Averages as in Figure O,

Momentum flux, total pressure (proton plus electron plus
magnetic field) and the proton plus electron pressure divided

by the magnetic pressure observed by Vcvager 1,

Momentum flux, total pressure, and pressure ratio observed by
Voyager 2 (see Figure 12 caption).

Voyager 2 observations of the magnetic cloud and associated
flow (parameters as described in caption of Figure 2). Note

the unusual filament (AB) on January 8.

Filament at high resolution (¢.6 sec averages).



FIGURE 16

FIGURE 17
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Momentum flux, total preasure, and pressure ratio (see Figure
12 ception) across the filament cbserved by Voyager 2. It {s
an equilibrium structure immersed in a low # plamma.

Each line segment {3 the intersection of a plane with the
golar equatorial plane (top) or & meridian plane (bottom).
Three types of plenes are shown: 1) current sheets bounding
the filament (A, A', B) and current sheets in sheath (C, D,
E): ¢) the shock surface, and 3) the plane of maximum
variance of g in the magnetic oloud, represented by dashed
line segments arbitrarily pleced at the point in the cloud
where the direction of the magnetic field changed from
southward (crosses) to northward (dots).
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