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1. Introduction

Exploration of the outer heliosphere (the region beyond Mars) began with
the launches of Pioneers 10 in 1972 and Pioneer and 11 in 1973. Measurements
of the magnetic field and solar wind plasma are available from the instruments
of Smith and Wolfe, respectively, and the results of these measurements have
been reviewed by Smith (1974, 1979, 1981, 1983), Smith and Wolfe (1977, 1979)
Smith and Barnes (1983) and Intriligator (1976, 1977, 1980). The spacecraft
Voyager 1 and Voyager 2 were launched into the outer heliosphere nearly half a
solar cycle later, on September 5, 1977 and August 20, 1977, respectively.

The choice of topics and the selection of figures in this review emphasize
Voyager observations and analyses. Some of the plasma observations from
Voyagers 1 and 2 were summarized by Gazis (1983), and Gazis and Lazarus
(1983), but this is the first review of the magnetic field measurements from
Voyager and the MHD processes in the outer heliosphere. An attempt was made
to give a complete bibliography of the experimental and theoretical work

concerning magnetic fields and plasmas observed in the outer heliosphere.

Emphasis in this review is on basic concepts and dynamical processes
involving the magnetic field. The theory that serves to explain and unify the
interplanetary magnetic field and plasma observations relating to phenomena
with scales 3 100 km is magnetohydrodynamics (MHD), which is summarized
briefly in the next section. Basic physical processes and observations that
can be directly related to solutions of the MHD equations are emphasized, but
one must remember that obtaining solutions of this complex system of equations
involves various assumptions and approximations. It is natural to be
enamoured by the attractiveness of simple results, but the outer heliosphere
does not always behave and appear as one would like. The spatial and temporal
complexity of the outer heliosphere, and some approaches for dealing with this
complexity are discussed, but the existing descriptions and explanations of

complex phenomena are still inadequate.

The Voyager 1 and 2 trajectories projected onto the ecliptic plane are
shown in Figure 1. Bends in the trajectories occur where the spacecraft
encountered Jupiter and Saturn. Voyager 2 will encounter Uranus in January

24, 1986 and Neptune in August 24, 1989, and Voyager 1 is moving away from the
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sun at a faster rate than Voyager 2. This review will emphasize the results
obtained inside of the orbit of Saturn, £ 10 AU,

The Voyager spacecraft were designed primarily for planetary studies, so
they are 3-axis stabilized (Pioneer 10 and 11 were spin-stabilized). A brief
description of the spacecraft, an overview of its mission, and a complete list
of its scientific instruments is given by Kohlhase and Penzo (1977).
Additional information on the spacecraft and trajectories may ve found in the

references of their paper.

The magnetometer and solar wind plasma analyzer on Voyagers 1 and 2 are
described by Behannon et al. (1977) and Bridge et al. (1977), respectively.
The Principal Investigators are N. F. Ness and H. S. Bridge, respectively.

The magnetometer is a dual-sensor system with a wide dynamic range, from 0.006
nT (nanoteslas) to 20 G (gauss). The sensors are light-weight fluxgate
magnetometers and the low field system has a sensor noise of 0.006 nT RMS
over a bandpass of 0-8.3 Hz. The instrument is capable of making accurate
measurements of the interplanetary magnetic fields we 1l beyond 10 AU even in
the presence of a weak spacecraft field, which is measured and corrected for
using the dual magnetometer concept (Ness et al., 1971, and Neubauer, 1975).
The magnetometers on Voyager 1 and 2 are all operating at the tiue of this
writing. The plasma analyzer consists of two Faraday cups. One of these cups
is designed for studies of the solar wind and maghetosheath flows. It has a
large field of view and an energy range from 10 to 5950 volts with a
resolution of AE/E > 0.29 (L mode). A large sensor area makes it possible to

-2 sec-1). giving accurate density (3%)

measure very low fluxes (§ 6 x 103 cm
and speed (1%). The solar wind velocity direction is measured to « 0.15°.

The Voyager 2 instrument has operated without problems from launch to present.
The Voyager 1 plasma analyzer failed after encounter with Saturn and for a
period in 1978, but it operated satisfactorily during the encounters with
Jupiter and Saturn and throughout most of the primary interplanetary cruise

phase of the mission.
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2. Basic Equations

Many interplanetary phenomena can be interpreted in the framework of
magnetohydrodynamics. There have been numerous attempts to "justify" this
theory on the basis of a plasma model which treats the medium in terms of
particles and electromagnetic fields (see references in Cuperman, 1980), but a
rigorous justification does not exist. We simply accept MHD as a set of
postulates, a physical model, and we use it to organize and relate as many
interplanetary observations and phenomena as possible. It is recognized that
the model must not be applied on scales where particle phenomena manifest
themselves, such as the gyroradius, gyroperiod, Debye length, interparticle

spacing, etc. The gyroradius R, is the largest of these scales, and it is of

L
the order of 50 km at 1 AU. Since the scale of our system is of the order of

30 AU = 4.5 x 109 km » 108 R, there is ample scope for -the application of MHD
theory.

A. Dynamics

The MHD equation of motion in Eulerian form is:

a2V
> 2
p;:d»p(X’V)X--VP-(VXE)x§+pvvX (1)

The left~hand side represents inertial effects, and the acceleration is

3V

o :
written as the familiar sum of a "nonstationary" term —, and a "convective

3t

term "(V°V) Y. The convective term is nonlinear, and it is the source of many
interesting physical phenomena (such as stream steepening, "overtaking", and
shock formation) as well as the principal source of mathematical difficulties
in obtaining solutions. The right-hand side of Eq. 1 shows two types of
terms, a dissipation term p v V2 y and 2 force terms. The dissipation term
may be important at small scales, e.g., in shocks, boundary layers and
turbulence, but it is usually neglected in discussing large-scale processes.

Only 2 forces are considered: a gas dynamic fcrce per volume, Vp, and a
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magnetic (Lorentz) force per volume, (V X g) X § = ﬁ X P. In the absence of a
magnetic field, the only force is Vp and the equation of motion reduces to
that of ordinary gas dynamics. Applications of gas dynamic theory to the
solar wind have been reviewed by Parker (1963) and Hundhausen (1972, 1984).

The magnetic force introduces new dynamical processes in the solar wind. One

can write
B2 (B *7)B
(v x §) X § =V — '—-—'—iy which shows that the magnetic force may be
8n Yg
Be
regarded as the sum of a magnetic "pressure" force v — that
8

acts normal to the magnetic field direction and a "curvature force" that is
present when the magnetic field lines have a non-zero curvature. Most
applications of Eq. (1) to the solar wind have neglected the curvature force,
in which case the effect of the magnetic field is essentially the same as that
of the gas pressure. One then speaks of the "total pressure" P = p + Be/an,
and the equation of motion reduces to

@
St

+p(\\,(-v)¥:—\7p. (2)

©
!
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This has the same form as the gas dynamic equation, and it can therefore be

treated by the standard methods of gas dynamics.

The equation of motion (1) shows that we are considering two vector fields
(§ and y) and two scaler fields (p and p). Thus, we describe the system by a
set of functions, the components of g and x together with p and p; i.e., we
describe it as a field, with no reference to particles or bodies. Additional

equations are needed to describe the system completely and self-consistently.

The density p is related to the velocity field y very simply through a
constraint expressing conservation of mass:
ap

—; +7° (pV) =0 (3)
2

The absence of a source term expresses the neglect of reactions that might

convert matter from one form to another.



B. Thermodynamics

The gas pressure p implies a link to thermodynamics. It is usually
assumed that the gas is polytropic, in which case the thermal conductivity and
heat flux are not considered explicitly. The electrical resistivity and
viscosity are assumed to be zero everywhere except possibly at singular
points. This exception is very important, for it means the phenomena such as
reconnection and shocks can be treated in the framework of ideal MHD, but they
must be treated separately, e.g., by identifying a singular shock surface and
applying the Rankine-Hugoniot equation across it. Thus everywhere except at
singularities it may be assumed that the equation of state p = p(S,p) can be
written in the separated “orm p = A(S) pY, where vy is the adiabatic constant
and S is the entropy. Diiferent volume elements (e.g., those coming from
different regions on the sun or those ahead of and behind a shock) may have

different entropy, hence different A, but for any given volume element, p »

pY. In this way even irreversible processes can be introduced within the

formalism of ideal MHD, This type of equation of state implies that the
entropy of a given volume element is constant everywhere except at
singularities, i.e., entropy is conserved. In other words A(S) = pp-Y is a
constant following a volume element, which gives the constraint

r}

(—+Vew) (Pp™) = 0. (4)
at

An additional complication arises because in the sclar wind one measures
temperature rather than pressure. It is usually assumed that p = nkT = p/m
kT, where n is the number density, but one must recognize that the solar wind
is made of not one component, as assumed up till now, but primarily two
components--protons and electrons. In general, their number densities are
nearly equal--ne . np but their temperatures are different Te £ Tp. Thus we

should replace p = nkT by p = ng kTe + np kTp >

n K(T + T ) wheren 1is the
L e P p

proton number density. For various practical reasons, electron measurements
are not always available. In this case, it is often assumed that Te v Tp, S0
P v 2 nkT where T is the proton temperature and n is the proton density.
Observations of the radial variations of the temperature of protons and
electrons have been reported by Sittler and Scudder (1980), Gazis and Lazarus
(1982), Kayser (1984), and Mihalov and Wolfe (1978).
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C. Electrodynamics

The absence of magnetic charge is expressed by Gauss' law
V'?:O, (5)

which asserts that the magnetic field lines never begin or end--except at
singular points, where B = 0 or the field is discontinuocus. This exception is
rarely mentioned, but it is very important, for it allcws the introduction of
processes such as reconnection and shocks without requiring resistivity or
dissipation in the medium as a whole, provided one introduces singularities .
and discontinuties in the field. There is no fundamental mathematical problem

in doing this; it simply enriches the topology. The magnetic field is coupled

directly to the velocity field by Faraday's law in the form

&
=V x{yx g). (6)
at
In writing this equation, it is assumed that ﬁ z - x b 4 § in an inertial frame,

or equivalently that E = 0 in a frame moving with velocity X. Again, this is
a good approximation everywhere except at isolated singularities in a fully
ionized plasma. In general, one should add the term p v2 5. where n is the
electrical resistivity. This term can be important on very small scales, for

example near neutral points or in shocks.

Equations 2-6 are a complete set of equations for the 2 vector fields y.
k. and the 2 scalar fields p and p. Note that the equations form a system of ‘
first order partial differential equations. Such systems allow geometrical
a v

interpretations in a natural way. The presence of the operator (— + X . x)
at

implies that propagation phenomena are important. 1In the interplanetary
medium the bulk flow speed is greater than the characteristic speeds, i.e.,
the flow is "supersonic", and the equations are hyperbolic, which has further

mathematical and physical implications. We shall not discuss these

P e W
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implications here, but simply =smphasize that Equations 2-6 embody a great
wealth of mathematical ideas and physical phenomena.

D, Coordinates

All of the functions of interest, as well as the lccations of the
spacecraft, depend on position and time. It is nenessary to adopt a single
inertial coordinate system so that positions can be given by a consistent set
of numbers. Our choice of an inertial coordinate frame is the "inertial
heliographic system" (IHG) which is illustrated in Figure 2. This is based on
the following considerations. Since the sun is the source of interplanetary
plasma and magnetic fields, a mathematical singularity to first approximation,
it is natural to put the origin of the coordinate system at the center of the
sun. The rotation of the sun singles out one line (the rotatign axis), and
its sense of rotation gives a natural orientation. Thus, the ZIHG axis is
chosen to point northward along the rotation axis. Choosing an orthonormal
basis, the X,,. and YIHG axes are then in the solar equatorial plane. The
intersection of the solar equatorial plane with the ecliptic plane gives a
line, the longitude of the ascending mode, which we shall take as the
XIHG-axis. This drifts slowly with time (v 1°/72 yrs). and we shall take the

. Rl o

XIHG-axis along the direction of the ascending node in 19(0. The YIHG'aXiS iz
then choosen to complete an orthonormal triad. Thus, the basis of the :
inertial coordinate system which we choose is that illustrated in Figure 2.

In particular, we specify the location of the Voyager 1 and 2 spacecraft with

reference to this basis, and the field variables will be considered to be

functions of the coordinates (X ) relative to this basis. For

IHG' YIHG' ZIHG
brevity we shall drop the subscripts and understand that (X,Y,Z) refers to the

inertial heliographic coordinate.

Since we are considering two vector fields ) and B, it is necessary to
adopt a basis at every point in the heliosphere in order to specify components
of the fields. The orientation and position of each of these bases is given
relative to the inertial system described above. One natural direction is
along the line joining a given point (X,Y,Z) with the center of ths sun, i.e.,
the radial direction. Thus we choose one of the 3 basic vectors, XHG (X,Y,2),
where (X,Y,2) is the origin of the basis in relation to the inertial frame, to



1"

be a unit vector directed radially from the sun to the observer at (X,Y,Z)
(Figure 3). The QHG (X.Y.Z)Adirection is assgmed to be parallel to the solar
equatorial plane (normal to ZIHG)' normalAto xHG' and pointing in the
direction of motion of the planets. The ZHG (X,Y,2) axis is chosen to
completehan o:thongrmal triad, Thus, at each point in the heliosphere one has
a triad XHG' YHG’ ZHG' and one can specify the components of any vector at
that point relative to this basis. It is convenient to describe the direction
of a vector § at a point in terms of two angles A and §, where & is the
elevation angle relative to the XHG'YHG plane and » is the angle measured in
the piane relative to the XHG-axis. and considered to be positive for

rotations of ; in the same sense as the sun's rotation.
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3. Large-scale Variations

A. Magnetic Field Strength

The radial variation of the strength of the interplanetary magnetic field
between 1 AU and v 9.5 AU, measured “»y Voyager 2 between August 21, 1977 and
August 10, 1981, is shown in Figure 4. The center of each bar raerrasents a 25
day average of the magnetic field (25 days being approximately the solar
rotation period in an inertial frame) and the length of the bar gives the
uncertainty of the average. The solid curve in Figure 4 (from Burlaga et al.,
1984a) is a theoretical curve derived by Parker (1958, 1963), with the
constant 4,75 chosen to minimize the deviation between the observations and
the theoretical curve. The curve is derived on the basis of the following
assumptions: 1) The solar wind velocity is radial and of constant speed; 2)
The medium is axially symmetric, i.e., the equations are invariant with
respect to rotations about the solar rotation axis; and 3) The solar magnetic
field does not change with time. Equation 5 implies that the radial component
of the field is BR » R-2 and Equation 6 implies that the azimuthal component
of the field is ET v R-1. Combining these two component:s gives the formula
shown in Figure 4, Considering the simplicity of the assumptions and the

-

resulting formula, Parker's curve gives a remarkably good fit to the dsia.
This is certainly a satisfactory zeroth order description of the magnetic
field strength. There is significant scatter of the observations relative to

this curve which is a hint of complexities that will be discussed below.

The radial variation of B(R) wus also measured by the Pioneer 10 and 11
spacecraft, at a different epoch of the solar cycle. Smith (1974) reported
agreement with Parker's theory to first order between 1 AU and 4.3 AU, but he
noted significant systematic second order deviations. Similar results were
reported for Pioneer 10 observations between 1 AU and 8.5 AU by Smith and
wWolfe (1979). On the other hand, Smith and BEarnes (1983) found that Pioneer
10 and 11 observations of B(R) between 1 AU and v 11 AU were consistent with
Parker's model, but they argued that this was a coincidence. On the hasis of
a comparison of 1 AU data with Pioneer data, they suggested that the field
strength actually decreased significantly more rapidly with R than Parker's

model predicts, but this just happened to be compensated by an increase of the

| A
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solar magnetic field with time in the interval in which the measurements were
made. Long term variations of the interplanetary magnetic field strength were
reported by King (1979, 1981), Burlaga et al. (1982b), and Slavin et al.
(1984). Smith and Barnes (1983) suggested that the systematic decrease of B
with respect to Parker's curve might be due to a latitude effect. Slavin et
al. (1984) observed that the BT component of ? measured by Pioneer apparently
decreased with R faster than predicted. A similar effect over shorter
distances has been reported by various authors (see the review of Behannon,
1978, and the paper by Jokipii, 1976). Slavin et al. (1984) suggested that
the effect is due to the transport of magnetic flux away from the equatorial
plane by meridional flow. Parker's model predicts a higher magnetic pressure
in the equatorial plane than over the poles, because the spiral is "tighter"
in the equatorial plane, The resulting pressure gradient would tend to drive
a meridional flow {(Suess and Nerrey, 1973); Nerney and 3uess, 1975; Suess and
Nerney, 1975) but it was not expected that this effect should be as large as
the one reported by Slavin et al. (1984), and Smith and Barnes (1983).

Measur ements of the radial variation of B(R) using simultaneous data from
1 AU (IMP-8 data from the experiment of Ness et al. and ISEE-3 data from the
experiment of Smith) and from Voyager 1 and 2) do not show large systematic (v
20%) deviations from the spiral model within 10 AU. Figure 5 from Burlaga et
al. (1984a) shows the 1 AU cbservations together with Voyager observations of
B, normalized to 1 AU by dividing by the fit to Parker's model given in Figure
4, There are large fluctuations of the Voyager magnetic field strengths,
related to dynamical processes in the solar wind, but no significant
systematic differences between the two curves is evident. The reason for the
apparent disagreement between the Voyager results and the Pioneer results is
not yet clear. The difference might be real, since the Pioneer and Voyager
measurements at a given distance were made at significantly different times
and at different latitudes. It might also be due to the use of different
averaging methods (which are important in dealing with large-amplitude

fluctuations about the mean) or possibly to instrumental effects.

B. Magnetic Field Direction

Parker's model gives the direction of the field as well as the magnitude.

Figure 6 (Burle:-. et al., 1982b) shows daily average Voyager 2 observations
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between 1 AU and 5 AU. The & angle (see Figure 3) should be zero according to
Parker's model, and on average that is observed. Note that there are large
fluctuations about the average, corresponding to phenomena which are not
included in Parker's model for the large-scale field. Of greater interest is
the A-angle, or azimuthal direction of the field (see Figure 3). The
directions predicted by Parker's model are shown by the 2 solid curves; there
are two curves because the magnetic field can have either of two orientations,
"toward the sun" or "away from the sun". The "sector" structure can be seen
clearly between 3 AU and 4 AU, but it is less evident elsewhere. The observed
values of X are generally close to the theoretical values, particularly when
the sectors are well-defined, but there are times when significant departures
from the theoretical values occur and the sector structure is not clear,

These are found to be times when there were many transients, i.e.,
non-stationary flows, as discussed below. The early Pioneer 10 and 11
observations showed very good agreement with the theoretical spiral directions
(Thomas and Smith, 1980) but these observations were made when the sun was

quiet and the flows were relatively steady.

C. Components of B

Instead of considering the magnitude and direction of § one can
equivaleftly Eonsiger the components BR' BT' BN' with respect to the HG basis
vectors xHG' YHG' ZHG' respectively (see Figure 3). Voyager 1 observations of
24-hr averages of these components obtained between 1 AU and 5 AU are shown in
Figure 7, from Burlaga et al., 1982b. Note the very large scatter in the
observations at a given R, which reflects the variability of the solar wind
due to dynamical processes on many different scales. Clearly, in drawing
conclusions from fits to those data or averages of them, one must take care to
consider the fluctuations, which represent physical processes that are not
considered in Parker's model. Consider |< BN >| for example. According to
Parker's model this should be zero for all R, and Figure 6 shows that the
field does fluctuate randomly about § = 0. Yet Figure 7 shows relatively
large values of |< BN >| decreasing as R—O'Z. This represents small and
intermediate scale phenomena, and it has nothing to do with the large-scale
field., These effects are also superimposed on the BT and BR components., For

example, at 5 AU |< B >| is comparable to [< By >| and we may conclude that
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the measured average component at that distance is largely due to fluctuations
rather than the large-scale Parker field. The best fit to |< BR >| implies a
1.6 rather than R'Z. probably because the effects of small and
intermediate scale fluctuations become increasingly important at larger R.

decrease as R~

The BT component is the largest component at large distances, and the
fluctuations in this component are less important out to 5 AU. Thus |« BT >|
0'92. in close agreement with the theoretical value R—1'0. Using
Pioneer 10 data, Rosenberg et al. (1978) found that Bl_w R_1'29 + 0.06 and

BR > R'Z‘1 * 0.03 between 1 AU and 5 AU. Thus, these authors found that the

varies as R

azimuthal field component decreases significantly more rapidly than Parker's
model predicts., A similar result was found in Mariner data obtained between

1 AU and 1.5 AU by Coleman et al. (1969).

D. Sectors

The interplanetary magnetic field may have one of two possible
orientations at any point and time, either toward the sun or away from the
sun. One can describe the pattern of polarities on successive solar rotations
by assigning a polarity for each day when the data coverage is sufficiently
complete. If the field is directed away from (toward ) the sun on more than
2/3 of tre hours for which data are available, the polarity is designed + (-).

If no dominant polarity is observed on a given day, due to a mixture of
inward and outward fields on that day, the polarity 1is said to be mixed, and
it is denoted by a dot. The polarities derived in this way from the Voyager 1
data are shown in Figure 8 from Burlaga et al. (1984a); similar results were
cbtained from Voyager 2. Sector boundaries are outlined in Figure 8, but note
that they are only approximate, owing to data gaps and regions of mixed
polarity. The essential point is that a U-sector pattern was observed between
day 268 of 1977 and day 200 of 1978, and a 2-sector pattern was observed
thereafter until « day 51 of 1679. Essentially the same pattern was observed
at 1 AU (Sheeley and Harvey, t981), indicating that the change from H4-sectors
to 2-~sectors was a temporal effect rather than an effect of radial evolution
or spacecraft latitude. It is possible that stream interactions alter the
position and shape of the sector boundary, as suggested by Smith (1981), and
Hakamada and Akasofu (1982) but this is at most a perturbation of the
underlying pattern. Pizzo (1982) argued that the effect is smaller than these

N Al ey BAS S
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authors suggested, and certainly not large enough to produce a very large
meridional component of the field. To first approximation, we can assume that
the sector pattern mapped from 1 AU to at least 5 AU with no significant

qualitative change in the pattern as a whole.

The relation between the orientation of the sector boundary surface
observed by Voyager within «» 3 AU and that observed in the corona was
investigated by Behannon et al. (1983). The footpoints of the current sheet
in the corona were identified with the maximum intensity of white-light
polarization brightness (see Hundhausen, 1977). When the white-light data
indicated that the current sheet was near to the equatorial plane, Voyager 1
and 2 observed mixed polarities (Figure 9a). When the white-light data
indicated a highly inclined sector boundary surface, Voyager 1 and 2 observed
a sector boundary crossing after an interval corresponding to the propagation
time from the sun to the spacecraft. It was found that the observed
inclination of the thin highly inclined sector boundary was consistent with
that computed from a "minimum variance analysis" of high resolution magnetic
field measurements in that boundary, but minimum variance analysis of current
sheets in the horizontal (equatorial) sector boundary surface did not give the
expected normal. Thus, the minimum variance method must be used with great

caution in determining sector boundary orientations.

E. Large-scale Field Strength Fluctuations

It was shown above that the average field strength is given to good
approximation by Parker's model, which ir a kinematic model involving no
forces or energy transfer processes. Figure 6 shows that large fluctuations
about this average are generally present even when daily averages are
considered. These fluctuations represent the results of dynamical

interplanetary processes, which will be the subject of the following sections

in this review.

One can exhibit the fluctuations most clearly by removing the large-scale
spiral field variation, e.g., by dividing the observed field strength B by the
nominal spiral model field strength at that distance, Bp. Regarding B as the
spiral field plus a perturbation field B', one obtains B/Bp =1 + B'/Bp. In
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other words, the relative disturbance B'/Bp is given by B/Bp -1, or simply
B/bp. Figure 10 shows daily averages of B/Bp for successive 27 day intervals
in the same format as Figure 8. The approximate profile of sector boundaries
shown in Figure 8 is reproduced in Figure 10. Typically, there are 2 or 3
regions of enhanced field strength on each solar rotation, and these are
frequently observed near sector boundaries. This pattern is less clear in
1977, when U-sectors and many transients were observed, and it is more clear
in 1978 when there was a 2-sector pattern. The enhancements rarely recur at
regular intervals (e.g., v 27 days), i.e., the pattern is not stationary, but
there does appear to be a relatively slow evolution of the pattern and a
tendency to persist from one rotation to the next. The speed profiles for the
same period are shown on the right of Figure 10, again with the approximate
sector pattern from Figure 8. The streams tend to occur within sectors, and
the speed tends to be low at sector boundaries, as expected rrom 1 AU
observations (see Hundhausen, 1972), but the pattern is not as clear as that
observed at 1 AU when the sun is not very active. Examination of Figure 8§
shows that the perturbations in B are related to the streams, which is an
indication that the perturbations represent the result of dynamical processes.
A major question is, how do the streams and B/Ep profiles evolve with
distance? 7The question must be answered within the context provided by Figure
10 which indicates that the pattern is evolving with time as well as with
distance. Thus, in general one should use simultaneous data from two or more

spacecraft to study the dynamical evolution of magnetic field fluctuations.

F. Shocks and Interfaces

Shocks and discontinuities are two fundamental features of supersonic MHD
flows. Figure 11 provides an overview of the patterns of shocks and certain
non-propagating discontinuities called "interfaces", in a format similar to
that of Figure 10. A stream interface is a discontinuity across which the
density decreases and the temperature increases. It is an indication of a
corotating flow (Eelcher and Davis, 1971; Burlaga, 1974; Gosling et al. 1978;
and Burlaga and King, 1979), and an interface bounded by a forward-reverse
shock pair indicates a corotating interaction region in which B/Bp and the
total pressure are generally high. Interaction regions were defined by

burlaga and Ogilvie (1970) as regions with a scale of 3 several hours in which
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the total pressure is significantly higher than average. Smith and Wolfe
(1976) called those interaction regions which tend to recur "corotating
interaction regions", "CIR's", A shock which is not followed by an interface
(S) or a magnetic cloud (C) is an indication of a transient flow which shows
no tendency to recur. Owing to data gaps, not all of the shocks or interfaces
that were present in the solar wind are identified in Figure 11, but it does
serve to illustrate the general situation. From launch to mid-1978, when the
4-sector pattern was observed, there were many transients, but corotating
interaction regions were more prominent in the second half of 1978. This is
another indication that time variations were important in this epoch of the

solar cycle.

Figure 11 together with Figure 10 are maps of the locations of major
dynamical processes in the solar wind. They are related to one another and to
the large scale structure of the sun through the sector pattern. Thus, the
sector pattern and its evolution in time is basic for understanding the global
ordering or "partitioning" of the large scale magnetic field perturbations.
This is controlled by dynamical processes in the solar interior. However,

this will not be pursued further in this review.

We turn now to specific dynamical phenomena in the solar wind. Sections
4, 5 and 6 discuss dynamical processes associated with one or two isolated
large-scale magnetic field strength fluctuations, identified by
discontinuities and maxima in B/Bp. Sections 7 and 8 discuss B/Bp(t) as an
extended time series with many irregular variations. In both cases, one can
speak of dynamical processes involving forces and energy transfer processes.
For processes involving no more than a few discontinuities and extrema in B,
deterministic models may be used. For processes involving complex time
series, one must turn to statistical models. We begin with the simplest

phenomenon, a corotating stream, and proceed to discuss flows of increasing
complexity.
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4., Corotating Configurations

A. Corotating Streams

The concept of a corotating stream in the solar wind has been discussed in
many places, (see e.g., Parker, 1958, 1963, 1965; Hundhausen, 1972 and 1984;
Suess, 1979; Burlaga, 1979; and Pizzo, 1982, 1983a, 1984). The essential
ideas were expressed clearly by Parker (1963), and it is worth reproducing his
diagram (Figure 12) and his words: "... A slight difference in coronal
temperature over opposite hemispheres of the sun will lead to somewhat
different quiet-day solar wind velocities in opposite directions from the sun.
If such a condition is maintained for half a solar revolution or longer, ““-en
there will be at least one direction in space where the slower solar wind of
say 250 km/s is pursued some 14 days later by a faster wind, of say 400
km/sec. A simple calculation shows that the faster solar wind overtakes the
slower wind in about 24 days at a radial distance of 5.4 AU. It is obvious,
of course, that the overtaking is gradual at first, probably beginning some 2
or 3 AU from the sun and developing into a strong shock in the vicinity of §
or 6 AU as a result of the supersonic overtaking velocity of 150 km/sec.
Considerable heating will occur, to perhaps 106°K. as a result of the shock
transition. The smooth spiral interplanetary fields... for a uniform solar
wind, become distorted and pinched, perhaps in a manner similar to the sketch

shown in Figure 12."

Dessler and Fejer (1963), and Sonnett and Colburn (1965) suggested that a
reverse shock would form as well as a forward shock, and an analytical gas
dynamical model of such a system was presented by Simon and Axford (1966).

The formation of shock pairs was discussed qualitatively by Formisano and Chao
(1972), and a numerical gas dynamic model was used to identify shock pairs in
Pioneer speed profiles by Hundhausen and Gosling (1976). The theory of MHD
shocks in the solar wind was reviewed by Colburn and Sonett (1966) and Burlaga
(1971). The evolution of a stream with the formation of a shock pair was
reviewed by Hundhausen (1984). The importance of generating a corotating
stream by means of a temperature perturbation near the sun, in order to
explain the temperature-speed relation, was discussed by Burlaga et al.
(1971).

e Rl i
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A corotating reverse shock was observed at 1 AU by Burlaga (1970), and
observations of a shock pair at 1 AU were reported by Chao et al. (1972).
Corotating shock pairs between 1 AU and 5 AU were observed by Smith and Wolfe
(1976) and by Gazis and Lazarus (1983). Thus, the existence of corotating
shock pairs is now firmly established.

Stationary MHD models of coro-ating streams were developed by Matsuda and
Sakurai (1972), Goldstein and Jokipii (1977), Whang (1980, 1984), Whang and
Chien (1981), and Pizzo (1982, 1983a). Non-stationary models wer. applied to
the study of corotating flows by Steinolfson et al. (1974, 1975) and Dryer et
al. (1978b). These papers have been reviewed by Pizzo (1981, 1983a, 1984).
The equation of motion used in all of these models is Equation 2. Viscous
stresses are neglected and the magnetic curvature force plays no significant
role.

Isolated stationary corotating streams between 1 AU and 5 AU have been
studied extensively, motivated by the frequent observations of such streams by
Pioneer 10 and 11 in the years of declining solar activity. The results of
Dryer et al. (1978b) and Smith et al. (1981) show that a time-dependent MHD
code can describe the basic qualitative features of stationary flow although
quantitative agreement with the observed magnetic field strengths is not as
good as one would like. The difficulty in using such an "R-T" code for
corotating flows is that it assumes spherical symmetry and considers the
fields to be functions of distance from the sun and time. Thus, the spiral
structure of the magnetic field and azimuthal inhomogeneities in the flows
cannot be modeled without some approximations. This limitation is overcome in
stationary MHD models such as those of Matsuda and Sakurai (1972), Pizzo
(1982), Whang (1980, 1984), and Whang and Chien (1981).

An application of Pizzo's stationary MHD code to the analysis of an
isolated corotating stream observed by Voyager 1, was discussed by Burlaga et
al. (1984b). With data from IMP-8 at 1 AU as the inner boundary conditions,
the model predicts radial evolution of a small corotating stream as shown in
Figure 13. Note the expected formation of a shock pair, the surprisingly
rapid erosion of the speed profile, and the growth of the magnetic field
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strength in the interaction region between the shocks. A comparison of the
model with observations made by Voyager 1 at 1.7 AU is shown in Figure 14 from
Burlaga et al. (1984b). 1There is good agreement between the observed and
predicted speed profiles. A shock pair was observed, as predicted, but the
calculated arrival time is somewhat earlier than the observed time, possibly
due to latitudinal gradients or temporal variations of the source. The
temperature is not modeled very accurately, because a 1-fluid model is used,
and there are significant differences between the observed and predicted
density profiles. However, the field strength and total pressure are modeled
satisfactorily when allowance is made for an offset in arrival times. The
essential characteristics of the evolution of an isolated corotating stream
between 1 AU and 5 AU may be regarded as well-understood.

B. Filtering

One of the earliest and most important results from Pioneer 10 was the
observation of Collard and Wolfe (1974) that the amplitudes of the streams
diminished with increasing distance, with a "decay length" of 7-10 AU. In
general, the speed profile at large distances showed less variability than the
speed profiles at smaller distances. This has been confirmed with more
extensive Pioneer observations by Collard et al., 1982, and with Voyager data
by Gazis, 1983. In searching for an explanation of such results, it was

natural to turn to the gas dynamic models which had been discussed prior to
1974,

Holzer (1979), describing some unpublished calculations made by Hundhausen
and Pizzo, showed that disturbances produced by short-duration velocity pulses
near the sun evolve more rapidly than those produced by long-duration velocity
pulses near the sun, as illustrated in Figure 15, Note that these results
refer to isolated streams moving through an undisturbed solar wind. Holzer
describes the evolution by saying that the small streams are more strongly
"damped" than the large streams. If near the sun the solar wind consisted of
a number of streams with different durations, then at large distances only the
large streams would survive. The more rapid "damping" of small streams is
referred to as "filtering". Note that filtering does not involve 1) the

collision of one stream with another stream, 2) the coalescence of interaction

"
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regions from different streams, or 3) the transfer of energy from a small
s.ale to a larger scale. These phenomena are associated with a dilferent
process called "entrainment", which is discussed in Section 6.

A somewhat different concept of "filtering" was introduced earlier by
Gosling et al. (1976). They considered an isolated stream, presumably from a
single source on the sun, and they noted the presence of large-amplitude speed
fluctuations superimposed on the underlying speed profile. The nature of
these fluctuations is not clear from the data they presented, but the authors
regard them as small streams. Based on a comparison of Pioneer 10 speed
observations at v 4.5 AU with corresponding IMP-7 speed observations at 1 AU,
they observed that "the large-amplitude speed fluctuations on the leading edge
of the profile at 1 AU are not readily apparent at the greater heliospheric
distance". An example of this c¢ffect is shown in Figure 16, from the paper of
Gosling et al. (1676). They refer to this observation as "the filtering out
of short wavelength structures". The physical mechanism which they propose
for this "filtering" phenomenon is described by them as follows: "... these
short-wavelength speed fluctuations disappear because they quickly steepen to
form successive shock pairs that overtake one another". In other words, the
energy of the speed fluctuations is converted into heat by means of shocks,
and the fluctuations are thereby "damped out". An alternative explanation is
suggested by the discussion of Burlaga (1975), who noted that the evolution of
a velocity disturbance depends on the size of the velocity change AV relative

to the magnetoacoustic speed, V He suggested that when AV < V" the pressure

M
gradient might significantly alter the speed profile of such "irregular

fluctuations" without the formation of shocks.

C. Pressure Waves without Fast Streams

Up to this point, attention was focused on the speed profiles of streams,
and on the "decay" ("smoothing", "damping", "erosion") of the amplitude of a
speed profile with increasing distance from the sun. This process is
described schematically on the left side of Figure 17, which is essentially
the same as a figure in Gosling (1981)., On the basis of this result alone,
one might expect the solar wind at large distances from the sun to be rather

uniform and dynamically uninteresting. However, the right side of Figure 17



23

shows that the decay of the speed profile is accompanied by a growth in the
amplitude of the pressure perturbations. Near 1 AU, the region of high
pressure occurs ahead of a fast stream and is produced by the interaction of
the fast stream with slower plasma ahead of it, hence the term "interaction
region" (Burlaga and Ogilvie, 1970) or "corotating interaction region" (Smith
and Wolfe, 1976). The pressure disturbances themselves have the physical
nature of non-linear waves, and they can exist independently of fast streams
(Burlaga, 1983b). The existence of "pressure waves without fast streams" was
demonstrated with Voyager data, and examples of them are shown in Figure 18.
Burlaga (1983b) suggested that at large distances from the sun (3 10 AU) such
"rressure waves without fast streams" might be the dominant feature, and that
interactions among these waves might be a dominant dynamical process in the

outer heliosphere.

Corotating compression waves, with or without accompanying streams, are
often bounded by shocks beyond 2 or 3 AU (Smith and Wolfe, 1976, 1979; and
Gazis, 1983). The forward and reverse shocks in each pressure wave move
apart, as indicated in Figure 19 from Burlaga et al. (1984b), so the size

(radial extent) of a compression wave increases with distance from the sun.

D. Large-scale Patterns

Whereas streams near 1 AU have a structure that carries memory of the
source (e.g., low densities and high temperatures in corotating streams from
co'onal holes), the pressure waves far from the sun have a structure which
carries less memory of the source. This is illustrated by the results in
Figure 20 from Burlaga et al. (1984a). At 1 AU, the magnetic field strength
and density are uncorrelated, but at large distances they may be strongly
correlated, which is a characteristic of the strong crmpression and
rarefaction waves. One expects and finds a similar relation between density
and temperature with increasing distance (Gazis, 1983). Thus, at distances of
v 10 AU, the organization of the solar wind reflects the dominance of pressure
waves that were produced in the interplanetary medium, whereas at distances of
v 1 AU the organization of the solar wind reflects the dominance of streams
that are related to coronal structure., The pressure waves at « 10 AU carry
less memory of the source than the streams at « 1 AU,
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Pressure waves will begin to interact beyond «» 10 AU as a result of their
expansion, and Burlaga (1983b) estimated that the reverse shock from a
pressure wave generated by a stream on one solar rotation will have passed
through a pressure wave from the following solar rotation beyond «» 20 AU,
Thus, at such large distances pressure waves will have interacted very
extensively with one another and a new organization of tha solar wind will
result from these non-linear wave interactions, forming a third zone with
distinctive properties. This "wave interaction zone" (Figure 21) may carry
little memory of the sources in the solar corona and photosphere. In general,
most of the material in the wave interaction zone, will be "shocked" at least
once. The time for the solar wind to move 20 AU is » 80 days. The sun is
rarely stationary over such a time scale, so additional variability and
complexity must be introduced. Thus, the wave interaction zone can be very
complex, especially on small scales. Burlaga (1983b) suggested that it might
be necessary to resort to statistical descriptions and models for the solar
wind at distances > 25 AU.

v et Sl
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5. Magnetic Clouds

A. Transients

Magnetic clouds belong to one of several classes of transient flows in the
solar wind. A transient flow is presumably produced by an impulsive event on
the sun, such as a solar flare or an eruptive prominence. Tt is conceivable
that some interplanetary shocks are prouuced by solar explosions that release
energy but do not expel plasma directly, in which case one would obser-e a
shock behind which the speed, density and temperature decrease monotonically
(Parker, 1963; Hundhausen, 1972, 1984). In many cases a solar explosion
expells a mass of plasma, which was originally called a "plasma cloud" in the
old literature and is uow generally referred to as "ejecta" (Hundhausen, 1972
and 1979). Ejecta carry along solar magnetic fields, because of the high
electrical conductivity of the plasma, and they move past an observer at 1 AU
in a few days and out through the heliosphere. Most ejecta have filamentary
density and temperature profiles, but the magnetic field may be ordered in
some cases and irregular in others. Transient ejecta may move either
supersonically with respect to the ambient solar wind, in which case the
ejecta drives a shock wave ahead of it, or subsonically. Most studies of
ejecta consider the more spectacular shock-associated flows. A driven shock
is usually followed by a fast stream (Parker, 1963; Burluga, 1972; Hundhausen,
1972 and 1984). Acuna et al. (1981) reported a shock at Voyager 1 that was
followed by a fast stream, and they found that the corresponding shock
observed nearby at a higher latitude by Voyager 2 was not followed by a fast
stream. They suggested that the shock extended over a wide range of latitudes
whereas the stream was sharply bounded in latitude, the boundary being between
Voyager 2 and Voyager 1. Another possibility is that a stream may decelerate
as it moves away from the sun, in which case a shock produced near the sun may

become detached from the stream at larger distances (Burlaga et al., 1980).

Several studies of unusually fast shock-associated transient flows
observed by Pioneers 10 and 11 (Dryer, 1975, 1976; Dryer et al., 1978a;
Intriligator, 1976, 1977; Smith and Wolfe, 1977, 1979, and Smith et al., 1977)
show that shocks do not decelerate appreciably beyond 1 AU that shocks may be
appreciably curved, Observations of unusually fast transient streams beyond
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20 AU have been reported by Kayser and Barnes (1984). Some isolated shocks at
large heliocentric distances were discussed by Mihalov and Wolfe (1979).

B. Nature of Magnetic Clouds

There have been several speculations about the configuration of the
magnetic field in a transient plasma clohud (ejecta): e.g., oraered, turbulent,
connected to the sun, or disconnected from the sun. The carly papers and
recent ideas based on indirect observations (such as energetic particle
anisotropies and temperatures) concerning possible "lcop-like" configurations
are referenced in Klein and bBurlaga (1982) and Burlaga (1983c). We use the
term "magnetic cloud" tc denote the specific kind of flow system shown in
Figure 22, which describes an event observed by Voyager 2 at v 2 AU. This
event is similar to magnetic clouds observed near 1 AU by Burlaga et al.
(1981), Klein and Burlaga (1982), and Burlaga et al. (1982a). The most
distinguishing figure of a magnetic cloud is a large-scale rotation of
magnetic field vector that is observed as the cloud moves past a fixed
observer. Magnetic clouds defined in this way should not he confused with the
numerous observations of ejecta, "magnetized plasma clouds" or "hvdromagnetic

clouds" discussed in the early literature (see, e.g., Ivanov and Harshiladze,

o Al .

1983). Magnetic clouds are magnetized plasma clouds (ejecta) in which the
magnetic fields have a special order suggestive of large-scale loops (Burlaga
et al., 1981).

Figure 22 shows rotation from a southern direction to a northern direction
occurring over v 39 hours. The limits of the cloud were arbitrarily taken as
the largest and smallest § angle, simply because these can be identified
objectively, but the cloud may be even larger. The magnetic field strength is
typically higher inside the magnetic cloud than outside, particularly ¢ 1 AU.
The density and temperature are typically lower inside the magnetic cloud than
outside, particuvlar > 1 AU, Note that in Figure 22 the speed of the cloud is
the same as that of the ambient medium, i.e., it is embedded in the solar wind
flow, and it is being carried passively away from the sun at the position of
Voyager. Magnetic clouds observed closer to the sun are often in a fast
stream that is preceded by a shock. There was possibly a shock ahead of the
magnetic cloud in Figure 22 (in the data gap!). This shock was clearly not

Fa)
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driven by the magnetic cloud at the location of Voyager 2, since there was no
stream, but one can conjecture that it was driven by a fast moving magnetic

cloud near the sun and became detached as the cloud decelerated.

The momentum flux, total (magnetic plus thermal proton) pressure, and 8 =
nkTp/(BZ/BR) for the event in Figure 22 are shown in Figure 23. Note that the
momentum flux is low, again indicating that if a shock was present, it was not
driven at the time of the observation. The total pressure is high inside the
magnetic cloud, which is a general property of magnetic clouds. Thus, it is
conceivable that the magnetic cloud would tend to expand in order to reduce
the pressure. Expansion would produce low temperatures and densities (as
observed), and it would reduce the momentum flux, thereby causing a
deceleration of the stream (consist»nt with the low speed and "detached shock"
observed in Figure 22). This concept is essentially a hypothesis, which can
only be tested by simultaneous measurements by several spacecraft. The 8
inside the cloud was nearly an order of magnitude lower than that outside the
cloud. This is another general characteristic of magnetic clouds. It
indicates that the dominant energy in the cloud is that of the magnetic field,

which thus gives the principal contribution to the pressure.
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In order to determine the size of a magnetic cloud (or any other transient
flow) one needs simultaneous measurements by several suitably spaced
spacecraft; consequently few studies of this sort have been made. Figure 24
from Burlaga et al. (1981) shows the results of observations made by IMP-8,
Helios 1 and 2 and Voyagers 1 and 2. A magnetic cloud (preceded by a shock)
was observed by all of the spacecraft except Helios 1. From the time interval
over which the cloud moved past a given spacecraft, one can estimate the
radial extent of the cloud along the spacecraft-sun line. Four such segments
were determined by IMP-§, Helios 2 and Voyagers 1 and 2. The estimated
geometry of the magnetic cloud on January 26, hour 22, 1978 is indicated by
the shaded region in Figure 24, which shows that the azimuthal extent of the
magnetic cloud was 2 36°. Nothing is known about the latitudinal extent of
magnetic clouds. The radial dimension of clouds observed at 1 AU is typically
¥ 0.25 AU (Klein and Burlaga, 1982).

Y
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Klein @#ad Burlaga (1982) suggested that magnetic clouds might expand
between the sun and earth at a rate of the order of VA/2' where VA is the
Alfvén speed. Parker (1957) introduced a molel of a very general type of
"magnetized plasma cloud", and he found that it tends to increase in size at a
rate of the order of the Alfvén speed. The relation between the structures
that he modeled and the magnetic clouds considered here is unclear., If
magnetic clouds expand, then the Voyager spacecraft should observe
increasingly larger clouds at larger distances. Figure 25 from Burlaga and
Behannon (1982) shows 4 magnetic clouds observed between 3 AU and 4 AU by
Voyagers 1 and 2. The quadrilaterals give a limit on the size of the clouds,
the width being determined by the azimuthal separation of the two spacecraft
and the length by the time required to move past the spacecraft and the
observed speed. This figure do:s show larger clouds at larger distances,
consistent with expansion at 1 rate « VA/2 in the radial direction, but the
sample is very small and further data on the size of clouds should be sought.
The data in Figure 25 give a very weak limit on the azimuthal extent of the
clouds. One expects the azimuthal size to increase at least linearly with
distance due to the radial motion of the solar wind, and possibly faster due

to expansion caused by excess internal pressure.

Also shown in Figure 25 are arrows indicating the direction normal to the
plane of rotation of B. This direction is within 30° of the radial direction,
which puts a constraint on the possible field geométry. Another constraint is
given by the line joining the points where the field direction is parallel to
the solar equator, which are shown by the open circles in Figure 25. 1In 3 of

the U4 cases this line is nearly in the plane of rotation of ﬁ. i.e., normal to
the arrows.

D. Magnetic Field Configuration

Magnetic clouds have been selected on the basis of north-south variations
of the magnetic field direction, in order to avoid confusion with sectors.
Thus, the magnetic field lines in these magnetic clouds extend above and below

the ecliptic, except at one point where the magnetic field lines rotate

through the ecliptic. This means that one cannot unambiguously determine the
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magnetic field line configuration with any number of spacecraft in the
ecliptic, and one is forced to invent configurations which are constrained to

be consistent with the observations made in the ecliptic and the condition
V'? = 0.

Figure 26 shows three possible magnetic field configurations for a
magnetic cloud (Burlaga and Behannon, 1982). In Figures 26a and 26c, each
magnetic field line is topologically equivalent to a circle, and the cloud is
essentially a cylinder which is fibered by these circles. Figure 26a
resembles the disconnected "magnetic bottles" that have appeared in the cosmic
ray literature. This implies that the normal to the rotation plane is nearly
orthogonal tc the radial direction, which is not consistent with observations
(Figure 25). Figure 26c is consistent with observations, but this and any
other configuration based on "circular" lines of force implies a neutral line,
hence a low field region, somewhere in the magnetic cloud. Low field regions
have never been observed in a cloud, so it is unlikely that the circular field
models are generally valid. Another configuration, which is not subject to
this difficulty and which is consistent with the observations is shown in
Figure 26b. Recently, Goldstein (1983) has given a magnetic cloud
configuration which is consistent with observations and which satisfies the
static equation of motion (Equation 2 with aX/at = (X *7) y = 0). This is a
cylinder which is fibered by helical magnetic field lines, with the limiting
forms of circles at the outer boundary and a straight line on the axis of the
cylinder. In this model, the gas pressure is balanced by the magnetic
curvature force. The validity of this attractive model remains to be
determined. Clearly, tue geometry and topology of magnetic fields in magnetic

clouds is a subject which merits further theoretical and experimental study.
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6. Stream Interactions

A. Classification

Consider two streams. There are basically two different ways in which
they can interact: 1) If the streams have different amplitudes, then the
faster stream may overtake and interact directly with the slower stream; 2) If
the streams are nearly identical, with the same amplitude and size, there is
no overtaking, but each stream produces a pressure wave (interaction region)
and these pressure waves will expand and they may eventually interact with one
another. The former process was referred to as "entrainment" by Burlaga et
al. (1983), and the latter process will be called "twin-stream interactions"
following Dryer and Steinolfson (1976). Although both types of interactions
may be described by the same set of equations (Equations 2-6 above), the
detailed dynamics and the resulting effects on the large-scale solar wind
structure are different in the two cases, so it is best to make a clear

distinction between them.

One can further classify stream interactions on the basis of the nature of
the streams involved. For example, with 2 streams there are at least 4
possibilities: 1) two corotating streams, 2) a corotating stream overtaking a
transient, 3) a transient overtaking a corotating stream, and 4) two
transients. Each of these interactions will evolve differently, because of

the different initial conditions.

B. Entrainment

Consider 2 or more flows, each from a different source (e.g., a transient
stream from a coronal mass ejection, a shock wave from a flare, and a
corotating stream from a coronal hole), and suppose that the last of the flows
is moving faster than the others. The fast stream will obviously tend to
"overtake" and "sweep-up" the slower flows ahead of it, This "overtaking
process" is illustrated in Figure 27 with some Helios and Voyager data. The
speed profiles from Helios 1, obtained between 1 AU and 0.3 AU, show a number
of distinct streams of various amplitudes as well as some fluctuations that

are associated with shocks and other transient disturbtances. The speed
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profile measured at Voyager 1 near 8.5 AU shows less variability both in the
amplitude of the streams and in the time profile. The bottom psnel shows the
Helios 1 speed profile mapped to the Voyager 1 assuming stationary flows and
constant speed, i.e., neglecting dynamics. The projected speed profiles are
multivalued--a nonsensical result which is a consequence of neglecting the
dynamics. Nevertheless, this illustrates very clearly the tendency of the
fast streams to "overtake" the slower streams, shocks, etc. This
"overtaking"" is a kinematic process involving 2 or more different streams
from different sources. "Cvertaking" is one aspect of the process that
Burlaga et al. (1983) called "entrainment".

The process of "overtaking" of a slow stream by a fast stream should be
distinguished from another kinematic process called "kinematic steepening"
(Gosling, 1981; Hundhausen, 1984; Burlaga and Barouch, 1976). In order to
make this distinction clear, consider the following two extreme situations:

1) two closely separated streams, each with the shape of a square wave, but
with different amplitudes, and 2) one stream with the form of a sine wave. In
the latter case, the crest of the sine wave will overtake the trough,
compressing the material and fields between them and resulting in a
"steepening” of the speed profile. In the former case, both streams are
initially infinitely steep, so further steepening is impossible. Instead, the
faster stream tends to move ahead as a unit until it overtakes the slower
stream. This "overtaking" process is more appropriately regarded as a
"collision" of a fast stream with another slower stream.

A geometrical picture of the overtaking of a corotating interaction region
in a slow flow by an interaction region in a faster flow is given in Figure
28. This is a mapping based on Voyager 1 magnetic field and speed
observations made between 1,85 AU and 2,12 AU from day 359, 1977 to day 386,
1977. The mapping assumes corotating flows and no change of speed with
distance. It extends the observations both toward the sun and out to 10 AU,
The solid (dashed) curves indicate magnetic fields stronger (weaker) than the
nominal spiral field. Each spiral represents a field line whose pitch is that
appropriate for the speed measured by Voyager. The figure is purely
schematic, and it is not intended to describe an actual configuration, but it

serves toc illustrate how two interaction regions from opposite sides of the
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sun tend to come together at a sufficiently large distance from the sun if one
has a higher speed than the other. This is a kinematic result, a "tendency"
which will inevitably be opposed by dynamical forces,

The dynamical aspect of "entrainment" is illustrated by a solution of the
MHD equations obtained from Pizzo's model of stationary corotating streams
with IMP-8 data as input. (The details are discussed in Burlaga et al.,
1984b.) Figure 29 shows the speed and magnetic field strength from IMP-8 at 1
AU, The stream is a "compound stream" in the classification of Burlaga and
Ogilvie (1973) and Burlaga (1975), consisting of a fast corotating stream
which is overtaking a slower corotating stream. These streams must have
different origins since they have different magnetic polarities, and they are
distinet corotating streams because two stream interfaces were observed at
IMP-8 (see Burlaga et al., 1984b). The magnetic field profile in Figure 29
shows that there were 2 maxima in B at 1 AU, i.e., 2 interacticon regions, one
in each stream. The computed magnetic field profile at 2 AU shows only 1
maximum. Thus, there is a qualitative change in the field profile as a result
of the dynamical mapping of the compound stream from 1 AU to 2 AU. Two narrow
interaction regions coalesce to form one broader interaction region. There is
a transfer of magnetic energy from one scale to a larger scale., This
coalesence and transfer of energy from small scales to large scales is the
essential dynamical feature of entrainment (Burlaga et al., 1983). The cause
of coalescence is twofold: 1) the interaction region in the faster stream is
convected kinematically toward that of the slower stream; and 2) each
interaction region is expanding as a pressure wave. Thus, they eventually
interact, giving strong fields and a maximum in B(t) in the region where the

two pressure waves overlap.

Pizzo's model was used to describe Voyager 1 observations that were made
near 1.44 AU and close to a line connecting IMP-8 with the sun (Burlaga et
al., 1984b). The dots in Figure 30 are Voyager 1 observations, and the curves
are results of the model obtained with the IMP-8 data described above as
input. In general, agreement between the model and observations is good,
except for the temperature. The pressure profile shows two pressure waves in
the region of increasing speed, and they are just beginning to interact.

(Note that Voyager is nearly midway between the two positions discussed in the
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preceding paragraph.) A forward shock and a reverse shock have formed in
front of the first interaction region seen at IMP-8. There is a region marked
(RS) in which a reverse shock from the second interaction region appears to be
likely to form, but the corresponding site for the formation of a forward
shock is less evident, The two stream interfaces ccn be seen in Figure 30.
They are still separated significantly at 1.44 AU, but one is moving faster
than the other, so they are tending to approach one another. The density
between the two interfaces is higher than outside the region, because material
between them is being compressed as a result of the overtaking of one

interface by the other.

Let us now consider another example of entrainment, a very different case,
in which a fast corotating stream is overtaking a shock wave that is not
accompanied by a fast stream of its own. The IMP-8 speed and magnetic field

strength profiles at 1 AU are shown in Figure 31 from Burlaga et al. (1984b,,
where the stream is evident and the shock is labeled F1. Using the IMP data

as input to Pizzo's steady 2-D 1-fluid-MHD model, the speed and field strength
profiles at 2 AU and 3 AU were computed (Figure 31). A forward-reverse shock
pair (FZ and RS) formed ahead of the stream somewhere within 1.6 AU. The

forward shock F2 was necessarily moving faster than F1, and they coalesced

e L

somewhere beyond 3 AU. The interaction region of the stream and the high
pressure region behind the shock F1 coalesced to form one broad interaction
region near 2 AU. Note that a third fast forward shock F3 advanced into the
stream, and it interacted with the expanding "merged interaction region"
between 2 AU and 3 AU forming a still larger interaction region, which is the

result of the coalescence of three separate smaller interaction regions.

The process just described was observed by Voyager 2 at 1.6 AU near a line
joining IMP-8 and the sun (Figure 32). The shocks F2 and RS had formed
between 1 AU and 1.6 AU; the shock F1 observed at 1 All was observed again at
Voyager 2; and the shock F3 is expected to occur in a data gap at Voyager 2.
Note that the two pressure waves associated with F1 and with the stream
interaction region were close to one another, and they were just beginning to
coalesce. Figure 21 shows that the stream seen at 1 AU was severely eroded by
the pressure wave at only 1.6 AU. This is unusual, but it is possible to

understand it as a consequence of the interaction with the post shock flow.
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The density behind the shock (F1) was very high, > 100/cm3. so the stream was
"eolliding” with a region with unusually high inertia. The reaction
propagated back through the stream, decelerating it much more rapidly than
would have been the case if the stream were isolated and moving through a
typical ambient flow.

We now give a third example of entrainment, in which a fast stream with an
associated shock pair overtakes a pressure wave without a fast stream (Figure
33). The flows were observed by Voyage, 2 at v U4,C AU and by Voyager 1 at
4,3 AU; the speed and field strength profiles are shown in Figure 32 from
Whang and Burlaga (1984), Whang (1984) has developed a 1-fluid, "R-T", MHD
code based on the theory of characteristics. This code is better suited for
describing discontinuities and their interactions than the models of Pizzo p
(1983a) or Dryer et al. (1978b), which treat shocks by means of an artifical é
viscosity. The model of Pizzo is optimized for stationary flows near the sun,
whereas the model of Whang is optimized for non-stationary flows at large
distances. With Voyager 2 data as input, the Voyager 1 profiles were computed
by means of Whang's model, and the results are shown in Figure 32. The 2 .

shock pairs have widened significantly over the relatively small distance

involved, but the shock positions as well as the speed and field strength

profiles, are modeled very accurately.

The subsequent interaction of the two flows, which are entirely separate
in Figure 33, is illustrated in the T-R diagram in Figure 34, based on an
extension of the solution discussed above. Two shock pairs are shown, one
(RA-FA) associated with the fast stream and another (RB-FB) associated with a
"eorotating pressure wave without a fast stream" ahead of it. As distance
increases, RA moves away from FA and RB moves away from FB. Just beyond 6 AU,
R3 interacts with FA; both shocks are weakened by the interaction and slow
down, and a tangential discontinuity, CS, forms between RB and FA. This
interaction is very important in the structure and dynamics of the outer
heliosphere. Rather than viewing the interaction as simply the collision
between 2 shocks, one can think of it as an interaction between two pressure
waves. This is illustrated in Figure 35, where the computed total pressure
profiles for the case considered are shown at various times in the evolution

of the flow. Initially (at the time of the Voyager 2 observations) two
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separate pressure waves were observed. The pressure wave in front of the fast
stream advances toward the other pressure wave, and during this time both
pressure waves are expanding rapidly. By day 8 the two pressure waves
overlap, i.e., they are beginning to interact and coalesce. On day 20 one
observes a single broad pressure wave in which is an intense "merged pressure
wave", in contrast to the situation on day 0 where 2 Leparate and narrower
pressu ¢ waves were observed. This then, is an example of the coalescence of
pressure waves associated with the entrainment of a slow flow by a faster flow

at large distances from the sun,

An example of the process just described is shown in Figure 36, based on
observations reported by Burlaga et al. (1983, 198uUc). Helios 1 observed two
distinct corotating streams within 1 AU, each of which was preceded by an
interaction region, i.e., two distinct pressure waves were observed by Helios
1. Voyager 1, at v 8.5 AU 2and close to a line joining Helios 1 and the sun,
observed qualitatively different magnetic field and pressure profiles., The
Voyager 1 pressure profile is very similar to that in Figure 35 for day 20,
with two overlapping interaction regions and the shock sequence F-F-R-R. A
single broad pressure wave formed from the interaction of two narrow pressure

waves, and there was a corresponding transfer of magnetic energy from small

PP

scales to larger scales.

We conclude that "entrainment" is observed under a variety of i
circumstances. It involves 1) the overtaking of slow streams, shocks, etc.,
by faster streams, 2) the coalescence of two or more pressure waves, and 3)
the transfer of energy from small scales to larger scales. Entrainment is

very basic in modifying the structure of the interplanetary magnetic field.

C. Twir Streams

We have been discussing the interaction of two streams with different
magnitudes., Now consider two identical streams. In this case overtaking is
much less important, because stream A tends to move away from stream B as
rapidly as stream B moves toward stream A. The left panel in Figure 37, is a
Kinematic result, showing the magnetic field lines and magnetic field strength

for two identical streams from opposite sides of the sun. The panel on the
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right shows interaction regions (shaded) bounded by forward and reverse
shocks. In this case the dynamical interaction is associated with the
expansion and interaction of the interaction regions rather than the
overtaking of one stream by another.

The MHD evolution betwecen 0.3 AU and 5 AU of each of two identical streams
was discussed by Dryer and Steinolfson (1976). They noted the possibility that
the reverse shock from one stream might interact with and pass through the
forward shock from the following stream somewhere beyond 5 AU. This is
illustrated in Figure 38 from their paper, showing the azimuthal magnetic
field component. Note that the magnitude of this component is considerably
lower than one expects. Unfortunately, the authors give no additional
information about the flows, so one cannot verify that the indicated shocks
have the correct signatures. The results suggest the existence of the

interaction, but they provide no information on the interaction itself.

D. Recurrent Streams

In his review, Pizzo (1983a) discusses results of his MHD model for the
evolution of two similar recurrent streams, originating on opposite sides of
the sun and moving from 1 AU to 30 AU. The input data for Pizzo's computation
were IMP-8 data, and his computed speed and pressure profiles are shown in
Figure 39. Additional details of the results have not been published, but the
model is described by Pizzo (1983a, 1984). Two shock pairs are illustrated in
Figure 39, viz. F1-R1 and FE-R2' Each of the streams and interaction regions
in Figure 39 evolves independently out to v 10 AU. Then F2 interacts with R1
and R2 interacts with F1. as suggested by Dryer and Steinolfson (1976). The
interaction of a forward shock with a reverse shock was originally
investigated in the gas dynamic case by von Neumann (1943) and its possible
relevance to the solar wind was discussed by Parker (1963, p. 110). The F2-R1
shock interaction was modeled by Whang and Burlaga (1984), who give details of
the shock strengths, speeds, etc. Note that for a model involving two
recurrent streams originating 180° apart on the sun (Figure 39), a fixed
observer between » 10 AU and » 20 AU sees the signature RFRF... rather than
the signature FFRR found by Whang and Burlaga for the entrainment of a slower

flew by a nearby fast stream (Figures 35 and 36).
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7. Flow Systems and Large-Scale Fluctuations

A. Scales

Most solar wind models ar1 observations concern individual fiows, or at
most a few streams. As discussed in the two previous sections, the dynamics
of such flows and binary flow interactions can be satisfactorily described by
deterministic MHD models. However the time required to fill a volume with a
radius of order 30 AU (the interplanetary medium) at an outflow speed of «» L0O
km/sec is v 120 days. The sun and its output usually vary considerably on
such a large time scale. Typically there will be many streams in the volume,
some changing slowly, others short-lived, and most interacting in one vay or
another with neighboring flows. Thus, in dealing with the large scale
structure of the interplanetary medium, one must consider extended time series
(+ 120 days), preferably from several widely spaced spacecraft. This approach
is also required in considering the wmodulation of galactic cosmic rays which
move through a large volume of the heliosphere before being detected at 1 AU,
Burlaga et al. (1982, 1983b, 1984c) and McDonald et al. (1982) emphasized the
need to speak of "systems of flows" and the need to distinguish between two
extreme types of systems of flows--"transient systems" (made up of transient
flows) and "corotating systems" (made up of corotating flows). Intermediate
types of flow systems, "mixed systems" consisting of both transient and ‘
corotating flows, are frequently observed, One can also view the solar wind g;
with time series of say 1 year or more and examine their statistical ;
properties. Such series will gererally include all types of flows, although

one type may be more dominant at one part of the solar cycle than another,

E. Corotating Systems

A system of corotating flows is illustrated in Figure 40 from Goldstein et
ai. (1984), which shows a quasi-periodic pattern in the measurements of
magnetic field, strength, density and temperature from Voyager 1 at v 5.7 AU,

The enhancements represent corotating interaction regions which, are usually

bounded by shock pairs at the distance considered. One can picture the

corotating system as a result of the recurrence of corotating flows for
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Several solar ro*ations. A similar system of corotating flows is shown in
Smith et al. (1981).

The spectral signatures of the magnetic field for the data in Figure 40
are shown in Figure 41 which is a plot of power versus frequency for
fluctuations in the components of R (top curve), in the magnitude of B (lower
curve) and in the magnetic helicity (circles and triangles). Magnetic
helicity is defined as A'E' where ﬁ is the magnetic vector potential. A
method for computing the helicity spectrum was described by Matthaeus et al.
(1982) and applied to the solar wind by Matthaeus and Goldstein, 1982a,b. For
our purposes, one may visualize helicity as a measure of the extent to which
the magnetic field lines are twisted, ranging from O for straight lines to 1,
say, for cylindrical helices. This is discussed in more detail by Montgomery,
1983.

At frequencies 3 P 10-5 Hz, corresponding to a solar wind convection

time of «» 14 hours, power in the components of E has a £=>/3

spectrum, and
power in the magnetic field strength is nearly an order of magnitude lower.
This behavior is representative of Alfvénic fluctuations, which have been
studied extensively at 1 AU (see, e.g., the reviews by Barnes, 1979a,b and
Behannon and Burlaga, 1981). These fluctuations will not be considered
further in this review.

At frequencies $ 2 x 10-5 Hz, the slope of the power in the fluctuations
of the components of B (the trace of the power spectral matrix) is flatter
than at higher frequency, with a power law exponent close to minus 1 (see
Figure 41). This behavior is expected to be a characteritic of the "inverse
cascade" at frequencies lower than the correlation length for MHD turbulence
(Matthaeus and Goldstein, 1983, Matthaeus and Montgomery, 1980; Montgomery,
1983). However, in the corotating flow system under consideration there is
relatively li*tle magnetic helicity at these frequencies, so it is urlikely
that one is seeing a turbulent flow. Rather, the turbulence signatures in the
spectra of the components is more likely to be the remnant of a turbulent
cascade that took place near the sun, e.g., in the corona, but this is only a

5

hypothesis. The power in the fluctuations of IEI below «» 2 x 107° Hz in

Figure 41 is not described by a straight line, again suggesting that the
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corotating flow system is not turbulent. A significant feature of this
6 Hz (» 5 days) relative to that
Hz (» 1/2 day). This may be a signature of dynamical processes

spectrum is the high ratio of power at 2 x 10°
at v 2 x 1070

characteristic of corotating stream interactions near «» 5 AU,

C. Transient and Mixed Systems

A transient or mixed flow system observed by Voyager 2 at 2.4 AU is shown
in Figure U2 from Goldstein et al. (1984). This transient system seems to
have more variability on all scales than the corotating system in Figure u40.
Whereas in the corotating system high speeds were associated with high
temperatures, low densities and low field strengths, no such pattern appears
in the transient systen.

The spectrum of fluctuations in the components of § for the transient
system in Figure 42 is given in Figure 43. At frequencies 22x 10-5 Hz the
power in the components, magnitude and helicity of p have the characteristics
of Alfvenic fluctuations or turbulence. At frequencies S$2x 10'l5 Hz one
again sees a f—1 dependence in the power. Insofar as fluctuations in the
direction of the magnetic field are concerned, transient systems look very
much like corotating systems. An important implication is that the different
effects which corotating systems and transient systems have on cosmic rays are
probably not uyue to fluctuations in the direction of the field, contrary to
the prevailing ideas on cosmic ray diffusion (Burlaga, 1983¢; Burlaga et al.,
198Ue) .

The time series of the strength the magnetic field B(t) for a transient
syetem is typically very complex, as illustrated in Figure 42, However, in
frequency space (Figure U43) the description of the magnetic field strength for
transient flows is remarkably simple--the power in B versus frequency is a
straight 1line on a log-log scele! This is sufficient justification for using
spectral methods to describe the magnetic field over a wide ransre of scales.
The simple spectrum of B(t) and the large power in magnetic helicity below the
correlation length suggest that the transient system is turbulent.
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From the time series for a transient system, one derives the picture of a
collection of different types of non-stationary flows of various shapes and
sizes (e.g., shocks, ejecta, magnetic clouds, varying corotating streams,
etc.), each of which has a characteristic "fine structure", This view
presents a hopelessly complicated problem for anyone who would like to model
the flows using deterministic MHD codes such as those mentioned above and
reviewed by Pizzo (19u3a, 1984). However, the simplicity of the spectra in
Figure 43 suggests that an alternative approach is possible, which takes
advantage of the complexity--a statistical approach. In particular, the
observations sugges: that the theory of MHD turbulence might be applicable.
This implies that one cannot neglect the magnetic curvature force and
vorticity in Equation 1, or the dissipative terwns in Equations 1 and 6. Thus,
the dynamics of transient systems is likely to be very interesting, but botn

the theory and interplanetary observations of MHD turbulence are very limited.

Data discussed in the preceding paragraphs were obtained between 4 AU and
5 AU. Flow systems and the corresponding spectra change with distance from
the sun. For example, Goldstein et al. (1984) found that the correlation
length in transient systems tends to increase with distance, possibly because
larger scale structures are forming owing to the inverse cascade. Thus, at 1
AU transient systems have smaller correlation iengths than corotating systems,
but at v 5 AU the correlation lengths tend to be the same for both systems.
Similarly, at 1 AU transient systems tend to have more power in ]?I at low
frequencies than corotating systems, whereas at v 5 AU this difference is not
seen. The change is due in part to growth in the amplitude of low frequency
perturbations in l§| caused by the evolution of corotatiry streams.

D. Shells

Parker (1963, p. 129, noted that successive blast waves ejected at one
month inte-vals would overtake and smear out preceding blast waves so that
"the blast waves, which appear so violent at the orbit of Earth, must be
almost completely obliterated by the time they reach Fpe-- @ great deal of
momentum and energy is being poured into the solar wind beyond the orbit of
Earth by the degradation of blast waves into a smooth and very hot gas after

several AU where successive waves begin to merge". The concept of a very
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large ("tens of AU") "turbulent cloud" enveloping the sun, was suggested by
Morrison (1954) before the existence of the solar wind was established, in an
attempt to explain the 11-year cosmic ray variations. A stationary diffusive
shell beyond 1 AU was also postulated by Meyer et al. (1956) to explain
observations of a solar cosmic ray event. Evidence for a propagating shell,
surrounding the sun and moving away from it at « 400 km/s, was found in cosmic
ray observations made by Helios, IMP, Voyager and Pioneer (McDonald et al.,
1981a,b).

Direct evidence for large turbulent shells in the solar wind was presented
by Burlaga et al. (1984c), who identified them with transient systems. Figure
Y4 is a very schematic illustration of such a shell. It is assumed that
initially the sun is quiet and the heliospheric flows are stationary. Then,
the sun becomes active for approximately 3 solar rotations, expelling
transient streams, shocks, ejecta, coronal mass ejections, magnetic clouds,
etec. This debris will occupy a shell of thickness v 15 AU. The sun is
assumed to returm to its quiet state, and the ring moves out through the
heliosphere as in Figure U4idc,d. As described above such 2 complex flow shows
order in the frequency spectrum which suggests the presence of MHD turbulence.
One thus has a turbulent shell propagating away from the sun, and cosmic rays
can diffuse in it by mirroring and drifting in the inhomogeneous magnetic
field (Goldstein et al., 1984).

A very different kind of a magnetic shell was proposed by Hakamada and
Akasofu (1983) and Hakamada and Akasofu (1983). This is illustrated in Figure
45, where the curves represent magnetic field lines and the black areas
represent regions in which the magnetic field strength is strong. This is
essentially a deterministic model in which the shell is made up of a set of
nearly identical shock-flows that are released in succession from the sun over
an interval of » 25 days. Each of these shock-flows is like the "blast wave"
described by Parker (1961, 1963, page 143), except that the shock is assumed
to have a radius of curvature of « 0.5 AU rather than 1 AU, and the model is
kinematic rather than dynamic. Akasofu's model was criticized by Pizzo
(1963b), and defended by Akasofu (1983). This model is clearly not consistent
with the magnetic field observations in shells corresponding to systems of
transients. It does not express the complexity of the magnetic field

[ 4 )
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profiles, which show a mixture of disturbances on all scales, and it does not
account for the simple spectrum of magnetic field strength fluctuations that
is observed. It should be noted that despite a number of strong assumptions,
the construction of Figure U7 required the choice of 36 parameters. The
observations of transient systems suggest the need for a statistical dynamical
model such as MHD turbulence, whereas Akasofu's model is deterministric,
simply ordered and kinematiec. Akasofu's model might prove to be useful in

visualizing the geometry of two or three non-interacting transient flows.

E. Stationarity and Homogenity

Theories of turbulence deal with ensemble averaged quantities, whereas
measurements deal with time averaged quantities. According to the ergodic
theorem, these averages converge when sufficiently long time averages are
considered, if the random process is "stationary". A condition for "weak"
stationary of fluctuations of the components of the interplanetary magnetic
field was written by Matthaeus and Goldstein (1982b) and tested by them using
data from 1 AU and from Voyager. Their criteria for stationarity was found to
be satisfied for data sets containing 3 10 correlation times when "significant
organized structures are not undersampled”. It is of interest to extend these
results to other data sets representing different flow conditions at different
distances from the sun, and to other time series such as those of magnetic

field strength, speed, etc.

It was argued by Matthaeus and Goldstein (1982b, 1983) that time
stationarity implies spatial homogeneity, provided the scale of the
fluctuations is much less than the local heliocentric radial coordinate of the
observer., To one who is accustomed to looking at solar wind data, the
statement that the solar wind is spatially homogeneous seems unreasonable. For
example, systems of recurrent corotating streams are clearly not homogeneous.
On the other hand, systems of transients may well be homogeneous in some
statistical sense., Thus, the meaning of statistical homogeneity and the
circumstances under which this concept is meaningful merit further study.

Independent measures of homogeneity should also be sought.
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8. Radial Evolution of Large-Scale Fluctuations

A, Velocity Fluctuations

Referring to time series of daily averages of the solar wind speeds,
Collard and Wolfe (1974) observed that the range of solar wind velocities
decreases with increasing radial distance from the sun, between 1 AU and 5 AU,
and they attributed this to exchange of momentum between high and low speed
streams. These Pioneer 10 and 11 observations have been confirmed with data
out to 15 AU by Collard et al. (1982). Radial variations of the speed
profiles based on hour averages of measurements made simultaneously by IMP-8
and ISEE-3 at 1 AU and Voyager 1 near 5 AU are shown in Figure 46, from
Burlaga and Goldstein (1984). The panels on the left represent a system of
mixed flows, while the panels on the right represent a system of corotating
flows. On can see both a reduction in the range of speeds as observed by
Pioneer and an apparent loss of speed fluctuations at higher frequencies.
Both of these effects are included in the term "velocity filtering". The
velocity filtering appears to be stronger for corotating flows in Figure 46
than for transient flows. A systematic spectral analysis of this phenomenon

has not been made.

B. Magnetic Field Strength Fluctuations

The magnetic field strength profiles at 1 AU and v 5 AU corresponding to
the speed observations discussed in the preceding paragraph are shown in
Figure 47. 1In contrast to the behavior of the speed profiles, the range of
magnetic field strength increases with distance. However, there is an
apparent decrease in the power at high frequencies and increase in the power
at low frequencies for the corotating system. A more objective description of
the change in the distribution of power in frequency space as a function of
radial distance is shown in Figure 48 from Burlaga and Goldstein (1984). The
absolute power at a given frequency diminishes with distance as the mean field
strength decreases, but this is not the main point of interest. More
important is the observation that there is an increase in the power at «» 10
days relative to that at 1 day for the corotating system. Burlaga and
Goldstein attribute it primarily to the transfer of energy from high
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frequencies to low frequencies., In particular, they suggested a deterministic
explanation in which two neighboring na:iow peaks in |§| seen at 1 AU coalesce
form a broader peak. In addition, there is an enhancement in the power at
wavelengths with the scale of the stream length, due to the depressions in B
caused by the motion of fast plasma away from slow plasma in the trailing part
of a stream. There is also a kinematic transfer to longer wavelengths of
power in the fluctuations in the trailing part of the streams, due to the

stretching that results as the fast plasma moves away from the slow plasma.

The radial variation of the spectrum of magnetic field strength
fluctuations in the mixed flow system Figure U7 differs from that of the
corotating system. Instead of a change to a more complex distribution of
energy with frequency, the mixed tlow system shows the same simple f_S/B
dependence at 1.5 AU that was observed at 1 AU. The main change is a possible p
extension of the f-5/3 deper:'-nce to lower frequency (periods v 10 days) at i
larger distances. This Lehcvic:s is consistent with the evolution of a
turbulent flow. Invarience of the shape of the spectrum with distance, i.e., <
the existence of a “universal spectrum" for mixed flows and transient flows is

very important from both a physical and a practical point of view.

C. Filtering and Entrainment

TR e L W

The concepts of filtering and entrainment were discussed in Sections 4B
and 6B, respectively. Let us now consider them in relation to spectra of the i
speed and magnetic field strength and in relation to one another. Both
filtering and entrainment consider the evolution of amplitudes or intensities
at different waveliengths or frequencies as a function of distance, e.g., the
ratio PA/PL where Px is the amplitude or intensity at a small wavelength and
PL is that at a larger wavelength. The basic question is how this ratio

changes with distance from the sun.

According to the concepts of "filtering", the ratio PA/PL decreases
because short wavelength disturbances "damp out" faster than long wavelength
disturbances, i.e., the solar wind tends to as a "low-pass filter". The
dominant scale of solar wind structures is larger at greater distances from

the sun simply because the smaller structures disappear more rapidly than the
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layer structures. As described by Holzer (1979) "...structures with
wavelengths comparable to or greater than the transit length to 1 AU ...are
damped very little at 1 AU, whereas structures with much shorter wavelength
are strongly damped at 1 AU. Similarly, an observer at 20 AU would observe a
structure with a 1 AU wavelength (T v 3 days) to be strongly damped, and a
structure with a 10 AU wavelength (T » 27 days) to be weakly damped".
Likewise, Hundhausen (1984) said "streams or waves of shorter wavelengths are
preferentially "filtered-out" compared to streams or waves of longer
wavelengths as the structures are more outward through the solar system".
keferring to higher frequency speed fluctuations, Gosling et al. (1976) say
..."The large-amplitude speed fluctuations, which are present at the leading
edge of a structure at 1 AU are gone by the time the stream reaches 4.65 AU,
In the present example, as in the previous one, these short wavelength
fluctuations disappear because they quickly steepen to form successive shock
pairs that overtake one another", Thus, in the concept of filtering, the
essential idea is "damping", the selective removal of certain frequencies as

in a filter, rather than a transfer of energy from one scale to another.

In the concept of entrainment, the essential feature is a net transfer of
magnetic energy from small scales to larger scales (see Section 6B). The
ratio P)‘/PL may decrease both because there is a decrease in PA and because of
an increease in PL. It is not necessary to invoke damping or dissipation of
energy, such as the conversion of magnetic energy to heat by means of shocks,
even for small-scale fluctuations, although the possibility of some damping is

not excluded.

The essential difference between entrainment and filtering, as this author
sees it, is illustrated schematically in Figure 49, which refers to a system
with features of many different scales. In filtering, the spectrum steepens
because energy is removed at high frequencies faster than at low frequencies.

In entrainment, energy is transferred from high frequencies to low frequencies.
C. Turbulence

Although the ideas of filtering and entrainment are useful in discussing

relatively simple flow configurations, e.g., those consisting of 2 or 3 flows,

)
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or systems of corotating flows, they are less useful in discussing complicated
flow systems containing many interacting non-stationary flows of many
different scales and types. For example, in discussing systems of transients
it would be impossible to model the flows with deterministic codes such as
those which have been used to describe filtering and entrainment. Even if one
could develop codes and computers to handle all the 3-D time dependent
processes, one could never in practice obtain the necessary boundary
conditions and initial conditions. Thus, one is forced to consider a
statistical approach for certain flow systems, and the most natural MHD theory
is that of MHD turbulence. Unfortunately, the theory of MHD turbulence is
poorly developed, (e.g., Montgomery, 1983; and Matthaeus and Goldstein, 1983).
Most of the work on MHD turbulence concerns 2-D stationary nomogeneous
incompressible turbulence, and it is based on scaling laws, dimensional
arguments and idealized computer simulations. Thus, it should be applied to
the 3-~dimensional, inhomogeneous, compressible solar wind with great care,
Nevertheless, it offers some valuable physical concepts and a precise

mathematical language which are useful for discussing the observations,

A basic feature of the turbulence approach is the emphasis on spectra,
i.e., the distribution of energy or amplitudes of the fluctuations in
wave-number space and in frequency space, rather than on time series. A
spectrum allows one to look at fluctuations on a wide range of scales in a
single figure, and it exhibits regularities that are less evident in time
series plots. For example, in discussing transient systems {(Figure 43) we
have seen that an extremely complex magnetic field strength profile in the
time domain became a straight line in the frequency domain. Evidently there
are interactions among flows of different sizes which act to maintain a
"universal spectrum". Turbulence theory describes this spectrum and related
phenomena in terms of dynamical interactions which involve a transfer of

energy in k-space or frequency space.

Some of the basic concepts of MHD turbulence theory are 1) an energy
source which generates the fluctuations; 2) a characteristic scale or
frequency at which this energy is introduced into the system, a "stirring
scale", which is at intermediate lengths, 3) a direct cascade of energy to

higher frequencies, U4) dissipation of energy at high frequencies, and 5) an
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inverse cascade of magnetic helicity to low frequencies. The correlation
length provides an estimate of the energy source scale. In the solar wind
near 1 AU this is comparable to the width of an interaction region. Dessler
and Fejer (1963), Parker (1963) and Jokipii and Davis (1969) suggested that a
Kelvin-Helmholz instability at a stream interface might produce waves and
turbulence, but this process is probably not very important, at least near 1
AU (Burlaga et al., 1971). However, it is likely that corotating shock pairs
can act as a source of turbulence in corotating interaction regions in the
outer heliosphere, and this may become increasingly important at larger
distances. The transfer of energy to high frequencies is a nonlinear effect
related to the (X'V) X term in Eq. 1. The dissipation at high frequencies is
not understood in the case of the solar wind, although phenomenologically it
is related to the viscosity and magnetic resistivity. The inverse cascade at
low frequencies (Frisch et al., 1975) is an MHD effect related to magnetic
helicity, and it depends on the magnetic curvature force in Equation (1) among
other things. It results in the formation of larger scale structures as
magnetic helicity generated at lengths near the stirring scale is transferred

to larger scales. These concepts are reviewed by Montgomery (1983).

Finally, let us contrast turbulence with filtering and entrainment. An
essential feature of turbulence is a universal $pectrum with a slope that does
not change with time or distance and which is insensitive to the details of
the source or sink of energy. In filtering and entrainment the slope of the
spectrum does change, becoming steeper or more complicated. In turbulence,
energy is transferred to both high and low frequencies, whereas in entrainment
it is transferred preferentially to low frequencies, and in filtering it is
preferentially "damped out". Tnus, the three concepts are distinet, but each
has its place in heliospheric dynamics. Turbulence is important for
understanding transient systems; entrainment is useful for describing
evolution of magnetic fields as a result of the interaction of fast flows with
slower flows; and filtering can describe the evolution of a set of

non-interacting streams of various sizes with increasing distance from the sun.
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9. Conclusion

Much has been learned about the structure and dynamics of the outer
heliosphere during the last decade as a result observations from the Voyager
and Pioneer spacecraft. The large scale of the observations forces one to
consider the heliosphere from a new perspective, to think of new dynamical
processes, and to introduce new concepts. The early studies of isolated gas
dynamic flows must be replaced by MHD dynamics of interacting flows and flow
systems. The simple deterninistic models that have been dominant in early
studies of the solar wind are now seen to have limited applicability, and
statistical approaches are being developed. New concepts that have been
introduced, such as inverse cascades, filtering, entrainment, etc., must be
further explored and clarified, to make them more precise and quantitative.
MHD turbulence is probably very important in solar wind dynamics, but the
subject is poorly developed from a theoretical point of view. The statistical
analysis of solar wind parameters has scarcely begun, but it is clearly
necessary for an understanding of complex, large-scale flows. The multitude
of possible interactions among shocks and flows of various type3s needs to be

explored systematically with observations, models and analytical theory.

Voyagers 1 and 2 and Pioneers 10 and 11 are continuing to move through the
outer heliosphere and gather data. The lengthy data reduction procedures
require even more care in dealing with the low field strengths, densities and
temperatures at large heliocentric distances, and the analysis of the complex
flows and fields in the outer heliosphere becomes increasingly difficult.

Thus one can expect continued growth of our knowledge of the heliosphere, but
comprehensive understanding of the data will take some time., If this review
stimulates the specialists in solar wind physics to think critiecally about the
results presented and to remedy the deficiencies of current knowledge of the
heliosphere, then it will have served its purpose. It is also hoped that this
review will serve to encourage specialists in other fields to bring their
talents to bear on heliospheric problems and to transfer results of

heliospheric physics to their fields,
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Figure Captions

Trajectories of Voyager 1 and 2 projected into the ecliptic
plane.

Inertial heliographic (IHG) coordinate system. Note that the
origin is at the sun, the ZIHG-axis is along the sun's spin

axis, and the X G plane contains the solar equator,

IHG ~ Y1H
Heliographic (HG) coordinate system. The origin is at the
location of the observer, XHG points radially away from the
sun, and YHG is parallel to the solar equatorial plane. The
direction of a vector § in this coordinate system is given by

the angles § and X defined as shown.

Radial variation of the strength of the interplanetary
magnetic field observed by Voyager 2. Each bar represents a
25 day average and the associated error in the mean. The
curve is Parker's theoretical curve with the constant A = 4.75

found from a least squares fit to the data.

This shows 26 day averages of 1) the magnetic field strength
observed at 1 AU normalized by 6.75 nT (light curve) and the
magnetic field strength observed at Voyagers 1 and 2
normalized by a value given by the curve in Figure 4, as a
function of time. The Voyager averages have been shifted back
in time by an amount corresponding to the radial propagation
time from 1 AU to the average position of Voyager in the

averaging interval. No significant radial gradient is seen.

Daily averages of the magnetic field strength and dircction
observed by Voyager 2 between 1 AU and 5 AU, The curves are
Parker's theoretical curves for a spiral field. Note the

large fluctuations about the nominal spiral model.



Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11,

Figure 12.
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Magnitudes of daily averages of the components of ﬁ. Here,
RTN corresponds to XYZ, in Figure 3. Solid lines are best
fits, assuming a power law dependence on R. Dashed lines
represent the spiral model predictions. BN = 0 in the spiral
model, so the fluctuations in BN are waves which are

superimposed on the mean field. Dots are daily averages.

Sector pattern observed by Voyager 1. Each sign indicates

dominant polarity on one day: + outward, - inward, * mixed.

Relation between the magnetic polarities observed by Voyagers
1 and 2 projected to the sun and the white-light polarization
brightness contours which indicate the extent of polar coronal
holes. In the top panel, both coronal holes extend to near
the solar equator, and one expects a nearly horizontal sector
boundary. Voyagers 1 and 2 observed mixed polarities,
consistent with such a boundary. In the bottom panel, "lobes"
extend across ihe equator, and one expects the footpoints of
the sector boundary surface to line near the dashed curve.

The Voyager observations are consistent with this.

aae iy

Left. Daily average of the magnetic field strength normalized
with respect to the spiral field fit in Figure 4. Right. :
Daily averagees of the bulk speed. The approximate sector

pattern in Figure 8 is reproduced here.

This shows the times at which Voyager 2 observed forward and
reverse shocks, interfaces, and magnetic clouds (C).
Cross-hatched regions indicate "corotating" interaction
regions. They do not recur periodically, indicating the

importance of tempcral variations even for corotating flows.

Shaded areas indicate data gaps.

A sketch of magnetic field lines in a non-uniform stationary
flow, from Parker (1963).
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Figure 13.

Figure 14,

Figure 15,

Figure 16.

Figure 17.

Figure 18,

61

The bottom panels show IMP-8 hour averages of the bulk speed
and magnetic field strength at 1 AU. The other panels are the
results of an MHD model with 1 AU data as inputs. The
well-known formation and motion of a forward shock (FS} and a
reverse shock (RS) is illustrated. Note that the shocks move

apart at a constant rate.

A corotating stream. Curves are theoretical predictions of a

MHD model based on input data from 1 AU. Dots are Voyager 1
observations.

Time profiles of solar wind speed and density at 1 AU,
generated by a gas dynamic model with pure speed pulses at the
inner boundary at T = 0 of duration 15, 50 and 150 hours,
respectively. Streams of shorter duration "damp-out" faster
than streams of longer duration. This effect is referred to
as "filtering" (Holzer, 1979).

Observations of the "filtering-out of large-amplitude
short-wavelength disturbances", from Gosling et al. (1976).
The speed disturbances were seen at the front of a fast stream

by IMP-7 at 1 AU, but they were not seen by Pioneer 10 at
b.65 AU.

Sketch illustrating the decay of a stream and the
corresponding growth of a pressure wave. It is likely that
successive streams or pressure waves will interact with one

another before a secondary flow can develop.

Corotating pressure waves without fast streams. The pressure
profiles on the left show regions of high and low pressure
which evolve in time in a way analagous to that of simple
compression and re-efaction waves in gas dynamicss. The
panels on the right show that these waves are not driven
locally by a fast stream. They represent new dynamical
structures which are of fundamental importance in the outer

heliosphere.



Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24,

Figure 25.

Figure 26.
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The field strength normalized by the Parker field model versus
the density normalized by an R'2 law at 6 distance intervals.
At large distances, B tends to be proportional to the density,

showing that the organization of the outer heliosphere is
different from that at the inner heliosphere. The linear

relation is consistent with the dominance of large pressure

waves in the outer heliosphere.

The time interval between the detection of a forward shock and
its associated reverse shock versus distance from the sun.

The shock separation increases with distance.

Sketch of the configuration of the outer heliosphere for
stationary flows. Streams dominate the dynamics near the sun

and pressure waves are dominant near 10 AU. Beyond 10 AU
pressure waves may interact with one another, and beyond 25 AU

this interaction is very extensive.
A magnetic cloud observed by Voyager 2.

This shows the proton momentum flux, the total (magnetic plus

thermal) pressure, and the ratio 8 of the ion thermal pressure
to the magnetic pressure for the magnetic cloud in Figure 22.

The extent of a magnetic cloud, determined from
multispacecraft observations by spacecraft in the ecliptic

plane.

Four magnetic clouds observed by Voyagers 1 and 2, (see text).
The clouds are larger farther from the sun, suggesting that

clouds expand.

Possible magnetic field configurations in a magnetic cloud.

Configuration a) is not consistent with observations.

W
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Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31,
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Speed profile observed by Voyager 1 near 8.5 AU (top); the
corresponding speed profile observed by Helios 1 between 0.3
AU and 1 AU shifted to allow for radial propagation at a speed
of 500 km/sec (middle); and Helios speed profile "corotated"
to Voyager 1 using the observed speeds (bottom). There is a
loss of small scale structure with increasing distance from
the sun. This may be due in part to the "entrainment" of slow
flows by faster flows, as suggested by the multivalued

function in the lower panel.

Magnetic field lines between 1 AU and 10 AU based on a
kinematic mapping of Voyager observations at » 2 AU, Heavy
lines indicate strong fields, and dashed lines weak fields.
Two interaction regions, v 180° apart, are seen near the sun,
but they tend to coalesce at large distances because one is

being convected faster than the other.

Coalescence of two interaction regions {pressure waves)
observed at 1 AU to form a single larger interaction region at

2 AU as a slow stream is "entrained" by a fast stream.

This shows the theoretical curves for 1.44 AU (the position of
Voyager 1) for the flow in Figure 29. Voyager observations
are shown by dots. The two separate interaction regions

(pressure waves) are beginning to coalesce at 1.44 AU.

A fast corotating stream overtaking a shock wave (F1)}. A
forward-reverse shock pair (F2-RS) forms ahead of the fast
stream. The two forward shocks F1 and Fe¢ will coalesce beyond
3 AU and the reverse shock RS will intersect a third shock F3
betweer; 2 AU and 3 AU producing a new high field region.

Three high field regions observed at 1 AU coalesce to form a

single high field region near 3 AU.



Figure 32.

Figure 33.

Figure 34,

Figure 35.

Figure 36.

Figure 37.
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The results of a MHD model of the flow in Figure 31 (solid
curves) plotted at 1.61 AU where they can be compared with the
Voyager 1 data (dots). Note the single large pressure wave
that is being formed as the corotating interaction region
interacts with the flow behind Fe.

A fast stream with a shock pair overtaking a shock pair
without a fast stream. The points are Voyager observations,

and the curves are "fits".

Schematic of the interaction of the shocks in Figure 34, The
forward shock moves away from its corresponding reverse shock.
The forward shock FA from one pair interacts with the reverse
shock RB from the other pair just beyond 6 AU. A contact
surface CS is formed by the interaction. This is a

fundamental process in the outer heliosphere.

Two pressure waves, each bounded by a shock pair, were
observed at Voyager in association with the streams shown in
Figure 34, This shows theoretical results which indicate that
each pressure wave expands, and after v T days they begin to

interact forming 3 "merged pressure wave",

Observation of the coalescence of two pressure waves. Helios
1 inside of 1 AU observed 2 pressure waves in association with
2 corotating streams (left panels). Voyager 1 observed a
merged pressure wave near 8.5 AU consisting of the two
original interaction regions (now broad and bounded by shocks)
and a new interaction region (cross-hatched) where the 2

interaction regions "overlap".

The left panel shows a kinematical picture of the magnetic
field lines for two corotating flows from opposite hemispheres
of the sun, 1nieraction regions are denoted by the solid
curves and rarefaction regions by the dashed curves. A
dynamical model predicts the formation of a shock pair which
bounds the interaction region (shaded area in the right

panel)., streams are identical,



LT WL HM e R

-

e 2

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42,

Figure 43,

Figure 44,

Figure 45,

Figure "6,

65

Interaction of 2 pressure waves from twin streams, from Dryer

and Steinolfson (1976). The time t is the elapsed period
since the initiation of velocity pulses at 0.3 AU. An

interaction between R1 and F2 occurs between 25.4 and 28.3

days.

Interactions of shock pairs corresponding to nearly identical
recurrent streams (Pizzo, 1983). The flow is assumed to be
periodic, as shown by the repetition of F1. The coalescence

of separate pressure waves can be seen in the panel on the
right,

A system of corotating flows. Note the repetitive pattern in
the field strength |§|. density N and proton thermal speed VP'
Power spectra of the magnetic field for the flow system in
Figure 40. The upper curve is the power in the components of
9 (the trace of the power spectral matrix), and the lower
curve is the power in |§I. The circles and triangles show the

two signs of magnetic helicity.
A system of mixed flows observed by Voyager 2.

Power spectra for the magnetic field in the mixed flow system

shown in Figure 42.

The formation and evolution of a "shell" (shaded area)
consisting of a system of transient flows moving through a

stationary solar wind.

Solar wind disturbances caused by six successive flares during

a period of 1. days, according to Akasofu and Hakamada (1983).

Radial evolution of the speed profiles for a system of mixed

flows (left) and a system of corotating flows (right).



Figure 47,

Figure 48.

Figure i9,

Radial evolution of the magnetic field strength tor a system
of mixed flows (left) and a system of corotating flows (right).

Power spectra of the magnetic field strength for the time
series shown in Figure 47. The mixed flow system has a simple
power law spectrum at both distances indicated, consistent
with the evolution of MHD turbulence. The evolution of the
spectrum at the right is consistent with the entrainment of

slow mcving interaction regions by faster interaction regions.

Sketch illustrating the differences between filtering,
entrainment and turbulence. In "filtering", streams are
"damped out". Small streams damp faster than large streams,
leaving more power at long wavelengths at large distances from
the sun. In entrainment, magnetic energy is transferred from
small scales to larger scales as separate small interaction
regions cozlesce to form larger interaction regions. In

"turbulence" there is a cascade of energy in such a way as to
preserve the shape of the spectrum.
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