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Abstract

Processes occurring when a fast stream of solar plasma overtakes &
slower one are investigated using Explorer 34 and Vela 4B measurements of
the relevent proton, g-particle, =lectron and magnetic field parameters
for 3 events. The protons are heated by an amount such that the maximum
thermal speed approximately equals the relative speed of the 2 streams.
The proton thermal anisotropy does not increase, indicating that either
the heating is not due to hydromegnetic wave damping alone, or both MHD
heating and an isotropization mechenism are operative, The w-particles
are heated in proportion to the protons, but the electron temperature
does not measurably increase. The magnetic field intensity reaches a
maximum after the density, and the field fluctuations with frequencies
(1.5 x 6) x 10™3 Hz are unusually high in the hot spots but not adjacent
to them. The hypothesis that such fluctuations are propagating from
colliding streams is not supported. The proton density and temperature
profiles are consistent with the results of a non-gteady, non-linear
adigbatic fluid model., A hydromagnetic 3-fluid model with heat conduction

is needed to explain the other observations,
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I. Introduction

Jets and streams are commonly found in large scale flows in
astrophysics. In particular, it is known that mctions in the solar
wind are not uniform and that several parameters are correlated with
gradients in the bulk speed. ABnormally high ion temperatures at the
leading edge of high speed streams were noted qualitatively by Neugebauer
and Snyder (1966a). Burlaga and Ogilvie (1970) demonstrated this
quantitatively, and argued that the Kelvin-Helmoltz instability was
not the cause of the heating. Exceptionally high densities and magnetic
field intensities are usually observed ahead of the temperature increases
whet, the speed begins to increase (Neugebauer and Snyder (1967),
Lazarus et al. (1967). Davis et al. (1966) and Neugebauer and Snyder
(1966b) showed that the variance of the magnetic field tends to be
unqsually high at the leading edge of high speed streams.

The purpose of this research is to study the dominant physical
processes that occur at large positive bulk speed gradients in the
solar wind. 1In contrast to the earlier work, which emphasized
correlations between 2 or 3 variables for extended periods of time,
our approach is to use many types of measurements for just 3 events.

Section III presents observations of bulk speed, density, magnetic
field intensity, magnetic field fluctuations, proton temperature (T) and
anisotropy, electron temperature (Te) and helium temperature for 3 events.
Section IV shows that the heating may be the result of adiabatic

compression,



II. Instrumentation and Oxbits

The Explorer 34 plasma experiment has been described in detail
elsewhere by Ogilvie, McIlwraith and Wilkerson (1968). The spectra
of hydrogen and helium ions are observed separately, so the helium
spectrum is completely uncontaminated by protons. The proton spectrum,
however, may be slightly contaminated by helium when the helium
density is high. Each spectrum is made up of 16 observafions, and
takes 15 spins to record, each of duration 2.56 sec. The angular
acceptance of the instrument is 190 in a plane containing the spin
axis, which is oriented perpendicular to the plane of the ecliptic.
The a;ceptance is 2,5° in the azimuthal direction, but counting is
integrated over 3600, so that the velocity distributions
projected onto the ecliptic are completely covered.

The Explorer 34 magnetic field experiment (see Fairfield 1969)
consists of a triaxial fluxgate magnetometer with +32 gamma range and
+.16 gamma digitization error in theAinterplanetary region., The
experiment produces a vector field sample every 2.56 seconds; 8

point (20.5 second) averages are used in this paper.

The Vela LB plasme experiment has been described
elsewhere (Montgomery et al. 1968, and Montgomery et al. 1970) so
only a brief description is given here. The instrument is a
hemispherical plate electrustatic analyzer having a 110o polar
acceptance angle centered on the spacecraft equatorial plane and an
azimuthal resolution of 2.60° The data required to generate a set
of fluid parameters describing the electron compohent of the plasma

are collected during one revolution of the spacecraft requiring
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64 sec. These data consist of 16 differential energy spectra each

made up of 20 contiguous energy channels between 14 and 1600ev with

v i R el M e

287% spacing. 0.375 sec. is required to acquire each energy spectrum,
. and adjacent spectra are 4 sec. (22,5° in azimuth) apart. A set
of high resolution positive ion data is collected during a 6 sec.
interval every other revolution of the spacecraft as the acceptance
fan of the instrument sweeps past the sunward direction. These
data consist of 7 differential energy-per-charge (E/Q) spectra esach consist-
ing of 24 contiguous energy channels between 0,32 to 5.5 keV/Q with
~127% spacing. The measurement of each.spectrum requires ~0,190 gec.
and the spectra are taken 5.6° apart in azimuth.
The electron fluid parameters are calculated by evaluating the
appropriate moments of the measured electron velocity distribution,
while the proton parameters are given by a least squares fit to a bi-Maxwellian
velocity distribution (see Montgomery et al., 1968, 1970). Trensverse
and longitudinal alpha particle temperatures are derived as follows:
a. Longitudinal. The three E/Q spectra containing the largest
number of counts due to alpha particles are summed, and the resulting

velocity distribution is fit by least squares to a Maxwellian

distribution. The alpha particle bulk speed is assumed equal to
the previously determined proton bulk speed (Ogilvie et al. 1968) and

Robbins et al. (1970), and, in order to minimize proton contamination,

only the part of the alpha velocity distribution that extends above

the assumed bulk speed is used.
b. Transverse. The three E/Q channels at each angle centered
on the value of E/Q corresponding to the alpha bulk speed are summed.

A Maxwellian fit to the resulting angular distribution gives the
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transverse alpha temperature,
Orbits

The Explorer 34 orbit about the earth was highly elliptical with
apogee 34RE, inclination 67° and period 4.3 days (see Behannon et al.
1968). The Vela 4B orbit is nearly circular with radius 19RE,
inclination 58°, and period 4.7 days. During the intervals discussed
below, the distance between Explorer 34 and Vela 4B ranged between

d 52R .
17RE an g

w*

[ ARy



W T T \ PR S e
Rt 2 <t : K

III. Observations
From thg Explorer 34 plasma data presented by Burlsga and Ogilvie
(1970) we selected three regions with increasing bulk spee¢ and
anomalously high temperature: 1200 UT on day 180 {June 29, 1967)
to 2000 UT on day 181 (June 30), 1200 UT on day 198 (July 17) to
0400 UT on 199 (July 18), and 0100 UT on 315 (November 11) to 1200 UT
on 316 (November 12). These intervals were selected because, 1) the
velocity gradient was large and accompanied by a clear peak in protcn
temperature, 2) the velocity gradient occurred when Explorer 34 was
near apogee with good interplanetary coverage for a day before and a
day after the gradient, 3) Vela 4B measurements were available
and 4) no shock occurred in the intervals.
The observations to be discussed are shown in Figure 1, 2,-and
3; the continuous lines are from Explorer 34 data, and the heavy
bars, dots, shaded bars and broken lines are Vela 4B results.
These figures show the effects noted by earlier workers and attributed
to colliding streams, namely: 1) an increase in density, n, just
before the positive bulk speed gradient, 2) an increase in magnetic
field intensity, B, to a value exceeding 10 gamma near the gradient,
and 3) an abnormally high temperature at the bulk speed gradient. The large
temperature increase is shown quantitatively by the plot of AT=’1‘-(.036V--5.56)2
which is the difference between the observed proton temperature and that
calculated from the bulk speed using the (V,T) relation of Burlaga and
Ogilvie (1970). Table I shows that the mean thermal speed, Vp, corresponding
té the maximum temperature is equal, within the expcrimental errors, to the
difference between the 3-hr averages of the bulk speed on either side of

the hot spot defined by AT25x104°K.



New features of these data are
1) The clectron temperature, T,, (Figures 1 and 2) does not increase
significantly in the region where protons are heated. No electron
data exists for Figure 3;
2) The proton temperature anisotropy, Figuresl, 2 and 3, measured
by Tmmx/Tmin (See Hundhausen et al., 1967) is not enhanced in
the heating region;
3) The energy density, E=32/(8ﬂ) + nk (Té+T) increases in the
gradient region, at first because of the density increase, and
at later times primarily because of the high B; and
4) The maximum magnetic field intensity may occur before the proton
temperature peak (Fizures 2 and 3) or after it (Figure 1).
We have assumed that the plasma was homogeneous on a scale of
the Vela 4B-Explorer 34 separation. That this is so is indicated by
the very good agreement between the speeds and proton temperatures
measured at the 2 sbacecraft. The Vela 4B densities were 2 times the Explorer

34 densities, but when the Vela 4B measurements are normalized with respect

to Explorer 34 measurements one finds that they show virtuvally the same behavior
(Figures 1, 2, 3), indicating that the constent difference is probably instru-
mental, The reason for this difference is not yet understood, and

it is not known which is correct.

Note that the density steadily decreases in the region where the
bulk speed increases in Figures 1, 2 and 3. This is a very general
result which can be seen at positive speed gradients in published data

(Neugebauer and Synder (1967), Lazarus et al.(1967)) and is also common

in Explorer 34 data.
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Note that. the magnetic field intensity does not increase
simultaneously with the density ahead of the bulk speed gradient,
but rather increases to a maximum after the density begine to fall.
Thus, the pressure tends to be constant across the hot spot even
though it is relatively high throughout the interaction region.
This effect is not peculiar to these 3 events - it can be seen at
other gradients in Explorer 34 data as well as at some of the gradients
in other published data (Neugebauer and Snyder, 1966a, Figure 1;
Neugebauer and Snyder 1966b, Figures 1 and 3). Figures 1,2 and 3 suggest that
the heating, measured by AT, is related to the magnitude of the bulk

speed gradient. This is shown more clearly in Figure 4, where

AT(t) and AV/V = (V(t+3 hr) - V(t-3 hr))/ V(t) (computed from 3-hr
averages of V) are plotted as a function of time for each of the 3

events. The former quantity represents the temperature excess over
that predicted using the V-T relation, and the latter the fractional

bulk speed change over the six hour interval.




Magnetic Field Fluctuations. Magnetic field fluctuations in the hot
spots were studied by computing power spectra for consecutive 3 hour
intervals using 20.5 second average field wectors. Figure 5

illustrates representative spectra for regions within and outside of
the heating region. PF represert 8 power in the field magnitude and

reflects fluctuations in & compressional magnetoacoustic wave mode

while P, represents power in a component perpendiculer to the average

Y
field direction and is dominated by transverse waves. Enhanced
power is present in the heating region, and the transverse fluctuations
predominate over the longitudinal fluctuations as is normally true
in the interplanetary medium. These spectra cannot be well described by
an inverse frequency dependence but they are generally bounded by
the £-! and £72 dashed lines shown in the figure.

Variations of the fluctuations throughout the intervals of Figures
1-3 were studied by integrating power in the irequency region
1.5x10-3Hz - 6x10'3Hz. Lower frequencies were omitted to remove wavelengths
whose scale was comparable to the interaction region. The higher frequencies
were removed because of an instrumental peak near 7:&;1‘0.3 Hz
(gaps in the data of Figure 5) and the possible effects of waves associated
with the presence of the earth (Fairfield 1969). Figure 6 illustrates
this integral power in the trgnsVérse modes PXYE\Pz + Pi)% and the

X

longitudinal mode P, along with the velocity and the excess temperature.

F
Enhanced field fluctuations occur in the hot spots in all three events.
Note, however, that the pnwer levels drop to very low values

(Sari and Ness, 1969) just Outsi&e the hot spots.

‘Wv”""’h‘; ~
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Explorer 34 Proton Spectra. To determine whether changes in the shape of
the proton spectra occur as a result of heating, we compare the 30-min average
spectra in the hot spots with corresponding spectra outside the hot spots as

follows. Using the observed counts C (Vi)' the spectra are first

obs
fitted empirically as described by Burlaga and Ogilvie (1968),

;f§ without assuming a Maxwellian, and fluid parameters n, V, T are
obtained. Then the counts ccalc(vi) which would be observed in the
various energy channels are computed for these parameters on the
assumption of a Maxwellian distribution. If the observed distribution
were Maxwelliun, a plot of Ccalc versus Cobs would show points

C

scattered about the line C If there were a high random

obs®
energy tail, the computed temperature would be too high and

calc

the counts C would be greater than C for |Vi-V| > V., where
¢ obs th

alc b:

Vth is the proton thermal velocity.

The right panel of Figure 7 shows C__, vs C ¢ for the heating

ob
regions in Figures 1, 2 and 3; the corresponding plot for tke other
regions is shown in the left panel of Fig;re 7. All three fegions

are shown in the same plot to improve the statistics and because no
significant differences between the 3 events could be seen. The

open circles refer to points corresponding to V£>V and the dots to

Vi<V. Figure 7 shows the following:

1). to zeroth approximation both the heating and non-heating
regions have Maxwellian spectia.

2). to lst approximation the spectra in the heating and non-
heating regions are the same and show a deviation from

Maxwellian which is characteristic of a high energy tail.
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He++'Measurements. Jokipii and Davis (1969) have pointed out that

the damping of hydromagnetic waves in a plasma (Barnes, 1966) tends
to produce the same velocity distribution in the component ions, for
example helium and hydrogen in the interplanetary medium, leading to
'lja,/Tp =4, Solar wind measurements (Neugebauer and Snyder, 1966a; Hundhausen
et al,, 1967; Robbins et al., 1970; Ogilvie and Wilkerson, 1969), show
the ratio Ta/'l‘P typically to have the value ~3,5. Barnes (1970) noted
that helium is heated more strongly than protons by waves when ;Q 24.
Processes near colliding streams might tend to produce thermal equilibrium,
leading to lower values to 'I]a/Tp tending to unity. We therefore examiﬁe
the measured values of nllTp, with the primary aim of distinguishing
between one and 3.5.

Vela 4B measurements of the transverse and longitudinal alpha
temperatures are plotted versus time.- in Figure 8 for the event on
days 180 and 18l1. The figure shows that the o temperature profile is
the same as that of the mean proton temperature and that the ratio
of the o and proton temperature is nearly constant at a value which
is close to 4 and decidedi& greater than 1.

The Explorer 34 alpha observations presented some difficulties
because of the low net counting rate caused by an electronic background
(Ogilvie and Wilkerson, 1969). To improve the accuracy, T, spectra
were averaged for successive 30 minute intervals. This may give an
artifically large temperature if the bulk speed varies during the 30
" minute intervals, but such periods were identified by examining the

variance of the bulk speed, computed from individual proton
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spectra at 3 minute intervals. To compute md/rp, the proton tempefatures
from 30 minute average spectra were used, except when these differed

by >50% from individual temperature measurements, when the corresponding
hour averages were employed. When the proton bulk speed differed

from the o bulk speed by 215 km/sec, no ratio was computed.

Using the above procedure,4 average spectra were obtained in the

heating region in Figure 3 for which « and proton temperature could

be calculated, leading to the value Ta/Tp ~ 2.8+.7. Comparing this
with the corresponding ratio T@/TP=3.211.3 for 2 average spectra

out side the heating region in Figure 3, one finds that the o particles
were heated in the same proportion as the protons. Unfortunately no

« particle temperatures could be obtained for the heating regions in
Figures 1 and 2 from the Explorer 34 data. Measurements of «
temperatures are available for other hot spots discussed by
Burlaga and Ogilvie (1970) and the corresponding ratio Ta/T are

shown in Table II. In every case, the T&/T ratio is more consistent
with 4 than with 1, indicating that the o particles and protons

are heated at hot spots almost proportionally. In fact

the average ratio for the heating regions Ta/T=3.5 is, essentially

the same as the mean value :a/T=3.7 reported by Robbins et al, (1970)

for the period July 1965 to July 1967.
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TABLE 1

Relation between AV and Vi }

Event in Figure MV {(km/sec) V,r(km/sec) %

1 88 81
2 89 76
3 99 98 H
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TABLE 1I

Ratio of o to proton temperatures at hot spots

0000-0400-
1000-1600
0230-0300
0930-1000
0700-2300
2000-316, 0200

Average

To, /T
4.0+.5

3,34+.4
5.8
3.6
4.041.7
2.8+.7

3.9

#30 min av. spectra
4

3

1
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IV Summary and Discussion

The above collection of experimental observations gives the following

rasults describing the interaction of a high speed solar plasme stream

with slower moving solar wind:

1)

2)

3)

k)

5)

6)

7)

8)

9)

10)°

The proton temperature is anomalously high at the velocity gradient,
the excess being on the order of 105°K.

The peek in proton temperature occurs where the change in bulk
speed is greatest.,

The density peaks ahead of the temperature, when the speed just
begins to increase.

The maximum density is ~ 3 times the ambient value.

There is no significant zeroth or first order difference between
the velocity distributions inside and outside the heating region;
they are Maxwellian to zeroth order,

There is no significant difference between proton anisotropies
inside and outside the heating region,

Proton and ¢ lLemperatures increase in the same proportion in the
hot spots.

There is no significant increase in the electron temperature

at the wvelocity gradient.

The magnetic field intensity peaks after the density in the
region of the velocity gradient, and the peak is not coincident
with the temperature peak,

3

Magnetic fluctuations in the range 1.5 x 1073 Hz- 6 x 10 ° Hz are

- enhanced in the hot spots, but drop to normal low values just

outside the hot spots.

-

14
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A complete theory accounting for all of these results is beyond the
scope of this paper. Instead, we present a simple, illustrative model
which accounts for some of the essential features of the observations
and reveals a further requirement of a more satisfactory model. We adopt
the model which Hundhausen and Gentry (1968) have successfully used to
simulate the formation and motion of driven shocks and blast waves in the
solar wind. The mass, momentum, a7l energy equations governing the
density, speed, pressure and internal energy density are given in
Hundhausen and Gentry (1968). The system of equations is closed with
the equation of state, P = 2/3 pl, where the specific internal energy is
I = 3kT/(mpfme). This is a single=-fluid model for spherically symmetric
flow. A high speed stream is generated by raising the source temperature
(at .1 AU) as shown by the insert in Figure 9. This new stream advanced
into a steady state flow for which n=5 cm‘3, vV =275 km/sec and T =2 x lOuOK
at 1 AU, The resulting profiles of n, V, and T which would be seen by
an observer at 1 AU are shown in Figure 9. This shows that a) AT n:5x10h°K,
b) the temperature peaks at the inflection point in the V(t) curve,

c) the density peaks ahead of the temperature, when V just begins to
increase, and the maximum density is ~3 times the initial value. These
results are consistent with results 1 to 6 above., The model fails to
account for 8 because it is a single fluid model and neglects thermal
conduction., It fails to account for 9 because it neglects B. Figure 9
shows velocity gradients occurring over a ~25 hour
interval, A model which

uses a jet rather than a spherically symmetric stream would give larger

gradients,
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We conclude that non-gteady, non=-linear, adisbatic compressional

heating can account for the essential features of the proton density and

temperature profiles, but a hydromagnetic 3-fluid model with heat

conduction will be required accounting for the other observations.
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FIGURE CAPTIONS
Fig. 1 This shows plasma and magnetic field data in front of,
within, and behind a hot spot. The continuous histograms
are from Explorer 34 data, the broken histograms are
from Vela 4B. See the text for the meaning of the

symbols and the interpretation of these results.

Fig. 2 See Figure 1.
Fig., 3 See Figure 1.
Fig. 4 The histograms on top in each panel show 3-hr averages

of AT for the events in Figures 1, 2, and 3. The
histogram at the bottom, also based on 3-hr averages,
shows the fractional change of bulk speed corresponding
to each AT. This shows that the heating is largest at
or somewhat behind the region where the deceleration is
greatest.

Fig. 5 The panel on the left shows the typical power in the
compressional mode in a hot spot (top histogram) and
just outside it (bottom histogram). The right panel
shows the corresponding powers in the transverse mode.
The dashed lines show £ - and £ 2 spectra.

Fig. 6 This shows that power in the transverse modes is higher
than in the longitudinal modes, and that it is high in
the hot spot but not outside it.

Fig. 7 For a Maxwellian velocity distribution, C = C

calc obs’

This figure shows that to zeroth order this is true in

both the hot spots (right panel) and in the regions just

QLA s o i s ¢
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Fig. 8

Fig. 9

outside the hot spots (left panel). Solid dots and open
circles are points with V, <V and V, >V, respectively.
The separation between the dots and circles, due to the
usual high energy tail of the distribution, is the same
in the hot spots as outside them. Thus, to first order
there is nothing unusual about the form of the proton
spectra in hot spots.

This shows that the o temperature in proportion to the
proton temperature with the ratio being 4 even in the
hot spot on day 181.

The adiabatic solar wind model of Hundhausen and Gentry
was used to generate the bulk speed gradient shown here.
Note that the temperature peaks near the maximum gradient

in V, while the density peaks ahead of it.
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