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This quarter saw the completion of two major papers, copies of which are
attached to each copy of this progress report. The one entitled "Shock Waves in
the Solar System" by John R. Spreiter provides overall unified account of the role
of shock waves in the heating of the solar corona, the transmission of solar dis-
turbances to the Earth and elsewhere throughout the solar system, ,the flow fields
of the Earth, Moon and planets, and of possible biological effects that may be

assocliated therewith. It has been accepted for publication in Astronautica Acta.

It forms the written record of an invitéd review lecture presented at the Sym-
posium on Cosmic Explosions at the Third International Colloquium on Gasdynamics
of Explosions and Reactive Systems in Marseilles, France on September 13.

The second ‘paper, copies of which are also attached hereto, entitled "Obser-
vation of a Solar Flare Induced Interplanétary Shock and Helium Enriched Driver Gas"
has been written by Dr. Joan Hirshberg in collaboration with Mrs. Alberta Alksne
. and Dr. David S. Colburn of NASA Ames Research Center and Drs. S. J. Bame and
A. J. Hundhausen of the Los Alamos Scientific Laboratory of the University of
California. 1In this paper, a study is made of the data from the Ames magnetometer
on Explorer 33 and the Los Alamos plasma probe on Vela 3A associated with the
disturbance in space on February 15 and 16, 1967 that followed the class 3B solar
flare that appeared at 20°N 10°W on February 13. The initial discontinuity in the solar
wind  was identified as a shock wave, obviously not propagating spherically from
the Sun as described by simple theory as evidenced by the 60° angle between the
shock normal and the plane of the écliptic. The data indicated that nine hours after
the shock passed, plasma containing 22 percent helium was observed, as contrasted
with the more normal value of about 4 percent; and that the velocity of the solar

wind continued to increase for a few hours after the helium plasma passed. In a
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discussion of the results, it is argued that the high helium'content of the
interplanetary medium brands the plasma as having been produced by a flaré. A
number of suggestions are put forward regarding the detailed structure of the
interfaces between the flare plasma and the ambient solar wind plasma.

During this reporting period; a paper entitled "Effect of Dissipation due
to Firehose Instability on Half-jet Flow of a Collisionless Plasma' by Shigeki
Morioka, of Osaka University, Japan, and John R. Spreiter was presented by
Dr. Morioka at the IUTAM International Symposium on Dynamics. of Ionized Gases in
Tokyo, Japan. The Abstract of this paper was included in the preceding quarterly
progress report for this Grant. .

The Principal Investigator also participated in the Ninth ESRO Summer Advanced
Institute on the Earth's Particles and Fields in Cortina, Italy, August 30 to
. September 10 in Cortina, Italy. As with the previous Institutes, this was a very
well organized and successful meeting. The program consisted of a well-balanced
mixture of excellent critical reviews and reports of latest observations and
interpretations in a wide range of topics of prime concern to magnetosphere

physics.
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Abstract

It has previously been suggested that the very high relative abundances of

helium occasionally observed in the solar wind mark the plasma accelerated by

major solar flares. To confirm this hypothesis, we have studied the 43 spectra

" with He/H = 15% that were observed among 10,300 spectra collected by Vela 3

between July 1965 ~ July 1967. The 43 spectra were distributed among 16
distinct periods of helium enhancement, 12 of whiéh (containing 75% of the spec-
tra) were associated with solar flares. Six new ﬂare—enhanceinent events are
discu_ssed in this paper. It is concluded that the association of helium gnhance-
ments with major flares is real, non-random and very étrong.

With this study, there are 12 cases of reliable associations between heliumA
enhancements (He/ H = 15%) and flares reported in the literaﬁre. The general
characteristics of these events are discussed. It is found that the flares are
typically large and brighf (2B or 3B), often they produce cosmic ray protons,
and they are widely distributed in solar longitude. The average transit velocity
of the pistons (i.e., flare accelerated driver gas) is in excellent agreement with
earlier observations of flare shock velocities. . The degree to which the pistons
have been slowed in transit is in good agreement with theory. The average
percentage of helium ir; the enhanced regions is 15%, but this number should not
be considered mére than an extremely rough estimate because of very arbitrary
decisions that had to be made as to when we would consider an "enhancement"
had ended. The number of positively charged particles in the-enhanced region

is estimated to be of the order of 4 x 1039.



A qualitative discussion of some of the possibilities for the source of helium
enhanced plasma is presented. It is suggested that the helium enriched plasma
may be the piston producing the shock causing the Type II radio emission. The
size of the Type II emission region and the number of particles in the helium
enhancement permit an estimate to be made of the density of the corona at the
origin of the piston. From this it is estimated further that the piston must come
from _lgg_ld_w about 0.5 R, in agreement with the 0.2-0.3 R often given for
the initial heiglit of the Type II emission sourcé. Recent theoretical discussions
have indicated that the corona as a whole ca.n be expected to show helium
enrichménts at these levels.

It ié pointed out that observations of solar wind helium enhancement can be
expected to be a useful tool i-n studying the distribution and relative abundance
of helium in different layers of the soié.r corona, as well as mechanisms for the

acceleration of plasma by solar flares.

1. Introduction:

The relative abundance of helium in the solar wind at 1 A.U.,is, of necessity,
closely related to He/H in the solar corona from which the wind arose. Although
the relationship is not yet understood and may be complex, none-the-less, studies
of He/H in the interplanetary medium can be useful tools in gaining an under-
standing of the abundance and distribution of helium in the solar corona.

The problem of extrapolating the observed solar wind helium abundance

back to the sun is considerably complicated by the observed extreme variability
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of He/H. Although the average relative abundance of doubly ionized helium is of

the order of 4-5% by number (Neugebauer and Snyder, 1966, Wolfe et al., 1966,

Robbins et al., 1970, Ogilvie and Wilkerson, 1969, Formisano et al., 1970) indi-

vidual spectra exhibit abundances ranging from less thén 1% toover 25%. The

causes of the variability must be understood before we attempt to extrapolate

from the interplanetary measu;'ements to a value for the solar helium abundance.
It has previously been suggested (Hirshberg, et al., 1970) that x;ery high

helium abundances mark the plasma accelerated into the interplanetary medium

- by major solar flares. This would constitute a mechanism of producing inter-

planetary blasma very differ_ent from the normal expansion of the corona into the
solar wind. The helium enhanced flare plasma would provide information on the
relative heliﬁm abundances of a differenf portioﬂ of the corona than that sampled
in the normal solar wind. The suggeéﬁon, that helium enhancements mark flare
plasma, is supported by the observations of plasma containing more than 10%_‘
helium following several major solar flares. Lazarus and Binsack (1969) have
described the helium enrichment (12%) following the proton flare of July 7, 1966.
Bame et al., (1968) discussed the enrichment (29%) associatéd with the 3B flafe '
of Jan, 11, 1967, while Ogilvie et al., (1968) discusses the enrichment (17% helium)
following the 3B flare of May 28, 1967. The solar wind also showed helium en-
richments following the 3B flare of Feb. 13, 1967 (Hirshberg et al., 1970) and 4
separate enrichments associated with the series of flares of August - September,

1966 (Hirshberg et al., 1971).
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In order to fully establish that the helium enrichments mark the plasma ac-

" celerated by flares, we must deal with the problem of whether or not these

|

- apparent associations between helium enrichments and flares could be explained

as the random coincidences of high helium periods with post flare periods
(Ogilvie and Wilkerson, 1969). In section 2 of this paper we report on a study of

all of the helium enhanced spectra (He/H = 15%) observed by Vela 3A and 3B

' during the two years from July 1965 to July 1967. It is fognd that by far the

majority of these helium rich spectra were associated with major flares observed

“in H,. It is concluded that the association is real, not random. Having estab-

lished the reality of the effect, in section 3 we describe the characteristics of
typical helium enhancements and the causative flares. This pérmits us to put
constraints on possible models of production of enhancements. Qualitative

models are discussed in the 4th section.

2. Helium Enhancements

Tile daté discussed in the i)resént study were collected by the plasma probes
aboard the earth orbiting satellites Vela 3A and 3B, during the period from
July 1965 to July 1967. For a discussion of the plasma probe, see Hundhausen
et.al., 1967. Robbins et a;l. (1970) have studied the relati.ve helium abundance
and plasma proj)erties of the 10,314 spectra that sﬁowed no evidence of distur-
bance during the 256 seconds required for the observation of a complete spec-
trum. For a discussion of the data analysis see Robbins et al., 1970, and

Hundhausen et al., 1970b. An example of the vari'ability of He/H observed by
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Vela 3 is shownbin'Figure 1. The top spectrum indicates less than i% helium,
v&hile fhe lower speétrum shows 22% He. Noté that the helium peak occurs at
an E/q twiée that of the hydrogen peak, showing that the hydrogen and helium
components had\‘ equal speeds. Robbins et al. (1970) found that a correlation co-
efficient between the speeds of He and H was 0.99 and concluded thgt the speeds
of the two components werel equé.l to within the aécuracy o§ their determination.

The average helium abundance was 3.7%, while 2% of thé spectra showed more

than 10% helium. There were 14 periods during which the daily average He/H

' exceedéd 8%. In all cas'és but one, Robbins, et al. (1970) reported that there was

an associated Forbush decrease and/or geomagnetic storm. The correlation

coefficient between the 2é~day—average helium abundance and the 10.7 cm solar

" radio flux was 0.4.

Before proceeding w1th a discussion of the individual helium enriched spectra,
we discuss briefly the observation that there was a general tendency for the
average relative helium abundance to increase as the solar cycle progressed

(Robbiﬁs et al., 1970). 'H:e/H was about 3.4% from July 1965 to July 1966 and

.about 4.3% from July 1966 to July 1967. Formisano et al. (1970) found that the

increas.:e continued as the solaf cycle progressed; the average found by their
HEOS—i plasma probé l;eing 5.5% from Dec. 1968 to March 1969. In Figure 2
we show a comparisbn of the distribution of relative abundances found in the Vela
data (1965-67) énd the HEOS data (1968-69). Note fhat the increased average
was not due to a general shift of the distribution curve to the .right. The most

common value for the two periods was the same, suggesting that the percentage



of helium emitted by undisturbed regions of the sun remained unchanged. The
iﬂérease in the mean was due entirely to more frequent observations of large
values of He/H in the data for the more active sun, as would be expected if the

. ' \ A
plasma produced by flares contained a higher percentage of helium than the

.solar wind.

Returning to the Vela data, during the period 1965-67 values of He/H = 15%

" were sufficiently rare so that it is feasible to siudy each of these events in detail.
\ .

For this reasot;, 159 wé.s ‘arbitrarily chosen as the lower qutoff to define '""helium
enhancé‘rnénts"_in the pr%sent study. The frequency diétribution of He/H is shown
in Figure 2. O;ﬂy A48 ouf% i_)f the more than 10,300 spectra had more than 15% |
helium. These spectra a;imost always are part of distinct events in which several
consecutive spectra are ‘:c?:‘iaserved to have over 10% helium. There were only 5
spectra that were isolat;gl m the sense that, although data for proximate time
intervals wé_re availablé,;no other proximate spectra showed He/H = 10%. These
5 spectfa probably were }ﬁaccurate determinations of He/H, and they werev
omitted from thié study‘.f: Of the remaining 43 spectra, 22 have already been dis-
cussed 1n the literamz':é.l They were attributed to the flares of Jan. 11, 1967
(Bame ;at al., 1968), aﬁd Feb. 13, 1967 (Hirshberg et al., 1970) and to the series
of ﬂarés of August/ S_éptember 1966 (Hirshberg et al., 1971). The periods during

which the remaining 21 helium enhanced spectra were observed are discussed

below.



A. ENRICHMENTS IDENTIFIED WITH SPECIFIC FLARES

Nfarch 1966

' '
-.... The Vela plasma probes collected 3,235 spectra between Sept. 28, 1965 and

March 23, 1966 |‘without collecting a single spectrum i’n which the relétive
abundance of 'helium was as great as 15%. During this same 6 month period,
the sun was quiet, producing only one flare (66-01-17, N19,E27) that was listed
as 3B by any observatories, and that flare was listed by oﬁl& éne observatory.
Then, at the end of Maréﬁ, three distinct periods of helium enﬁancement were
obse;rVed. During the sa{me period, plage 8207 became extremely active
(Hundhausen, 1570). Th(; :_region produced 10 particle events inciuding the large

proton flare of March 24 ?(évestka and Simon, 1969).

. - -The first helium enhéncement appeared on March 23, at 10 hr, 14 min., when

a spectrum indicating 31.% helium was observed. The next 3 spectra, taken over
a span of 13‘Aminutes, ali i-show 20% or more helium... The velocities of the four
enhanced helium spectré.;were 43622 km/sec. Ndrmal percentages of helium
were observed 86 minu’;;s after the onset of the enhancement. | The width of the
helium i'eg'ion was at léést 1 x 105 km. If this enhancement were due to the 3B
flare of ’:March 19th (N22, E35) the apparent mean velocity of the plasma from
the sun 'to the Earth ys}ould be 405 km/sec. We have elsewhere (Hirshberg, et al.,
1971) defined a "'slowing-ratio' as being the fatio of the observed velocity of the
first appearance of the helium enhanced plasma to ifs apparent mean velocity.

That is
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where v, is the observed velocity of the plasma and <v> is the mean velocity

. célculéted from the distance to the sun divided by the time of flight of the plasma.

A slowing-ratio greater than one indicates the plasma has speeded up bn its waj
to earth. If the \abOVG enhancement were due to the March 19th flare the slowing
ratio would i)e 1.08. Howevef, if we attribute the enhancement to the 3B flare of
March 20 (N21, E18) j;he apparent mean velocity would be 576 km/sec, and the
slowing ratio 0.76. Although either of these identifications is possible, the latter
seems more likely.

The next spectrum éhowing a relative helium abundance gréater than 15%
was obser;led on March 26 at 9 hr. 12 min. when é6% helium was observed. 'i‘he

spectrum was part of a series of relatively high helium abundances that began

with a spectrum showing' iO% helium at 8 hr. 4 min. of the same day. The

© velocity of the helium eﬁhanced (26 %) spectrum was 535 km/sec. The width of

the helium enhanced regic;n is uncertain because of fluctuations in the helium
abundénf':e to vaiues belov;z 10%. The width is estimated to be between 2.0 x 108
km and 2.7 x 106. km. Tlns helium enhancement is identified with the major 3B
proton ﬂare of Maréh 24 (N18, W37), giving a slowing ratio.for the plasma of

’ t
0.70.

Th(;, enhancement of Mérch 26th died away and early on March 28th Vela was
again observing normal helium abundances of between 2 and 6%. Then, at 1319
U.T., after a data gap of 11 hours, plasma was observed with 18% helium. The
enhaﬁcement lasted approximately 3-1/2 hours. The velocity of the helium

enriched plasma was 525 km/sec. The enhancement is attributed to the 3B flare
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of March 25 (N14, W54). Then the apparent mean velocity of the plasma was
520 km/sec, i.e., essentially the same as the observed velocity. The slowing
t
6

ratio was 1.01., The width of the helium enhanced region was 7 x 10~ km.

In Table I vée have listed all the flares from plage reé’ion 8207 that were given
as 3B or 4N by at least one observatory. There are 6 flares, to be corhpared
with 3 distinct helium enhancements. The first flare, on March 16th, did not
produce solar protons (Véldez and Altschuler, 1970). There is no evidence for
enhanced helium from that flare, but a data gap of more than. one day spanning
March 20t}i ﬁakes it imﬁéssible to come to a definite conclusion on this point.
The first observed heliurfr; enhancement is attributed to either the flare of 3-19
or of 3—20. No helium en;xancement was observed to be associated with the next
flare, but again a dafa gap makes definite conclusions impossible. The next two
flares both produced hel‘:i;m:l Aenhanced plasma.' The slowing ratios' are shown in
the last colﬁmn of Tablej I Note that the necessity of having reasonable valﬁes

of the siowing ratio puté _é severe restriction on the possible flare-helium

associations.

September 19, 1966

ﬁo;'mal values of relative helium abundance were observed on Sept. 19th,
1966 until 17 hr. 53 min., when a helium abundance of 13% was observed. The
next speétrum (17 hr. 57 min.) showed 17% helium. An extremely long period
of high helium followed. During the period between the first appearance of high
helium and Sept. 20 at 11 hr. 6 min., 16 spectra were collected. Fourteen of

them showed helium abundances of 10% or more. If this is considered to be a
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single period of enhancement, it lasted 18 hours. The velocity of the plasma in

the first spectrum to exhibit high helium abundance was 520 km/sec. This gives

Pl
a width of 32 x 108 km to the region.

A class 2B flare had occurred in McMath plage 8496 on Sept. 17 (N25, W65).
The last previous flare listed as class 3 by any observatory had been a limb
flare (W90), 13 days earlier. The next class 3 flare occurred after the helium
enhancement had already arrived at Earth. The flare of Sept. 17, then, is the
only flare that can reasonably be associated with the Sept. 19 enhancement. It
produced solér cosmic ray protons (Lin 1970)." This ﬂa;'e iden'tification Ayields
an apparent mean velocity for the p_lasma of 745 km/sec, giving a slowing ratio

of 0.7.

October 17, 1966

No He/H > 15% were seen during the first 16 days of Oct, 1966. On Oct. 13
helium abundances of the order of 1% or lower were observed. Then no more
data was taken until 13 hr. 55 min., Oct. 17, when data collection startéd with an
observation of 13% helium. During the next 38 minutes, iO spectra were
collected, all of which showed helium abundances greater than 10% while 2 spec-
tral abundances exceeded 15%. The percentage of helium then dropped to normal
in the 13 spectra collected during the rest of the day. The velocity of the first
helium enriched plasma was 358 km/sec. The width of the region was 0.8 x 108 km.

. The enhancement is attributed to the major solar flare (2B) that was observed

to occur at N20 E42 on Oct. 14. The mean transit velocity of the plasmas was 577

km/sec, giving a slowing ratio of 0.62.
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: ﬁents of May 1967

A series of intense flares took place during the last 10 days of May, 1967.
Flares listed as 3B by at least one observatory were reported on May"21, 23
and 28. :

A helium enrichment (17% helium) was observed on Explorer 34 (Ogilvie
et al., 1968) on May 30th. The Ve_la data during this period is very spa‘rse and
Vela was not in the 'solar wind during the period when Explorer 34 observed
the enhancement. The enhancement was attributed to the 3B profon flare of May
28th at N27 W36. This identification yields a slowing ratio for the plasmé of
6.97 .. | | |

A helium enrichment was observed by Vela on May 26th, Oniy two spectra
were collected that day, both of which indicafed 16% helium. The velocity of the
helium enriched plasma was 655 km/ sec.' The enhancement is attributed to the
2B proton flare of May 23 (N28, W24). The cosmic ray alpha particles due to

this flare have been discussed by Lanzerotti and Robbins (1969). The slowing

ratio of the plasma is found to be 0.84.

B. ENRICHMENTS NOT IDENTIFIED WITH SPECIFIC FLARES
Major enhancement - Aug. 17, 1965

Vela 3 started to collect data on July 24, 1965. The first spectra exhibiting
a relative abundance of helium greater than 15% occurred on August 17. On that
day 25 spectra were collected, 6 of them showed helium abundances greater than
15% while 12 had more than 10% helium. The maximum relative abundance was
26%. The velocity (360 km/sec) of the plasma was slower than in most other

helium enhancements. The width of the region was 13 x 10% km.
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This period of enhancement was well isolated. During the 7 months between

thés"event and the March enhancement discussed above approximately‘4,300
!

spectra were collected, only two isolated spectra of which showed relative helium
i
abundances exceeding 15%.

An unsuccessful search has been made to find a flare that could have been

responsible for this event. There is however, other evidence of an interplanetary '

" disturbance associated with this helium enhancement (Robbins et al., 1970).

Bartel's musical diagrams of geomagnetic activity shows a sudden commence-

ment late on August 16th Qnd the Deep River Neutron Monitor cosmic ray indices

~ (see Figure 3) show a vefy small Forbush decrease early on the 16th. These

observations suggest the i)ossibility that these events were due either to a rela-

tively weak solar event oif, perhaps to an event taking place on the far side of

the sun.

Minor enhancements —
Three other minor periods of helium enhancement not associated with major

flares in Hy ére described below. They all seem to be weak enhancements,

_ although this impression may be due to spotty data coverage. One of the events

is probably associated with solar protons from an unidentified flare, while the

two others are not known to be associated with major solar events.

September 27, 1966

A very short lived enﬁancement occurred on September 27, 1966. At 6 hr.
39 min. normal helium abundances were observed. Then 19% helium was

observed at 6 hr. 44 min. and 14% in the next spectrum 42 minutes later. The
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next spectrum, taken 1-1/4 hours later, showed a normal 5% helium. Kane et al.

,(.11968)'report a small proton event on September 25, 1966, but they were not able

\ to identify the flare. The helium enhancement may have been associated with the

event producing the protons.' However, in the absence of enough information to

compute a slowing ratio, this identification is very speculative.

January 11, 1967

A spectrum showing 19% helium was observed at 16 hr. 55 min. Tﬁe pre-
ceding spectrum (13 hr.\ 39 min.) had shown a normal 5% helium. The two
folIowiﬁg spectra showe?c;lzzléss than 10% helium (8% and 6%) but the next spectrum
following after that, (17 hr 37 min.) showed 14% helium. Da;;a colleétion was
then interrupted until 2 days later, when normal hélium abundances were observed
early in the day and the': g;jeat helium enhaﬁcement due to the fl_are of January 11,
1967 (Bame ef al., 1968'5)?1;51:;13' observed to begin later in the day. We do not know

of any major solar events to be associated with this sporatic enhancement of

January' 11.

Januarjirj 7, 15&37

Only two ‘spectra' were observed on Janua-ry 7,1967. The fifst showed 12%
helium -;;vhile the second showed 20% helium. Spectra observed the day before
and the day after sho.wed less than 10% helium. There are no major solar events

known to us that were associated with this enhancement.

C. DISCUSSION
One of the purposes of this study was to establish that the apparent associa~

tion between major solar flares and interplanetary helium enhancements was not
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-due to chance. We have shown that the 43 spectra with He/H = 15% are dis-

tributed among 16 periods, 12 of which are associated with known flares. Of the

remaining 4 periods, one was accompanied by a small Forbush decrease, one
X .

§

may have been associated with solar protons, and two are not associated with

any known disturbance. Thirty-four of the 43 spectra were observed during the

‘12 periods of enhancement associated with flares. The necessity to have

reasonable values for the slowing ratios severely limited the freedom of choice

among major flare candidates that usually plagues attempts at flare

- identifications.

As a further test of;:the statistical sighiticance of the results 'we nete that
there were 4 periods of truly major activity between July 1965 - July 1967. All
of these pemods (March 1966 July 1966, Aug.-Sept. 1966, May 1967) have been
assoc1ated with high hehun; abundances observed either by Vela or by other
probes (Lazarus and Bmsack 1969, Ogilvie et al., 1968).

The data show that there is a real, non—random, and very strong association
between major selar ﬂares and interplanetary helium enhancements. The major
obstacl"e’ to the conclueion that all helium enhancements are produced by solar
flares 1s the well marhed event of August 1965. Although there was evidence of

a weak Forbush decrease at the expected time, there was no other evidence of

major solar activity on this side of the sun.

3. Characteristics of Helium Enhancements and Flares
There are now enough flares associated with helium enhancements so that

some of the general properties of the events can be determined. Before discussing



these general properties however, we briefly describe a model for flare distur-
b;‘ncés with which we will compare our results. This niodel has been gradually
emerging from studies of solar flare material, however, it is not yet fully con-
firmed experiml‘antally or theoretically. As will be seen, the present study pro-
videé strong experimental evidence in favor of the model.

In the model, shown schematically in Figure 4, major solar flares cause the
actual ejection of solar material (piston plasma) into the intérplanetary medium.
This is in contrast to the blast wave model, in which only the disturbance is pro-
pagated. into space. Thé:’a_ifference between the two types of events is analogous
to a bullet vs. a clap of ;l;ﬁnder. The flare accelerated material from the largest
-major ﬂares propagate.s- all the way to the Earth, and is identified' as the plasma
showing high He/H. Theregmn of helium énhancement is shown shaded in Figure
4, In order to propel th';s::olar material to Earth, the flare must deliver enefgy
to the accelérafed plasillf;; over a finite period of time. Observations of the‘ dis~
turbancvcjes indicate thatiitz;‘.l;e time period over whicil the acceleration takes place
is of thé order of 4 x 103 sec. (Hirshberg et al., 1970;>Hundhau4sen et al., 19705),
i.e., an Iorder of magnifﬁde longer than has often been assumed in critiques of
posuﬂét:ed flare theories (Sweet, 1969). As the high velocity flare plasma travels
in space, a shock forms before it in the ambient plasma. Observations (Hirshberg,
1968, Taylor, 1969) indicate that the shock has a very broad front as shown in
Figux_'e 4. Considerable progress has been made in.theoretical calculations of
the propagation of the shock and piston plasma (see for example Hundhausen and

Gentry, 1969, De Young and Hundhausen, 1971, and Dryer, 1971). After the flare,

the sun continues to emit a low density high velocity solar wind for a day or so.
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In this section the observations will be compared to this model with particu-
I;i' at;cehtion to the question of the nature of the causaﬁve flares, the spatial
extent of the plasma piston, a compariso.n of these observations with theories of
disturbance pfo;)agation, and the width of and number of particles in the helium
enhanced region.

In Table II we summarize the observations of 12 solar flare helium enrich-
ments of over 15%. We have omitted the enricﬁment due to the 3B proton flare
of July 7, 1966 (Lazarus and Binsack, 1969) because only 12% helium was ob-
served. In the second ccz)iumn of Table II we give the importance of the flare.
Note that 11 of the 12 ﬂe{lies were classified as "'bright" in Ho while 8 of the 12
were class 3 as far as ar;a of the flare was concerned. A' star indicates that
prompt energetic solar ?i‘otons were observed on satellites follbwing the flare,
as listed by Lin (1970). _i' |

The flafe positions :ére showﬁ in column 3. Eleven of the 12 flares océufred
in the nérthern hemispﬁt:;re, which was much mox;é active than the southern
hemisphere during this:i;eriod. Four helium events we‘re due to eastern flares,
while ei.ght were due t;> western flares. This cannot be considered a statistically
significfant east-west effect because of the small sample size. Although no east-
west effect is expected in the propagation of flare plasma, more data should be
accumulated on this .point. There is, of course, an east-west effect for solar
protqn events and we note that two of the helium enhancements that were not
accompanied by observations of cosmic ray protons were eastt;,rn flares. Thus,

the association of proton flares and solar wind helium flares may be even closer

than indicated in the table.
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An estimate of the spatial extent of the helium enriched region may be made
by noting that the flares occurred as far west as 65° and as far east as 42°. The

plasma body evidently subtends a wide angle, of the order of 130° or more. This

i
\

wide angle is in agreement with the shape derived from a study of sudden com-
mencements of geomagnetic storms (Hirshberg, 1968) and from interplanetary
shocks (Taylor_, 1969). In the estimatés that follow we shall approximate the
shape of the plasma front as 1/4 the area of a s.ph‘ez"e.
<: . -The fourth column of Table II indicates the maximum percentage of helium
seen in each enhancemeﬁf:. The values range from 16% to 31%. The lower cut-
off is, of course, arbitrér"ily set in this study. In five of the events, more than
20% helium was observeci. The average maximum percentage for the events
listed was 20%. !‘ |
Column 5 shows thé ‘:‘otf)served veiocity of the plasma in the spectrum con-
taining the maximum pe:r"centage of helium. The velocities range from a high of
655 km:/sec to a low of358 km/sec, with an averége of 546 km/sec. This is
considérably higher théri the 400 km/sec average veloéity for all of the data
éollecté:d by Vela 3 (ﬁébbins et al., 1970). Since this helium enhanced plasma
is attri:buted to flare piston plasma, the velocity of the plasma should be related
to the velocity of the interplanetary shocks that form in the ambient solar wind
in front of the pistm;. At 1 A.U. the shock and piston plasma velocities are
expected to be almost, but not exactly, equal; the vélocity of the shock being

somewhat greater. Hundhausen (1970) found an average velocity of 500 km/sec

for 27 interplanetary shocks, in excellent agreement with the 546 km/sec plasma
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piston velocity found in the present study. There are three disturbances that

"appear in both studies (3-20-66, 1-11-67, 2-13-67).

The mean transit velocity, < v > of the helium enriched plasma from Sun to
Earth, is given in column 6. Values range from 488 km/sec to 780 km/sec with
an average of 629 km/sec. The transit velocity for the piston should be less than

that for the shock, since the shock stands out in front of the piston. Hundhausen

(1970) found an average transit velocity for shocks of 730 km/sec. From these

numbers, the distance between the shock and the piston is estimated to be of the
order of 20 x 108 km or about 0.14 A.U. This is in excellent agreement with the
0.13 AU expected from the calculations of Hundhausen and Gentry (1969) for
the case in which the flare deposits energy into the solar wind ovér a period of
about 20 hours. The width of the standoff fegion is calculated to be somewhat
less (0.11) for the case for which the solar flare continues to deposit energy
indefinitely. The present reéults cannot be used to make an accurate estimate
the léng‘th of the period during which energy is deposited into the solar wind
since nei’éher the numerical modell nor the determination of the standoff distance
is good enough. However, it is encouraging that the numerical calculations and
the experimental values agree so well.

Fu;'ther agreement between observation and the model is found in the slowing
ratio given in the seventh column. The values range from 0.62 to 1.1. The value
1.1 indicates that the plasma was speeded up on the way to the earth. There is
some evidence that the plasma involved in this case was accelerated by piston

plasma from a later flare (Hirshberg, et al., 1971). The average of the slowing
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ratios for the piston was 0.8. Hundhausen and Gentry (1969) found that the slow-

ing ratio for shocks was expected to be 0.8 and remarkable insensitive to details

_of the shock deceleration. This is because the major deceleration takes place

close to the sun so that the shock is traveling at the slower velocities during most

of its journey from the sun to the earth. The average value of the piston slowing

. ratio is in general agreement with the model of Hundhausen and Gentry. However,

the individual values vary quite markedly. This variation in piston slowing ratios

i not as great as the variation in shock slowing ratios reported by Vernov et al.,

'(1970) who use flare shock identifications that apparently lead to some shock

Slov{ring ratios of the order of 0.4 0.2. The piston slowing ratios shown in Table

b1 suggest that the amount of deceleration of the piston may be increased or de-
‘creased in the region far from the sun, as it meets the inhomogeneities of the

‘solar sector structure and the fast interplanetary streams. The velocity and

density variations that occur in the streams (Neugebauer and Snyder, 1966, .
Wilcox and Ness, 1965) can be expected to be the major cause of the effect. In

addition, if there are a series of flares, the slowing ratio may be affected in the

‘region far from the sun because the flare plasma may be pushed from behind by

another piston from a later flare.

The agreements between theory and observation of piston velocities, slowing
ratios, and the distance between the shock and the piston are all remarkably
good. This can be considered confirmation of the hypothesis that the enriched
plasma bodies mark the pistons produced by the flares, We may also conclude

that the model used by Hundhausen and Gentry is valid, at least in broad outline,
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and probably in some degree of detail. Since the model describes the propagation

' ofh’!plasma having a velocity of the order of 1,000 - 2,000 km/sec at 0.1 A.U., it

can be argued that our results indicate that the velocity of the disturbz;nce was of
that order of ma\lgnitude at that distance.

The last two columns of Table II give information on the width of the helium
enhanced‘band and on the number of particles involved. The widths are only
approximate since they are estimated from

. .W= VAT
where v is the velocity‘;c)f the plasma and AT is the time that it took for the
eﬁhaﬂced regiim to pass:.’_ The velocities remain fairly constant during the passage
of any given enhancemen;. The major uncertaiﬂty in the width arises from two

¢

independent uncertainﬁe$ in the determination of AT. First, an arbitrary decision

He

must be made as to the l'le\'rel of i

that should be considered to signal the end of
the enhancement. Figu;r"e 2 shows that the most common vaiue of % is between 2
and 4%:. Howeyer, the.: :};elium ratios are not raﬁdomly distributed in‘time even
when \there are no ﬂaréé, so that we cannot estimate AT by waiting until the helium
ratio rféaches 49,. Fuﬁhermore, we cannot estimate the time by finding when the
plasmé returns to its preflare value because changes in the level of %e_ are too
frequent even in the absence of flares. We have arbitrarily chosen to say that the
enhancement has passéd when the relative abundance fails below 10% helium for

a few consecutive spectra. Since only 2% of the spectra collected by Vela showed

more than 10% helium, this criterion leads to a very conservative estimate of the

width of the enhancement. The second problem in determining AT is due to data
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gaps. Sometimes the helium appears in the first spectrum after a data gap. In
‘other events an enhancement is present in the last spectrum before a gap, but

has faded away by the time data acquisition is resumed. We have again chosen
\

)

the conservative route, omitting the data gaps and counting AT from the time
when the enhancement is first observed to the time of the last observation. Since
'both these decisions minimize AT, the true widths will tend to be larger than
thoee shown in the table. 4 .

The widths range from 0.8 x 1o6 km to 32 x 105 km (5 x 10~3 A.U. to0 0.2 A.U.).
Smce the range is so large and the number of events so small the average value
9 x 106 km or .06 A.U.)'is not expected to have much physical meaning. The
largest width was found for the case of the flare of Sept. 17, 1966 when the data
coverage was good. Thelfe Were no long data gaps during the enhancement, or
at its begmnmg, or end. AAfter the enhancement, the %@_ ratio returned to the
levels that were present before There were no other flares or enhancements
near thi.s time. For thes”e' reasons, this width, although large, seems to be
determined quite accurately On the other hand the w1dth from the flare of Feb.
13, 1967 was also accurately determined and was only 1 x 108 km.

The average -II% in the enhanced band was 15%, but this number has little
meaning because of the criteria used in determining the width.

The number of harticles in the helium enhanced region is estimated from

N = pwA , |
where w is the width, p the density and A the cross-sectional area. For A, we

2

use 1/4 the area of a sphere of radius 1 A.U. (7.1 x 1026 cm ). This will permit
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djrect pomparison with previous studies of tile large scale chaifacteﬁstics of
'di‘;'stui'bances associated with flares (Hundh;msen et al., 1970a). This area is also
quite close to half fhe area of a sphere of radius 0.6 A.U. (area 5.2 x 1026) which
approximates' th:a shock front derived from the sizes of sudden commencéments
c;f geomagnetic storms (Hirshberg, 1968) and shown"in Figure 4. Using this value
039

for A, the estimated number of particles ranges from 0.3x 1 particles to

15 x 1052

particles. The largest value is foﬁnd for the southern hemisphere flare
of Jan. 11, 1967.. The average is about 4 x 103.9 particles. Hundhausen et al.,
(197021) ‘estimated thé totzail number of particles in the stronger jnterplanetary
blasts to be about 6 tir-xle;g this figure. The average mass in the ﬁelium enhanced
band is tfle or.der of 1 x 1016 grams, or about 1/4 the mass in the entire inter- |

planetary blast. Becaus"_e_{Of the many uncertainties involved in the estimates of

number of particles, they should be considered as approximations.

4, Discussionl

. Th(f; obse}'f/ations 6:f;§enhanced heiium abﬁndancés in plasma pistons has been
'interprjeted as indicatiﬁé that the corona is not mixed well enouéh to pre’vént the
app_earaince of regionsl relatively rich in helium (Hiréhberg et al,, 1970), however
the relétionship between the helium observed at 1 AU and the relative heliu@
abundance in thé souvrce regic;n from which the plasma arose ig nc;t yet well under-
stood. As far as the corona is concerned, recent theoretical work indicates that
Aheliu'm is probably not distributed uniformly in the solar corona. Even in the

earliest treatments of the problem (Brandt, 1966), it was recognized that the
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percentage of helium in the solar wind would not be the same as in the.corona,
-gince helium is more difficult to raise intb the wind than hydrogen due tb the
larger mass and smaller charge-to-mass ratio of the helium. The disltribution
of helium in solar corona and the relation to solar wmd abundance have been
discussed in several recent theoretical plapers. The physical models vary from
study to study; but the basic apf)roach is to consider the coﬁsequences of diffu-
sion in an atmosphere flowing away from the sun és a éolar wmd The diffusion
can be due to thermal or pressure gradients, electric fields and/or gx;avitation.
In order to make thé equations tractable, the sun is considered- to be spherically
symmetric and the eff-ects of solar magnetic fields are omitted. Diffusion due

to concentration gradients is neglected. Differeﬁt t'ypes bf diffusion would dbmi-
nate in the varioﬁs regions of the solar atmosphere. Thermal gradients will be
most_important_in the transition regioﬁ just above' the chromosphere, while gré.vi—
tation ;cmdl elepfrical effects wili dominate in the outer éorong. Thé photospheric
abundance of heliun; may be considered a boundary condition of the problem, but
itlmfortunately that abundance is uﬁknown. The chromospheric abundance is also
uncertain, but is probably of the order of 10% or so. A large amount of mixing
probably t;akes place between the photosphere and the chromosphere. Higher in
the chromosphere and in the lower corona, diffusion in the huge thermal gradients
in the transition region will tend to cause a felative helium enhancement (Jokippi,
1966, Delache, 1967, Nakada, 1969) since heavier elements migrate toward high
temperatures. If there were no mixing between the corona and éhromOSphere,

Nakada's study indicates that the lower corona might even become a predominantly

helium atmosphere.
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Above tl;é traﬁsition region, thermél gradieﬁts become less important than

."; the éré.vitation, electric and pressure terms in the diffusion equation. In this
region of the corona itself we must distingu‘ish two subregions; a lower‘ region
where the cqfona tends to be somewhat like an isothermal corona (the polytrope
index o < 4/3), and an upper region in which the solar wind is more nearly |

* adiabatic @ > 4/ 3) (Geiss et al., 1970). In the lower region (below a few solar
radii perhaps), the velocities of the helium and hydrogen components need ﬁot |
be equal. The ‘larger mass and s_malier charge-to-mass ratio of the helium re-
sults in' lbwe; v.elocities; f_or thé alphas than for the protons. This results in an _
altitude dependen.t relati;/'é abundance (Nakada, 19'}0, Yeh, 1970, Alloucherie,
1970, Geiss et al., 1970)}. In contrast.with otﬁer wofkers, Alloucherie finds an
increase in relative abu?éigpce With height. ﬁowever, since the bottom of this
region is probably already enhanced in helium relative to the photosphere, these
results lead fo’ an uncor;lfortably large percentage of helium in the lower corona. .
This is 'espec.ially true,'fs..since Nakada's work shows fhat the drag of too much
helium ;cends to inhibit tizle solar wind itself. It is more likely fhat the relative
abundat'ice of helium ciecreasés with altitudeAas found in the models of N;qkada
(1970),.4Yeh (1970), and Geiss et al., (1970). In the upper region (Geiss et al.,
1970) where a > 4/3 (compared to the fully adiabatic case a = 5/3), the velocities
of the helium and hydrogen are constrained by dynamicai friction to become equal,

and no further change in relative abundance is expected during the expansion of

the solar wind.
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It should be emphasized that these results apply only to a statienary spheri-
cally expanding corona and care must be exercised in applying the results to non-
stationary probtems.

Two salient"' facts emerge from the theoretical discussions reviewed above.
Tlie first is that normal solar wind processes, which produce the observed

equality of velocity between helium and hydrogen, also produce a solar wind with

" a lower percentage of helium then present in the regions from which the wind

arose; and seeond, that diffusion in the solar atmosphere is easily capable of
producing'helium enhaneements to relative abundances much greater than those
observed in interplanetary Space.

In this discussion wei'have neglected the effect of diffusion in the temperature,
magnetic field.and densit_}? gradients that exist in the neighborhood of ‘solar active
regions. However, the same process‘es that produce a tendency toward elemental
separation 1n the corona as a whole, will act to produce separation in the neighbor-
hood of active regions. |

| Sunimarizing then_,:ifn the absence of sufficiently strong mixing mechanisms,
diffusion in the solar atmosphere will produce a separation of elements, both on
the scaie of the atmosphere as a whole and in the neighborhood of active regions.
The interplanetary medium, produced from various regions of the atmosphere,

samples diverse parts of it. The relationship between the relative abundance of

the sample and its source depends on the method used to accelerate the sample,

In order to determine what region of the solar atmosphere is sampled by the
piston plasmas, we wish to discuss, in a qualitative way, a model that may produce

the observed piston plasma.
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We start by rejecting as unlikely the notion that the plasma piston is simply

~ enhanced solar wind emitted from a large region of hot corona. There are many

difficulties with this concept. First, the corona is so tenuous that in order to
\

find 4enough particles (4 x 1039) at several R, the area of the emitting region
must be of the order of the area of the visible' side of the sun. For example,

above 2 R@ in the corona, there are only of the order of 104‘0 particles all to-

¥ gether. Such a broad solé.r source is very difficult to reconcile with the observed

shabe of shocks that form in front of the piston (De Youné and Hundhausen, 1971).
A second difficulty with ;ci1e cbncept of the plasma piston as an enhanced solar
wind is that our observa%ci‘on.s imply a velocity bf about 1,000 km/sec or more at
0.1 A.U. This is considé;ably faster than the maximum velocity possible (800
km/sec) according to th:ei:o!ne fluid model of soiar wind production (Parker, 1963).
Even if more sophistica;;;ci: models céuld produce such velocities, which is doubt;

6 °K over the

ful, it would sﬁ.11 be reqfﬁ'ired that the corona be heated up to 4 x 10
entire e;mitting reg‘ion.i:;\ third difficulty and pefhaps the most important
objection to this 'model 1s that since normal solar wind>processes ten(i to leave
helium jbehind, a pistoﬁ. He/H=15% implies unreasonably high values for the
relative: helium abundance in the emitting region.

The concépt of a localized source of the flare plasma, leads to fewer con-
ceptual difficulties. lIn these models, the piston plasma would arise from a region
of ’a size somewhat comparable to the flare itself and be ejected, as a body, into

the solar wind. It is interesting to ask from what level of the solar atmosphere

the material in the plasma comes. If it comes from an area as small as that of
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.optical flares (3 x 1019 cmz) then the density at the soufce must be of the order
" of 1018 particles em~3, Thus a chromospheric 6rigin is demanded. The material
woz_zid have to be heated up, the helium and hydrogen completely ionizeé, and
then the material ejected. Because of the high temperature needed for complete
ionization, the material cannot come from the same time and place as the H,
emission. A source higher in the corona and of larger size should also be con-
sidered. |

The hy;;otheéis that the plasma piston fs associated with the sourcé of the
4 Typé II radio emiséion is very attractive. The Typé I émission_is believed by
most‘ v‘vorkers to be due to highi energy electrons interaéting with a flare-produced
shoék propagating through the corona (Wild et al., 1963). We wish to check if the
identifi cation of the plasma pistoﬁ as tﬁe cau'se of the shock leads to reasonable
vaiﬁes for the initial height in the cor'ona,»volﬁme,' and partic'le. density of the
‘piston plasma. Although the initial height of the source of the Type II emisgion
‘is uncertain (Kuckes and_Sudan, 1971) it is commonly estimated to be 0.2 - 0.3
Rp above the photosphere (Kundu, 1965,'Kuckes and Sudan, 1971). The typical
size of the Type II radio source is of the order of 6' of arc (2.5 x 1010 ém). The
size of the Type II region can be used to estimate the initial volume of the piston.
The resulting volume (1.5 x 1031 cm3) leads to an estimate of about 2.5 x 108
particles/ce for the initial piston particle density. USing the coronal density
model of van de Huist (Billings, 1966) and multiplying by a factor of 2 to 10 to
account for the condensations that occur over active regions (Newkirk, 1967), we

find that the proper coronal densities occur at levels below about 0.5 Rg or so,
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depending on the étrength of the condensation. This is in good agreement with

' the level of the source of the Type I bursts. On this basis, the helium enriched

plagﬁa is tentatively identified as the piston that drives the shock éauéing the
Type II radiation, and it is éstims;lted that ‘the. height of origin is very r.oughly
0.3 R, above the photosphére, i.e., well down into the region in which a general
cqronal'increase of the rélative abundance of helium is ‘expected on the basis of
theory.

Returning to the observations of fhe post-flare solar wind, the data show
that a stream'of hi-gh velocity solai‘ wind is emitteci for a day after the initial
eject.ion. of the plasma pistori (Hundhausen et al., 1970a). This new l;)ng-temh
wind is not helium enriched and the pfocess ﬁroducing it is probably very

different from the processes producing the initial part of the piston. The new

“wind may also sample a different level of the corona from either the initial

piston or the normal solar wind.
With the preceding discussion in mind, the following model for production of

helium enriched pistons is suggested for further study. The plasma either in the

"neighborhood of the H, flare, or in the lower corona, is heated by the flare. The

relative helium abundance may be enhanced either by local concentrations in the
active region, or by widespfead coronal aiffusion mechanisms. The plasma blob
is accelerated upward; the plasma is -confined within the hot region by magnetic
fields, so the helium does not leak out, and is not left behind. A shock, producing
Type II radio emission, forms in front of the rising plasma. The blob is acceler-

~

ated into interplanetary space, still expanding. Meanwhile, the corona in a very
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broad area 'a.bove:a the flare has been heated and beginé to emit the new high-
v;locity solar .wind, containing a normal percentage of helium. This new wind
can help propel the helium 4enriched piston ﬁlasma through space.

In summarg}, before obéei'vations of the péfcentaéé of helium in the piston
plasma can be compared quantitatively with theory, mathematical models dealing
with the efféct of postulated plasma acceleration mechanisms on the helium

" abundance in the pisfon must be developed. Although the flare pistons described

" in this paper showed He/H = 15%, this must be considered a rough estimate of
the heliﬁm abundance of :tile source regioﬁs. _It can be‘ expected, however, fhat

'- further obsérvations of ﬂare piston plaémas will be important in tesﬁng postu-

lated solar flare accelér;;tion models and in determining the relative abundance

of helium at various posiﬁons in the solar corona, and, in time perhaps, the

(RO
et

relative helium abundané%: .(:)f the sun itself.
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Figure Captions

- 11(. . . M
Figure 1. - An illustration of the variability of the relative helium abundance in

the \interplanetary plasma. The top spectrum indi‘cates less than 1%
{

heliﬁm, while the lower spectrum shows a solar wind containing 22%
helium. The shift of the spectrum to the right is due to an increase |

in velocity (from Hirshberg et al., 1971).

He

H Note that in the Vela data (solid

| Figure 2. - The. distributien of solar wind
; | ‘ '» line) only-48_ of more_thae 10,300 spectra showed more than 15%
helium. The iHEOS data (shaded bars) indicates a larger percentage
o" - of helium enl}fanced spectra dufiné the period of greater solar
activity, leaidijhg to an increase in the average helium abundance.
However, there is no shift in the position of the modal vaiue, suggest-
: 'ing'vthat the:;. qu1et regions of the Sun emit the same '.g_f’_’ no matter
‘what the steée of the solar cycle. Ve_lé. data from Robbins et al.,

Mdia R S gey M BLPUTT ayie 4T WL TET W

e e

1970, HEOS data from Formisano et al., 1970.
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Figure, 3. - Neutron monitor data covering the period of August 17, 1965, when
a major helium enhancement was observed in the absence of solar
flares. The helium enhanced period (shown as a shaded block)

follows a small Forbush decrease.
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.Figure 4. ~ Schematic representation of a flare disturbance propagating in the

¢

solar wind. The position of the earth is shown as for a central

meridian flare. The sizes and shapes of the various regions are
i
1

taken from theory or experiment whenever possible. The shape of
the shock is derived from geomagnetic data (Hirshberg,.1968). The
asymmetry of the shock is due to an asymmetry present in thé data
from which it was derived. The distance between the shock and
piston is from theory (Hundhausen anld -Gentry, 1969), confirmed by
;he present%tudy. The width of the helium region is froﬁ the present

study. Effeét’s of solar rotation have been omitted.
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Table 1

Major Flares, March 1966

Position of Flare

N22 E66 |
N22 E35
N21 E18
N20 W10
N18 W37

N14 W54

Date of Helium

Slowing Ratio

Enhancement

03-23

03-26

03-28

1.08
or
0.70

- 0.70

1.01
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" - FIGURE CAPTIONS |
. Figuifg 1. Variation of relative helium abundance.
Figure 2. Comparison of helium abundance distributions.
| : _ . :
Figure 3. Enhanced helium event of August 1965.
Figure 4. Solar flare disturbance. ’
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SHOCK WAVES IN THE SOLAR SYSTEM
John R. Spreiter
Department of Applied Mechanics

Stanford University, Stanford, Calif. 94035

ABSTRACT

Data acquired in space in recent years and the associated intensive efforts
to understand their meaning have led to a 'virtual revolution in our concept of
interplanetary space and of the role of gasdynamic processes including shock
waves and electromagnetic forces in the transfer of solar material and energy
to the Earth and elsewhere throughout the Solar System. This paper provides a
review of the salient features of these phenomena as they are revealed by direct
observation and theory.

Gasdynamic processes are now known to be essential for the maintenance of
the quasi'—stationary 2 x 108 °K temperature of an extended solar corona and the
consequential development of an extremely tenuous solar wind that flows away
from the Sun at all times at 300 to 800 km/sec throughout our part of the Solar
System. In spite of the spherical appearance of the Sun, the solar wind flow is
highly structured on a wide range of scales from large semipermanent rotating
sectors, usually two or four in the plane of the ecliptic, to fluctuations, possibly
of a magnetohydrodynamic turbulence nature, extending to the smallest scale to
which measurements have been made. The sectors are characterized predomi-
nantly by outward or inward magnetic polarity and a spatial variation of gasdy-

namic properties that is remindful qualitatively of that observed at great distances
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from a supersonic projectile or aircraft. Although the solar wind flow is directed
nearly radially outward from the Sun, the sector boundaries rotate with the Sun in
an approximately rigid body motion. The overtaking of slower parts of the solar
wind by the faster plasma flow behind the sector boundaries leads to nearly dis-
continuous changes in flow properties that may be usefully approximated by
magnetohydrodynamic tangential discontinuities, contact surfaces, and shock waves.
Their arrival at Earth and periodic return with each solar rotation account, in ways
not fully comprehended in detail, for many 27-day periodicities in geophysical ob-
servations of the upper atmosphere and geomagnetic field.

This sgpersonic plasma flow past I%arth leads to containment of the geomagnetic
field within a limited region of space, the magnetosphere, and to formation of a bow
shock wave that resembles, in many ways, the bow wave that precedes a blunt-nosed
object in hypersonic flight in the atmosphere. Recent investigations have revealed
that Venus and Mars possess similar bow waves, although neither has a significant
magnetic field and the solar wind interaction is with the ionosphere rather than the
planetary magnetic field_. The Moon, without significant field or atmosp-here, pro-
vides still another type of interaction in which the solar wind plasma flows directly
into the sunward hemisphere, where it is absorbed on contact without the develop-
ment of a bow wave. Related interactions are presumed to occur for other major
objects in the Solar System, but knowledge of them is more speculative since direct
observations have not yet been made, and the surprises encountered in learning of

the true nature of the interactions of the solar wind with Earth, Mars, Venus, and

the Moon are sufficient to provide a sobering influence on our predictive abilities.



Equally important to these quasi-stationary features are the transient effects
resulting from solar flares, gigantic outbursts in the lower atmosphere, the
photosphere, of the Sun that release as much as 1032 ergs of energy during about a
1000 sec interval. This is a truly spectacular energy release by any terrestrial
standard, being comparable to about 108 times the estimated energy of the Krakatoa
explosion or of a 100 megaton hydrogen bomb; although it is, of course, dwarfed
completely by the energy released by nova, supernova, quasars, and other astro-
nomical phenomena involving the entire star. These eruptions on the Sun send out
blast waves that travel both across the face of the Sun and out into the outwardly
flowing solar wind of interplanetary space. Their arrival at Earth sets off a whole
complex of related geophysical events including geomagnetic storms, polar aurora,
ionospheric disturbances, and a whole host of more subtly related phenomena
extending possibly all the way into the biological realm.

It is the purpose of this paper to provide a broad summary of these phenomena
with particular attention to the role of shock waves, and with emphasis more on the
nature and interrelation between the various phenomena as they are now understood

than on precise details of specific theoretical models currently in vogue.

INTRODUCTION
In 1955, Gold [1] made the startling proposal that a collisionless shock wave
must travel from the Sun to the Earth to account for the sudden commencement of
a geomagnetic storm. Although the satellite era had not commenced at that time,
it is nevertheless remarkable that such a proposal had not been made previously,

as observations that could have been cited to support Athe idea had been accumulating
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for nearly a century. Indeed, the circumstances surrounding the first observation
provide at once a suitable introduction to this discussion and a fascinating story
in the development of understanding of the diverse phenomena now studied collec-
tively under the heading Solar-Terrestrial Relations.

On September 1, 1859, at about 11h18m G, M.T., the famous English solar
astronomer, Carrington, was observing a large spot on the Sun. Upon seeing, for
the first and only time in his career, an outburst of bright light within a large
sunspot group, he noted the time and hastened to call someone to witness the event
with him. Upon returning within 60 seconds, he wrote that he was mortified to find
that it was already much changed and enfeebled. By 11h23m, all trace of the event
was gone, aﬁd he could detect no change in the appearance of the Sun from that he
had sketched just before the event took place.

At the same time, all three components of the Earth's magnetic field being re-
corded photographically at Kew Observatory became abruptly disturbed [2]. (See
the traces of the magnetic records in Fig. 1.) About 18 hours later, a great geo- Fig. 1
magnetic storm commenced abruptly that surpassed in intensity and duration all
prgvious observations. For several days, aur_oral displays of al‘most unprecedented
magnificance were observed widely throughout the globe. In not a few instances,
telegraph communication was interrupted, because of the current produced in the
wires; and in some cases this proved so powerful that the batteries were discon-
nected and the wires simply connected with the Earth. We would now regard the
geomagnetic disturbance on September 1 as due to the fleeting enhancement of

ultraviolet light and X-rays; and the great storm beginning about 18 hours later

as the effect of arrival of an interplanetary shock wave followed by the solar

matter ejected from the Sun by Carrington's flare.



THE ROLE OF SHOCK WAVES IN CORONAL HEATING AND THE
ESTABLISHMENT OF THE STEADY-STATE SOLAR WIND

It is now well established that shock waves play an important role in not only
dramatic transient events, such as that observed by Carrington, but also in the
maintenance of the normal steady-state characteristics of the interplanetary medi-
um. We may begin our discussion of the latter by examining the photograph of the
solar corona shown in Fig. 2. taken from a high-flying jet aircraft at the time of Fig. 2
the solar eclipse of May 30, 1965. From our point of view, the most significant
thing about the corona, or extended upper atmosphere of the Sun, is its high tem-~
perature of the order of 2 x 106 °K throughout a region many times the size of the
Sun. To provide a detailed understanding of how such an elevated temperature is
maintained in the corona exposed on the lower side to the 5800° K of the photosphere,
or visible surface of the Sun, and to the cold vastness of space on the other side has
been an important objective in solar physics ever since Lyot, Edlén, and others per-
ceived the high coronal temperatures about 30 years ago.

Copsideration of the temperature profile through the Sun and the corona,
illustrated schematically in Fig. 3, shows, however, that it is not so much the high | Fig. 3
temperature of the corona that is anomalous as it is the comparatively low temper-
ature of the photosphere. To ﬁnderstand this, let us recall that the energy created
by nuclear fusion in the deep interior is transmitted outward through most of the
Sun by radiative transfer. Near the photosphere, however, the density drops to such
a level that the outgoing radiation escapes freely into space, and the temperature
drops precipitously toward the relatively low value of about 5800° K required to

radiate away 4 x 1033 ergs/sec from the surface of a sphere 7 x 1010 ¢m in radius
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(i.e., an energy flux rate of about 6 x 1010 ergs/cm2 sec). After reaching a mini-
mum temperature that may be as low as 4500° K, the temperature climbs rapidly
in the chromosphere and reaches 106 °K at an altitude of about 3000 km above the
photosphere, an average rise of about 1° K every 3 meters! It then continues to
increase at a slower rate to a broad maximum of about 2 x 108 °K in the overlying
corona. Because the atmosphere behaves much like a perfect gas in hydrostatic
equilibrium in this region, the density displays a corresponding precipitous drop
through the chromosphere followed by a much slower rate of decline in the hot
corona.

Although serious consideration was at first given to the possibility that the
corona was heated by the gravitational energy released by accretion of interstellar
matter, it was soon concluded (see Kﬁperus [3] for a review) that the only process
that can be taken seriously is the dissipation of mechanical energy rising from the
lqwer layers of the Sun. While radiative transfer through a motionless gas is
thought to be the dominant energy transfer process throughout most of the interior
of the Sun, the results of calculations with such a representation indicate thg
temperature gradient to be steeper than the adiabatic gradient o‘ver a region extend-
ing downward from the photosphere for more than 1010 em. The region is thus
unstable to convective overturning; and the resulting motions assist in the energy
transport and in the establishment of a temperature gradient intermediate between
the adiabatic gradient and the radiative transfer solution. Although nearly all the

energy flux of the Sun is radiated away from the photosphere, the gases there have

been set into violent motion with vertical velocities of the order of 1 km/sec, and
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horizontal velocities at least an order of magnitude larger, as illustrated in
Fig. 4. Within cellular regions bounded by concentrated magnetic fields, marked Fig. 4
by upsurging spicules, and covering the entire surface of the Sun, except possibly
where inhibited by the even stronger magnetic fields of sunspots, these oscilla-
tions generate many classes of wave motion, including sound, gravity, and mag-
netohydrodynamic waves, and their combined counterparts that may occur in an
ionized gas in a gravitational field. Of these, it has been concluded from an
examination of their generation and transmission properties [3] that ordinary
sound waves provide the dominant contribution to the flux of mechanical energy
from the photosphere to the corona. Although many details remain to be clarified,
“there can be no doubt that these waves amplify and steepen into trains of shock
waves as they propagate outward into regions of diminishing density, and that
dissipation of these shocks provides the energy source to heat the corona. The
level at which the major deposition of this mechanicall energy occurs is controlled,
moreover, by the strong (T5/ 2) dependence on temperature of both the viscosity
and thermal conductivity of an ionized gas. Since the energy thus passed upward
into the corona ‘exceeds that which the corona can release by radiation or by con-
duction back down to the chromosphere and photosphere, energy continues to flow
outward into space from the corona. Although outward heat conduction may be
dominant in theAmiddle part of the corona, convection soon takes over and leads
ultimately to the solar wind that flows past the orbit of Earth. Its properties are
quite variable in time and space, but speeds between 300 and 800 km/sec and

densities between 1 and 50 or more protons/cm3, and an equal number of electrons

to insure charge neutrality, are representative.
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Theoretical studies of the heating of the solar corona and the development of
the solar wind are customarily based on the assumptions that (a) the medium

involved is a perfect monatomic gas with equation of state

p=2%‘-=2nkT 1)

where p, p, n, and T are the pressure, density, ion number density, and tempera-
ture, u is the hmean molecular mass in atomic units (i.e., 4 = 1/2 for fully
ionized hydrogen), R = 8.31 x 107 ergs/gm °K is the universal gas constant,
and k = 1.38 x 10716 ergs/°K is Boltzmann's constant; (b) all large-scale
motions are steady and spherically symmetric; and (c) the effects of small-scale
and transient motions associated with the formation and dissipation of shock
waves can be approximated in the analysis of large-scale motions by a heat

addition term qyj, in the energy equation

1 8| o (2 GMa)| _ 1 8 (p oT
ﬁa‘-l:rpv<—2—+h— r _qh_qr'rZar(r"ar) (2)

where h = 5 RT = 5 _kT/m is the specific enthalpy for a monatomic gas with
specific heat ratioy = 5/3, m = 1.67 x 10-24 gm is the mass.of a proton,

G =6.67 x 1078 cm3gm seczl is the gravitational constant, M@ = 2 x1033 gm
is the mass of the Sun, r is the heliocentric radius, a4y is the heating per gram

by mechanical processes of shock dissipation, and q, is the loss of energy by

radiation. The coefficient of thermal conduction k is usually taken to be given by

K=6x 10" x /2 ergs/cm2 sec °K (3)
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as derived for a fully ionized gas by Chapman [4], although the presence of a
magnetic field such as exists in the solar wind vastly reduces the thermal con-
duction perpendicular to the direction of the magnetic field. Numerous processes
contribute to the radiative ’losses of a unit volume of optically thin coronal matter,
but the total radiative losses have been estimated by Orral and Zirker [5] to be

given by

q, = 1.76 x 10723 2 erg/cmSsec (4)

Considerable uncertainty in the value of the coefficient exists, however, because
of insufficient knowledge of relative abundances and oscillator strengths. The
heating qj," due to dissipation of a train of shock waves is proportional to the
increase in enthalpy during a shock and expansion cycle. For weak shock waves,

Kopp [6] has shown that q} may be approximated by

_ 5 pRT

q = 55 M - 1)° (5)

in which P is the period of the shocks, and Mg is the shock Mach number, which
depends in a complicate.d way on the temperature énd Mach numiber of the éverage
flow and the heliocentric distance. It is apparent that several aspects of the
theory may be refined, but the solution of these equations together with the

equations of continuity and motion

GM
e] 2. _ av _ _ (O]
5;:(pvr)—0,v8r——par 5 6)
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for steady radially symmetric flow provides the most comprehensive basis for
theoretical analysis of the heating of the solar corona and development of the
solar wind that is now available.

Fig. 5 shows results of a calculation of Kopp [6] for the temperature and Fig. 5
various components of the energy flux as a function of distance from the Sun for
a special case. The shock-wave period is taken to be 300 sec, and plausible
values are used for the boundary conditions at the Sun, Earth, and infinity.
Although the precise values depend on the choice of these parameters, and on
the approximations used in evaluating various components of the energy equation,
particularly a (see Kuperus [3] for a discussion), the general trends displayed
here are representative, and the differences are not important for the present
discussion. In this plot, the convective part of the energy flux is presented in
terms of the three components, kinetic, thermal, and gravitational, indicated by
the three terms on the left side of Eq. (2). Positive conductive flux represents
the contribution of -r2x8T/ or, and mechanical flux represents the contribution
of the shock-wave train. Since the shock-heating model described above and used
by Kopp with only minor modifications is not considered adequate in the chromo-
sphere and the immediately overlying transition region extending upwards for
about 10,000 km from the photosphere, the results for those regions are indicated
by dashed lines. (An improved fluid theory of chromospheric heating by dissipa-
tion of fast magnetohydrodynamic shock waves has been given recently by Mackle
[7).) The dotted line represents Kopp's estimate of more realistic values for the

temperature,
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In Kopp's classification, region I is the chromosphere in which mechanical
heating is balanced by radiation, and heat conduction is unimportant because of
the small temperature gradient. Region II is the lowermost part of the transi-
tion region between the chromosphere and the corona in which the'temperature
starts to rise suddenly, and thermal conduction competes with radiation. In
region III, which is also part of the transition, thermal conduction becomes more
important than radiation. The conductive flux is almost constant, and hence
largely determines the temperature profilev. In region IV, the temperature
increases to the coronal maximum of about 2 x 108 °K. Mechanical heating is
very important in this region. Heat conduction drops to zero at the upper
boundary, and then reverses its direction from inward to outward in higher
regions. Since the kinetic energy flux is insignificant in regions I through IV,
these layers may be considered to be in hydrostatic equilibrium. Hydrodynamic
expansion becomes important at about the lower boun&ary of region VI as the
kinetic energy flux becomes noticeable, and the mechanical energy flux in the
shock-wave trains becomes exhausted. Above this level, neither meghanical
heating nor radiative losses play an important role in the energy budget. The
temperature structure in region VI is thus determined by the interplay of thermal
conduction and hydrodynamic expansion in a central gravity field. Far from the
Sun, heat conduction probably becomes negligible and the remaining energy is
-conveyed outward primarily by adiabati¢ expansion of the solar corona.
The expanding solar plasma accelerates rapidly in region VI and surpasses
the speed of sound a = (yp/p)l/2 = ('yRT//J.)l/Z within a few solar radii of the

Sun at the level where the ratio of kinetic energy flux to thermal energy flux is
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(1/3)1/2 = 0.58. It continues to accelerate to supersonic speeds as it passes

farther from the Sun to form the solar wind. Representative values for the

properties of the solar wind near the Earth are summarized in Fig. 6 with their Fig. 6
theoretical variation with distance r from the Sun expressed in AU. All these

quantities display subst'antial variations with time and location. The chemical

composition is principally fully ionized hydrogen with a small mixture, usually

about 4 percent., but sometimes more than 20 percent, of helium nuclei. The ex-

panding coronal plasma, being effectively a perfect electrical conductor, carries

with it the relatively weak solar magnetic field, stretching the lines of force out-

ward through the solar system and enhancing the magnetic field there while

generally maintaining direct connection to the Sun. Because of the rotation of

the Sun, the magnetic lines of force spiral in the plane of the ecliptic making, on

the average, an angle of about 45° with the direction from the Sun to the orbit

of Earth.

It is generally presumed that the region of supersonic solar-wind flow termi-
nates with a shock wave at some location between 50 and 100 AU, and that the
flow beyond is subsonic. Ultimately, at great distances from the Sun, the solar
wind must interact in some way with the interstellar gas, usually estimated to
have properties similar to those listed in Fig. 6. Fluid considerations suggest
the development of an interface, the heliopause, separating the solar and inter-
stellar plasmas, and also a bow wave if this interstellar flow is supersonic. So
little is known about the nature of the interaction and the properties of the gases
involved, however, that even the existence of the terminal shock wave and

heliopause must be regarded as hypothetical.
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Returning our attention to conditions near the orbit of Earth, geophysical
measurements including magnetic fluctuations, auroral, and ionospheric dis-
turbances have long been known to display a recurrence pattern associated with
the 27-day rotation period of the lower latitude regions of the Sun. These were
used more than 40 years ago by Chapman [8] to infer the existence of long-lived
jets of plasma emitted from limited regions of the solar surface; but satellite
observations have shown that they are, in fact, the result of a rotating sector
structure within the solar wind. Principal 'properties of this sector structure
revealed by the data from IMP 1 satellite for the winter of 1963-64 are sum-
marized in Fig. 7. The sketch on the left indicates schematically the boundaries
of the four sectors and the predominant direction of the interplanetary magnetic
field in each by plus (away from the Sun) and minus (toward the Sun) signs.
Although the sector is defined in terms of the direction of the interplanetary
field, Wilcox and Ness [9,10] have shown that it is a éoherent entity with an
organized semipermanent internal structure. The evidence is summarized on
Fig. 7 in the form of superposed epoch plots of the velocity, density, and mag-
netic intensity as a function of position within the three larger 8-day sectors
shown on the left. The abscissa represents azimuthal position within a sector
with day 0 designating the day on which a sector boundary sweeps past the Earth.
The remaining plot shows the corresponding results for the fluctuations of the
geomagnetic field, as indicated by the 24-hour sum of Kp (an index running from
0 to 72 with increasing activity). The velocity, magnetic field intensity, and

geomagnetic activity index all display roughly the same type of variation within a

Fig. 7
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sector, with the maximum occurring one or two days after the passage of the
sector boundary followed by a more or less monotonic decline throughout the
remainder of the sector. The density variation is substantially different, how-
ever, with the maximum values occurring approximately coincidentally with the
sector boundaries, and the minimum values occurring in the central parts of the
sector, Continuing observation of the solar wind has revealed that a sector
structure has continued to persist in the years since its discovery in the IMP I
data, but that the number of sectors is sometimes two rather than four as illus-

trated here.

SHOCK WAVES IN SOLAR WIND FLOW PAST PLANETS AND THE MOON

The concept of a supersonic solar wind flowing outward from the Sun leads
immediately to questions of how it flows around and interacts with the Earth,
Moon, and planets. These matters have been investigated extensively, both
theoretically and observationally, in recent years. The general behavior may be
said to be quite well understood, although many details, particularly of transient
effects, need to be clarified.

As recognized more than 40 years ago by Chapman and Ferraro [11], the
solar plasma, with virtually infinite electrical conductivity, is held away from the
Earth by the geomagnetic field. The shielded region, the magnetosphere, extends
about 10 Earth radii in the sunward direction, and acts as an obstacle in the super-
sonic flow of the solar wind, as illustrated in Fig. 8. Although not conceived in Fig. 8
the earlier work, a bow wave is now known to stand a few Earth radii upstream

of the magnetosphere. In contrast to the early works, which were based on
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particle trajectory concepts, nearly all modern analyses of large-scale features
of the interaction are based on the assumption that the average bulk properties
of the flow can be described adequately by the continuum equations of magneto-
hydrodynamics of a perfect gas having infinite electrical conductivity, and zero
viscosity and thermal conductivity. That this should be so is not at all obvious,
since the mean free path of the particles, based on Coulomb interactions, is of
the order of half the distance between the Sun and Earth. Indeed, theoretical
justification is essentially qualitative at the present time, and usually consists
of referring to randomizing and istropizing effects of small-scale irregularities,
perhaps a form of turbulence, that are always in the solar wind. Details of these
processes are seldom discussed in depth, and it is fair to state that the real sup-
port for the use of the continuum fluid model is provided by the outstanding
agreement between results calculated in this way and those actually measured
in space.

In regions in which the flow properties vary in a continuous manner and the
indicated derivatives exist, the equations of magnetohydrodynamics of a dissipa-

tionless perfect gas are

g—5+y- pv = 0 (7)

Dy, 1
& _ = +

Por--Yp - BxaulB+opg ®)
oB
5%=g\1gl(xx§),div§=0 9)
Ds p/po
= =0, § -s_=¢, In——— (10)
Dt o v (P/po)y
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in which s refers to the entropy, subscript o refers to conditions at an arbitrary
reference location, and D/Dt refers to the substantial derivative 8/8t + (v - V).
If effects of gravity g are disregarded, flows described by these equations de-
pend on two nondimensional ratios, the Mach number M = v/a and the Alfvén

Mach number M, , where A = (B2/47rp)1/2 is the Alfvén speed and B is the

A ’

magnetic field. Both M and M, are normally much greater than unity, values

. A
of about 10 being representative for the solar wind flow approaching the Earth's
bow wave.

These equations must be supplemented by the conservation equations relating
conditions across possible discontinuities in the flow. At each element of such a

surface, conservation of mass, momentum, energy, and magnetic field provides

the relations

2 B, B
~ ~ B ~ n<t
[pvn] =0, l:pvnx + <p + g>n - " ar jl =0 (11)
2 ~ 2
~ v B By - B
PV h + 2/t Tar " 47 =0 (12)
[BnXt - Btvn:' =0, [Bn] =0 13)

The square brackets indicate the difference between the enclosed quantities on
the two sides of the discontinuity; \'7“ =y .1 - A is the normal fluid velocity
component relative to the normal velocity A of the discontinuity surface; A and t
are unit vectors normal and tangential to the discontinuity surface; and subscripts

n and t indicate components of v and B in these directions. Five classes of
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magnetohydrodynamic discontinuities, tangential, contact, rotational, and fast and
slow shock waves, are known to be described by these equations [12]. All have
been identified in the solar wind, and several are important in the flow field of

the Earth and other major objects in the solar system [13,14].

For steady flow of the solar wind past the Earth, several important simplifi-
cations may be introduced beyond the obvious elimination of terms containing
3/6t or A [15].' In the magnetosphere, B2/8r greatly exceeds p everywhere
above a few hundred kilometers; and the dominant effect of the Earth is provided

by the terms that remain when p and p are equated to zero, namely
div B = 0, curl B =0 (14)

where B now represents the geomagnetic field. The latter may be represented
with sufficient accuracy for the present purposes by a magnetic dipole at the
center of the Earth with such a strength that |B| = Beq = 0.312 gauss at the
geomagnetic equator, and oriented so that the-north geomagnetic pole is at 78.6°

North latitude and 70.1° West longitude, near Thule, Greenland. Its properties

are thus given by

B = -By, (ae/r)3(é sin @ + T 2 cos ©) (15)

in which a, = 6.37 x 108 cm is the radius of the Earth, r is the geocentric
distance, and © is the polar angle measured with respect to the north geomagnetic

pole, and T and & are unit vectors in the r and © directions. The magnetopause,
which bounds the magnetosphere and the flowing plasma, can be represented only

by a tangential discontinuity, since that is the only solution of the steady-state
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conservation equations for which v = B, = 0. Arbitrary differences in
p, Vi, and Bt are allowed, but the sum of the gas and magnetic pressures
p + B2/87 must be the same on both sides of this surface. The bow wave can
be represented only by a fast shock-wave solution because the solar wind
approaches the Earth with a mass flux p v - that greatly exceeds that which
can pass through any of the other types of discontinuities. In the flowing solar
plasma, the tex;ms containing B and g may be disregarded because of their
smallness in the calculation of the fluid motion. The equations for the fluid
motion thereby reduce to the much simpler ones of gasdynamics; and the dis-
tortion of the interplanetary magnetic field can be determined in a subsequent
step by solving the remaining equations with v known from the gasdynamic
results. The still difficult problem of solving the free-boundary problem for
the shape of the magnetopause can be reduced to tractable form by introducing

the Newtonian appfoximation for the pressure on the surface of an obstacle in

high Mach number flow. Thus p is assumed to be given on the magnetopause by

p = Kp v 2 cosz\If - (16)

O O

in which ¥ is the angle between the outward normal to the magnetopause and the
free-stream velocity vector v, K is a constant equal to 0.88 for high Mach
number flow of a monatomic gas, although usually taken as unity in most applica-
tions of the type described here. Since the free-boundary problem thus arrived
at coincides with that put forward from quite different concepts more than 40
years ago by Chapman and Ferraro, it is paradoxical, but true, that the theory of

the geomagnetic boundary shape is much older than the idea of the solar wind.
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The type of results that may be calculated in this way are illustrated in Fig. 8.

Although the angle between the dipole axis and the direction of the solar wind varies

by at least +35° in the course of a year, calculations [16] have indicated that the
alterations in the outer magnetosphere and the surrounding flow remain small,
and can be disregarded for most purposes. In contrast, the size of the magneto-
sphere varies considerably in response to changes in the density and velocity of
the solar wind,‘as indicated by the expression D = a, (Bzeq /2 Kp,, Vw2)1/6

for the geocentric distance to the magnetosphere nose.

One prominent feature of Fig. 8 that cannot be accounted for by the approxi-
mate theory described above is the neutral sheet in the magnetosphere tail,
across which the magnetic field reverses within a relatively short distance.
This implies, of course, that an electrical current J flows across the magneto-
sphere tail. Thus, the condition curl B = 0 given in Eq. (14) must be replaced

by curl B = 4nJ/c, where ¢ = 3 x 1010 cm/sec is the speed of light. Difficul-

ties of establishing the amount of current that flows have hindered the development

of a rational theory of the magnetosphere tail.

The degree to which this approximate hydromagnetic theory is actually
capable of accurately predicting the location of the magnetopause and bow wave
of the Earth, and the conditions in the flow, is indicated in Fig. 9 {17]. This
figure shows a comparison of data from Pioneer 6 as it traversed the indicatéd
escape trajectory following launch on December 16, 1965 during a period of
exceptionally low geomagnetic activity. Upon emerging into the incident solar

wind after passing the bow wave, an unusually steady stream of particles with a

Fig. 9



- 20 -
number density of 11 protons/ cm® (and presumably an equal number of electrons)
was observed coming from an apparent direction about 6° west of the direction to
the Sun with a speed of about 280 km/sec. The magnetic field had an intensity of
about 3.5 gamma, and was directed approximately along the ideal ''garden-hose"
angle of about 45° to the Sun-Earth line. These values were used together with
assumed values of 8 and 5/3 for Mao and vy to calculate v, p, and IEI along

the portion of the trajectory from the magnetopause to somewhat beyond the

bow wave. The most apparent feature of the comparisons is the nearly perfect
agreement between the calculated and measured locations of the magnetopause

and the bow wave. All the flow parameters agree reasonably with the theory,
although some notable discrepancies appear in each plot. It is difficult to fully
assess the implications of these, however, because of uncertainties and incom-
pleteness of the data. The experimental values for the density, for example, are
judged by the experimenter to contain a 50‘ percent uncertainty. The observational
values for the velocity are not actually for the bulk velocity, as considered by the
theory, but for the speed of the ions that produce the greatest current per unit
energy increment in the plasma probe. To help assess the effects of the dif-
ference, an additional theoretical curve is included on the velocity comparison

to show the values for the speed c__ of the most numerous particles per unit

M
speed and solid-angle increments under the assumptions that the velocity distri-

bution is Maxwellian in a reference frame moving with the local bulk velocity of

the flow. Values for cpp are computed using the expression

ey " [v + (vz + 8kT/m)l/ 2}/‘2 (17)
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in which v and T refer to the values for velocity and temperature indicated by the
magnetohydrodynamic solution. It is, moreover, quite possible that some of the
observational variations not duplicated by the theory are the consequence of
changes in the interplanetary conditions when Pioneer 6 was behind the bow wave,
and could be reproduced by the theory if the interplanetary conditions were better
known.

If we now furn our attention to Venus, Mars, and the Moon, we find that data
acquired in recent years disclosed two essentially different types of interaction
from that described for the Earth. None of these objects has a significant mag-
netic field to withhold the solar wind as does the Earth, but Venus and Mars have
sufficiently dense and electrically conducting upper ionospheres to prevent the
solar wind from flowing directly into either the planetary surface or the lower
absorbing levels of the atmosphere. The solar wind is thus deflected around the
ionosphere, and a bow wave is formed upstream of the planet, similar in many
ways to that associated with the Earth. Aside from evidént differences in the
underlying physical processes at the bounding surface between the ionosphere
and the solar wind, the ionopause, the principal differences betw’een the flow fields
around these planets and the Earth is the size of the cavity. As illustrated in
Fig. 10, the ionopause is wrapped much closer around Venus or Mars than the
magnetopause is around the Earth, the nose being at an altitude of about 500 km
for Venus and i55 to 175 km for Mars, compared with about 60,000 km for Earth.

It has been shown [18] that a satisfactory theory for the solar wind flow past Venus

or Mars can be constructed in a way exactly analogous to that for the Earth by

Fig. 10
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replacing the magnetic relations of Eq. (14) with the simple relation indicating

hydrostatic support of the ionosphere
Vp = prg (18)

that remains when vy and B are equated to zero in Eq. (8). Solar wind flow past
the Moon is different again, because of the lack of either a sensible magnetic
field or ionosﬁhere to deflect the incident flow. As a consequence, no bow wave
forms, and the principal features of the flow field are associated with the closure
of the lunar Wake, or cavity, in the solar wind. While exact details depend on the
orientation of the interplanetary magnetic field (see [19] for a recent analysis
and discussion of previous work), it is evident that any shock wave that may form

will be downstream of the Moon and relatively weak.

SHOCK WAVES IN INTERPLANETARY SPACE

Even before Gold's proposal of interplanetary shock waves, classical studies
of solar-terrestrial relationships pointed to the existence of two classes of inter-
planetary disturbances (Fig. 11). One is a large plasma cloud of indefinite form
and size expelled from the Sun by a flare or other explosive event. Its exiétence
was inferred from the frequent observation of a flare followed a few days later
by a geomagnetic storm. One characteristic feature of such an event is depicted
in the upper right of this figure in which is shown, in idealized form, the time
variation of the horizontal component of the geomagnetic field observed in low
and middle latitudes. The sudden commencement (s.c.) of many geomagnetic

storms was originally thought to be the result of the impact of the plasma cloud

Fig. 11
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on the geomagnetic field. Following Gold, however, the tendency has been to
associate it more with the effects of a shock wave traveling through the solar

wind in advance of the plasma cloud. The second class of major discontinuity

in the solar wind is a long-lived structure rotating with the Sun. Such an irregu-
larity had long been suspected because of a pronounced tendency for geomagnetic
storms to recur in approximately 27-day intervals with each complete solar
rotation, as indicated schematically in the sketch in the lower right, and was usually
assumed to have the form of a rotating beam of plasma expelled from an active
region on the Sun much like water from a rotating garden sprinkler. With the
realization of the permanent existence of the solar wind and the presence of the
sector structure in it, the 27-day recurrence pattern of geomagnetic disturbances,
and also some patterns with shorter periods, is now related to the passage of a
sector boundary. Whether or not a shock wave forms in front of a sector boundary
depends on the Mach number and Alfvén Mach numbef of the normal component of
the relative motion of the plasmas on the two sides of the sector boundary.
According to Hundhausen [20}, a search of data obtained in space disclosed no
evidence of such a bow wave preceding the sector boundary in the vicinity of the
Earth's orbit.

Observations indicative of the passage of an interplanetary shock wave are
presented in Fig. 12 21]. Values for thé proton temperature, number density, Fig. 12
flow direction, and speed deduced from Vela 3A satellite data are shown with
the trace of the horizontal component of the geomagnetic field at Guam, a repre-

sentative low-latitude location. They show that, almost simultaneously with the
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occurrence of the initial horizontal field increase of about 15 gamma at Guam, the
data from Vela 3A at 19.1 Earth radii, 56° solar ecliptic latitude, and 350° solar
ecliptic longitude indicate that the speed of the solar wind increased from 340 to
385 km/sec, the density from 9 to 23 protons/cm3, and the average temperature
from 3 x 10% to 8 x 10% °K. Gosling et al., [21] analyzed these changes in terms
of a gasdynamic shock having properties given by Egs. (11) through (13) with the
terms containit'lg B and g omitted, and showed that they are consistent with an
interpretation of the diécontinuity as a low Mach number shock wave traveling at
a velocity of 70 km/sec through the ambient solar wind in which the speed of
sound is about 30 km/sec. They also examined the possible relationship of this
event to a 2B solar flare that began about 2253 UT on January 18 and gave rise
to a low-energy (~5 MeV) solar proton event at the Earth's orbit. If this flare
was the cause of the events displayed in Fig. 12, the mean transit velocity of the
disturbance from the Sun to the Earth was 1670 km/séc, a speed substantially in
excess of the 410 km/sec speed of the shock wave past the satellite, but not at
all uncommon in comparison with many similar previous determinations. The
obvious implication is that the shock wave was decelerated as it propagated
through the solar wind. Qualitatively, this is the expected result for a blast
wave originating at the Sun with a sudden release of energy by a flare, and with
little or no energy addition thereafter.

Although a flare is a localized event on the solar surface, mathematical
difficulties are sufficient that most theoretical attention has concentrated on

the propagation of spherically symmetric disturbances. In the pioneering work
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of Parker [22], solutions of Egs. (7) through (13) with B and g neglected were
obtained by similarity techniques that assume basic dependence on the parameter
n = tr™A, where t is time and r is the heliocentric distance. Any feature of
these solutions at position r, at time to moves with time as r = r, (t/to)l/k.
The solutions are connected to the ambient medium by assuming a strong shock
at the leading edge of the disturbance.

The dashed lines of Fig. 13 indicate the density vs. position (normalized to
the shock location) for two of Parker's shock waves for y = 5/3 and an ambient

density proportional tor~2. The solution labeled "driven wave" corresponds to

A = 1; the density rises monotonically behind the shock to a singularity at

r = 0.84. This wave moves with constant speed, and has an energy that increases
linearly with time. It represents the wave pushed (or driven) ahead of a steadily
expanding plasma cloud or '"piston'' located at the singularity. The solution
labelea '""blast wave" corresponas to A = 3/2; the density falls monotonically
behind the shock wave, and the wave moves with steadil& decreasing speed and
with constant energy. It represents the disturbance produced by a sudden re-
lease of energy at the Sun, and modified thereafter by interaction with the ambient
medium. Parker's assumption of infinite shock strength has been improved upon
by several authors (see [13] for a recent review) to obtain similarity solutions
valid to first order in the ratio of the ambient solar wind speed to the shock
speed. Even these solutions are basically strong-shock-wave solutions, how-
ever, whereas observations reveal that most interplanetary shocks are of lesser

strength. The applicability of the similarity solutions to solar wind conditions

is therefore questionable.

Fig. 13
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Hundhausen and Gentry [23] have overcome this difficulty by numerically
integrating the adiabatic fluid equations for spherically symmetric shocks of
arbitrary strength to obtain solutions that include effects of solar gravity, but
neglect magnetic forces. Two of theif solutions for y = 5/3 and an ambient
solar wind speed of 400 km/sec and density of 12 proi:ons/cm3 at the Earth's
orbit are included in Fig. 13. The solution labeled "driven wave' shows a mono-
tonic density rise behind the shock wave until a contact discontinuity, which
separates the compressed ambient solar wind from the gas ejected in the initial
disturbance at t = 0, is reached; and then a decline to a minimum at about the
position of the singularity in the similarity solution, followed by rising density
in the direction of the Sun in the new ''steady state'' set up in the driver gas.
The wave moves with nearly constant speed, and has an energy that increases
linearly with time. It is thus analogous to the driven wave of similarity theory,
and represents a wave pushed by a continuous output 6f driver gas from the Sun.
The numerical solution labeled ''blast wave' in Fig. 13 shows a monotonic de-
crease in density for some distance after the shock, with an eventual increase
to the original ambient profile (approximately proportional to r'z) at r ~ 0.6 AU.
This wave moves with steadily decreasing speed‘and haé a cbnstant total energy.
It is thus analogous to the blast wave of similarity theory, and represents a wave
produced by a short duration explosion at t = 0, followed by a return to ambient
conditions. As with the similarity solutions, the properties of this wave depend
only on the total energy in the initiating explosion. The numerical blast waves
differ from those of similarity theory in that the density rarefaction following

the shock does not extend all the way back to the Sun.
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Since the optical emission from nearly all solar flares comes from an area

less than 1073 of a hemisphere, the theoretical models described above for
spherically symmetric disturbances can only roughly approximate reality. To
improve on this aspect of the theory, De Young and Hundhausen [24] have made
numerical integrations of the gasdynamic equations corresponding to Egs. (7)
through (13) with terms containing B neglected, for flare ejecta confined initially
to the portion of a thin spherical sheil at r = 0.1 AU and moving away from the
Sun as a constant energy axisymmetric disturbance in the spherically symmetric
moving plasma of the solar wind. Fig. 14 shows the results of a specific calcula-
tion for the shape of the resulting shock front at several times after introduction
of flare ejecta in a cone of half-angle 6 = 15° with a total energy of 2.8 x 1030
ergs, values representative of a moderate solar ﬂafe. This wave, of the blast-
wave class, slows and expands laterally as it moves away from the Sun, and
passes the orbit of Earth 67.6 houfs after initiation at 0.1 AU, The transverse
expansion becomes important when the wave is b-eyond ébout 0.4 AU (the orbit

of Mercury) because interaction with the ambient medium hgs considerably
slowed and weakened the shock; the high pressure produced behind the front can
then produce laferal expansion at a significant fraction of fhe shock propagation
speed. Similar calculations for other © at 0.1 AU show that the shock shapes at
the orbit of Earth are substantially-more widéspread for @ = 30° and 60°, as
would be anticipated, but almost identical for 6 = 15°. For the latter, the shock
is nearly spherical with radius of about 0.5 AU centered at about 0.5 AU, approxi-

mately as described by Hirshberg [25] on the basis of a statistical study of

Fig. 14
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geomagnetic sudden commencements and solar flares and by Taylor [26] from an
analysis of magnetometer data measured in space as eight ''possible shocks'
passed the IMP 3 spaceqraft (no unambiguous identification was possible owing
to the lack of plasma data). It may be concluded from these results that, for the
small initial angles characteristic of most solar flares, the shock shape, speed,
and transit time from the Sun to the Earth depend primarily on the energy of the
initial disturba‘nce and the properties of the interplanetary plasma, and not upon
such details as the initial angular extent or distribution of energy within the
initiating event.

Although most interplanetary shock waves are produced by“solar flares,
most flares, including many large flares, do not produce shock waves observable
at the orbit of Earth. Hundhausen [20] has investigated the possible causes for
such a selection, and arrived at é.n interesting relation between the mass and
energy output required of the flare if a sho¢k wave is‘to be observable at the
orbit of Earth, From data from 19 shock waves, he estimated the mass and energy
at 1 AU, added 1.92 x 1015 ergs/gm to each value for the energy to account for the
work done against solar gravity in transit from the Sun, plotted the resulting values
for the energy of the flare against the mass in the disturbance as shown in Fig. 15,
and observed that the data point for each shock wave was slightly above a dashed
line indicating the gravitational energy. From this, and the statistical result that
most flares do not produce shock waves at 1 AU, he concluded, as indicated
schematically in the insert on Fig. 15, that most solar flares have an energy-

mass ratio less than that required for escape against solar gravity; and the

Fig. 15
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observed shock waves are produced by the relatively small number of flares that
have a sufficiently high energy-mass ratio. Although complicating consequences
of magnetic forces, heat éonduction, and small-scale unsteady processes may be
anticipated, Hundhausen concludes from his analysis that solar gravity is a domi-
nant factor in limiting the escape of flare ejecta into interplanetary space.

Although a solar flare may have an area that is only 1/1000 that of the entire
Sun, the energy and mass supplied to the solar wind are not insignificant, for
short periods of time. For example, a solér flare with mass and energy losses

032

of 1017 gm and 1 ergs may be compared with representative total coronal

0l2 gm/sec and 3 x 1027 ergs/sec [3]. Such a

mass and energy loss rates of 1
flare thus ejects as much mass and energy into the solar wind plasma as is nor-
mally done by the entire Sun in about a day. Since several such flares may occur
in a day at times of maximum solar activity, and only a few times a year during
periods of minimum activity, it is evident that flares make significant contribu-
"tions to the long period variations observed in the solar wind and related geo-
physical phenomena during the 11-year solar cycle. On the other hand, it should
be recognized that the energy released by flares appears insignificant in com-

parison with the total energy output of the Sun, primarily by radiation in the

visible range, of 4 x 1033 ergs/sec.

SOME TERRESTRIAL CONSEQUENCES OF SOLAR ACTIVITY
Reference has been made at several places in this paper to geomagnetic and
auroral variations that occur in response to solar activity and through the inter-

vening mechanisms provided by blast waves and other irregularities in the
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solar wind. The statistical recognition of such correspondences has been well
established for more than a century, and the processes involved are now inten-
sively studied using measurements made both in space and on the ground. A

great variety of other phenomena are also known or suspected to be linked to solar
activity, but the degree of confirmation varies widely. For example, the develop-
ment of radio at the beginning of the century made clear both the existence of the
ionosphere and the degree to which it is controlled by the Sun. Rockets and
spacecraft have disclosed more recently that this responsiveness is not confined
to the electrical properties of the upper atmosphere, but extends to many other
features including temperature, density, and the operative chemical processes.
Long-standing efforts to relate meteorological variations in the lower atmosphere
to solar activity have not met with equal success, however, in spite of the dis-
covery of many possible correlations. Although it seems likely that effects of
solar activity are not negligible, weather processes ére so complex that recogni-
tion and confirmation of specific relations is an extremely difficult task.

The search for possible effects of solar activity on biological processes is
perhaps the most questioned, and yet most intriguing, aspect of solar-terrestrial
studies. As long ago as 1801 W. Herschel drew attention to the relationship
between the price of wheat and solar activity. Otheré have drawn attention to a
great variety of effects that can be correlated with solar activity. Some, such as
the thickness of annual growth rings of trees in selected areas, are now sufficiently
established that they are used to estimate solar activity for a few thousand years

into the past. Estimates for remoter times are being made by similar studies of
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corals. Others, such as the 11-year cycles in the population of certain animals,
fish, and insects including the massively destructive locusts and grain moths in
Asia and Africa and the cotton leafworms in the United States, have been noted
[27], but the runs of data are often marginally long for reliability. It is tempting
to associate the more plausible of these with the 11-year solar cycle, but the
existence of many other prominent biological rhythms, and particularly those
with only slightly different périods such as the 10~-year cycle in the population of
Canadian hare and lynx deduced from the approximately 10-fold fluctuations in
the number of skins purchased per year since about 1800 by the Hudson's Bay
Company [28], gives reason for caution. Still others, such as a remarkable cor-
relation between the number of publications per year of Sydney Chapman and the
annual sunspot number [29], portrayed in Fig. 16, are interesting, but probably
better associated with frivolity, anniversary, or commemoration.

.For me, in this day of constant search for relevancy in all fields of inquiry,
the most\ provocative correlations wifh solar activity are those pe_rtaining to
human mortality rates associated with certain diseases or failures of body func-
tions. In a recent review [30]*of his work dating back to 1915, Chizhevskii has
presented Fig. 17 to show, for example, that the number of deaths in Russia due
to cholera in the years between 1823 and 1923 averaged from 5 to 10 times greater
in years of maximum solar activity than in years near the solar minimum. Other
data, such as the mortality rates for cerebrospinal meningitis in New York, re-
lapsing fevér in Russia, and diphtheria in Denmark shown here in Fig. 18 were

also presented to display prominent 11-year cycles that can be correlated with



- 32 -
solar activity, although sometimeé with other phases between the times of the
maxima. More positively indicative of a link between mortality rates and solar
activity are the increases indicated in Fig. 19 of 10 to 20 percent in death rates
in Copenhagen from diseases of the central and peripheral nervous systems,
cardiovascular diseases, and respiratory diseases in the days immediately
following violent geomagnetic fluctuations such as are now known to result from
solar flares. While modern medicine has greatly reduced and modified the
mortality rates, as evident in the diphtheria mortality curve of Fig. 18, the sug-
gested relations are so sweeping that they deserve reinvestigation in the light

of present knowledge of the physical mechanisms involved. -
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Fig. 2.

Fig. 3.

Fig. 6.

Fig. 7.

Fig. 8.
Fig. 9.
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FIGURE CAPTIONS

Magnetic records at Kew, England showing effects of Carrington's

flare, 11815™ Sept. 1, 1859.

Photograph of solar corona during eclipse of May 30, 1965, from

NASA CV-990 aircraft at 38,000 feet.

Representative temperature T and number density n profiles for

the Sun.

Schematic representation of the mechanical energy transfer processes

from the convection zone to the corona.

Calculated and estimatéd temperature and energy fluxes in an expand-

ing shock-heated solar corona [6].

Principal features of the solar wind throughout the Solar System.

Schematic representation of the sector structure based on the direction

of the interplanetary magnetic field, and the associated superimposed

epoch analyses of the velocity, density, magnetic field magnitude, and

geomagnetic activity index as a function of posiﬁon within the sectors

[9,10].

Principal features of solar wind plasma flow past the Earth and its

magnetosphere.

Comparison of Pioneer 6 measurements with calculated results for

M, = 8and y = 5/3.

Types of interaction of the solar wind with the Earth, Moon, Venus,

and Mars.



Fig, 11,

. Fig, 12,

Fig. 13.

Fig. 14, -

Fig. 15.,

Fig. 16.

Fig. 17.

Fig. 18.

Fig, 19.
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Schematic drawings of two types of major irregularities in the solar

’,

wind and their geomagnetic consequences. ' L

Solar wind and geomagnetic measurements indicative of the passage

of an interplanetary shock wave. Uncertainties in the values of the

interplanetary quantities are indicated by the vertical error bars on

‘each data strip [21].

Theoretical density profiles in the solar wind when a spherically

L symmetfic shock wave passés the Earth [22,23].

Calculated shape of an interplanetary shock wave at several times

after initiation by a thin shell of flare ejecta in a 15° half—anglé

cone at 0.1 AU [24].
Energy—mass relationship for 19 interplanetary shock waves; and its

significance to the ability of a solar flare to produce an interplanetary

_shock wave [20].

Yearly number of Sydney Chapman publications and yearly means of
sunspot relative numbers [29].

Cholera mortality in Russia between 1823 and 1'923 and yearly means
of sunspot relative numbers. 'The curves indicate the values for years
preceding (negative) and following (positive) the year of maximum
activity of each 11-year solar cycle [30].

Selected yearly mortality rates and yearly means of sunspot relative

numbers that suggest a relationship with the 11-year solar cycle [30].

‘Mortality rates in Copenhagen and means of worldwide magnetic distur-

bance index for 68 solar rotations. The curves indicate the values for

.days following the 27-day recurring peak of magnetic disturbance associ-

ated with solar rotation [30).
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