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DATA REDUCTION AND ANALYSIS

I: INTRODUCT ION

Emmanuel College has written software in support of various
studies of magnetospheric particles using data from instruments
flown on a series of Air Force satellites. We have designed
data base structures sultable for detailed analysis of this data
and have written support software for graphic presentation of the

results of these studilies.

11: DATA REDUCTION

Satellite data 15 delivered to AFGL and the basic data
reduction 1s done by AFGL perscnnel and other organizations under
contract to AFGL. The result 1s a series of data base tapes
sorted by time for each instrument flown. Emmanuel College has
written programs to interface with these data base tapes for each
of a series of six satellite instruments during the course of

this contract as outlained below.

It} DMSP F2 satellite, J/3 instrument

The J/3 instrument is a cylindrical plate electrostatic
analvser which records precipitating electrons from 350 ev to 20
Fev uver 16 channels. The DMSP gatellite is a polar orbiting
satellite and the data has been used in a series of statistical
studies of auroral precipitation and polar rain. We wrote a
program to interface with the data base for this instrument,

designed the data structures for the statistical studies and




processed all the available data for these studies.

I1.2 DMSP F4 satellite, J/3 instrument.

This instrument was almost identical to the above J/3
instrument and the interface program for it was modified to
support both instruments. For most ot the stati<tical studies,

the data from the two instruments were merged.

I11.3 P781 satellite, J/3 instrument.
The interface program for the F2 satellite was also modified
to read data from this satellite data base. A limited set of

this data was used in the statistical studies.

11.4 DMSP Fé6 satellite, J/74 instrument.

The J/4 instrument sampled both precipitating ions and
electrons between 30 ev and 20 Kev wlith twenty channels for each
species. We wrote a praogram to interface with this data base and

designed data structures to allow statistical! studies.

I11.5 DMSP F7 satellite, J/4 instrument.

This i1nstrument was almost identical to the one above ar!
the F6 interface program was modified tz -~ad the F7 data base.
Data from the two satellites was merged for most of the

statistical studies.

I1.6 DMSP F7 satellite, Jx instrument.
The J% instrument was a 4 channel dosimeter sensitive to
high energy ions and electrons. The data generated was coarse,

but suitable for some cosmic radiation studies and monitoring of




the trapped radiation belts. A program was written to interface

with this data base.

I1I. DATA ANALYSIS

Emmanuel College provided programming support for and was
actively involved in a series of studies of magnetospheric
particle precipitation using data from the instruments

summarized in section II above as outlined below.

111.1 Auroral Boundary studies.

The auroral oval is a dynamic phenomena resulting from
charged particles precipitating into the ionosphere and its size
and location is sensitive to geomagnetic and solar radiation
activity. The polar orbiting DMSP satellites cross the bcocundary
into or out of the auroral oval twice per orbit for both the
North and South geomagnetic poles. Using the electron data from
the F2 satellite, we developed an alqorithm for precisely
locating this crossing. By accumulating a large sample and
sorting i1t by Geomagnetic Latitude, Magnetic Local Time, and
geomagnetic activity as measured by the standard Kp index. we
were successful iIn statistically parametizing its spacial
behavior.

The parameterization resulted in a self-consistent set of 24
linear equations, giving Geomagnetic Latitude as a function ot Kp
for any selected Magnetic Local Time. B/ inverting the process,
each orbit gives four direct observations of geomagnetic

activity. GSince this information is available in near real




time, it has proved to be of high value to the Air Force.

The entire F2 data set was processed through this algorithm
and the results delivered to AFGL. They were subsequently
published as an activity index. The original algorithm was
later optimized for each instrument in the DMSP series (F2, F4&,
F&, and F7) to give real time coverage over the span of this
contract.

A computer program "AWSAA" written and delivered to AFGL as
a product in support of this algorithm. A program maintenance
manual was also delivered. This program was also installed on

the computer system at AFGWC.

II11.2 Auroral Oval Maps

As a generalization of the above concept, we designed a data
base structure such that the entire oval could be parameterized.
We were successful in sorting the DMSP electron data by
geomagnetic activity (as indicated by Kp) over the entire polar
region into a large Geomagnetic Latitude, Magnetic toccal Time
gi'id. We accumulated each channel of electron data and
statistical information for each bin so that the statistically
average spectra was effectively developed as a function of
spacial position and activity. We wrote programes for graphic
summaries of the results and this was the basis for several
publications.

A program AWSAB was written and delivered to AFGL along with
a program maintenance manual as a finished product in support of

this algorithm. This program was also installed on the computer

=~




system at AFGWC.

I111.3 Polar Rain Studies

Polar Rain refers to the precipitation occurring inside the
Auroral oval. The precipitation levels in this region are orders
of magnitude less intense than those occurring within the oval-
Since this region is of high interest to the scientific
community, the methods developed in 111.2 above were applied to
the high latitude portions of the polar regions. Because of the
low radiation levels to be dealt with, special care was given to
eliminating instrument noise and methods had to be developed to
prevent contamination from the intense portion of the Auroral

oval. This study resulted in several publications.
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HARDWARE

LABORATORY

The small cryo-pumped thermal vacuum chamber at Emmanuel
was used several times to tes:t and diagnose spacecraft
hardware including IMPS sub-assemblies and the J4 sensor for
the DMSP satellite. The prototype ion source was briefly

tested and then remove. to deliver to AFGL for further work.

ELECTRONICS

Work has continued on the IMPS SESA DPU. The prototvpe
processing boards were tested using the Compaq portable
computer for the GSE. Software for the processing of the
real time data stream was written and tested. The interface
for the SPACE particle correlator portion of the ¢xperiment
was re-worked and the DPU interface requirements were
nrovided to Dr. Paul Gough, our British co-investigatur,

The IMPS Interface Control Document (ICD), the
Investigation Requirements Document (IRD), and the Policies
and Requirements (PAR) documents were revised and vpdated to
reflect the latest IMPS status. Because of the shuttle
delays and re-scheduling, as well as other problems with the
IMPS carrier definition, this project seems to be slowing
down. Because there may be a neriod of little or no activity
on this experiment, the d-cumentation was reviewed, expanded,

and archived so that when work is again accelerated, the

6




documentation will be sufficient to allow prompt recovery of

the latest status.

CRESS/LEPA

Integration and environmental testing of the CRESS
satellite by Ball Aerospace at their Boulder, Colorado
facility has continued during this quarter. The Physics
Research Division provided direct support of these tests at
BASD. The LFEPA experiment was our direct responsibility and
the GSE and software for these tests also provided data
decommutation for the PROTEL and dosimeter experiments,
Several trips to hASD were made to provide the necessary

support of rthe CRESH integration and environmentals.,

Delivery of SN11 occurred on January 8, 1987, The unit
was delivered to RCA in New Jersey and integrated with the
spacecraft.

SN1O was returned to us for refurbishment prior to
launch. New channeltrons were installed and the instrument
underwent full electrical and environmental tests. A full
particle calibration was performed at the AFGI calibration
facility. The instrument was then delivered to Vandenberg
Air Force Base for final integration on the spacecraft.

SN12, SN13, and SN14 were assembled, electrically tested

and delivered to AFGL.
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THEORY

The work of Kahler has dealt primarily with the solar
sources of both energetic particles and interplanetary
shocks. Observations of coronal mass ejections (CMEs)
obtained with the Solwind coronagraph on the P78-1 satellite
were used cxtensively in this analysis. In one studv the
association between CMEs and type II radio bursts was studied
in detail. In two papers the relationship betwecen solar
energetic particles and CMEs was investigated. A correlation
has been found betwecen peak energetic proton fluxes and the
speeds of CMEs. Solar particle events rich 1n e were also
investigated. They are not associated with CMEs or with
type II bursts, in contrast to normal energetic particle
events. 3He—rich events appear to be prod .d along with
energetic electrons i1n the corona and tn have little to do
with underlying Ho or X-ray {lare events. Another topic of
interest has been solar energetic particle events with weak
flare signatures. One event, on December 5, 1981, was
studied in detail. A particle event and interplanetary shork
were produced by the eruption of a quiescent filament well
away from any active region. In a follow-up study six cases
of energetic particle events and interplaretary shocks
arising from quiescent filament eruptions werce studied in
detail. Work has also been carried out to investigate the
properties of shock-associated kilometrié radio bursts and
the associations of these bursts with energetic particle

events, In general, the work described here has been the




result of collaborative programs set up with investigators at
the Naval Research Laboratory and Goddard Space Flight

Center.
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CORONAL MASS EJECTIONS

S. Kahler

Physics Research Division, Emmanuel College, Boston MA 02115

Introduction

While the first coronal mass ejections (CMEs)
were observed with the 0S0-7 white light corona-
graph (Tousey, 1973), 1t was the Skylab corona-
graph observations that clearly established CMEs
as an important component of solar coronal
physics. (MEs have been defined by Hundhausen et
al.(1984a) as observable changes in coronal
structures occurring on time scales of minutes to
hours and involving new, discrete bright features
in the fleld of view. Although only a fraction
of all observed coronal activity, CMEs are of
interest because they involve discrete additlons
of mass and magnetic fields to the solar wind.
These large coherent structures, observed to
expand to many times the diameter sf the sun as
they moved outward fnto interplanetary space. not
only provided a fascinating new phenomenon for
study, but were also perceived as the “missing
link” between solar flares and geomagnetic storms
(Hundhausen et al., 1984b). 1In addition, they
constitute the most energetic phenomena known to
occur in the solar system (Gergely, 1986b). The
Skylab data base consisted of 77 CMEs obscrved
during 1973-74, about 3 years prior to solar
minimun (Munro et al., 1979). A summary of the
Skylab results was provided by MacQueea (1980).

Data sets from two orbiting coronagraphs have
dominated the studies of CMEs during the past
quadrennium. The Solwind coronagraph, provided
by the Naval Research Laboratory, was flown on
the P78-1 satellite and is described by Shecley
et al.(1980). Solwind observatfons of more than
1200 CMEs were obtained from March 28, 1979 until
the destruction of the spacecraft by the U.S. Alr
Force in an anti-satellite test on September 1iJ,
1985 (Marshall, 1985). The other coronagraph,
the coronagraph-polarimeter (C/P) on the Solar
Maximum Missfon (SMM) satellite was provided by
the High Altitude Observatory and i{s described by
MacQueen et al.(1980). 1t obtained observations
of about 70 CMEs from March 1980 until the
instrument failed in September 1980. The C/P was
repaired on April 12, 1984 (Maran and Woodgate,
1984) and has continued to function well to the
present time on what {s now called the SMM-2
satellite.

The C/P views the corona in square azimuthal
sectors from 1.6 to about 6 R,, while Solwind
observed the entire corona from 2.5-10 R,.
Solwind used one broad white-light waveband and
two Polaroid rings at 5 and B Rj to detect
polarization. The C/P, on the other hand, has a
number of filters with different bandpasses, but
most CMEs have been observed in a single wideband
filter. Although the two instruments overlapped
in time coverage, fields of view, and wavebands,

Copyright 1987 by the American Geophysical Union.
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the tvo sets of observations are somewhat
complementary. The large numbers of Solwind CMEs
have proved to be well suited for statistical
studies, but detailed studies of individual
Solwind CMEe are limited by the relatively coarse
spatial resolution of 1.25 arc min. The compara
tively fewer C/P (MEs were observed with a
supertfor spatial resolution of 10 src sec, and
many were observed with an Ha filter to {solate
cool prominence material. As a result, many of
the C/P studies have focussed on details of
individual events. Ilwmages of C/P and Soclwind
CMEs are shown {n Figures 1 and 2.

The Solwind and C/P observations are comple-
mented by additional CME observations in the
fnner (< 2 Ry) and outer (> 10 R,) corona. The
HAO K-coronameter at Mauna Loa, Hawali, observes
in the near infrared at an altitude range of 1.2-
2.2 Ry, while a prominence monitor simultaneocusly
records disk and limb Ha tmages (Fisher and
Poland, 1981). These observations have been made
routinely since before the SMM mission. Observa-
tions of CMEs in the Interplanctary medium have
been made by the zodiacal light photometers on
the Helios 2 spacecraft (Jackson and Lelnert,
1985). Data from three scanning photometers are
converted into low resolution {mages of CMEs over
the north ecliptic hemisphere. OCME observations
are made at distances of several tenths of an AU
from the sun and can even be made from within the
CME ftself.

The topic of CMEs has been reviewed a number
of times over the past quadrennium. Dryer (1982)
and Stefnolfson (1985) stressed the theories cf
CME {nitiation and motion and the relatfonship «t
CMEs to shocks. The latter topic was also
reviewed by Schwenn (1986). Rust (1983) dis-
cussed CMEs as a part of his quadrennf{al revicw~
of solar activity, and Hundhausen et al.(1984Y)
took a historical approach to CMEs and thelr
interplanetary effects. Reviews of Wagner
(1984), Fisher (1984), Low (1986), and Hildner
(1980) have discussed the general preopertievs ot
CMEs, while the CME chaptetr of the SMM Workshoup
Proceedings (Hildner et al., 1986) treats event
case histories and some recent modelling in
detall.

We will review recent work on CMEs by addres-
sing, Iin rough order, the three fundamental
questions about CMEs (Hildner et al., 1986): (1}
how are CMEs inftfated in the low corona, (2) how
are CMEs propelled through the low corona, and
(3) what are the manifestations of (MEs in
interplanetary space?

Rates and Assocfations

Hildner et al.(1976) found a good correlation
between Skylab CHME production and sunspot number.
The additfonal fact that nearly all the Skylab
CMEs lay in the active region latitudes within
45° of the equator (Hildner, 1977) suggested that
the stronger and more complex magnetic flelds of
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Figure 1. A C/P loop CME centered at a latitude
of N87 on the east limb. The sun-centered
occulting disk radius is 1.6 R,. The bright
inner loop is the eruptive prominence. From
Hundhausen et al.(1984a)

active regions were an essential ingredient for
CMEs. They speculated that at the maximum of the
solar cycle the CME rate would be substantfally
increased, by about a factor of 4, along with Lhe
average sunspot number.

Analysis of the C/P (MEs from SMM-1 showed
that they were more uniformly distributed in
latitude than were those of Skylab (Hundhausen et
al., 1984a; Hundhausen, 1986), as shown in Figure
3, and that high latitude (> 45°) (MEs were not
systematically different (Sime, 1986). The
observed occurrence rate, corrected for effective
observing time, was 0.87 CME/day, only a 202
increase over the recalculated Skylab rate of
0.74 CME/day (Hundhausen et al., 1984a), and
contrary to the prediction of Hildner et al.
(1976). Howard et al.(1985) compiled statistics
on 998 Solwind CMEs observed during 1979-81.

They found no obvious relation between CME
occurrences and sunspot number on time scales of
7 to 180 days. Thelr occurrence rate was 1.8
CME/day for all CMEs (double that derived for the
C/p data) and 0.9 CME/day for the 562 of the
sample they judged as “"major”™ CMEs. Webb (1986)
has used the longitude distributions of Ha
flares with type 11 bursts to correct for CMEs
near central meridian unobserved by the C/P and
Solwind instruments. His corrected rates become
1.5 CME/day for the C/P and 2.1 CME/ day for all
the Solwind CMEs.

The availability of 1984-85 Solwind data has
enabled the NRL group (Sheeley et al., 1986;
Howard et al., 1986) to compare CME occurrence
rates near solar maximum with those near solar
minimum using only Solwind data. They found not
only a substantially lower rate of 0.2-0.4
CME/day during 1984-85, but also a correlation
between average annual sunspot number and average
annual occurrence rate close to that found by
Hildner et al.(1976) and shown in Figure 4. The
1984-85 CMEs had substantfally smaller angular
widths, speeds, and energies than those of
1979-81 (Figure 5 and Table 1). The class of

Kahler: Coronal Mass Ejections

CMEs called streamer blowoute were found to occur
at the same rate during both eras and to be the
most numerous type of C(ME in 1984-85.

The 1984-85 C/P (MEs also show substantially
slower speeds and lower occurrence rates in
comparison with the restated Skylab and 1980 C/P
values (Hundhausen, 1986), as shown in Table 1.
Contrary to the NRL group (Howard et al., 1986),
Hundhausen finds no simple relationship between
sunspot number and CME rate since the Skylab and
1984-85 C/P rates differ by a factor of ~ 4 for
similar sunspot numbers. He finds that the 1984~
85 C/P (MEs occurred over the belt of coronal
helmet streamers. The tilted magnetic dipole
defined by this belt evolved slowly in 1984-85
but rapidly during Skyladb, suggesting coronal
evolution as the crucial factor in the CME
occurrence rate. Howard et al.(1986) and
Hundhausen (1986) both find that 1984-85 CMEs are
confined to low (< 45°) latitudes (Figures 3 and
5), but they seriously disagree on the angular
spans. During 1980 both derive an average CME
angular span of ~ 40°, but with significantly
different distributions. The 1984-85 Solwind
angular spans are substant{ally reduced, but the
1984~85 C/P values remain similar to those of
both Skylab and the 1980 C/P values (Table 1).
The disagreements between the Solwind and C/P
results may arise partly from the different
radial fields of view of the instruments or from
the different techniques used to produce the CME

©d
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Figure 2, Solwind difference images of 6 of the
10 structural classes of Howard et al.(1985).

The field of view extends from 2.5 to 8 R,.
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HISTOGRAMS OF CME LOCATIONS
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Figure 3. Distributions of the apparent solar
latitudes of CMEs measured from Skylab and SMM
data. From Hundhausen (1986).

images. Solwind CMEs are evaluated by using
subtracted images and the C/P CMEs primarily by
direct images. Resolution of these disagrecments
is recognized as an urgent goal but a nasty
problem.

On a shorter time scale, Wagnecr and Wagner
(1984) considered the distribution of time
fntervals between successive CMEs obscerved by
Skylab and SMM~1l. The shortest time bin (0-10
hr) showed a deficit of cases for those CMEs
separated by < 60° and a surplus of cases for
those CMEs widely separated (120°-~180°). They
interpreted those results as indicating, respec-
tively, a temporary suppression of subsequent
CMEs from a given region and a global coherence
to CME occurrence. However, the U-10 hr time bin
consists of only 21 events, so thelr result {s
not statistically compelling.

About 66% of the C/P CMEs observed in 1980
could be temporally and spatially associated with
some form of solar activity (erupting promin-~
ences, Ha flares, X-ray events, and type Il and
IV radio bursts) (Webb, 1986; Webb and Hund-
hausen, 1986). This is slightly lower than the
78X of the Skylab CMEs, recalculated from Munro
et al.(1976). For both epochs the CME associ-
ation with erupting prominences (~ 80X of the
asgociated CMEs) was about twice the association
with Ha flares. There is also evidence that
the CMEs track prominences better than flares in
both latitude and occurrence frequency, estab-
11 shing eruptive prominences as a fundamental

element for the origin of CMEs. Wagner (1984)
has claimed that a large frac.ion (> 30XZ) of CMEs
constitute a separate class which leave no
detectable near-surface signature. Such CMEs
could well be from behind the limb, and some
assoclations may be missed due to accelerations
of CMEs (MacQueen, 1985). Since Wagner's claim
i3 not supported in detail, the size of this
class of events, 1f 1t exists at all, must be
considered unknown (see also Webb and Hundhausen,
1986).

Theoretical Work

The theoretical approach to treating CMEs has
been reviewed in detail by Rosner et al.(1986).
The basic problen is to explain the properties of
CMEs by treating them as a time-dependent
magnetohydrodynamic (MHD) process in a 1/r2
gravitational f{eld. Since the estimated
gravitational potential energy of a CME can
sometimes exceced the total kinetic energy,
gravity is considered important ia the physical
treatment. Although the observational uncertain-
ties are often substantial, CMEs above 2-3 R,
tend to approach a constant speed (MacQueen and
Fisher, 1983) which, despite the importance of
gravity, is sometimes well below that of the
gravictational escape speed.

Three main approaches can be jidentified in CME
theory (Rosner et al., 1986). One employs
numerical codes to treat the MHD equatjions with
freely prescribed initial and boundary condi-
tions, usually consisting of a potential magnetic
field and hydrostatic atmosphere. These models
have attempted to use¢ pressure pulses, usually
based on associated flare X-ray flux profiles, to
drive the cjections (Dryer, 1982). The models
are well developed in the sense that numerous
comparisons with observed CMEs have been done
(e.g., Wu et al., 1983b). However, the credi-
bility of this approach has been challenged for
several reasons. In the first place, the
magnetic field in these models has acted to
retard rather than propel the CME (Rust et al.,
1980). A recent parametric study using several
multipole potential fields (Hildmer et al., 1986)
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Figure 4. Variation of the Solwind CME occur-
rence rates with sunspot number. From Howard
et al.(1986).
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latitudes of the 1979-81 Solwind CMEs (left)
and 1984-85 Solwind CMEs right. From Howard et
al.(1985, 1986).

has shown that reasonable pressure pulses in
potential magnetic fields can not result in (MEs.
Second, as we discuss later, recent observations
have shown that the flare pressure pulses used in
the model are not relevant to the CMEs. Third,
the models may not be successful in reproducing
several fundamental features of CMEs. Sime et
al.(1984) attacked the numerical pressure pulse
model presented in Dryer et al.(1979) by clalming
that the numerical models generally failed to
explain three features common to 5 Skylab CMEs:
(1) aore materfal at the flanks than the tops of
the CMEs; (2) a large region of depleted density
below the loops; and (3) a lack of lateral motion
fn the CME legs late {n the events. In the
debate on the merits of these claims Dryer and Wu
(1985) and Sime et al.(1985) found no common
ground.

The second theoretical approach i{s one {n
which (MEs are treated as magnetic loops sub-
jected to internal (e.g., Mouschovias and Poland,
1978) or external (e.g., Anzer and Pneuman, 1982)
magnetic forces that drive the locps outward.
Analytic approximations are made to the MHD
equations {n these models. However, Yeh (1982)
pointed out that the magnetic forces act essen-
tially perpendicular to the loop axis, resulting
in a loop volume expansion but not {n the
translational motion characteristic of CMEs.
Thermal pressure gradients are necessary for the
proper description of the buoyant driving force
of the loop even in a low beta plasma (Rosner et
al,, 1986). To account for the motion of CMEs
Yeh (1985, 1986a,b) has subsequently proposed a
theory of hydromagnetic buoyancy force, the major
patt of which {s the diamagnetic force, resulting
from the Interaction between {nternal and
external currents., The magnetic stress in the
peripheral layer of an fmmersed body is spatially
transformed into thermal stress in the interior.
The force density associated with that thermal
stress overcomes gravity to provide the driving
force of a flux rope.

The newest approach in CME theory {s that of
Low (1984a), who has applied the principle of
self-sim{lar MHD to CMEs. Mathematically, the
MHD equations become analytically tractible by
the {ntroduction of a similarity variable which
couples the time and radial distance parameters

TABLE |.Average Properties of Observed CMEs
Sunspot Daily Rate Speed Angular

Number (events) km/s Span
1973-74 Skylab 33  0.55 (77) 340 42°
1980 c/p 150 0.8 (74) 340 41°
1984-85 C/P 25 0.15 (75) 160 38°
1979-81 Solwind 150 1.8 (998) 472 45°
1984-85 Solwind 25 0.3 (59) 208 24°

vithout the need to restrict the treatment to one
dimension {n space; {n fact, a three-dimensional
model {s feasible. For a certain radial sym-
metric velocity field function only a single
MHD equation needs to be solved. Physically,
coronal flows result when bound coronal struc-
tures become gravitationally unstable and break
away. The natural tendency for plasma to expand
in the solar wind can then no longer be resisted
by gravity and magnetic tension. Self-similar
solutions show that in all cases the flow speeds
become asymptotically constant as the Lorentz
forces and pressure gradients act to balance
gravity. No additional "driving”™ force is
required. Low (1984a) showed that various types
of magnetic field configurations in the outflow
could generally match commonly observed CME
structures. His view is essentially an {nversion
of the usual approach to CMEs in that he con-
siders the ejection of material from the corona
to be the normal situation and the confinement ot
coronal material by closed magnetic flelds as
closer to an “event”,

Adoption of the self-similar viewpoint
suggests that we seek Iinftiation of a CME in
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Figure 6. A temporal (above) and spatial
(below) schematic of the relationship of the
flare-associated CME (o the precursor X-ray
arch and subsequent flare as derived by
Harri{son (1986).
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Figure 7. Radial speeds of 12 CMEs as a
function of height. The flare-associated
events are designated (F); others are prom—
inence-associated. From MacQueen and Fisher
(1983).

unstable magnetostat{c states of the corona. Low
(1984b) has studied the stability of large-scale
magnetostatic structures, and Wolfson and Could
(1985) found that magnetostatic equilibria can
disappear when the corona is loaded with an
excess mass corresponding to that characteristic
of CMEs. Preuman (1984b) has considered a CME
initiatton mechanism in which a loop structure is
constricted at its base by external forces.

Observations of CME Development

Comparisons between the development of CMEs
and that of associated disk prominences or flares
can provide clues to the causal agents of CMEs,
Only a few C/P CMEs have been compared in detail
with Ha and other disk observations. Wagner
et al.(1983) found near simultaneity between the
eruption of a prominence and the deduced depar-
ture time of the associated CME. An early
assessment of flare-associated CMEs (Wagner,
1983) indicated that CME departure times preceded
flare onsets. Recently, Harrison (1986) has
found that CMEs appear to leave the solar surface
during weak, soft X-ray bursts preceding subse-
quent assoctated flares by tens of minutes
(Figure 6). The precursor X-ray brightening has
a large spatial scale size of ~ 105 km. The
extent, location, and morphology of the CME are
congistent with the CME lauach occurring during a
destabilization of the precursor arch. This
result, which applies only to flare-associated
CMEs, rather than the more numerous prominence-

assoclated CMEs, is based on three cases for
which SMM precursor and flare X-ray burst images
and C/P CME observations were obtained. Although
additional supporting cases have been claimed
(Simnett and Harrison, 1984), there are apparent-
ly only 4 more cases with incomplete spatial
observations that are consistent with this
scenario (Harrison et al., 1985). Harrison
(1986) argues against the alternative f{nterpre-
tation that the CME launch occurred during the
subsequent X~ray flare. In that case either the
acceleration profile would be unrealistic, or the
starting altitude would be so high (~ 0.66 Ro)
that the onset wculd be observable with the Mauna
Loa coronagraph, contrary to experience {Fisher
and Munro, 1984). When the CME reaches a hefght
of ~ 0.5 R,, a flare occurs in the primary
footpoint of the arch. This suggests that the
resulting flare will be positioned near one leg,
rather than near the center, of the angle
subtended by the CME. A comparison of the
position of the Ha flare with the angular

extent of the assocliated CME for 51 flare~
associated CMEs revealed a similarly strong
tendency for the flare to occur near one ley ot
the CME (Harriscrn, 1986; Harrison and Simnett,
1986) .

These observations suggest that the flare 1s
triggered by conditions subsequent to (he CME
launch and ts not directly responsible for
driving the CME, contrary to the requirements of
pressure pulse models (Wu et al., 1983). Cliver
et al.(1983) discussed a case of a flare-
associated CME which produced a very cnergetic
(E > 500 MeV) particle event but was associated
with a faint inpulsive microwave burst. In
addition, nonflare CMbs associated with no
detectible impulsive phase, but with suftfcient
speeds to result {n Intcrplanetary shocks, were
discussed by Kahler ct al.(1986) and Cane ¢t al.
(1986). Thesc events all show a fundamental
incompatability with the requirements of tte
pressure-pulse models.

Harrison's (1986) scenario places the sources
of flare-assoclated CMEs in large X-ray arches
connecting different active regions. Since the
magnetic fields in these arches may be close to
potential and lie roughly perpendfcular tu the
underlying neutral lines, 1t {s not clear how
active regicn promincnces, which lie fa or uwija
cent to the active regions in highly shearcd
flelds, can bc an integral part of many obsetves
(MMEs. It 1s also unclear why the precursor burst
arch structure should again be observable ~ | hr
after the flare onset {f it had earlier erupted
to form the (ME. McCabe et al.(1986) observed 1
similav arch structure following an unusual flare
in which the active region filament di{d not
erupt. In that case, a flare spray was ejected
in a highly ronradial direction from one end of
the filament channel, giving rise to a CHME. The
precursor arch structures also appear similar to
the post-flare arches considered by Svestka
(1984) to be brightenings of preexisti-~g struc-
tures rather than newly formed features. The
basic role of the precursor arches in the
development of flare-assoclated CMEs has yet to
be defined.

The first appearance of a CHE {n the low
corona i{s that of a bright arch, followed by s
dark depletion region (Fisher, 1984). Occasion-
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ally the arch {8 not well developed until it has
reached ~ 1.5 Ry, in which case one initially
sees a “dark transient”, after which the leading
arch brightens. 1lling and Hundhausen (1985)
combined the HAO K-coronameter and C/P obser-
vations of a single common looplike CME to deduce
{ts basic structural components. The pre-event
structures consisting of the prominence, over-
lying coronal cavity, and ambient corona first
become prominence, depleted mound, and bright
outer rim in the K-coronameter images and then
bright core, intervening dark shell, and outer
loop in the C/P images. Enough mass is observed
in the ambient corona above the prominence to
account for the loop seen in the C/P, supporting
eacrlier Skylab results (e.g., Hildroc et al.,
1575).

Bright cores of materfal, presumed to be the
remnants of Ha prominences, have been seen in
about one third of all C/P mass ejections (Webb
and Hundhausen, 1986) but in only about 1.5% of
the Solwind images at the 4.0 K, polarizer ring
position (Moward et al., 1985). This suggests
that the Ha mater{al {s cither fonized or
rarefied substantially as {t moves outward in the
‘ME.  Tlling and Athay (1986} analyzed the Ha
and continuum C/P observations of Y4 CME proni-
nences.  The densities of ~ 108 cm™3, compared
to typical pre-eruptive densitiecs of 1ot! cm'l,
indfcate volume expansions by a factor of 103,
The decreased density was the primary factor in
the calculated hipgh levels of hvdrogen fonfzation
of 90 to 99%. lu one event the estimated mass af
~ 1.5x10!® gm, and increascd gravitational
poteatfal energy of ~ 3Ix103! ecy of the promi-
nence matched or excceded thonse of the remaining
white light matertal (Athay and Illing, 1986;
{1liny and Hundhausen, 1986).

The kinematic properties ot 12 fnner coronal
(1.2-2.6 Ry) loop CMEs were examined by MacQueen
and Fisher (1983). At ffirst the lateral and
radial speeds of (MEs are about equal., When the
leading edge reaches ~ 1.5 R,, the lateral extent
tends to remain fixed for the cvent duration.
When the radial speeds were plotted as a function
of distance from sun center (Fligure 7), a clear
Jelineation between flare- and prominence-
associated events was found. Flare-associated
events show Ligher speeds with little evidence of
acceleration; prominence-associated events are
characterized by lower speeds and observable
accelerations. MacQueen und Fisher offer the
following hypothesis, Flare-associated CMEs are
produced in {mpulsive accelerations acting over
small spatial (0.2 R,) and temporal (< 10 min)
regimes, while prominence-associated CMEs arc
subjected to significant accelerations over
extended distances and times. A fundamental
difference between the two kinds of CMEs is
Implied in the proffered hypothesis. Becausc
many CMEs are associated with both prominences
and flares (Webb and itundhausea, 1986), there s
some ambiguity about the flare and prominence
assoclations of the MacQueen and Fisher study.
However, supporting evidence for two classes of
CMEs comes from a study by Sime (1986) showing
that looplike (MEs are preferentially associated
with prominence eruptions and the less ordered
non-loop CMEs assocliated with flares. 1In his
view loop-type CMEs reflect the outward motion of

pre-existing structures while flare-associated
CHMEs result from complications due to energy and
mass injection from a compact source.

Anzer and Pneuman (1982) and Cane et al.(1986)
have suggested the contrary view of a broad
spectrum of CME sources ranging from large flares
in complex active regions to eruptions of
quiescent proninences well outside active
regions. These events would then differ only by
degree, rather than by kind, as in the view of
MacQueen and Fisher and Sime.

Large, faint regions of enhanced brightness
known as “forcrunners” were found to border the
Skylab CMEs (Jackson and Hildner, 1978). The
upper boundarics of forerunners maintained a
constant offset of 1-2 R, from the CME where they
blended into the coronal background. They are
considered of significance because the volume of
corona encompassed by the forerunner {s much
larger than that of the following CME. Recently,
Karpen and Howard (1986) have challenged the view
that the forccrunner ts an entity separate from
the CME. In thelr analysis of the brightness
contour maps of 44 Solwind CMEs they found that
the apparent presence of the foreruaner depended
on whether the contour plots were lincar, as
Jackson and H{ldner used, or logarithmic. The
Solwind difference images include the forcrunners
as part of the CME f{tself, in contrast to the
Skylab film images.

The relationship between CMEs and their
coronal environment is the subject of several
wortks., 1lling (1984) has reported on 3 CME which
pushed aside preexisting streamers, and 1lliny
and Hundhassen (1986) describe a loop CME that
completely disrupted a helmet streamer. The
streamer tncreasced in brightness for two days
before the underlyinp prominence erupted.
Portions of the streamer above the loop showed no
change until passed by the loop. The CME loop
material appecred to come only from the streamer
itself. After CME passage the region of the
helmet streamer was depleted. A similar but ~ore
complex event was discussed by Low and Hundhausen
(L986). These events are probably examples ot
the (MF class Howard et al.(1989%) call strcamer
blowouts. While CMEs clearly perturb local
corondal conditfons, they appear to be {nflueaced
in return by the prevailing coronal magnctic
fields and flow conditfons. MacQueen et al.
(1986) measured an average 2.2° equatorward
deflection for Skylab CMEs but no significant
deviation from radfal motion for C/P CMEs ot the
SMM-1 epoch. They suggest thal near sunspot
minimum the dominant large-scale dipolar tield
directs CMEs toward the solar equator, but the
less ordered global fields of solar maximum
activity result in little or no equatorward nct
forces.

MacQuecen and Cole (1985) have examined the
development of loop breadth and total length tor
aine looplike CMEs. The total loop lenpth L was
well fitted by the relationship L = arl-} uhere
R is the radial hefight, and loop breadth h by
h = bRU-48 buL with substantial scatter.
MacQueen and Cole found this latter result
inconsistent with the requirements of models of
magnetically expelled loops (Mouschnvias and
Poland, 1978), compressive waves (Dryer, 1982),
and self-similar flows (Low, 1984a). Although
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1lling (1984) found five features of an expanding
CME to be consistent with self-similar flows, the
velocity field of a complex CME examined by Low
and Hundhausen (1986) showed important departures
from strictly self-similar flow.

The assoclation between CMEs and X-ray flare
events was investigatea by Sheeley et al.(1983).
They found that the probability of a CME associ-
atfon with an X-ray flare increases with the
duration of the X-ray event. Beyond a duration
of 6 hrs all X-ray flares are associated with
CMEs. An unexpected result of the Sheeley et al.
study was that even the shortest duration (< 2
hr) X-ray flares may be associated with CMEs (see
also Webb and Hundhausen, 1986)., These flares
had previously been thought to belong to a
distinct class of compact flares with no associ-
ated CMEs (Rust et al., 1980).

As part of the statistical anzlysis of 998
Solwind CMEs observed during 1979-81 Howard et
al.(1985) reported on the CME structural classes.
They used 10 categories (Figure 2), of which the
three "spike” groups - spikes, double spikes, and
multiple spikes — comprised ~ 53X% of all CMEs.
They also rated the importance of each event
using size and brightness as subjective criteria.
The spike events dominated the lowest {mportance
(N) group but were a small component (~ 182) of
the highest importance (Y) group. Curved tronts
and loops were ~ 44% of the Solwind Y events.

The distribution of 77 Skylab CME structures was
reported by Munro and Sime (1985). Two of thelr
seven morpholugical categories, loops and filled
bottles - the Skylab analogs of the Solwind loops
and curved fronts - comprised 36X of the total
CMEs, si-ilar to the Solwind Y events. Whether
the Solwind spike events are too falnt to be
easily detected in the Skylab and C/P observa-
tions and whether the spike events are really
loop structures with very faint loop tops are
open questions that complicate studies of CME
occurrence rates and morphologles.

Additional results prcsented in the 1979-81
Solwind CME survey by Howard et al.(1985) are as
follows. (MEs occurred over a broad range of
latitudes with an average angular span of 45°.
The average ejected mass was 4x101? gm, and
average kinetic energy 3.5x1030 ery, with a range
of about a factor of 102 for bath parameters.

The curved front, halo and complex CMEs were the
most energetic, and single spike, strcamer
blowout, and diffuse fan CMEs the least energetic.
Howard et al. calculate the CME contribution to
the equatorial solar wind to be ~ 5%. Thetr
average Solwind CME leading edge speed was 472 km
s~t, substantially higher than the Skylab and the
1980 C/P values of 340 kn s~! (Hundhausen, 1986).
CMEs have been observed to move outward as slowly
as 14 km s~! (Fisher and Garcia, 1984) and as
fast as 1825 km s~} (Sheeley et al., 1985).

The difficulties fnvolved 1n deducing the
basic CME geometry from the avatlable obser-
vations were discussed by Fisher (1984). The
competing geometrical concepts are the planar
loop structure and the three-dimensional bubble.
Halo CMEs observed in the Solwind coronagraph
(Howard et al,, 1982) have provided support for
the bubble concept. In addition, the depleted
coronal region following a typical CME was
modelled by a simple three-dimensional figure

with a symmetry axis perpendicular to the limb
(Fisher and Munro, 1984). As a result, the
bubble geometry is now favored for CMEs (Wagner,
1984).

Metric type 1V bursts are sometimes seen in
association with CMEs. With several assumptions
about the statistics of CMEs and type IV bursts,
Cergely (1986a,b) concluded that the mean speed
of moving type IV bursts {s less than that of
associated CMEs and that the burst regions move
behind or along with the CME leading edges. It
had been thought that the electron densities of
the moving t/pe IV source regions were too low
for the type IV emission to be explained by
plasma emission. In two cases (Stewart et al.,
1982; Cergely et al., 1984a) the associatfon of
moving type IV bursts with dense blobs of CMEs
has allowed the possibility that the emfssion
mechanism could be plasma emission, although
gyrosynchrotron emisstion could not be ruled out.
A similar result was drawn for a stationary type
[V burst located {n the leg of a CME (Gary ct
al., 1985). The high density (~ 30x background}
of one of the moving type IV blobs requlrcd a
confining magnetic field B > 0.6 C at 2.5 R,
(Stewart et ai., 1982). Bird et al.(195%5) uscd
Faraday rotation and spectral broadening o aruare-
ments of Helios radio signals to deduce the
l{ne-of -sight magnetic fields in 5 CMEs. They
report values of 1072 to 107! G at 2.5 Ry lover
by a factor of 10-10Z than previous estimates
using CME radio burst cmisston. Since these
earlier values were based on the questionable
gyrosynchrotron interpretations of type IV
emisstion or were representative of the densest
parts of CMEs, the lower values of 8ird ct al,
may be better estimates of thils parameter, which
i{s fundamental but dffficult to measure. A clos
association between stationary type 1V burusts and
CMEs was found by Robinson ct al.(1986). A Mt
may be a necessary condition for these type 1V
bursts, and nearly half of all CMEs with v > 400
ko s~} were associated with continuum sources
located within the CMEs, well away from tte
leading edge.

MacQueen (1980) noted that for the averae ML
occurrence tate and an estimated magnetic flux
preseat in each CME, the total flux added to th.
interplanctary medium would equal the obscrved
background flux in only 100 days. To prevent an
indefinite flux buildup he proposed that OHE
lcops rmagnetlcally Jdisconncct, leaving a loop
that returns to the sun and a closed maguctic
structure that continues outward into inter-
planetary space. An association of the lutter
structures with magnetic clouds was proposed by
Klein and Burlaga (1982). MacQueen suggested
that the lack of any observed loops returning tu
the sun was due to a low loop density rendering
tt favisible. A candidate for just such an event
was reported by Illing and Hundhausen (1981).
The feature identified as the lower boundary of
the closed loop moved out at ~ 175 km s~1, 3 to 4
times faster than the CME lcading edge. The fan-
shaped reglion connected to the sun then contrac-
ted to form a bright coronal ray. The radial
speed of this CME was unusually low (~ 45
km s71) and the event occurred in a previously
disrupted streamer (Webb, 1986), so this event
may not be characteristic of most CMEs, 1Illing
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and Hundhausen cite factors rendering the
observation of this event difficult, but point
out that the SMM-1 CME data set contains 7 more
candidates for disconnected magnetic structures.
Gradual hard X-ray bursts (CHBs) are arother
phenomenon which may be indicative of the
terminal phase of the (ME event. These coronal
bursts, characterized by flat hard X-ray spectra
and relatively high fntensity, low frequency
microwave bursts, occur in the late phases of
major flares. Nine of the 10 events studied by
Cliver et al.(1986) were associated with CMEs.
The GHB events lasted 10-30 min and occurred when
the CME leading edges were at ~ 2-4 R,. Cliver
et al. interpreted these events in terms of
particle acceleration occurring in the magnetic
reconnection regions of the Kopp and Pneuman
(1976) model. The possible disconnection event
of 11ling and Hundhausen would appear to be a
much later and less energetic phase of this
phenomenon.

CMEs and Shocks

The super-Alfvenic speeds (> 400 km s~1) of

the faster CMEs through the corona have made them
obvious candidates for inftiating coronal and
interplanetary shock waves, which are observed as

slow drifr type Il radio bursts. The nearly one-
to-one association found between metric type 11
bursts occurring near the limb and Skylab CMEs
with speeds exceeding 400-500 km s~! (Cosling et
al., 1976; Munro et al., 1979) appearcd to con-
firm this expectation. However, results of the
last quadrennium have left the status of the
CME/shock relationship quite confused.

Difficulties arose when Shecley et al.(1984)
and Robinson et al.(1986) compared Sclwind CMEs
with Culgoora metric type IL bursts., Of 64 type
Il bursts 70% were associated with CMEs but 30%
were not, Type Il bursts without CMEs were
generally simple, had high starting and ending
frequencies, and were associated with short
duration (~ 0.5 br) soft X-ray tlares. Thosc
type 11 bursts with CMEs showed a complexity
correlated with CME speed, had lower character-—
tstic frequencies, and were assoclated with long
duration (~ 3 hr) soft X-ray flares. When type
Il bursts were accompanied by CMEs, the speeds of
those CMEs ranged upward from 400 km s~} as
found for the Skylab CMEs by Gosling et al.
(1976). llowever, many fast CMEs, including 4
CMEs with measured speeds above 1000 km s~!, wvere
not assocfated with metric type Il bursts.
Sheeley et al.(1984) explained the type 11 bursts
without CMEs as blast wave shocks (as opposed to
the “"piston-driven” shocks of CMEs). They
suggested that coronal regions of unusually high
Alfven speeds resulted in fast CMEs withoul type
IT bursts.

Kahler et al.(1984a) extended the Solwind
study to a larger sample of events and found that
about 60% of all type Il bursts associated with
flares from 31° to 90° {n solar longitude were
accompanied by observed CMEs. Sawyer (1985), on
the other hand, compared Skylab, Solwind, and C/p
data to suggest that at least 80 of type Il
bursts near the limb are associated with CMEs.

In thelr examination of fast (v > 500 km s~!1)
Solwind (MEs Kahler et al.(1985a) reported that
althouph faster CMFs are more likely to be

associated with type Il bursts, about 33X of all
fast frontside CMEs are not associated with such
bursts.

These results show that at least some type 11
bursts may be interpreted as blast waves. Wagner
and MacQueen (1983) have suggested that even when
a CME is assoclated with a type II burst, the
inferred shock is also produced as a blast wave
in the low corona and proceeds to travel through
and then ahead of the CME. They based their idea
on several observational points (Wagner, 1983):
(1) CME trajectories extrapolate back to the
inner corona to times earlier than the impulsive
phases presumed to gewerate the flare shocks
(Sawyer, 1983; Dulk, 1984; MacQueen, 1985); (2)
evidence for type 1I source regions behind,
rather than ahead of, the leading edges of (MEs;
and (3) speeds of type II bursts in excess of the
CME specds. Point (1) presents a problem for the
earlier shock model of Maxwell and Dryer (1981),
in which the CME and resulting piston-driven
shock are produced in the flare explosive phase.
It the CME begins to erupt well before the flare
starts, then the shock, which usually projects
back to the impulsive phase (Kahler et al.,
1984a), must be a blast wave following the CME.
If (MEs and coronal shocks are not cause and
effect, we have to ask why shocks are never
observed with slow (v < 400 km s~ 1) CMEs. 1In
addition, type 11 shocks are not well correlated
with the fluxes of impulsive 3 cm bursts (Kahler
et al., 1984a). Evidence for point (2) is meager
because only several CMEs have been accompanied
by radioheliographic (positional) observations of
type 11 bursts. The three type II bursts
examined by Gary et al.(1984), Stewart et al.
(1982), aid Gergely et al.(1984a) appear to occur
behind the ME leading edges. However, the
analysis of a fourth event by Gary et al.(l986)
suggests a shock leading the CME. Pofnt (3) is
substantiated by Gergely's (1986b) finding that
the average speed of type Il bursts (1380 km s 1)
is ~ 1.8 times higher than that of CMEs associ-
ated with type 11 bursts (~ 820 km s~ l), 1t
should be noted that in Gergely's study the two
groups of type Il bursts and of CMEs had few
events in common. In addition, the derivation of
shock speeds depends on the particular coronal
density model employed to interpret the type I1
burst drift rates. 1In making the case for
piston-driven shocks Maxwell (1986) has consid-
ered the deduced speeds of type 11 shocks and
emphasizes the lower average speeds (760-930 km
s~y reported by Robinson (1985). In particular,
Maxwell is critical of the very high speed (4900
km s™1) deduced by Gergely et al.(1983) for a
type I1 burst shock associ{ated with a CME.
Maxwell et al.(1985) discussed an eveat in which
they concluded that a shock moved at a speed of
1000 km s~l, presumably just ahead of the
associated CME moving with a speed of 600-800 km
s”l. They offer this event as one in agreement
with the Maxwell and Dryer (1981) piston-driven
shock model. Most of the C/P looplike CMEs are
preceded by deflections of pre-existing coronal
features ahead of the CME flanks, suggesting Lhat
waves or shocks are running well ahead of the CME
fronts (Stme and Hundhausen, 1986). The two
models by Steinolfson (1984) and Wu et al.(1986)
represent a new approach to the problem of type
11 bursts and CMEs and address points (2) and (3)

17




Kahler: Coronal Mass Ejections 6T

above. They combined numerical simulations of
CME-driven shocks with the Holman and Pesses
(1983) shock drift acceleration mechanisa for
type I1 burst eamission. Although the radio
generation mechanisms differ in the two models,
the type 11 sources appear below the CME leading
edge in projection, and show high apparent speeds
relative to the CME. These models therefore
retain the piston—-driven shock, but account for
the objections cited by Wagner and MacQueen
(1983) and Wagner (1984). In summary, the
relationships among CMEs, coronal shocks, and
flare impulsive phases remain unsettled.

In contrast to coronal shocks, the associ-
ation between CMEs and interplanetary shocks
seems relatively simple. Sheeley et al.(1983a,
1985) looked for Solwind CMEs associated with
shocks detected at the Helios | spacecraft when
it was within 30° of a solar limb. 1In 49 cases
CMEs were found with appropriate timings and
positions for confident shock assoclations, 18
cases were possible, and only 1 doubtful.
Associated CMEs were generally major events -
relatively large and bright. 1In the reverse
direction Sheeley et al.(1983a) examined 27 major
CMEs directed toward Felios but not already
associated with shocks. 17 of these were not
within 15° of the ecliptic, and 9 of the remain-
ing 10 were assoclated with some kind of finter-
planetary disturbance. These results indicate
that with very few exceptions {nterplanetary
disturbances are produced by major CMEs and are
confined 1n latitude to within 15° of the angular
extents of the CMEs measuted at 10 R, (Michels et
al., 1984a). For their 49 confident associations
the average CME speed (measured in the plane of
the sky) was 749 km s~!, the average shock
transit speed to Helios was 744 km s~l, and the
average fn sftu shock speed at Helios was 656 km
™1 indicating some interplanetary deceleration
of the shock. Interplanetary deceleration of
shocks was also found by Woo et al.(1985) using
spacecrafc Doppler scintillation measurements.
Speeds of the faster shocks near the sun were
considerably higher than those of the assocfated
CMEs, leaving unclear whether the shocks were
located at the CME front or were moving faster
and well ahead of the (ME., With the excellent
correlation found between Helios shocks and
Solwind CMEs, it Is not surprising that an
initlal comparison of interplanetary type 1
radio bursts with Solwind CMEs also shows a
similar assocfation (Cane and Stone, 1984).

While all transient interplanetary shocks
appear at least initially to be piston-driven by
CMEs, our understanding of the relationship
between coronal shocks and fnterplanetary shocks
fs as muddled as that between coronal shocks and
CMEs. A major problem here is that the lack of
nbservations between 2 and 20 MHz does not allow
us to determine whether coronal type 11 shocks
evolve {nto {nterplanetary shocks. Sheeley et
al.(1984) presented evidence that metric type I1
shocks without CMEs do not give rise to inter-
planetary shocks. Cane (1984) has suggested the
concept of two independent shocks, a blast-wave
coronal shock (Wagner and MacQueen, 1983) and a
piston-driven interplanctary shock. She dis-
cusses several objections to her model including:
(1) most interplanctary type Il bursts are
preceded by coronal type II bursts; (2) coronal

type II bursts assoclated with {nterplanetary
type 11 bursts have statistically lower starting
frequencies than all coronal type Il bursts
(Robinson et al., 1984), suggesting a relation-
ship between the two kiands of bursts; and (3)
energetic coronal type II bursts are character-
{zed by herringbone emission, presumed due to the
escape of energetic clectrons along open field
lines not supposed to be present in CMEs.

The close association between solar energetic
particle (SEP) events and coronal shocks (Lee,
1983) suggests that CMEs may also be linked to
SEP events. Kahler et al.(1984)L) found that 26
of 27 SEP (E > 4 Mev) events could be associated
with CMEs. 1In addition, the peak proton fluxes
were correlated with both CME speeds and CME
angular sizes. However, no CME associations
could be made for a few events, now thought to be
electron-rich particle events (Cane et al.,
1986). 1In addition, no significant CME or type
11 burst asscciations were found for JHe-rich
events (Kahler et al., 1985b).

Interplanetary Ohservations and Effects of CMEs

The zodiacal light photometers on lYioard the
Helios spacecraft allow low-resolution imaging of
CMEs at large distances (~ 15 R, to | AU) from
the sun (Jackson et al., 1985). To date 9 CMEs
observed by cither Solwind ot the C/P instruments
have been compared to Helios observalions
(Jackson, 1985a,b; 1986a,b). In general, the
gross features deduced for these CMEs at ~ 0.5 AU
are quite similar to those deduced from the
coronagraph observations. The speeds and angular
extents are quite similar, indicating no major
changes other than a simple expansion of these
9 events as they travelled through the interplan-
etary medium. The masses, however, drce several
times larger than those deduced from ruronayraph
data. Whether this {s due to additional maus
flow from the corona or to ambient solar wind
plasma compressed aheal of the CME is nol known.

It 1s of obvious interest to make in situ
measurements of CMEs at the ecarth. Coronajiraph
obscervations of CMEs are strongly biascd toward
those events located above the solar limbs, .o

that {n gencral, Earth-directed CMEs, except for
the few halo events (Howard ¢t al., I1YK2), will
not be observed. However, the -ignature of a

major fnterplanetary disturbance dirested at the
Farth has long been known: (1) a large solar
flare followed 1 to . days later by (2) the
arrival of an interplanetary shock resulting in a
geomagnetic storm sudden commencement and (3) a
subsequent storm and Forbush decrease lasting |
to 10 days, often accompanied by (4) solar wind
of enhanced helfum abundance. Since we have scen
that large flates and interplanetary shocks are
well assocfated with CMEs, we might expect the
characterization of CMEs at the carth (o be a
fatcly strafghtforward task. For several ceasons
the situation {s still regrettably muddled.
Borrini et al.{1982a,b; 1983) have taken an
obvious approach Lo studies of CMEs at the earth.
They analyzed the 103 forward shocks and 73 cases
of solar wind helium abundance enhancements (He/H
> 10X for > 2 hrs) observed during 1971-1978 with
the Los Alamos plasma instruments on INP 6, 7,
and 8. Helfum enrichments (He/H > 82) followed
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462 of the shocks, and, conversely, shocks were
associated with 44% of the helium enhancements.
The helium enrichments followed the solar cycle
in frequency of occurrence and were often associ-
ated with solar type I1 and IV radio bursts.

They preferentially occurred in regions of low
proton teamperature and high magnetic field behind
the strongest shocks. Borrini et al. concluded
that virtually all the shocks and helfum enhance-
ments of their studies were associated with CMEs.
Because the frequency of their shocks and helium
abundances at the earth is much lower than the
expected incidence of CMEs, they suggested that
other CMEs may have weaker or different plasma
signatures. Some noncompressive density enhance-
ments may arise from CMEs (Fenimore, 1980).

An exanination of the driver gas of 9 shocks
(Zwickl et al., 1983) i{ndicated that helium
enrichments usually have time scales of minutes
and can occur anywhere within the low temperature
reglons that follow the shell of shocked ambient
plasma. From this Zwickl et al. suggest a patchy
distribution of the helium enriched material
within the cold driver gas. In this model {t is
possible to observe the shock without detecting
driver gas, which {s consistent with their
finding of a “well defined” driver gas after only
9 of 54 shocks observed in 1978-1979. Another
kind of solar wind helium enrichment, that of He*
relative to the normal fon He*t, also appears
promising as a signature of the cool filamentary
material known to be ejected in many CMEs (Illing
and Hundhausen, 1985). Cane et al.(1986) find
that at least 6 of the 15 or so reports of He*
(Bame, 1983) can be associated with solar
filament eruptions. Unfortunately, the Los
Alamos IMP and ISEE plasma detectors were not
designed with a high sensitivity to such an
exotic ion (Bame, 1983); otherwise the 1 AU
passage of filamentary matertal mirhr have been
routinely detected.

The magnetic loops inferred to exist behind
shocks fn interplanetary space motivated Klein
and Burlaga (1982) to define an interplanetary
magnetic structure which they call a magnetic
cloud. Thesc are reglons with radial dimensions
of ~ 0.25 AU at 1 AU {n which the magnetic field
strengths are high and the field direction
changes by the rotation of one component nearly
parallel to a plane. This geometry is consisteat
with a magnetic loop or helix. Klein and Burlaga
fdentified 45 clouds necar earth from 1967 to
1978. Each cloud was associated with either a
shock, a stream interface or a cold magnetic
enhancement (for which they used the ambiguous
acronym CME). Because the fleld and plasma
parameters are similar for clouds of each class,
they suggest all clouds are the manifestations of
a single phenomenon, a (ME. The observed masses
(~ 2x1015 g), speeds (400~500 km s~!), magnetic
field strengths (~ 12 nT), and occurrence rates
(0.5 to 1 cloud/month) are all consistent with
the identification of coronal clouds as CMEs.

The total pressures of magnetic clouds exceeded
those of the ambient plasmas, so cloud expansions
were {nferred. A study of 5 clouds between 2 and
4 AU (Burlaga and Behannon, 1982) showed that the
clouds persisted out to those distances with
estimated expansion speceds of nearly half the
Alfven speed. A good casc of an assocfation
between a CME observed over the west limb by

Solwind and a magnetic cloud observed at 0.54 AU
by Helios 1 two days later was presented by
Burlaga et al.(1982).

While Klein and Burlaga argued for an assoc~
{ation between CMEs and magnetic clouds on
statistical grounds, Wilson and Hildner (1984)
sought direct CME associations for the post-1970
clouds using proxy solar data for the occurrences
of CMEs. They compared four kinds of events (Ha
flares, type Il and IV radio bursts, gradual-
rise-and-fall radio bursts, and soft X-ray
events) during appropriate cloud launch windows
with similar events during no-cloud control
periods. Comparing the four kinds of proxy data
for the three classes of magnetic clouds, tney
found that in one case - type II bursts for the 9
cases of clouds following shocks - a significant
signal emerged. This result supports the
CME/ magnetic cloud hypothesis only for the
clouds following shocks. Wilson and Hildner
(1986) compared the magnetic clouds observed
between 1967 and mid—1974 with solar f{ilament
disappearances during the cloud launch windows.
17 of the 33 cloud windows contained one or more
disappearing filaments, compared to only 7 of the
33 control windows. Although less than a one-to-
one correlatfon, this resulc Is further statis-
tically significant evidence for the CME/magnetic
cloud hypothesis.

There are secveral qualifications to the link
betwecen CMEs and magneti{c clouds. First, the CME
loop structure which helped inspire the ifdea of
coronal clouds is observed in less than half the
Skylad (Munro and Sime, 1985) and the Solwind
(Howard et al., 1985) CMEs. The magnetic
structures of cloud, streamer blowout, spike,
ray, and fan CMEs are not known. Second, the
definition of clouds adopted by Klein and Burlaga
(1982) restricts the presumed magnetic loops to
those with loop axes (corresponding to the
minimum variance direction) close (< 45°) to the
ecliptic plane, thus excluding possible loops
with axes nearly perpendicular to the ecliptic.
In summary, it appears that some of the identi-
fied magnetic clouds correspond to CMEs, but many
other CMEs drift past the earth eluding detec-
tion.

The Future

While recent studies have advanced our under-
standing of CMEs, they have been paralletled by
vexing inconsistencies and uncertainti{es. This
has been particularly acute in comparing the
occurrence rates, angular widths, morphologies,
forerunners, and even speeds of the Skylab and
C/P observations with those of the Solwind
observations, This s{ituation may prove to be
fortuitous if ft leads the HAO and NRL groups to
a deepe~ understanding of the effects of the
differences between their coronagraphs and
between the techniques used for measuring the
properties of CMEs. We also have to be cautlious
of some results which are based on small or
sclected samples of events, often necessarily so
testricted. tllowever, we have also been frus-
trated in cases with large data samples. An
egregious example 1s that of the relationship
between metric type 11 bursts and CMEs, for which
no simple or consistent picture has yet emerged.

Future observational work should be partic-
ularly fruftful in revealing the origin of CMts
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and their role in coronal evolution.
NRL groups are now using synoptic observations to
investigate the ambient coronal structures from
This work may help in under-
standing the currently undefined relationship of
the large preflare and postflare coronal X-ray AU.
It may also help to delineate
the differences between prominence- and flare-
associated CMEs, perhaps in terms of closed and
open magnetic field configurations.
eration profiles of CMEs and the nature of the
interaction’ of forerunners with the ambient

We also nced to

which CMEs arise.

arches to CMEs.

corona have yet to be examined.

look at the coronal aftermath of (MEs.
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More work can also be expected on the physics of
eruptive prominences. They are directly observed
to be an i{mportant component Iin many (MEs and
their cool fons may be observed in the solar wind
and possibly in energetic particle events at |
Their detafled structures may provide clucs
to stability criteria and eruptive forces. They
also serve as the readily observed disk signa-
tures of CMEs. Finally, there i{s a strong need
to push further efforts {n CME theory and
modelling. In particular, we neced to keep in

The HAO and

The accel-

How long

does the corona remain open after a CME, how much
total mass escapes, and how does the corona

subsequently evolve?

Anter, U., snd C.V. Pacusen, Magnellc recon-
nection and coronal tranelents, Solar Phys. .

All these questions can
only be answered with a detailed quantitacive
analysis of the coronagraph data requiring more
effort than the identification and compilation of
CME properties characteristic of past studies.

Shecley, Jr.
script.
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Abstract. We use Ha, X-rav, and kilometnc radio data to examine the solar coronal activity associated with
cnergetic (~ 1t McVinuct ') *He-rich particle events observed near Earth. The basis of the study is the
12 *He-rich cvents obscrved in association with impulsive 2 to 100 keV clectron events reported by Reames
et al (1985). We find that when Ha and X-rav brightenings can be associated with *Hefelectron events, they
have onscts coinciding to within t min of that of the associated metric type HI bursts. In three or four events
we found no associated Hax or ..-ray flares, and in two events even the metnic type il bursts were weak
or absent. The measured low-cnergy (2 keV) clectron spectra for these events show no evidence of a
flatterung due 1o Coulomb collisional losses. Thesc results and several other recent findings are consistent
with the idca that the *He/electron events are due to particle acceleration in the corona well above the
associated Ha and X-ray flares

1. Introduction

[t is now clear that *Hec-rich solar energetic particle (SEP) events are a distinct class,
distinguished from the SEP cvents of greater fluxes and energies not only by their
anomalous He isotopic composition, but also by their lack of association with metric
type Il bursts and coronal mass ejections (Kahler et al., 1985). A detailed study of twelve
observed He-rich events suggests that > 1.3 MeV >He ions arc impulsively accelerated
and injected into interplanetary space along with impulsive 2 to 100 keV electrons
(Reames et al., 1985, hereafter referred to as RvL). In that study energetic clectrons were
observed with each of the >He-rich events and the times of onset and maximum for the
*He and electron increases were closely related by velocity dispersion. More recently,
Reames and Lin (1985) have examined the inverse relationship by asking how many
solar electron events are accompanied by >He particles. They found *He present in over
half the 2 keV clectron events and in two thirds of the 19 keV electrun events, suggesting
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that with greater collecting cfficiency *He particles would be found in all clectron events.
We will refer to these events as *He/clectron cvents to indicate the common origin of
the two particle species. The low fluxes and slow speeds of the £ ~ 1 MeV nucl ™' "He
ions render the solar injection times uncertain, but the close associations of the clectron
events with last drift type 111 radio bursts provide the relatively precise timings needed
to make the associations of the particle events with solar phenomena.

In this paper we examinc the characteristics of the solar Ha and X -ray flares and the
metric and kilometric type 1 bursts associated with the 12 *He/electron events studicd
by RvL. The flare associations arc based on the timings of the Ha and X-ray flures and
on the positional information derived from the kilometric type I1I bursts. We usc the
results of these associations and the shapes of the interplanctary electron spectra to infer
the coronal heights of the acceleration regions.

2. Ha Flare Associations

The times of the 12 events, taken from RvL, arc given in Table i. Several of these events
occurred on the sume day and in these cascs are associated with H x flares in the same

TABLE |

*He clectron cvents

Date Metric type HI Approx. Ha McMath Total 18 br Total with
—_— location onset UT  region km type 1 reported
Start UT  Qlass Hax flares
8 Nov., 1978 1751 3GG NI EI2 17.51 643 Z 2
27 Nov., 1978 20: 56 3GG N26 W47 20: 55 672 6 0
(673) (3)
26 Dec., 1978 (139" - S21 w419 - 2 4 0
26 Dec, 1978 21:22"  WNGS  S21 W4s* 21:04 721
10 Feb, 1979 18:18 3GG NI3W23*  <18.00 807 6 2
(808) )
17 May, 1979 05:58' 2G S35W78® 05 :51 996 12 3
(010) (0)
14 Aug, 1979 17:28 3IGG NERYEH 1728 208 4 -
13 Aug, 1979 20:48 3GG S17wW4g 20 48 205 -

6 Scpt., 1979 09 : 06* 2GG N20 W62 09 : 06 252
6 Scpt., 1979 11:38°  3GG NITW65%<  11:39 252
11:48° 3G N18 W67 11:48 252 10 b
6 Scpt., 1979 13:32°  3GG N16 W63 13:32 252
6 Sept., 1979 18:51"  2GG NI16 W6s* 1850 252

* Flarc not listed in SGD, but found in visual inspection of Ha patrol films.

® Flare not listed in SGD; observed faring activity probably not associated with type 111 burst.

€ Weak intermittent group lasting more than 1 hr; the start time of the 1980 kHz burst was 21 : 24 UT.
4 No event found in inspection of Ha patrol films (P. Simon, private communication).

* Both flares probably contributed to the *He/electron event since each was associated with an intense
kilometric type 111 burst.

e and electron flux profiles for these events are illustrated in Rvi.

® Start time of 1980 kHz burst.

rJ
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active region. In cach case we give the time of the onset and the maximum reported burst
size of the associated metric type Il radio burst. The approximate flare sites and
McMath region numbers, based on both reported Ha flares (Solar-Geopliysical Data,
1978-1980) and inspection of Ha patrol films, are also listed. All Ha events were
subflares cxcept for the 8 November event, which was a B flare.

Each *He/electron event was associated with a prominent kilometric type HI burst
obscrved with the solar radio experiment on ISEE-3. The experiment has been described
bricfly by Cane er al. (1982) and the techniques of calculating antenna temperatures and
solar clongation angles by Bougeret er al. (1984). By measuring the clongation angles
to the centroids of the radio emission regions and using a model of the interplanctary
plasma density (Bougeret eral., 1984) to relate emission frequency to radial distance,
the trajectory of the clectron population can be plotted as it moves from the Sun to the
Earth. We show the trajectory of the 17 May, 1979 event in Figure 1. In this casc we

£AST

- - o

TO EARTH

MAY 17, 1979

Fig. 1. The type U1 burst trajectory of the 17 May, 1979 event of Table | The frequencies in kilohertz are
shown at points along the trajectory, which is projected onto the ecliptic plane. The 1980 kHz pont lics
at a longitude of W 74° in good agreement with the solar source region at W 78°.

scc a good match between the angle subtended by the 1980 kHz burst position and the
solar flare longitude. In general, the kilometric type I1I burst defines the source of the
associated *He/electron event with good timing and a solar longitudinal position to
within about +25°.

We find, however, that making an Hax flare association with the kilometric type [11
burst is often difficult. In some cases there may be several candidate Ha flares or
brightenings and in other cascs no such candidates exist. A solution to this problem lies
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in the fact that each type 11 burst of Table I is one of a family of such bursts, all of which
occur over a period of ~ | day and show ncarly identical solar clongation angles as a
function of radio frequency. This suggests that a particular solar region is the source of
cach of these bursts in which the energetic electrons producing the bursts traverse similar
paths through the outer corona. Figure 2 shows an example of such bursis during a 6 hr
interval on 14 August, 1979.

90

73 T T L
w sal ISEE 466 KHZ |
L) S A L B A A B8 A 81
sl C c N—J N TN ]
C-Gdr B
-9¢f
LR W
Q
[oX¢]
14.0 WE7O | £ 76 — €77 WAs,
LOG Ta
10.0 -1
A A
60 1 - . 1 1 L —J
1200 | 300 1400 1500 GO0 1 700 10

UT ON 14 AUGUST 1979

Fig 2. 466 kliz data fiom the [SEE-3 radio experiment on 14 August, 1979 Top pancl shows the burst
solar clongation angle, ¢. Three families of bursts labeled A, B, and C were present during the 6 hr interval
B events weee assoctated with McMath 205, The B event beginning at 17 - 30 UT was associated with a
’He/electron event. C events were probably associated with McMath 224 1n the castern hemisphere. The
a parametcer of the middie pancl is a measure of the apparent size of the scurce region, with unity indicating
a point source. The bottom pancl is a plot of antenna temperature 7, for the averaged rotating (despun)
antenna. The start and end times and longitudes of the reported Hx flares arc aiso shown

By associating reported Ha flares with each family of bursts, we can expect to gain
confidence in making the correct Ha flare association for the particular burst with the
*He/clectron event. We have listed in Table I the number of prominent kilometric
type 1 bursts in cach family during an 18 hr period around the time of the *He/electron
burst. The last column gives the number of bursts possibly associated on the basis of
the timings with reported Ha flares in the active region presumed to be the source of
the *He/electron event. Numbers in parentheses are the numbers of bursts possibly
associated with reported Ha flares in alternative candidate McMath regions for the
three dates for which the active region is in some doubt. The fact that 3 of the 4 events
of 6 September and both 14 August events were associated with reported Ha flarcs in
the same regions provides a measure of confidence in this technique. In two of the three
events with questionable active region associations we see that the Ha flare associations
of the alternative regions are worse than for the preferred active regions, although the
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statistics are limited. Two of the three 27 November Ha flares in McMath 673, the
alternative region given in Table I, pecaked well before the onscts of the metric type 111
bursts and for that rcason werc probably not correctly associated with the kifometric
events of Table I.

Using only the kilometric and reported Ha flare data, we could have selected the
preferred region for all the *Hefelectron events except for the 27 November event and
the two on 26 Drcember. In the latter case no choice could be made. On the other hand,
by ignoring the kilometric data and looking only for reported Ha flares at well connected
longitudes, we would have found no associated flares for 4 or § of the *He/electron
cvents and would have misidentified the source regions in two or three other cases. The
8 November event would have been associated with a reported subflare at W61 in
McMath 635 and the 10 February cvent with a reported subflare at W21 in
McMath 808. An cxaminatuon of the Ha films from Big Bear Solar Observatory shows
that in neither of these cases could a significant brightening be observed in the region
at the tuime of the reported subflare. The reported Ha flare in McMath 673 on
27 November was short in duration, ending at 20: 55 UT, [ min before the type 11
burst onsct. Whether this flare association would have been made depends on the timing
criteria used. The result is that the use of only reported Ha flares and umings of the
metric type 11 bursts would have yielded correct flare source regions for only 5 of the
12 events of Table I

3. Hax and X-Ray Flare Timings

Itis of interest to examine the timing relationship between the metric type 111 bursts and
the associated Ha flares of the last column of Table 1. For the six cvents of § November,
14 August, and 6 Scptember with reported Ha flares, the onscts of the metric type 11!
bursts and the associated Ha flares were within 1 min of each other. This was also the
case for the small unreported Ha flares we observed in the Big Bear Solar Observatory
films for the *He/electron events of 27 November and 11: 39 UT and 18 : 50 UT on
6 September. The weak, extended intermiitent type Il activity of the 21:22UT
26 December cvent was apparently accompanicd by motions of a small clumpy filament
with very weak associated bnightenings in McMath 721 beginning at 21: 04 UT. The
filament began showing large morphological changes about 21: 25 UT, within 1 min of
the onset of the 1980 kHz type [ burst. On the other hand, the onsets of the 2 Ha flarcs
reported on 10 February in McMath 807 occurred 10 min or more before the associated
type III bursts, and the suspected 17 May Ha flare brightening associated with the
*He/electron cvent was observed to begin 7 min prior to the type IIT burst onset
(C. Wright, private communication).

In view of the excellent agreement between the type 111 and Ha onsets for most of
the events of Table [, we may ask why the agreement is so poor for the *He/clectron
events of 10 February and 17 May. Although Ha brightenings in the appropriate regions
were found, it scems more likely that in those cases no obvious chromospheric activity
occurred in true association with the type 11T activity. All the events of Table 1 appear
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consistent with the hypothesis that some of the kilometric type 11 bursts are un-
accompanicd by Ha brighienings, but when an Ha brightening does occur, the
brightening onsct closely coincides within 1 min of the type 11l onset. The 5 to 15keV
X-ray data (rom thec UC Berkeley detector on ISEE-3 (Anderson e: al., 1978) support
this conclusion for the *He/electron events. Data for the 26 December, 10 February, and
17 May *He/electron events show no obvious low-cnergy X-ray events near the times
of the type 111 burst onsets. For all other *He/clectron events the X-ray onscts appcared
within 1 min of the type 111 onsets. Both the Ha and the X-ray observations suggest that
clear flarc signatures were present in the eight *He/electron events of 8 and 27 November,
14 August, and 6 Scptember, but were absentin the 3eventsof 13 : 19 UT 26 December,
10 Fcbruary, and 17 May. The signature of 21 : 04 UT 26 December is unclear.

4. The Interplanetary Electron Spectra

We have examined the event-averaged clectron energy spectra for all the *He/electron
events of Table 1. In each case the spectral slopes show no cvidence of flattening down
to the lowest measured energy of 2 keV. Il we assume that a power-law spectrum, as
mcasured for the 17 May, 1979 ecvent (sec Figure 10 of RvL), characterizes the clectron
acccleration process, then the observed low-energy cnd of the spectrum can be inter-
preted in terms of an upper limit to the amount of material traversed by the accelerated
clectrons. By assuming an appropriate coronal density model, the minimum height of
the acceleration region can be calculated. Using the procedure of Lin (1974) and the
average corona characteristic of solar minimum (Fainberg and Stone, 1974), wc
calculate a minimum height of 0.2 R, (= 1.4 x 10® km above the photosphere) for the
acceleration region.

S. 3He/Electron Event Flare Characteristics

We looked for evidence of an cncrgetic impulsive phase in each of the *He/clectron
cvents. Only the three events of 8 November and 14 August were associated with
reported microwave bursts. These three were also the only events with impulsive bursts
in the 12 to 20 kcV energy range of the ISEE-3 X-ray detector.

An examination of the Ha flare sites of the *He/electron events shows that the flares
of the 8 November, 14 August, and 6 September (sce Figure 3) events all occurred close
to sunspots. The 27 November flare occurred in an old spotless region, and the
26 December source region was rather similar. The 10 February and {7 May source
plage regions were bright and with spots, but, as discussed above, no flares could be
associated with the *He/elcctron events. The 21: 04 UT 26 December, and 09: 06 UT
and 11:48 UT events of 6 September dcfinitely had filament eruptions. With the
possible exception of the 8 November event, the other flares did not. Other than their
small sizes, there is no obvious common characteristic of the Ha flares.
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Fig. 3. Two of the four 6 Scptember Ha flares in McMath 252 associated with *He/clectron cvents. The

flare shown at 09 : 07 UT was north of the sunspot (arrow) and was associated with a filament cruption.

The 10 : 02 UT image shows the nonflaring active region for comparison. At 11:39 UT a flare began in the

region west of the sunspot (arrow) and was followed at 11: 48 UT by a sccond flare at the same location

as that of the carlicr 09 : 06 UT fare. Both the 11: 39 UT and 11: 48 UT flarcs arc shown in the 11:51 UT

image. Later flarcs beginning at 13 : 32 UT and 18 : 55 UT also occurred at the flare site west of the sunspot.
The 11:39 UT and 18: 55 UT Rares were not listed in Solar-Geophysical Data.

6. Discussion

Past cfforts to associate reported Ha flares with 3He-rich events were often unsuccess-
ful, partially because of large uncertaintics in the timings of injection of the particles into
the interplanctary medium (Ramaty er al., 1980; Kocharov and Kocharov, 1984). In
Scction 2 we found that even when the injection times are known quite preciscly, the
Ha flare reports in SGD were a poor guide to the source flares of the *He/electron
events. The usc of the Ha flare patrol films and the families of kilometric type 111 bursts
has enabled us to make Ha flare associations in the 7 of 12 cases where the association
would otherwisc have been ambiguous or erroneous. As shown in Tablel, the 3
kilometric burst familics of 8 November, 14 August, and 6 September are well associ-
ated with reported Ha flares while the other four families are not. Considering the five
3He/electron cvents of the latter group, only the 27 November event appears con-
vincingly associated with an Ha flare.

The lack of any observed associated Ha and X-ray activity for at least three of the
twelve *He/electron events suggests a coronal origin for the energetic *He ions and
electrons. The very close coincidence we found between the o.sets of the metric type I11
bursts and the onsets of the associated Ha and X-ray flares is also compatible with the
view that the initial activity of the 3He/electron events begins in the high corona. Ha
activity may have little to do with the acceleration of the >He ions and electrons other
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than 1o reflect indirectly the presence of the overlying event, presumably as a result of
the precipitation of some fraction of the energized particles. This idca has been suggested
by Kanc et al. (1974). They argued from the lack of observed hard X-ray bursts in
association with some metric type 11 bursts that the density of the acceleration region,
n, S 4 x 10% cm 2. The lack of flattening at the 2 keV ends of the low-energy electron
spectra provides another reason for invoking a high-coronal acccleration region. The
hcight of the 3He/electron acceleration region inferred from those datais 2 0.2 R, i.c.,
2 1.4 x 10® km above the photosphere.

If we take the lack of a reported type 111 burst at ~20 MHz, as in the case of the
13:19 UT 26 December event, as indicating that the acceleration did not occur in or
below that region, then the acccleration region may be characterized by
n, <4 x 10°cm "2, a height of ~ 2 R,. We must remember, however, that observations
of type Il emission (rom interplanctary clectron beams are complicated by a number
of factors involving the gencration (Lin er al., 1981) and propagation (Steinberg er al.,
1984) of the bursts, so the true situation may prove to be more complex.

As with past studics of the Ha manifestations of metric type [l bursts
(Svestka, 1976), we do not find a consistent morphology or characteristic of cither the
Ha flares or the active regions associated with the *Hejelectron cvents. Filaments
appear important in some observed Ha flares but not in others. In addition, some source
active regions were weak and spotless; others were large and dominated by spots. Only
seven *He/electron event flares occurred close to sunspots, and small impulsive hard
X-ray and microwave bursts were observed with only the three events of 8 November
and 14 August. The lack of a consistent pattern in either the Ha flares or the active
regions is also consistent with a high coronal origin for the associated *He/electron
cvents.

Another recent study provides further evidence of a high-coronal origin of the
*He/clectron cvents. Reames and Stone (1986) have examined the kilometric type 111
burst associations for the largest of the *He-rich events detected from 1978 to 1982. By
measuring the time over which *He-rich events from a given active region can be secn
at 1 AU, they deduce a narrow longitudinal angular width of 5 to 10° for the particle
injcction profile. From the timings and pitch angle distributions of the *He cvent onsets
Reames and Stone found no evidence of any delays due to coronal diffusion or
scattering. The relative case with which the *He particles leave the acceleration region
again suggests a high coronal origin rather than a lower, flare-initiated origin.

We cannot rule out the possibility that in some *He/electron events, particularly those
of 14 August (Table I) and others associated with larger Ha flares (Kocharov and
Kocharov, 1984), the particle acceleration takes.place in a low altitude impulsive phase
accompanied by obvious Ha and X-ray flare signatures. Svestka (1976) has suggested
two classes of type III events, one of this type, and one appearing only at high levels
in the corona with no flare association. For the latter class he mentioned type I1I storms,
but we are suggesting this possibility for large, well developed groups of type 111 bursts,
clearly distinguished from type III storms in the kilometric radio data.

*He-rich events characteristically show an enrichment of heavy ions relative to the
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normal composition in large SEP events (Mason er al., 1986). The ionization states of
energetic Si and Fe ions observed in *He-rich events have been found by Luhn eral.
(1985) to be characteristic of a temperature of ~ 107 K, significantly higher than the
temperatures of ~ 3 x 10 K characteristic of the Fe and Si ions from normal-
abundance SEP events and aiso characteristic of the quicscent corona. We might expect
such Iigh temperatures 1o occur only in X-ray flares Jocated n the lower corona
immediately over the associated Ha flares. However, the fact that we often find no
associated observed X-ray flare with the *He/jelectron events and the other reasons
discussed carlicr for a high coronal source region suggest that the heating occurs in a
region of the corona where the emission measure 22V, where #1, is the clectron density
and V the volume, of the heated region is so small that X-ray fluxes can not be detected.
For a large coronal region this scenario implics small clectron densitics and « high
coronal source region.

The high ionization temperatures and high altitudes deduced for the sources of the
*Hejelectron events are also incompatible with the *He-rich solar flarc model proposed
by Kocharov and Kocharov (1984). To allow {or puarticle aceeleration by ion acousbic
turbulence, they required a low temperature (7 = 8 x 10* K) and high density
(n_= 10" cm ') conditions contrary o our findings for the source region. Their model
further requires substantial fluxes of suprathermal electrons which should produce clear
flare signatures such ay impulsive hard X-ray and miciowave bursts. The observational
results discussed above indicate that the *He acceleration source region is not compati-
ble with the proposed flare model.

7. Conclusions

The Hx activity associated with the twelve *He/electron events of Table I was at most
minor and somctimes undetectable on Hx flare patrol films. Using only the SGD Ha
flare reports and the precise umings of the associated type I bursts, we would have
correctly identified the source regions for only five of the twelve cvents. By using the
kilometnc type T burst data, we have identified the source regions for all twelve bursts
with a high degree of confidence.

The following results of this study supgest a high coronal source region for the
*He/electron events:

(1) when an associated Hx or X-ray brightening does occur, it begins within | min
of the onset of the type [ burst;

(2) in three or four of the twelve events no associated i or X-ray activity was
detected;

(3) the lack of any flattening of the clectron cnergy spectra at 2 keV implies a source
height of > 1.4 x 10° km above the photosphere;

(4) no consistent flare or active region morphology can be associated with the
3He/electron event sources; and

(5) for two events the reported metnc type 111 bursts were weak or absent.

The narrow coronal injection profiles (5 to 10° in longitude) and prompt arrival at
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carth of the *He particles (Reames and Stone, 1986) and lack of dctection of the heated
coronal source regions (Luhn e al., 1985) are also consistent with a high coronal source
for these events.
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ABSTRACT

We discuss the 1981 Dccember § solar filament cruption that we associate with an encrgetic (€ > 50 McV)
particle event observed at I AU. The cruption was photographed in Ha, and was obscrved by the Solwind
whitchght coronagraph on P78-1 1t occurred well away from any solar active region and was not associated
with an impulsive microwave burst, indicating that magnetic complexity and a detcctable impulsive phase arc
not required for the production of a solar energetic particle (SEP) event. No metric type 11 or 1V cmission was
obscrved, but an associated interplanctary type Il burst was detected by the low-frequency radio experiment
on ISEE 3. The December 5 and two other SEP events lacking cvidence for low coronal shocks had unusually
steep cnergy spectra (y > 3.5). In terms of shock acceleration, this suggests that shocks formed relaiively high
in the corona may produce steeper encrgy spectra than those formed at lower altitudes. We note that the
filament itselfl may be one source of the ions accelerated to high cnergices, since it is the only plausible coronal

source of the He' jons observed in SEP events.

Subject headings: particle acceleration — Sun: corona — Sun: flares

I. INTRODUCTION

Solar particle acccleration to tens of MeV is often presumed
to occur only during flares in active regions (sec Svestka 1981
for a gencra) review). In many flarcs impulsive hard X-ray and
microwave bursts indicate a rapid acceleration of electrons to
cnergics of tens of keV. The y-ray observations from the Solar
Maximum Mission satcllite (SAM A1) have shown that McV ion
production can also occur during the impulsive phase (Forrest
and Chupp 1983). Acceleration of jons 1o tens of McV then
sometimes occurs in a subsequent " sccond phase ™ character-
ized by mectric type Il and type 1V radio bursts and long-
cnduring soft X-ray and microwave cvents. The active regions
producing these cnergetic flares arc characterized by strong
and complex magnetic fields, and the flares themselves arce
usually double ribbon structures as observed in Ha (Svestka
1981). Whilc even relatively large solar energetic (E > | MeV)
particle (SEP) events can be observed in interplanetary space
in the absence of such a suitably defined candidate parent fare,
itis often assumed that these events are due to unobservable
flares on the invisible hemisphere (Smart et al. 1976).

Exceptions to this conventional picture arc known 10 exist.
In 1970 Dodson and Hedeman described a class of major
(importance > 2) Ha flares that occurred in active regions with
only small or no sunspots. These flares were gencrally deficient
in impulsive phase bursts but not in gradual microwave and
soft X-ray emission nor in type Il bursts. A few of these flares
were associated with SEPs. More recently, Cliver, Kahler, and

' Also, Department of Physics and Astronomy, University of Maryland.

Mclntosh (1983) and Cliver et al. (1983) have shown that cven
the largest SEPs may be associated with flares having weak
impulsive phase bursts. While most SEPs originate in complex
active regions and have strong impulsive bursts, these pheno-
mena are clearly not essential to the particle acceleration
process.

More compelling associations for SEP cvents have been
found with phenomena characteristic  of the upper
(h>2x10° km) corona. Lin (1970) and Svestka and
Fritzova-Svestkova (1974) found good associations of SEP
cvents with metric type Il bursts, while Kahler et al. (1978,
1984) and Canc and Stonc (1584) also found good associations
of SEP events with coronal mass ejections (CMEs) and kilo-
metric type 11 bursts, respectively A consistent picture relating
the metric type Il shocks, the interplanctary kilometric type 11
shocks, and CMEs has yet to be achieved (Canc 1984), but the
close association of these phenomena to cach other and to SEP
cvents suggests that the upper corona is the source of most
interplanctary energetic particles.

In a study of the Skylab CME cvents, Munro et al. (1979)
found thar 70% of the CMEs that could be associated with
near-surface activity were associated with eruptive promi-
nences or disappearing filaments. They concluded that essen-
tially all eruptive prominences observed at heights beyond
0.2R, above the limb are associated with CMEs. CMEs associ-
ated with cruptive events generally are slower than those con
sidered prcdominantly flare associated (Hildner 1977;
MacQueen and Fisher 1983) and are less likely to be associated
with metric type Il bursts (Gosling et al. 1976). Although the
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cruplive-associated CMEs tend to be less cnergetic than their
flare-associated counterparts, we might stil! cxnect that a few
cruplive-associated CMEs wou'd result in SEP cvents. The
discovery of such an event, in which the roles of active region
and flarc are minor at most, would extend the statistical studics
discussed above that indicated the importance of the upper
corona for SEP production.

There have been a few previous reports of possible associ-
ations between prompt SEP cvents and filament cruptions.
The first such association of which we are aware was made by
Hyder (1967), who suggested that the filament cruption event
of 1959 Scptember 1 led to a polar cap absorption (PCA) event
on the following day (Svestka and Simon 1975, p. 160). The
filament in that event lay between two plage regions (Dodson
and Hedeman 1970), and its eruption was accompanicd by a
2+ flarc. In a sccond reported association, Domingo, Hynds,
and Stevens (1979) associated a geomagnetic storm sudden
commencement (SSC) observed at 0247 UT on 1978 August 27
with a filament disappearance ncar the center of the disk at
~0120 UT on August 23 (sce Joselyn and Bryson 1980).
Protons of ~1 MeV cnergy were obscrved beginning on
August 25, both ahcad of and at the interplanctary shock. The
authors, however, were uncertain about the origin of the
protons and did not attribute them to the filament disap-
pearance. Most recently, Sanahuja er al. (1983) attributed a
1 € E <15 McV proton event to the disappearance carly on
1979 April 23 of a large flament at least partially located in
McMath 15956, a relatively small and weak active region in its
third of four rotations. A pair of double ribbon 1F flares, onein
McMath rcgion 15956, accompanicd the filament disap-
pearance. However, Sanahuja ¢t al. concluded that the filament
cruption, rather than the flares, triggered the interplanctary
shock which gave risc to the related SEP event. To our knowl-
cdge, this is the most convincing published example of a non-
flare source for a prompt SEP event.

In this paper we discuss the SEP cvent of 1981 December S,
which is associated with an crupting filament located well
away from any active region. In § 11 we present the Ha, coron-
agraph, and kilometric radio data that allow us to associate
the SEP cvent with the erupting filament. In § HI we discuss
the implications of this cvent for SEP production. We also
examine the role of the cool filaments as sources of the encr-
getic particles.

H. DATA ANALYSIS

a) The SEP Event

The SEP event of 1981 December 5 was obscrved with the
Goddard Space Flight Center (GSFC) medium cnergy cosmic-
ray experiment on the ISEE 3 spacccraft at the Sun-Earth
libration point. The experiment has been described by von
Roscnvinge et al. (1978). In Figure 1 we show profiles of parti-
cle NMluxes of several energy ranges obscrved with the high-
energy telescope of that experiment. The MeV electron onset
was between 1415 and 1430 UT, followed by the proton onset
between 1500 and 1530 UT. The velocity dispersion and rapid
rise to maximum are evidence of an impulsive injection of
particles from a well-connected solar longitude. The dccay
phase of the event continued until latec on December 9 when a
sccond SEP event occurred.

At the time of the event the Helios ! spacecraft was ~ 13°
behind the west limb at a distance of 0.44 AU from the Sun. We
have no data from the GSFC particlc experiment on that

spacecraft until 0800 UT on December 6, but at that time the
decaying 11-22 McV proton flux was 2 x 10 %p (cm? s sr
McV)~!, a factor of 10 lower than that mcasured simulta-
ncously for the same encrgy range by the GSFC cxperiment on
IMP 8 at the Earth. This result is consistent with our associ-
ation of the SEP cvent with the disappcarance of the disk
filament, rather than with a source from behind the limb.

We have uscd proton fluxes measured by the GSFC particle
experiments on both ISEE 3 and IM P 8 to derive the spectrum
at the times of pecak fluxes in the 3-80 McV cnergy range. If we
assume a diffcrential power-iaw spectrum in energy, the best fit
to the IMP 8 data yiclds y = 4.3 + 0.1, where y is the power-
law exponent. This spectrum is quite stecp in comparison with
the spectra of a large sample of 4-19 MeV and 20-80 McV
SEPs obtained by van Hollcbeke et al. {1975).

b) The Ha Filament Disappearance and History

We oblained the Haute Provence photographic observa-
tions for December 5, courtesy of P. Simon, who noted that the
Ha patrol on this date was affected by instrumental dilficultics
and adverse weather. Scveral of the Haute Provence Ha filter-
grams, depicting key times in the filament cruption cvent, arc
reproduccd in Figure 2 (Plate 15). They show that the large
filament, located at ~W35-45, N15-30, became active and
began to erupt at ~1215 UT. The smalicr filament 1o the
northeast in Figure 2 also began to disappear at ~ 1315 UT
Hax brightenings were first obscrved at 1315 UT. forming a
classic double-ribbon pattern along the filament channc!l The
length of the longer ecastern ribbon at [457 UT wus
~29 x 10* km. Although fainter, the ribbons were still visible
on an Ha filtergram obtained at Big Bear Solar Observatory at
1743 UT (F. Tang, private communication} A comparison of
that image with the 1457 UT image shows that the ribbons
separated with an average speed of ~2.2 km 57!, consistent
with the range observed for the late stages of bnaht double-
ribbon flarc events (Svestka 1976).

The filament was not at the location of a former active
region, and it lay at least 25 heliographic degrees from tie
ncarest plage region. It was situated along a line dividing nega-
tive magnctic polarity in the west from positive polarity in the
cast. This was opposite to the scnse of polanity nversion o
northern hemisphere active regions (P. Mclintosh, private
communication) and so was an inversion line lying between
rather than within, active regions.

¢) The Coronal Mass Ejection

Figurc 3 (Platc 16) shows the ¢jected filament and coronal
matlerial as they were observed by the NRL white-light corena-
graph (Solwind) on the P78 / satellite (sece Michels ef al. 1982:
The first of these difference images shows that the corona.
disturbance was not yet visible at 0658 UT, but was in progress
during the next available image at 1447 UT. At this time the
leading edge of the coronal material was alrcady located at
6.2R, in the northwest quadrant. During the subsequent
images the ejected coronal material left the 2.5-10.0R,, ficld of
view,

At 1622 UT a bright moving feature appears supcrposed
against the background of the coronagraph’s inner polarizing
ring (which is designed to block radiation that is azimuthally
polarized). This indicates th. - the fcature is rclatively unpo-
larized prominence Ha radiation in the 4000-7000 A spectral
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bandpass rather than azimuthally polanized Thomson-
scattered radiation from coronal clectrons. The prominence
first entered the ficld of view ncar the occulting disk at ~ 1447
UT. It then moved uniformly outward in the planc of the sky.
(Its position at 1521 UT is indicated by an arrow in Fig. 3.) In
the final difference image, the darker-than-average region indi-
cates the depletion of the cjected coronal material between
1447 UT and 1622 UT, and the brighter-than-average feature
indicates the position of the promincnce at 1622 UT. lts appar-
cnt ltatitude 30° north of west is consistent with the original
location of the filament at N15-30, W35-45 on the disk.

From these observations, we found that the prominence was
moving with a speed of 305 4 20 km s™! in the plane of the
sky. Extrapolated back to the 0.65R, location of the disk fila-
ment, this spced gives a starting time of 1329 + 0010 UT, or
~ 1 hr after the disk filament began to disappear. This 1 hr
time delay suggests that the erupting filament accelerated
during the first hour after its initial disappearance from the Ha
spectral bandpass as one usually observes for crupting promi.
nences (sce Martin and Ramsey 1972). Assuming that the
coronal mass ejection also began at 1329 UT, we derived a
speed of 840 km s™! for the leading edge of the .coronal
material. The resulting pattern in which the coronal material
precedes the more slowly moving prominence is characteristic
of most prominence-associated coronal mass ejections (sce
MacQueen 1980; House et al. 1981 Sheeley er al. 1981).

7
i

SSEP The prearse cahibration of the clectron fluxes s uncertaim Data are from

dy The Soft X-Ray Event
Soft X-ray events associated with major (i.c., large or bright)
CMEs similar to that of December 5 are usually long duration
X-ray cvents (LDEs) (Shecley et al. 1983). In addition, Webb,
Kricger, and Rust (1976) uscd Skylab data to associate filament
disappearances outside active regions with faint soft X-ray
cnhancements unobservable in full Sun dctectors. We have
examined the GOES full-Sun X-ray plots of December S for
evidence of an associated X-ray event. A faint and very gradua!
1-8 A enhancement began shortly after 1300 UT, arising from
a C2.5 background to a peak level of only C3.5 at 1430-1450
UT. Taking a pcak 0.5-4 A signal of 3+ 1) x 108 W m~?
during this event, we calculate a temperature of (5 + 1) x 10°
K and an emission measure of (7 4 3) x 10*® cm~? from the

plots of Thomas, Starr, and Crannell (1985).

€) Radio Observations

We have examined the reports of the microwave and metric
burst events (Solar Geophysical Data 1982) and data from the
Mcudon-GSFC kilometric radio astronomy expcriment on
ISEE 3 (Cane et al. 1982) during the time of the filament erup-
tion, The only reported microwave burst was a short (~2
minute duration) even( of ~ 20 sfu with a peak at 1317 UT. In
the metric range a group of intensc type I1I/V bursts was
observed from 1316 to 1318 UT at Weissenau Observatory.
These bursts were also scen on the 1980 kHz band of the ISEE
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3 detector as a single event from 1317 to 1321 UT, as shown in
Figure 4 (Plate 17). Another group of metric type [Il bursts
with weak continuum was observed from 1320-1326 UT,
probably appcaring as the 1980 kHz event from 1324 to 1329
UT. These events were not duc to the filament activity, because
the deduced position of both 1980 kHz bursts was cast of
central meridian, the first probably occurring in association
with a reported Ha subflarc at E59° with a maximum at 1318
UT. A hard X-ray burst was also observed at 1317 UT by the
University of California~Berkelcy detector on ISEE 3, but no
further bursts were observed until after 1400 UT (S. Kane,
private communication).

An apparent shock-accelerated (SA) event (Cane et al. 1981)
was observed at 1980 kHz in the ISEE 3 radio data {rom the
cnd of the type [1I emission at ~ 1328 UT until 1352 UT. The
SA event could be tracked out to ~0.7 AU, and the centroid of
the cmission could be determined for each frequency. From
this technique we estimate that the source longitude for this
cvent was in the range W10°~W40°, indicating a spatial as well
as tcmporal association with the filament disappearance and
CME. The SA cvent was followed by an interplanctary type 1l
burst which could barcly be discerned above an unusually
quict background (Cane 1985).

The Algonquin Obscrvatory at Ottawa reported a weak (8
sfu maximum) gradual-risc-and-fall burst beginning at 1430
UT. An examination of their records provided by M. Beli
shows that the event began carly in their observing day while
the flux level was still increasing, so the true onsct may have
been carlier. An cxamination of the 4995 MHz record of the
Sagamorc Hill Observatory shows a gradual rise-and-fall event
beginning at ~ 1300 UT with a peak flux of 21 £ 3 sfu at
~ 1400 UT. Using the X-ray valucs for the temperature and
cmission measure given in § 11d and formulac from the Appen-
dix of Webb and Kundu (1978), we derive a thermal microwave
flux density of 12 + 6 sfu. in reasonable agreement with the
mecasurcd 4995 MHz flux density. We find no other cvents in
cither the microwave or metric ranges that may have becn
associated with the filament activity.

. DISCUSSION

a) Enecrgetics of the Eruptive Event

The E 2 50 McV SEP event of 1981 December 5 has been
associated with a filamen! cruption and Ha brightening well
removed from any active region. The solar Ha emission event
is properly termed a “flare-like brightening™ rather than a
flarc (P. Simon and H. Dodson-Prince, private
communication). According to Smith and Smith (1963),
*Thesc cvents arc distinguished from truc flares by their con-
siderably longer lifctimes (average threc hours), their slower
rise times (30 to 100 minutces) and their occurrence well away
from spot gioups . .. The cruption precedes the chromospheric
brightening by about halfl an hour; hence it is probable that
both phenomena result from the same unknown’cause.” In
addition, Svestka (1976) points out that onc use of the term
“disparition brusque” (DB) is for the “disappearance of a
quiescent dark filament far away from any active region giving
rise to slight brightenings along the filament channcl. Such
brightenings usually are not classificd as a flare.”

The motion of the filament observed in the second and third
images of Figure 2 and the dircct observation of the filament in
the coronagraph images of Figure 3 show that it it was a true
eruptive (hence, a2 DB) rather than a quasi-cruplive disap-

pearance (Martin 1973) which does not lead 1o the expulsion of
matter from the corona. Svestka, Martin, and Kopp (1980)
speculated that DBs might be associated with the occurrence
of long-lived low-encrgy particle evenlts in space Subsequently,
as discussed in § 1, Sanahuja et al. (1983) associated the low-
energy SEP on 1979 April 23 with a DB at least partially
located in a weak active rcgion. In comparison with that event,
the 1981 December S SEP event was somewhat more energetic,
and the DB lay clearly outside any active region. In addition,
we found no evidence of any impulsive phase microwave or
hard X-ray emission from this cvent. This indicates that nerther
active regions nor obvious impulsive phase phenomera are
necessary for energetic particle production. The good assoui-
ation of SEPs with Ha flares and flare impulsive phase t vutg gy
most likely not a direct causc-and-effect relationship hotr s
the result of the “ big flare syndrome ™ (Kahler 1982) that <tate.
that, statistically, encrgetic flare phenomena are more intenas
in larger flares, regardless of the detailed physics

Besides the filament disappearance and the ifz double
ribbon emission showa in Figure 2, the solar signatures of (he
December 5 event were the accompanying weab. pradual
thermal soft X-ray and microwave cvents which were sumiiar to
those of the active region DB of 1974 January 1§ studind by
Sheeley eq al. (1975). The Ha nibbons appear o be the {oot-
points of cool loop arcades overlain by hotter soft X-ray loops
(sec Bruzck 1964; Kahler 1977; MacCombie and Rust 1979).
The rate of separation of the ribbons ~2-4 hr aflicr 1imnal
brightening (~2 km s~ ') was the samc as that of the well-
observed Skylab X-ray flare of 1973 July 29 (Svestia e al
1982). The coronal response to an cruptive filament may be
illustrated by the DB of 1973 September 1. Skyviab solt X-ray
and Ha images of this event were shown by Rust (1976) and
reproduced by Svestka (1970, 1981). It occurred 5o an old
spotless region in the absence ¢ a reported flare and resulted
in a large X-ray cloud which was unobscrvable with full-Sun
X-ray detectors. Webb, Krieger, and Rust (1976) have dis-
cussed similar filament disappearances outside active regions
Those cvents were characterized by relauvely faint thermal
X-ray and microwave cmission and usually by no ebservable
Ha emission.

The total encrgy of a DB event with no or weak Ha emission
may, however, be substantial, if it consists primarity of con-
vected magnctic field encrgy (Webb et al. 1980; Dulk 117E0,
1984). Anzer and Pncuman (1982) have concluded that the
occurrence of a flare in association with a CME is not an
important question for the nature of an cruptive event. A
common process occurs in all CME eveats with the tlares
being the most encrgetic. The energy ts derived {rom the mag-
netic field, and wcak ficlds will not result in chromosphene
flares. In this view the Ha filament in the DB eventis a signa-
ture of a magnetically dominated eruption occurring over a
much larger coronal volume. Low, Munro, and Fisher (1982,
for example, suggested that the CME of 1980 August 5 was
initiated in the low corona by magnetic buoyancy. Although
that CME was slower (v = 210 km s™' at 2.2R,) than the
December S CME, both events were characterized by a lack of
any signature of an impulsive process. Yeh (1982) has also
concluded that the driving force of a CME is the magneto-
hydrodynamic buoyancy force, and he finds that magnctic
unwinding ts the dynamical cause of the ejection of a loop. The
December 5 event shows that energetic eruplive events can be
accompanicd by only minimal impulsive phase and thermal
flare signatures.
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Other SEP events similar to that of December §
undoubtedly exist. The association of a SEP cvent with a fila-
ment disappearance outside an active region is generally difli-
cult to make, however, since filament disappearances are not
routincly reported despite their potential importance for geo-
physical effects (Josclyn and Mclntosh 1981). The December §
event was particularly well obscrved. In addition to definitive
Ha photographs of this event, white light coronagraph images
and low-frequency radio observations were available. The
observed CME, SA cvent, and interplanctary type I burst in
this event revealed the subsequent high coronal position and
effects of the filament disappearance.

b) Metric Shocks and SEP Energy Spectru

To sec whether the apparent late onset of shock formation in
the December 5 event, as indicated by the absence of any
observed mctric type 1l emission and the presence of an SA
event and interplanetary type 11 burst, mught somchow be
related to the unusually steep (y = 4.3) SEP cvent speetrum, we
looked for other examples of this behavior. The cight large
SEP events in the list compiled by Chver, Kahler, and Mcln-
tosh were similar to the December 5 SEP in that the parent
Nares were weak impulsive phase events that originated, in
several cases, in magnetically simple active regions. Six of the
cight parent flares were located on the westera hemisphere.

Like the December 5 proton flare, two of these six well-
connccted events, 1969 September 25 and 1970 May 30, were
not associated with metric type 11 bursts and had SEP power-
law spectral cxponents of 3.5 and 4.0, respectively, 1n the
10 < E < 100 McV range. Morcover, the September 25 and
May 30 flares also apparently resulted ininterplanctary shocks
(Cliver, Kahler, and Mclntosh 1983). The four remaining well-
connccted proton flares of the Chiver, Kahler, and Mclntosh
(1983) study were accompanicd by metric type Il bursts, and
the associated SEP events had relatively hard spectra (7 < 2.6)
in the 10 < E < 100 McV range. Thus, although a morc com-
prehe .sive statistical study is required, there exists preliminary
cvidence that stecep cnergy spectra in apparently well con-
nccted SEP cvents might result from a larger than wvsual
coronal height of shock formation.

The energetic particle spectrum  resulting from first-order
Fermi acceleration by diffusive particie motion in a planar
shock is known theoretically to be a power law in momentum
{e.g, Blandford and Ostriker 1978 Axford 1981; Lcc and Fisk
1982). Transforming to a differential power law in kinetic
encrgy for nonrclativistic tons, a strong shock yiclds a spectral
index y > 2, roughly the range of values fer the SEP events
with metric type 1l bursts considered above. Weaker shocks
yicid softer spectra. In this simplificd context, the association of
hard SEP spectra with metric type U bursts implics that shocks
formed in the lower corona are stronger than those formed at
greater heights. However, this interpretation neglects several
important aspects of shock acccleration, such as energy-
dependent escape of the particles from the shock region,
second-order Fermi acceleration, encrgy losses, and shock-drift
acccleration (Decker, Pesses, and Armstrong 1981). In addi-
tion, it is not theoretically obvious that coronal height of shock
formation should be related to shock strength. We thus regard
the suggestion that SEP spectral slopes may be correlated with
the height of shock formation as tentative, at best.

¢} The Role of Cool Filamentary Material in SEPs

CME:s observed with Skylab and SM M are better associated
with erupting prominences than with any other solar pheno-

mena, including flares (Munro et al. 1979. Wsbb 1984).
However, cool promincnce matcrial is rarcly obscrved at great
solar distances in CMEs. Ha material appears in many CMEs
obscrved by the SMM coronagraph (House et al. 1981),
which has an inner ficld of view of only 1.5R,, but Howard ¢t
al. (1985) found Ha matcrial at 4R, in only 1.5% of ~ 1000
Solwind CMEs in their survey. In the 1980 April 16 CME, Ha
emission was observed out to 3R, with the SM M coronagraph
but not at 4R, with the Solwind coronagraph (Wagner ¢t al.
1983). This may be the result of ionization of the prominence
material as it rises through the corona, as indicated by Ha and
He n 2304 emission in the well-studied Skylab casc of 1973
August 21 (Poland and Munro 1976). Absorption of solar
Lyman continuum radiation should be the dominant ionizing
mechanism, although Poland and Munro (1976} have sug-
gested conductive heating from the corona or wave heating as
additional possibilitics. Another reason for the paucity of
observed Ha features beyond ~4R, might be that the cool
material has achieved a suflicicnt outward velocity (> 150 km
s 7 ') such that it is Doppler shifted out of the Lyff waveband of
radiation nceded to excite the hydrogen atoms {Poland and
Munro 1976). However, scveral Solwind CME cvents have
been observed in which Ha prominence material has reached
speeds of ~ 1000 km s ™! near 10R,. In sum, the relationship of
Hea brightness to the degree of tonization in the prominence
matcrial is not well understood at present.

The rclative positions of the prominence and the ¢jected
coronal material are only beginning to be understood, at least
for the frequently observed foop CMEs. Hlling and Hundhau-
sen (1985) studied the " depletion ™ CME of 1980 August 5 and
concluded that the outer loop, intervening dark sheil, and
bright core of the CME were due to the overlying coronal
material, the void in coronal material known as the filament
cavity, and the filument, respectively. Skylab observations had
previously supgested (Hildner er al. 1975) that the bulk of the
cjected materiitl comes from the low corona above the fitament
and that the total CME is far larger than would be inferred
from filament observations alone.

Most SEP cvents are associated with fast (V > 500 ki s ™)
CMEs (Kahler e al. 1984). One cxplanation of this association
(c.g.. Kahler ¢r af. 1984} is that shocks generated by, and
moving ahcad of, the CME white light fronts (MacQucen
1980; Maxwell and Dryer 1981) produce the encrgetic par-
ticles. The origin of the shock-CME association has been ques-
tioncd by Wagner and MacQueen (1983), who suggest that the
shock 1s gencrated afrer the CME onset and then proceeds to
move through and overtake the CME. Attempts to distinguish
observationally between the two models have been uasuc-
cessful (Cane 1984; Kahler et al. 1985a).

The recent measurements of ionic charge states in SEPs have
provided powerful clues for identifying SEP source regions
{see Fan, Glocckler, and Hovestadt 1984 for a recent review).
The highest ionization stages are gencrally consistent with
a coronal source temperature of ~2 x 10° K. However,
observations of Hc* abundances in 10 SEP events overa 1 yr
period showed that He* was present in all events with an
average He*/He " * ratio of ~0.1. Measurement of the daily
He*/He™* ratios in the energy range 0.4-0.62 MeV per
nucleon for 216 days in 1978-1979 by Hovestadt er al. (1984)
yielded a median value of He*/He* * = 0.11. Since this ratio
is ~107% for ionization cquilibrium in the corona (Ahmad
1977), cool source material {<10® K) has also been invoked
as part of the SEP source region. As we have scen in the
December 5 and similar cvents, oanly the filament itsclf,
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where He*/He* * > | for T < 50,000 K (Tandberg-Hanssen
1974, p. 72), can be a solar source of such cool material. No
cool Ha material has been observed in the leading portions of
CMEs (Housc et al. 1981). In the few cases when He * enhance-
ments have been obscrved in the solar wind, they have been
part of the driver gas following interplanctary shocks and were
usually temporally associated with cruptive filaments
(Schwenn, Rosenbaucr, and Muhlhauser 1980; Gosling et al.
1980; Bamc 1983). These events show that at least in some
cases cool filament material remains unheated to | AU.

The coronagraph, SEP ionization stage, and solar wind ion
obscrvations are all consistent with the conclusion that a sig-
nificant fraction of the SEPs are accelerated from the cool
filament itscll. The filament will form the bright core of a loop
CME, and, if it remains cool at great heights, may be obscrved
in a coronagraph in the Ha line. This conclusion, however,
scems incompatible with the concept favored by Kahler et al.
(1984) that most SEPs are produced by shocks moving ahcad
of the front of the CME. If shock acceleration is assumed, then
it appcars that the shock must move through the underlying
filament, perhaps as part of the scenario suggested by Wagner
and MacQucen (1983). When SEPs arc produced in the fila-
ment, it is not at all clear whether they can readily cscape to
interplanctary space, since the filament is surrounded by large-
scale looplike magnetic ficlds dcfining the CME. However,
restructuring subscquent to the cjection may radically change
the gecometry of the ficlds (e.g., Hling and Hundhausen 1983).

Altcrnatively, to retain the model in which particle acccler-
ation occurs in shocks, well ahead of the cooler filamentary
matcrial, we would nced a source other than a directly associ-
ated filament cruption for the He* ions in a SEP cvent. The
persistently high values of He*/He* * measured by Hovestadt
et al. (1984) docs suggest that some stable He* source popu-
fation may exist at the Sun or in interplanctary spacc (D.
Hovestadt, privatc communication). An interplanctary popu-
lation of He* ions, formed from interstellar neutral atoms that
arc singly ionized by UV fluxes after entering the heliosphere,
has been theorctically proposed by Fisk, Kozlovsky, and
Ramaty (1974) as a source for the anomalous component of
cosmic ruays. Howcever, attempts to measurc the charge states of
the anomalous He component (at tens of McV per nucleon)
and thereby test this theory have not been definitive (sec the
review of Jones 1983). Whether any stable He* population has
sufficicnt number density to contribute significantly to SEP
fluxcs is also not obvious. Nonetheless, at this time we belicve
the source of the He * ions in SEPs remains an open qucstion.

d) Comment on *He SEPs

Kahler et al. (1985b) and Recamcs, von Roscnvinge, and Lin
(1985) have shown that *He-rich SEPs are well associated with
impulsive phase rather than second phase flare events.
Although mixed first and sccond phase cvents would be
expected, the “ pure ™ *He impulsive phase acccleration mecha-
nism docs not appear to involve coronal shocks or CMEs, or,
by implication, filament eruptions. The lack of any measurable
He* fluxes in *He-rich cvents found by Klecker er al. (1984)
appears consistent with this view.

1V. CONCLUSIONS

We have uscd the 1981 December 5 SEP and flament crup-
tionev {todraw scveral conclusions.

I. A solar active region is not nccessary for the occurrence
of a SEP. The essential ingredient for most obscrved SEPs
scems Lo be a magnetically dominated mass cjection,

2. The occurrence of a detectable impulsive phase cvent is
also not necessary for a SEP. A similar conclusion has been
drawn by Cliver, Kahler, iand Mclntosh (1983).

3. The unusually steep spectrum (y < 4) of the December S
SEP may be related to the apparent late onsct of shock forma-
tion in this event, as indicated by the absence of a metnic type
I burst and the presence of an SA cvent and interplanclary
type 11 burst.

4. I the corona is the source of all SEPs, then a significant
fraction of the SEPs must be drawn from the c¢jected filamen-
tary matcnial. This is the only coronal material cool enough
(T < 5 x 10* K) to contain He* ions found in SEPs (Fan,
Gloceckler, and Hovestadt 1984).
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J FiG. 4—Top: plots of the log of the antenna temperature T, and the solar elongation angle ® at 1980 kHz on 1981 December 5. Values of ® are shown only when

the standard deviation of the computed angle is less than 1°5. Below: the Weissenau dynamic spectrum from 1248 to 1359 UT. The gaps in the six white vertical bars
at the 15 minute time marks correspond 1o the frequency channel boundaries at 30, 46, 86, 160, 290, 546, and 1000 MHz, from top 1o bottom. The type I GG (group
of more than 10 bursts) events from 1316 to 1318 UT and from 1320 to 1326 UT observed in the Weissenau spectrum are also observed in the ISEE 3 1980 kHz
profile. The solar elongation angles for those bursts are east of the Sun, indicating that the bursts were not associated with the December S erupting filament which
lay in the western hemisphere. The SA event observed from 1328 to 1352 UT at 1980 kHz had no observed counterpart in the Weissenau spectrum but clearly came
from the western hemisphere.
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Interplanetary Shocks Preceded by Solar Filament Eruptions
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We discuss the solar and interplanctury characterisiscs of six anterplanctary shock and energetic
particle events associated with the eruptions of solar filaments lying outside active regions. The events are
charactenized by the familisr double-ribbon Ha brightenings observed with large flares, but only very
weak soft X ray and microwave bursis. Both impulsive phases and metric type 11 bursis are absent in all
six events. The energetic particles observed near the carth appear 10 be accelerated predominantly in the
interplanciary shocks. The interplanclary shock speeds are lower and the longitudinal extents consider-
ably less thun those of flare-associated shocks. Three of the cvents were associated with unusual enhance-
ments of singly ionized helium in the solar wind following the shocks. These enhancements appear to be
direct detections of the cool filament matenal expelled from the corona. We suggest that these cvents are
part of a spectrum ol solar eruptive events which tnclude both weaker events and large Nlares. Despite
their ummpressive and unreported solar signatures, the quicscent filament eruptions can result in sub-

stantial space and geophysical disturbances

1. INTRODUCTION

It is well established [Hundhausen, 1972, Chao and Lepping,
1974] that the most disturbed geomagncetic conditions, re-
sulting from an encrgetic interplanetary shock, occur about
1.5 to 2 days aftcr big solar flares which arc casily observed as
large brightenings in Hax. Such flares arc typically accompa-
nicd by solar encrgetic particle (SEP) events, mcter wavelength
type Il and type IV bursts, and long (uration soft X ray

events [Cane and Stone, 1984 Cane, 1985).

Since these major flares arc usually accompanied by promi-
nence cruptions [Martin, 1973], Anzer and Pneuman {1982]
have suggested that a lurge fare event differs from an eruptive
prominence event without a flare only in being morc energetic.
They interpreted non-flarc-related mass cjections as being
those that “are produced by magnetic ficlds that are too weak
to produce chromospheric brightenings.”™ In their view the
kind of event that results is merely a matter of magnctic field

strength.

Eruptive promincnces are now recognized as playing impor-
tant roles in most, if not all, coronal mass ejections (CMEs).
Munro et al. [1979] found that more than 70% of all Skylab
CMEs were associated with cruptive prominence or filament
disappcarances. More recently, Illing and Hundhausen [1985)
studied the three-part structure of 2 CME similar to many
large ZMEs observed with the Solar Maximum Mission
(SMM) coronagraph instrument. One component, a bright
core, was identificd as the erupting prominence, showing that
in these CME cvents the prominence itsell plays an important

role.

'Also at Department of Physics and Astronomy, University of
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CMLEs have recently becn shown to be closely associated
with 'nterplanctary shocks. Sheeley et al. [1985] found that
about 70% of all interplanctary shocks observed at Helios !
could be confidently associated with CMEs. Only 2% of the
shocks clecarly lacked associated CMEs. If we then assume
that CMEs are the drivers of interplanctary shocks and that
most or all CMEs are associated with erupting prominences,
we might cxpect a good association between crupling promi-
nences and interplanctary shocks. Eruptive promincnces have
in fact long been suspected of being linked to gecomagnetic
storms, as Joselyn and Mclntosh [1981] have documented.
Wright and McNamara [1983] have established a statistical
rclationship between disappearing filaments and gcomagnctic
activity using data from 1974 to 1980. They found that geo-
magnetic disturbances followed filament disappearances by
typically 3-6 days. The magnitude of the disturbance in-
creascd with the size of the disappearing filament.

In this paper we examine the solar and interplanctary signa-
tures of six interplanetary shocks associated with disappearing
filaments outside active regions to comparc the cruptive
cvents as a class with flarc events. Each shock has been the
subject of individual publications in which only one or two
aspects of the event were discussed. In section 2 we summarize
the results of these papers, presenting all the data on each
cvent scparately. In section 3 we include new data to summa-
rize the rbservational characteristics of all the events. The
significance of these events for forecasting space disturbances
and lcarning about particle acccleration is discussed in section
5 by comparing them with the more familiar flare-associated
cvents.

2. REPORTS AND ASSOCIATIONS
OF THE SHOCK EVENTS

Summaries of the reports of the shock events and the as-
sociations with filament disappearances follow. The dates refer
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to the times of occurrence of the phenomena of principal con-
cern to the initial reports.

2.1. January 29, 1977

Schwenn et al. [1980] detected singly ionized hclium in the
driver gas plasma following an interplanctary shock detected
by Helios 1 at 0103 UT on this date. They proposed that this
jon must have come from cold chromospheric matcrial which
had been cjected in an eruptive prominence as part of a CME.
They did not report whether a filament had disappeared; how-
ever, it is clear from the Ha photographs in Solar-Geophysical
Data (SGD) that a large quiescent filament was present at
about 40°S, 50°E on January 25 and was gone on January 26.
K. Harvey (private communication, 1985) has determined the
disappearance interval to be from 2249 UT on January 25 to
0853 UT on January 26.

22 July 29, 1977

Like the January 29 event, the shock detected by IMP 8 at
0031 UT on July 29 was followed by large fluxes of singly
ionized helium [Gosling et al., 1980). Because of the lack of
any obvious reported flare candidates or type Il or IV bursts
during the 7 days prior to July 29, Gosling et al. suggested an
association of the shock with the disappearance of a quiescent
filament at 50°N, 50°W. According to Harvey and Sheeley
[ 1979]. the disappecarance occurred between 2006 UT on July
25 and 1713 UT on July 26. Further examination of Ha
images (F. Tang, private communication, 1985) shows that the
event occurred before 2345 UT on July 25.

2.3. August 27, 1978

A major gcomagnctic storm with a sudden commencement
(SC) at 0247 UT was attributed by Joselyn and Bryson [1980]
to the disappearance at about 0130 UT on August 23 of a
filament located at 15°N, 15°E. However, Hx observations at
0748 UT at Tel Aviv showced that the filament had re-formed
by that time. In subsequent observations, in which the fila-
ment was just outside the ficld of view, an Ha ribbon appcared
parailel to the filament location at about 1200 UT (F. Tang,
private communication, 1985). The Boulder full disk image at
1436 UT showed that the filament had again disappeared [Jos-
elyn and Bryson, 1980]. Since the first filament disappcarance
was short-lived (<6 hours) and no subsequent filament re-
appearance followed the 1200 UT disappearance, we assume
that the interplanctary shock was associated with the 1200 UT
disappcarancc. Domingo et al. [1979] reported that the inter-
planetary shock was accompanied by an energetic storm parti-
cle (ESP) event and that this event was preceded by a low-
encrgy SEP event. Protons in the 0.6- to 1-MeV energy range
were first detected at ISEE 3 at about 1200 UT on August 25
(i.c. 2 days after the second filament disappearance). Using
interplanctary scintillation observations, Tappin et al. [1983]
detected the disturbance cast of central meridian, consistent
with the position of the filament identified by Joselyn and
Bryson [1980]. From their-model of the observations, Tappin
et al. derived a speed of 430 km/s near 1 AU for the distur-
bance.

24, April 23, 1979

An interplanctary type II event [Cane et al, 1982] was
observed to commence at about 1200 UT on April 23. The
associated shock passed ISEE 3 at 2328 UT on April 24 and

CANE ET AL SOLAR FiLAMENT ERUPTIONS

produced an SC at the carth at 2357 UT. Because no large
flares were reported during the early part of April 23, Cane et
al. associated a shock-accelerated (SA) event [Cane er al.,
1981] at 0150 UT with the shock. The SA cvent was associ-
ated with possible weak type Il and type IV bursts reported
by the Culgoora Observatory. The clongation angle of the SA
event clearly indicated a west limb source, and Canc et al.
suggested that an active region behind the limb was the source
of the event. However, a study of the associated low-energy
proton cvent by Sanahuja et al. [1983] showed that this as-
sociation was very unlikely because the Venera 11 spacecraft,
which was well connected to the west limb, did not detect a
particle event. Low-energy (E ~ 100 keV) protons were first
observed at Helios 2, magnctically connected to the sun at
about 20°W, between 0100 and 0200 UT on April 23. Sana-
huja et al. suggested that the solar source of the shock and
particle event was the cruption of a large quiescent filament
extending from 10°S, 00°E to 30°S, 20°E. This cruption rc-
sulted in a paralicl ribbon brightening [Tang. 1985) in Ha
beginning at 2215 UT on April 22, the continuation of which
wits reported as two class 1F flares by the Culgoora Observa-
tory. In her survey of the propertics of interplanctary shocks,
Cane [1985), noting the lack of obscrved strong shocks from
west limb flares and acknowledging the suggestion of Sana-
huja ¢t al. about the source of the event, tentatively agreed
with their source position but retained the 0150 UT April 23
SA association. A rcexamination of the 1980-kHz data from
the ISEE 3 radio experiment shows a possible SA event from
2210 UT 10 2300 UT on April 22 with a source position near
central meridian, consistent with that of the crupting filament.
We now associate this carlier 1980-kHz burst with the shock
and particle event. It occurred at approximately the right time
to account for the onsct of the 100-keV protons at Helios 2
and resulted in an average sun-carth transit speed of 840 kms
comparcd with the previous higher value of 900 km/s reported
by Cane [1985].

2.5. November 27, 1979

Howard et al. [1982] rcported the obscrvation of a “head-
on™ CME which they associated with the sudden disappcear-
ance of a large quiescent filament at 5°N, 3°W. The disappear-
ing filament may have been associated with a reported IN
flarc at 18°N, 5°E in a ncarby active region. The CME was
presumed to be the driver of an interplanctary shock which

TABLE 1. The Events and the Associated Phenomena

Date and Time Soft  Gradual
of Filament H Alpha X Rays, 10<m
Disappearance Ribbons > ClI Burst CME He*
January 25, 1977, no no S yes
2300 UT, to January 26,
1977, 0900 "JT
July 25, 1977, no no S yes
2000-2330 UT
August 23, 1978, probably no yes
1200 UT
April 22, 1979, yes yes yes
2230 UT
November 27, 1979, - no no yes
0600 UT
December S, 1981, yes yes yes yes  yes
1330 UT

Three dots cotrespond 1o cases in which we have no information
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TABLE 2. Speed Characteristics of the Shocks

Date of Dis-
Filament Solar Speed, tance,
Disappcarance Longitude km/s AU Reference
January 26, 1977 SO0°E 460 + 20 0.5 transit to ecarth
570 + 40 0.5 transit to Helios 1
(0.95 AU)
July 25, 1977 S0°wW 560 + 10 0.5 transit to earth (SC)
450 1.0 King et al. [1982)
August 23, 1978 IS'E 480 0.5 transit o carth (SC)
430 1.0 Tappin et al. (1983)
510 1.0 Ogilvie et al. [1982)
April 22, 1979 10°E 980 02 transit to Helios 2
[(Sanahuja et al. (1983]
840 05 transit to carth (SC)
760 0.7 Helios 2 to carth
November 27, 1979 3w 1160 CME (lHoward et al., 1982)
800 0.2 CME [Jackson, 1985)
570 0.5 transit to earth (SC)
3n2 1.0 Ogilvie et al. [1982)
December 5, 1981 40°W 840 CME [Kahler et al,, 1986)
570 0.5 transit to carth (ISEE 3)

reached ISEE 3 at 0649 UT on November 30 and produced
an SC at the earth at 0738 UT. The CME was also dctccted
by Jackson [1985] using zodiacal light photomcters on the
Heclios spacecraft. An average speed of 800 km/s for the CME
was implied from the transit time between the sun and Helios
2. Jackson noted that the mass ejection was well collimated
along the sun-carth line.

2.6. December 5, 1981

Cane and Stone (1984] reported the observation on Decem-
ber S of kilometric radio emission which had the character-
istics of an interplanetary type Il event but for which there
were no reported related solar phenomena at the time of the
preceding SA event, apart from a SEP event. Recently, Kaliler
et al. [1986] showed that the SA and interplanctary type Il
burst were well associated with an erupting filament at 20°N,
40°W and with a CME observed by the Solwind coronagraph.
The interplanetary shock in this event did not cause an SC,
but a wcll-defined disturbance was dctected by the plasma
instrument on ISEE 3 (W. C. Feldman, private communi-
cation, 1985) at 1400 UT on December 8. Following this dis-
turbance an enhancement of singly ionized helium was detect-
cd at ISEE 3 [Bochsler, 1983). The comprehensive observa-
tions of this event by both solar and interplanetary instru-
ments have provided an unambiguous association of energetic
interplanctary phenomena with an erupting prominence well
outside any active region.

3. SuMMARY OF OBSERVATIONAL DATA
ON THE Six EVENTS

Having outlined previous work on cach of the six events, we
now discuss additional observations derived primarily from
reports in Solar-Geophysical Data (SGD). In addition, we
examine the unpublished energetic particle data obtained from
Goddard Space Flight Center detectors on Helios 1 and 2,
IMP 8, and ISEE 3. The results arc summarized in the various
observational arcas. For clarification the information is sum-
marized in Table 1.

3.1. Ha

We have no data showing the filament disappearances of
January 25 and July 25, 1977. Joselyn and Bryson [1980] and
Howard et al. {1982] have reported only the timings of the

filament disappcarances of August 1978 and November 1979,
respectively, but give no further details. The Ha observaitons
of the April 1979 event were discussed by Sanahuja et al.
[1983) (sce also Tang [1985)), and those of the December
1981 cvent were shown by Kahler et al. [1986]. We have
obtained Hx images of the April 1979 event from Big Bear
Solar Observatory (M. Liggett, private communication, 1985).
The scquence of images showing the filament disappearance
followed by double-ribbon brightenings is presented in Figure
1. Two separate filament disappearance events occurred, each
associated with Ha ribbon brightenings.

For the two events where we have observations, the fila-
ment eruptions were accompanied by Ha double-ribbon
brightenings which, since they lay outside active regions, are
properly termed “flarelike brightenings™ rather than flares
[Kabhler et al., 1986]. It is probable that the 1200 UT August
23, 1978, filament disappearance also was accompanied by a
double-ribbon brightening.

An examination of the full disk Ha images of each of the six
filaments shows that they all lay outside active regions. Such
filaments are called quiescent filaments rather than active
region filaments, but of course in our cases the quiescent fila-
ments were also active in the sense of erupting.

3.2. /- to 8-A Soft X Rays

The soft X ray signature of the December 1981 event was
the most prominent of the six events, consisting of a 3-hour
long decay event (LDE) with a peak X ray flux of C3.5
[Kabhler et al., 1986]. A C1.5 LDE with a 6-hour duration
began at about 2220 UT on April 22, 1979, at about the time
of the reported Ha brightening associated with that filament
disappearance [Sanahuja et al., 1983].

Soft X ray events associated with the remaining four cvents
were weak, at most. A Cl LDE occurred on November 27,
1979, from about 0630 UT to 1200 UT, but this cvent may be
the soft X ray signature of the flarc reported in the active
region near the disappearing filament [Howard et al., 1982).
Because the timings of the January 1977 and July 1977 fila-
ment disappearances are uncertain on time scales of hours, we
can find possible LDE associations for both events, but the
peak fluxes of these events are less than C0.2. No soft X ray
event could be associated with the August 1978 event at about
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Speeds as a fTunction of heliocentric distance for five eruptive filament-associated shocks. The squares denote

CME speeds. See Table 1 for details.

0130 UT, at which time the background flux was C0.2. A C03
LDE accompanicd the presumed filament disappearance at
1200 UT. The X ray fluxes of these four events must therefore
be well below the Cl level.

33, Radio

Three gradual 10-cm bursts could be associated with the six
cvents. Bursts of 4 and 8 solar flux units at 2800 MHz were
observed at Ottawa on August 23, 1978, and Deccember S,
1981, respectively. A burst of 14 solar flux units at 2695 Mtiz
waus obscrved at Penticton on April 22 and 23, 1979. No grad-
ual microwave bursts were reported for any of the other three
cvents. However, lor those cvents, only one (July 1977} oc-
curred during the Ottawa and Penticton observing windows.
It is these stations which usually report weak ( < 10 solar flux
units) bursts.

None of the six cvents was associated with any reported
metric type 11 or type IV burst. We also examined 1980-kHz
data from the ISEE 3 radio astronomy experiment for any
associated cvents in the kilometric range. Data coverage exists
for only the last four of the six events, and of those, only two,
the April 1979 (see section 2.4) and December 1981 [Kahler et
al., 1986] events, showed SA events. Both these events were
also associated with interplanctary type I1 bursts [Cane,
1985]. Emission at 1980 kHz did occur at about the times of
the August 1978 and November 1979 events but did not
appear to be related.

34, Coronal Mass Ejections

Solwind coronagraph observations were available for the
three events of April 22, 1979, November 27, 1979, and De-
cember S, 1981, For the November 1979 and December 1981
events, associated CMEs were obscrved with estimated speeds
in the plane of the sky of 600 km/s [!{oward et al., 1982] and
840 km/s [Kahler et al, 1986), respectively. By making as-

sumptions about the shape of the December 1981 CME,
Howard et al. [1982] estimate a frontal speed of 1160 km/s.
No CME was {ound for the Apdal 1979 cvent, but the first
observation after the filament disappearance was 5 hours later.
Otservations of CME events ornginating near disk center
show that such CMEs arc not detectable more than 3 hours
after their inttiation,

35, luerplanctary Shock Speeds and Sizes

The calculated or measured speeds of the six interplanetary
shocks are listed in Table 2 and plotted in Figure 2. Filament
disappearance times were used for shock initiations at the sun
The speed uncertaintics for the January and July 1977 events
reflect the usc of carliest and latest times of filament disap-
pearances. Spacecraft shock observations or the sudden com-
mencements (SC} of geomagnetic storms were used for the
shock arrival times at carth. The transit specds are assumed to
give estimates of the speeds midway between two observation
points. SCs were associated with four of the events; in another
case (December 1981) a disturbance was observed at a space-
craft located ncar | AU.

The January 1977 event was detected at Helios |, which was
situated 13°W of the normal to the filament site. It appears
that the shock did not reach the earth or Helios 2. We do not
belicve that a minor shock observed at Helios 2 was related to
the shock. Our reasons are as follows: a minor shock was
observed at Helios 2 [Schwenn et al., 1980], situated 28° west
of Helios | at 0.98 AU, at 2103 UT on January 28 and was
preceded by an SC at 1840 UT which was probably due to the
same shock. This minor shock preceded by 4 hours the promi-
nent shock at Helios 1, although Helios 1 was closer in lon-
gitude to the filament eruption,

A weak SC reported by two stations on January 30 may
have been caused by a disturbance related (o the filament
disappearance. For the purpose of comparison, we use this SC
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event a small disturbance, but not a shock, was secn at Helios
2 on November 28 when Helios 2 was only 30° cast of the
crupting filament. The CME itsell also appearcd to be rather
highly collimated when obscrved from Hcelios 2 [Jackson,
1985]. In the April 1979 event a plasma disturbance, but not a
shock, was seen at Helios | when that spacceraft was only 45°
cast of the erupting filament. From these obscrvations we esti-
male the angular half-widths of the shocks to be at most 50°.

3.6. Energetic Particles

Each of the six events was accompanied by cnergetic parti-
cles. The August 1978, April 1979, and December 1981 SEP
cvents have becn mentioned in scction 2. We find that SEP
events were also associated with the other three filament dis-
appearances. The July 1977 and December 1981 cvents were
well connected to the carth, and particles with energics up to
about 40 and 80 McV, respectively, were detected in thosc
events. The November 1979 event was well connected (o
Heclios 2, which detected particles of up to 20 McV. For the
three eastern hemisphere events the maximum observed parti-
cle cnergy was less than 15 McV.

Figure 3 shows time profiles of IMP ¥ proton flutes at
about 2 McV for the six events, ordered as o function of
decreasing shock speed. [t can be seen that the time profiles of
the particle fluxes are roughly centered at the times of shock
passages. For the slowest shock, of August 1978, there was a
delay of 2 days between the filament cruption and the particle
onset.

3.7, Singly lonized Helwum Enhancements
in the Solar Wind

Enhancements of singly ionized heltum in the solar wind
following the arrival of the interplanetary shocks were report-
ed for the January 1977, July 1977, and Dccember 1481
cvents, as discussed in section 2. We are not aware of any
reports of singly ionized helium observed with the other three

events of our study.

4. SEARCH FOR ADDITIONAL Evinis
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Fig. 3. Time profiles of 2-McV proton Nuxes as observed at IMP
8 The events are organized such that shock speed decreases down the
figure, In each cvent the shock passage is indicated by a dashed line.
The positions of the filaments arc noted.

time to estimate the speed of the disturbance to the earth. The
deduced transit speed is about 80% of the transit speed to
Helios 1 situated at about the same distance but closer 10 the
radial from the shock origin.

Othcer shock specd measurements and the source references
are also given in Table 2. In addition, we include the speeds of
the two observed associated CMEs. Because the relationship
between the CME leading edpes and the associated shock
fronts is not known, thc CME speeds are joined to shock
speeds by dashed lines in Figure 2.

The shocks of Table 2 are rather narrow in longitudinal
extent. We sce that two (January 1977 and December 1981) of
the three shocks originating from longitudes located more
than 30® from central meridian did not produce SCs at the
carth. The December 1981 event resulied in a disturbance at
ISEE 3 which was not clcarly a shock. In the November 1979

We have looked for other cvents with properiies sirilar o
thosc discussed above. We examined data from the Godiduid
Space Flight Center (GSFC) energetic particle experiment, on
IMP 8 and ISEE 3 for SEP cvents lacking the usual veloaty
dispersion characteristic of flare-associated cvents. We also
uscd the times of filament disappearances to scarch for associ-
ated SEP events. However, we could not find additional paru-
cle events during 1978 to 1984 which could be associated as
confidently with erupting hlaments as the six events discussed
here. A less confident candidate for another example of this
class of event is the SEP event beginning on May 25, 1979,
and the subsequent SC at 1850 UT on May 29. If we associate
this event with a filament disappearance at about 28°N, 22°W
between 1520 UT on May 25 and 0550 UT on May 26 (K.
Harvey, private communication, 1985), the average shock
transit speed to the carth would be 420 1o 490 km/s, a rcla-
tively slow cvent compared to the events of our study. No
interplanctary type Il burst was observed for this shock, as
expected from its low speed [Cane, 1985].

5. DisCussion
Qur results show clearly that solar disturbances occurring
outside active regions and showing few, il any. of the signa-
tures characteristic of “large™ flares can result in interplanctary
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shocks and SEP cvents. Joselyn and Mcintosh [1981] have
emphasized the importance of disappearing filaments as a
useful tool in forecasting geomagnetic storms. We find that the
disappearing filuments can also give risc to SEP events of
modcst (~ 10 McV) cncrgy. We emphasize the importance of
these events for understanding the physics of shock propaga-
tion and particle acceleration in interplanetary space.

5.1

The solar signatures of the six events of this study are simi-
lar. All the disappearing filaments lay outside active regions,
and they may all have produced double-ribbon Hax cvents,
such as the cxamplc in Figure 1. If any soft X ray or micro-
wave events occurred, they were weak and had time scales of
hours. The cvents also lacked evidence of impulsive phases or
of coronal shocks.

The common links of these cvents and large flares are the
filament eruptions and double-ribbon brightenings. On this
busis, Anzer and Pneuman [1982] concluded that a common
process occurs in both large flares and filament eruption
cvents with the flarcs being the most cnergetic cvents. The
Skylab X iy cvents [cf. Webb er al, 1976] lic at the other end
of the energy spectrum. These events were weak, long duration
soft X ray cnhancements originating outsidc active regions
and with disappcaning filaments or filament
channels. In contrast to the six events of our study, some of
the Shylab X ray events were not accompanied by detectable
filuments and had only faint patches of Ha brightenings.
While the spectrum of filament cruption cvent sizes has pre-
viousiy been appreciated, the fact that apparently innocuous
events, such as those of this study, can result in both inter-
planctary shocks and SEP cvents has not generally been un-

Saolar Origins of the Events

associated

derstood.

S22 SLP Lvents Sources

Evenson et al. [1982] have compared the £ > 30 MceV
proton profiles for two kinds of flarc SEP cvents, those with
associated interplanctary shocks and those without. They con-
cluded that large particle events can have two components.
The first component consists of particles which escape dircctly
from the corona and arc casily observed from regions well
connccted to the particle source region. The second compo-
nent has a time scale of days and results from the acceleration
of particles by interplanctary shocks. Lee [1983] has summa-
rized the propertics of such shock-associated ESP cvents.

The two-component model is also an appropriate descrip-
tion for the SEP events of our study, but here the second
component secems to be dominant, consistent with the lack of
the usual flare signatures of impulsive phecnomena and metric
radio bursts. We illustrated the SEP profiles in Figure 3 and
showed the gradual rises with maxima near the arrival times
of the associated shocks. Metric type 11 bursts are the well-
known signaturcs of coronal shocks which have a good associ-
ation with > 10-McV proton eveats [Svestka and Fritzova-
Svestkova, 1974] and are presumed to be the sources of the
fiest particle component. Although there are no type 11 bursts
associated with the six SEP cvents in our study, the presence
of SA activity in at Jeast two events can be taken as evidence
of a coronal shock. However, the coronal shock responsible
for the acccleration of the particles comprising the first com-
ponent did not form or did not radiate until high in the
corona (ic. below the ground-based observing frequency
range)
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Two events (July 25, 1977, and December 5, 1981) were well
connected to the carth and showed clear evidence of velocity
dispersion in the McV range, which is characteristic of flarc-
associaled SEP events. At cnergies above 10 MeV (hese events
had the usual profiles associated with Nlare cvents, t.e, a rapid
onsct and a slower decay. This characezristic <+ .pc was also
scen for the November 1979 cv.i i whe, .ived [rom Helios
i. which had a connection longitude of 37°W.

Within our limited statistics it seems that the first parti_ «
componcnt is more restricted in the filament eruption cvents
than in flare cvents. The rapid onset and graduat decay pro-
files can be scen in flare ev+.'_ which originate near central
meridian, yet only the disappearing filament cvents connected
near S0°W have this shape. Assuming that prompt particles
arc injccted only onto ficld lines directly connected 1o a coro-
nitl shock, we suggest that in the filament eruption events the
coronal shock extends over a limited range in heliolongitude.
The lack of metric type 11 activity is an indicaton that the
coron:} shocks in these events are probably rather weak.

5.3 Shock Characteristics

We find that the six shocks of our study originated within
50" of central meridian and that only four of the shocks were
tesponsible for SCs at the carth. This fact and the other obser-
vations discussed in section 3.5 suggest that the shocks assoar-
ated with disappearing filaments extend at most to 50 n
heliographic lTongitude from the source normul. In contrast,
flarc-associated shocks can extend to 90° [Cane, 19851,

In recent years a number of observations concerntng inter-
planctary shock speeds as a function of hehucentric distance
have become available. The first kind of obscrvation is the
dircet in <itu measurements of the solar wind from the Helios
I spacccralt The posittons of the Helios spacecraft ranged
from 03 1o 1.0 AU, so one can use the Helios observations to
learn how, 1n a statistical sense, shocks evolve. Figure 4 shows
in situ shock speeds as a function of heliocentric distance for
the shocks associated with CMEs presented by Sheeley et af
[1985]. Oniy the wel-deter nined shock speeds were used. The
figurc shows that whereas at C.€ AU, shock speeds range fram
about 400 to 1300 km/s, the range at « AU is much smaller,
approximately 450 to 650 km/s. This means that most shocks
decelerate en route to | AU, an interpretation supported by
the Sheeiey et al. [1985] comparison of Solwind CME and
Hclios 1 shock obscrvations. They found that the average
shock transit speeds were generally higher than the in atu
shock speeds, indicating that the shocks must undergo a decel-
eration between the sun and Helios 1.

Speed profiics for individual shocks within 0.3 AU of the
sun have been presented by Woo er al. [1985]. Their analysis
combined spacecralt Doppler scintillation observations with
coronagraph and in situ plasma measurements. 1acir derived
speed profiles for a number of shocks are shown by the curves
in Figure 4. The heavy curves correspond to shocks vhich are
well associated with flares; all these shocks gene. sted inter-
planctary type II radio emission [Cane, 1985]. The hght
curves correspond to the slow shocks of their study, which
suggest acceleration or at least constant speed out to quite
large distances. Woo et al. [1985] did not associate these
shocks with flares. By comparing Figures 2 and 4, it can be
scen that all the shocks of our study except that of April 1979
are relatively low speed shocks. We suggest a continuum of
speed profiles ranging from strong flare-associated shocks,
which are fast and decelerate rapidly, to the cruptive filament-
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Shock speeds measured in situ at a nuinber of heliocentric distances [Shecley ¢t al, 1985): each circle repre-

senis a single shock. Also shown are specd profiles for a number of shocks [ oo e: al., 1985). The heavy curves idenlify
the strong flare-associated events. The scale of this figure is the samce as that of Figure 2, and it can be seen that apart from
the April 1979 cvent the eruplive events of our study are relatively slow.

associated cvents which are Jow-speed shocks and may not
decelerate at all.

5.4. Singly lonized Helium Enhancements

The first report of a substantial enhancement in abundance
of singly ionized hclium in the solar wind was reported by
Schwenn et al. [1980], who attributed its origin to eruptive
prominence material. Because solar wind plasma analyzers
have not been designed to look for this ion, which was ex-
pected to have a very low abundance, the number of reported
singly ionized helium enhancements is only about 15 (see the
review of Bame [1983]). The fact that three of those events are
also included in the events of our study supports the view that
the enhancements arc due to eruptive prominence material.
Several other singly ionized helium enhancements not men-
tioned in this paper also appear to be associated with eruptive
prominences. Schwenn [1983] associated an enhancement ob-
served at Helios | following a shock on May 9, 1979, with an

observed eruptive prominence on the west imb, Zwicki et al
[1982] found two additional enhancements in a scarch of
plasma data from 1972 to 1980. Onc of those events, following
an SC at 2000 UT on December 1, 1977, may have been due
to a quiescent filament disappearance in the northeast quad-
rant of the sun between 1500 UT on November 28 and 1500
UT on November 29. As in the cases of our six events, no
metric type II bursts werc associated with the May 1979 and
November 1977 filament disappearances.

One of the singly ionized helium enbhancements is of interest
because of its flare association. The enhancement observed on
January 13, 1967 (Bame, 1983}, (ollowing the SC at 1203 UT
was associated with a 3B flare in McMath region 8632 on
January 11. A very large filament was present before the flare
and absent on the following day. A metric type II burst at
0223 UT was associated with the flare, but the only associated
microwave burst was a gradual rise and fall event of 15 solar
flux units. We suggest that the January 1967 event is inter-
mediate between the filament eruption events discussed in this
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study and the well-known large active region flares

characterized by prominent impulsive phascs.

6. CONCLUSIONS

We have examined the solar and interplanctary character-
istics of six interplanciary shock and SEP evenis resulting
from crupting filaments. The common lcatures of these events
were (1) the disappearance of a gquiescent filament; (2) the
appearance of a double-ribbon Hax brightening and a weak
soft X ray and microwave burst, all with time scales of hours;
(3} the absence of a metric type ! burst or an impulsive phasc;
{4) an interplanctary shock with a lower speed and smaller
angular size than those associated with large flares; (5} a SEP
event of low encrgy (E < 50 McV) with fluxes strongly influ-
enced by the shock: and (6) an enhancement of singly ionized
helium in the solar wind.

We suggest that interplanctary shocks and SEP cvents are
duc to a broad spectrum of solar cruptive disturbances. At onc
end of the spectrum are the very energetic active region flares
iccompanicd by strong impulsive phases and coronal shocks,
prompt acccleration of SEPs, and fast and broad interplan-
ctary shocks which undergo substantial interplanctary deceler-
ation. These events command considerable attention because
of their casy detectability in nearly every observing waveband.
At the other end of the spectrum are the unreported and
relauvely unfamibiar cvents characterized by the cruption and
cjection of cool flamentary material from coronal quicscent
regions. Other than the Ha, soft X ray, and microwave en-
hancements, often too faint to be observed, their chief manifes-
tations arc intcrplanctary shocks of rclatively low speeds,
which may decclerate or move uniformly through the inter-
planctary medium. If the mass of the cool (~10* K} cjected
material is substantial and the observing solar wind plasma
spectrometer sufficiently sensitive, these events may be derect-
cd as enhancements of singly 1onized helium,
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ABSTRACT

It is generally presumed that £ > 1 McV per nucleon solar particle cvents of enhanced abundances, referred
10 as " *He-rich™ or “ Z-rich " events, arc duc 10 a two-step acceleration process. The first step sclectively heats
*Hc and certain heavy ions such as Fe to a threshold encrgy for the sccond step, which then provides the bulk
of the particle cnergization. If the second phase involves the same process that operates (o produce cncrgetic
particle events of normal abundances, *He-rich events should be significantly associated with both metric type
1} bursts and coronal mass cjections, as arc solar energetic particle events of normal abundances. Using 66
*He-rich periads observed on /SEE 3 from 1979 10 1982, we find that these assaciations are duc only to
random chance unless the *He-rich event is accompanied by an encergetic proton cvent. This and other recent
evidence indicates that enhanced abundance cvents may be produced only in the impulsive phases of flarcs,
while normal abundance events arc produced in subscquent flare shock waves.

Subject headings: Sun: corona — Sun: flares — Sun: radio radiation

1. INTRODUCTION

The physical origin of energetic (~ 10 MeV) particles pro-
duced in the solar corona and detected in interplanctary space
remains unclear. However, two obscrvational signaturcs now
appear well associated with encrgetic proton cvents. Svestka
and Fritzova-Svestkova (1974) concluded that 50%-75% of all
proton cvents observed over a 30 month period were preceded
by mectric type 1l radio bursts. Morc recently, Kahler er ol
(1984) found that ncarly all flarc proton cvents are associaicd
with coronal mass cjections (CMEs). These observations
suggest an important role for coronal shocks in proton acceler-
ation.

Elemental and isotopic abundances found in large solar
cnergetic particle events of £~ 1-10 MeV per nucleon
(hereafter McV n ') gencrally match accepted solar coronal,
but not photospheric, abundances (Cook, Stone, and Vogt
1984). This is often not true for smaller cvents, however, where
substantial enhancements of *He/*He and (Z > 6)/H over
solar abundances are seen (Anglin, Dietrich, and Simpson
1977; Zwickl et al. 1978; Mason et al. 1980). Of particular
interest arc the “3He-rich™ events, characterized by *He/
“He > 0.2, ncarly three orders of magnitude larger than the
solar wind or solar prominence values of 4 x 10~ (Coplan et
al. 1983; Hall 1975). The propertics of thesc events were
reviewed by Ramaty er al. (1980), who tabulated all *He-rich
cvents observed through 1976. This list was updated to 1980 in
the recent review article by Kocharov and Kocharov (1984).

Several explanations have been advanced to account for
these events with enhanced abundances. They generally invoke
a two-step process consisting of *He or high-Z enrichment
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through nonthermal heating, followed by the second process.
which provides most of the encrgization. As a first process Fisk
(1978) proposcd sclective heating by a resonant intcraction
with ion cyclotron waves. Varvoglis and Papadopoulos (1983)
considered the nonlincar physics of particle energization by ion
cyclotron waves and found the dominant process to be non-
resonant. This eliminated the requirement for exciting “He**
cyclotron waves in Fisk's model. Alternative proposals by
Ibragimov and Kocharov (1977) and Kocharov and Orish-
chenko (1983) invoked Langmuir waves and ion sound waves,
respectively, for the initial heating process. However, Weather-
all (1984) has shown that the velocity diffusion coceflicient used
by Ibragimov and Kocharov (1977) and by Kocharov and
Orishchenko (1983) is not proportional to Z*/4?, where Z is
the charge and A the mass of the ion, but rather to Z%/4°.
Their mechanisms therefore do not have the required sensi-
tivity to ion charge nceded to account for the enhanced particie
abundances. Melrose (1983) has argued that preacceleration
mechanisms which draw a small fraction of the ions out of the
tail of 2 Maxwellian distribution will lcad to unacceptably low
abundances for accelerated ions due to the slower speeds of the
heavier ions. This conclusion holds for both events of normal
and enhanced compositions.

An important question is whether the enhanced event ions
arc energized, after the presumed first-step heating, in the same
way as ions in the larger cosmic-ray cvents of normal abun-
dances. Studies of associated flares could be helpful in this
regard, but, in contrast to the larger events, it is usually difficult
to detcrmine flarc associations for the enhanced events. Prob-
able Ha source flares appear to be small subflares at well-
connected longitudes (Zwick! er al. 1978), but the low particle
fluxes and encrgics generally result in injection times too
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poorly determined to make specific flarc associations (Anglin,
Dictrich, and Simpson 1977). However, Kocharov and
Kocharov (1984) identified parent solar flares for 18 cases in
which short-duration *He-rich events were associated with
encrgetic proton events. They found that type I1 bursts were
assuuiaed with 40%-~50% of those flares, a result reported
carlicr by Kocharov (1979). This suggests a common second
slep acceleration mechanism for normal and enhanced abun-
dance events.

Statistical comparisons have also been used to suggest that
the flare acceleration mechanism is the same for the two kinds
of events. An observed similarity in their energy spectra led
Zwickl et al. (1978) to suggest a common acceleration mecha-

SOLAR 3He-RICH EVENT COMPARISON 743
w0’ —— 7T —
9 @ PROTON ]
[ EVENTS
r . @ 4
° L ]
L) ° L4
3 . . Q P
e F .. -
[ - ]
3 ° L hd @ @ 4
L - i 09@ hd d
L . [C] * d
0" b s saaaal 4 a4 g aaail n i1
107 103 10*

nism. Mason et al. (1980) pointed out thal the variation of
abundance ratios increases smoothly with decreasing size,
giving no evidence that the small cvents represent a separate
compositional class. They suggested that enhanced abun-
dances may occur only over small regions and that if particles
from only such a region are accelerated, an enhanced abun-
dance cvent results. In the intense flux events, on the other
hand, these particles are mixed with those from larger regions
of normal abundances, and the result appears as an event of
normal solar abundances. Impiicit in the Mason er ¢l. (1980)
vicw is that both populations of particles are aceelerated in the
same mechanism.

In this paper we ask whether the energetic particles of *He-
rich cvents arc accelerated in the same process as that resulting
in particles of normal-abundance cvents. We first presentin § 11
a list of 66 *He-rich events observed with the Goddard Space
Flight Center (GSFC) particle detector on {SEE 3. We then
show that these events arc not statistically associated wuth
either of the two common signatures of normal-abundance
cvents, metric type Il bursts and coronal mass ejections. The
implications of this result are discussed in § 11

I. DATA ANALYSIS

The 66 *He-rich cvents in the 1.3-1.6 McV n ' encrgy range
were obtained from a survey of data from the ISEE 3 very
low-energy telescope (VLET). The detector was described by
von Roscnvinge et al. (1978) and its clemental and isotopic
resolution by von Roscavinge and Reames (1979). The survey
and the criteria for sclecting the *He-rich periods were dis-
cussed in detail by Reames and von Roscnvinge (1983). The
*He and *He fluxcs were averaged in 6 hr intervals from 1978
August 15 to 1982 July 10. A *He-rich interval had to meet the
following criteria: (1) the uncertainty in the *He flux was less
than 50%; and (2) the *He/*He ratio was >0.20. Candidatc
IHe-rich cvents, consisting of two or more successive *He-rich
intervals, were observed with higher time resolution to identify
obvious multiple events and define the onsct times. The 66
events are listed in Table 1. The *He/*He ratios of Table | arc
averaged over the event durations and are not corrected for
ambient background levels. Only in about half the events (35)
were distinct associated increases in the “He flux observed.
These cvents are plotted in Figure 1. In the remaining 3!
cvents, no accompanying increcasc in the *He flux was
observed, so the resulting *He/*He ratios are lower limits only.
These events are noted in Table 1.

Only 15 of the 66 *He-rich events werc accompanied by
obvious E > 1 MeV proton cvents. These events are indicated
in the last column of Table 1. Twelve of the 15 proton events
are also associated with *He flux incrcases and shown in
Figure 1. The median *He/*He ratio for the 12 proton events is

*HE FLUENCE (¢m? 3 Mev/n )-‘

F1G. 1.—Avcrage *He/*He values vs. *He Nluences for the events of Table |
with observed “He Mux increases. Events with accompanying proton events
are indicated with circles. The median *He/*He value for the proton event s
0.42, for all 35 cvents it is 0.76. The median *He luence for the proton events is
1.6 x 10? (cm? st McV n~ ")~ *: for all 3S events it is 2.2 x {0’ (em! sr MeV
nT'y

0.42, compared to a higher valuc of 0.76 for all 35 cvents. The
proton events arc also associated with a smaller median 'He
fluence, 1.6 x 10° (cm? sr MeV n™ ") !, compared to 2.2 x 10°
(cra? st MeV n™ ') for all 35 events.

Multiple injections well associated with low-cnergy clectron
events (Reames, von Rosenvinge, and Lin 1984) characterize
most  *He-rich cvents. The clectron  associalions, the
occurrence of spike events, and, for larger events, the veloaity
dispersion and magnetic ficld-aligned arrival from the solar
dircction all suggest nearly scatter-free propagation from well-
connccted sources. In this study we usc only the event onset
times in our scarch for the solar signatures of *He-rich cvents.
The approximate Sun-Earth propagation time for a 1.3 Mc¢V
n~ ' particle is 3 hr. Allowing several hours for the uncertainty
in the determination of cvent onset times and an additional
several hours for possible coronal and interplanctary propaga-
tion, we sclect the time interval 0-10 hr prior to the event onsct
as the period to scarch for solar signaturcs of the *He-rich
cvents.

a) Metric Type Il Burst Associations

For cach of the 66 events of Table | we looked for metric
type Il burst listings in Solar-Geophysical Data (1978-1982)
during the 10 hr period preceding the event onset. We found
type 11 bursts during 16 of these 66 periods. As control samples
we also examincd the same 10 hr time periods ! day earlicr and
| day later for cach event. As shown in Table 2, there were 12
type 1 bursts for the 66 10 hr periods 1 day earlier and another
12 bursts for the 66 Pcriods I day later. The periods imme-
diately preceding the “He-rich events therefore have only a few
more type Il bursts than the carlier and later control periods.

When we consider the proton-associated events separatcly, a
different picture emerges. Six of the 15 events with protons
were associated with type Il bursts in the preceding 10 hr
period, compared with only two for the preceding day and
none for the following day. In addition, the event of 1980
March 25 1500 UT was probably associated with a type 11
burst at 0424 UT on that date, 10.6 hr prior to the *He event
onsct. Counting this event as associated, we get a total of seven
of 15 proton events with type 11 bursts. This result is similar to
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TABLE 1
ISEE 3 *He Eveny List
*He Onsel Time Duration 3He Fluence Average Proton
wun (he) (em? sc MeVa~'y~! SHe/* He Events
197801231600 . .......... 24 1293, L0+ 0.9 yes
1978 Nov 30800 ... 28 3884. 129 0.4 yes
1978 Nov 82200 ... pZ] 411, 036 010 yes
1978 Nov 27 2000 .. 24 h 766. 26. +36. — 10.* no
1978 Dec 26 1600 ... 20 2589. 207 0.30 no
1979 Feb 6 0200 .. 72 1314, 100 0.17 no
1979 Feb 100500 ... 48 4127, 11 0.11 no
1979 Mar 24 <1530 16 646. hX +56-19 no
1979 May 17 0900 .. 30 S118. 594 093 no
1979 Jun 11 2000 ... 36 3776, 015 002 no
1979 Aug 150800 .. 14 (892, .26 0.04* no
1979 Sep 6 1400 ... 44 2924, 043 0.05 - no
1979 Oct 31600 .... 40 2155, 0.60 0.08 no
1979 Oct 5 1800 .... 16 406. 0.28 008 no
1979 Oct 220000 ... n 879. 1.54 033 no
1979 Nov32200....... 12 332 0.34 0.11* no
1979 Dec 14 1200 ... 16 33460. 1.67 0.07 no
1979 Dec 190400 ... 12 476. 280 1.15 no
1979 Dec 20 2000 . .. 12 27 0.32 o1 yes
1979 Dec23 HO0 ........... 48 7259. 267 0.3 yes
1980 Jan 132400 ........... 32 5433, 1.80 0.18 no
1980 Feb 4 2300 .. . 16 3972 0.96 010 no
1980 Feb 11 0400 . 36 1524 0.60 0.09* no
1980 Feb 132000 ... 12 2329 107 Q.14 no
1980 Mar 1 0800 ........... 36 1§36, 8.80 312 no
1980 Mar 16 1000 » 317. 1.27 045 no
1980 Mar 251500 ... 24 1515, 044 0.09 yes
1980 Mar 270200 ... 36 761. 036 0.08* no
1980 Mar 290000 ... 32 780 1.25 0.30* yes
1980 Mar 30 1400 ... 16 3916. a6 Q07 no
1980 Apr22200 ..... 16 2945. 037 0.05° no
1980 Apr 12 1400 . 12 382 0.38 01i* no
1980 Apr 131300.... 8 206. 0.18 008 no
1980 Apr 150800 ... 48 850. 045 009 yes
1980 Jun 230600 .... 18 5394 043 o004 yes
1980 Jun 28 0200 .... 28 95t o 004 yes
1980 Jun 291600 .... .. 18 1723, Q.35 0.05 yes
1980Jul 90200 ............. 12 1288, 0.30 005 yes
1980 Nov9 1700 ........... 20 16738, 143 008 no
1980 Nov 15 1300 8 4050. 1.27 014* no
1980 Dec 16 1900 ... i6 1340 045 008 yes
1980 Dec 20 1300 .. .. 12 157 125 029 no
1980 Dec 21 0400, ... 44 1270. 077 0.13* no
1980 Dec 24 2000 .. 36 612 269 0.85* no
1981 Feb 51400 .. ... 12 382 149 057 no
1981 Mar 13 1800 ... 18 575. L.76 Q.5t° no
1981 Mar 230800 ... 36 2211, 0.28 0.04 ycs
1981 Jun 15 .800 ... 18 979. 1.04 0.20° no
1981 Jun 18 0200 .. 14 280. 0.28 0.09 no
1981 Jul 171200 ... 20 390. 0.51 0.14 no
1981 Jul 200800 .. ... 6 411, 32 +0 — 16 no
1981 Jul 31 >0400 .. .. 24 3. 033 003 no
1981 Sep 21200 ............ 23 956. 0.39 0.08* no
1981 Sep 111600 ........... 12 816. 0.46 0.10* no
1981 Sep 130000 .... .- 24 403. 064 018 no
1981 Sep 152200 ... 36 7825. 117 010 no
1981 Nov201330 . 36 3407, 016 0.02 no
1981 Dec 50600 ... 12 396. 087 0.9 no
1982 Feb 120600 .. 30 9602. 0s4 003 no
1982 Mar 5 <0600 ... 24 374, 40 +95- 16 no
1982 Mar 10 1600 .... 28 2218, 088 0.04 no
1982 Mar 182000 .... 24 1333, 039 006 no
1982 Apr 3 1100 18 1397, 056 010 no
1982 Jun 250800 .. 12 4533, 023 003 no
1982 Jun 252300 .. . 12 12787, 041 0.04 yes
1982Jun 01300 ........... 12 1600, 0.88 0.14 no

* No observed associated *He Rux increases. The ratio is based on the ambient *He fluence.
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TABLE 2
Tyre 1] BURST ASSOCIATIONS FOR THE *He EvenTs

Events with Events with No
Time Period Examined All Events (66) MeV Protons (15} McV Protons (51}
0-10 hr prior to event onset ............... 7 i0
Same interval, | day carlier ... 2 10
Samecinterval, { day later.................. 0 12

* Includes the type 11 burst of 1980 Mar 25 0424 UT, which began 10.6 hr before the *He onset, but is
considered associated with the parent flare of the particle cvent.

the 40%-50% figure for type 11 burst associations reported by
Kocharov and Kocharov (1984) for proton-associated cvents,
and is significantly above the random type 11 burst occurrence
rate.

The expected type Il association for proton events can be
inferred from data in Svestka and Simon (1975). Using only
their E > 10 McV confirmed proton events for which the flare
association is certain and for which dynamic specira in the
metric wavclength range are available, we find that 84 of 112
cvents, or 75%, were associated with reported type I bursts.
Three of the 15 proton events of Table | could not be associ-
ated with cither Ha flares or type 11 bursts, so for the probable
flare associations we get seven type Il bursts for 12 proton
flares, a rate lower than, but not inconsistent with, the g:/cstka
and Simon association rate.

Type 11 burst associations for the 51 remaining events of
Table | with no accompanying encrgetic protons are shown in
the last column of Table 2. It is obvious that for the *purc”
JHe cvents there is no significant association with type 11
bursts.

by Coronal Mass Ejection Associations

The Solwind coronagraph has been described by Sheeley et
al. (1980). Since 1979 March it has provided images of the solar
white light corona from 2.5 to 10 Ry with an angular
resolution of 1:25 per pixel. CMEs are casily detected in differ-
cnced images obtained by subtracting a base image taken at
the beginning or middle of each day from those taken in sub-
scquent orbits. The data coverage is not uniform and numer-
ous gaps exist, so it is necessary to assume the period of time
prior to a subtracted image during which any CME couid be
detected in the image. In our case we take a relatively con-
servative time period of 3.0 hr.

A CME with a nominal speed of ~400 km s ™! travels about
2 Ro hr™!, 50 to observe a CME in the Solwind coronagraph
ficld of vicw, we must allow t hr from the time the CME leaves
the Sun. To look for any CMEs leaving the solar disk in the
period 0-10 hr prior to a *He-rich cvent onset, we look at the
Solwind data during the period from 9 hr before to 1 hr after
the event onsct. Assuming that any CME will be observed in a
Solwind subtracted image obtained up to 3 hr later, we found
that some Solwind data coverage existed for 45 of the 66 events
of Table 1. Nine of the 45 events were also proton events.

In cach 10 hr time interval we looked for west limb CMEs
on the assumption that the *He-rich event sources are well
connected to the Earth. We first looked only for fast CMEs
with speeds of ¥ > 400 km s, those found to be associated
with proton events (Kahler er al. 1984). Definite fast CMEs
were found for only two events, those of 1979 November 3 and
1981 March 23. In addition, possible CMEs of undetermined
speeds were found in the 10 hr periods preceding four other

events. Thus, only two to six of the 45 *He-rich cvents could be
associated with fast west limb CMEs. This is far fewer than the
26 out of 27 cases for proton cvents with likely flare associ-
ations and 39 out of 50 cases for all proton events in the Kahler
et al. (1984) study.

We also cxamined the occurrence rate of all west imb
CMEs, regardiess of speed, during the 10 hr periods preceding
the 45 >He-rich events. CMEs were found for three of the nine
proton cvents (with an average data coverage of 6.1 hr per
cvent) and ninc of the 36 nonproton cvents (with an average
coverage of 7.5 hr per event). A total of 14 CMEs was obscrved
in 324.2 hr, resulting in a rate of 1.04 + 0.28 per day, closely
matching the rate of 1.1 per day calculated for the 1979-1982
period, assuming, as we have, a 3 hr time coverage for cach
Solwind image (Howard et al. 1984). There is thercfore no
evidence of any enhanced rate of CME occurrence during the
10 hr periods preceding the *He-rich cvent onscts.

1. DISCUSSION

I *He particles were accelerated in the same kinds of cvents
that produce normal-abundance cncrgetic particle events, we
should expect to see good correlations between the *He events
and metric type Il bursts and CMEs. The corrclation of type 11
bursts and CMEs with encrgetic proton cevents is ~75% and
>90%, respectively. However, the correlation we find for the
*Hc event onsets yields only 24% and 4%-13% for the type 11
bursts and CMEs respectively, despite our use of very broad [0
hr time windows.

One might suppose that, because the particle fluxes of *He-
rich cvents are gencrally smaller than those of normal abun-
dance cvents, any associated type Il bursts and CMEs may
also be fainter and hence less likely to be obscrved. Several
obscrvational results argue against this interpretation. First,
about 40% of all flares associated with type II bursts arc sub-
flares, and another 40% are class | events (Wright 1980). This
suggests that even the very small flares producing *He cvents
should be capable of generating observable type 11 bursts if the
primary acceleration mechanism involves coronal shocks.
Second, although CMEs too faint or small to be detected may
in principle exist, those associated with proton events are
nearly always the larger halo, loop, fan, or quadrant filler struc-
tures. Only onc of the 25 CMEs associated with the likely
proton flares of Kahler et al’s (1984) study was a “spike”
cvent, although the various kinds of spike structures const-
tuted over 50% of the observable Solwind CMEs (Howard et
al. 1984). Third, we found in Figure 1 that the proton cvents
were statistically associated with smaller, not larger, *He flu-
ences. This is not what we would expect if *He production
takes place in association with normal proton flares of rela-
tively small size. Finally, we might expect that a rcasonable
brightness range for the fainter type Il bursts and CMEs
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should still yicld a significant enhancement above background
for the type Il burst and CME associations. This possibility is
precluded by the fact that these associations are consistent with
random-chance occurrences. The *He events, therefore, appear
not to be produced in the same way as events of normal abun-
dances.

Another definitive result concerning the injection of *He
particles has been presented by Reames, von Rosenvinge, and
Lin (1984). For 11 event onsets they find interplanctary injec-
tion times for the *He particles and 2-100 keV electrons
detected at ISEE 3 to be simultancous 10 within ~ 20 minutcs.
This suggests that *He particles could be accelerated along
with electrons in short bursts characterized by metric or deka-
metric type 11 solar radio bursts (Lin 1974). Type 111 bursts are
sometimes closcly temporally associated with impulsive
(v = 10-100 s) hard X-ray bursts duc to 10-100 keV electrons
{Kane 1981). It is now clear from y-ray observations that both
ions and clectrons are produced in these phases (Forrest and
Chupp 1983). Only a small fraction of the impulsive phase ions
inferred from the y-ray measurements arc thought to escape to
the interplanctary medium {von Roscnvinge, Ramaty, and
Reames 1981), and acceleration in coronal shocks which follow
the impulsive phase appears more likely for nearly all E = 10
MeV interplanctary particle cvents (Kahler et al. 1984). Accel-
cration of *He particles takes place in solar events far less
cnergetic than those characterized by y-rays or coronal shocks,
but it secems reasonable that ions impulsively accelerated along
with the 2-100 keV clectrons escaping the corona along mag-
netically open field lines would also be expected to escape the
corona. This appcars a likely explanation for the results of
Reames, von Rosenvinge, and Lin (1984).

Klecker et al. (1984) have recently studicd the ionic charge
composition of *He, *He, and Fe in five *He- and Fe-rich
events. They found that essentially all the helium was doubly
ionized, but the mean charge state of Fe was 19 + 2, a value
significantly higher than that in events of normal abundances.
Their result and the apparent close association of >He-rich
cvents with the 2-100 keV electrons found by Reames, von
Roscnvinge, and Lin (1984) suggest an origin for the *He- and
Fe-rich events different from that of normal abundance events.

The results we have obtained provide further evidence for
this view. Our result yiclds no insight into the detailed acceler-
ation mechanisms for cnhanced or normal abundance events,
but it indicates that enhanced-event particles arc not acccler-
ated along with normal abundance particles. Our data further
suggest the possibility that a large flare may give rise to both
kinds of abundances, with the enhanced abundances produced
in the early impulsive phase and the normal abundances in a
subsequent coronal shock wave. We found that the *He-rich
cvents with observable proton events were well associated with
type 1l bursts, as were proton events of normal abundances.
On the other hand, when no proton event was observed, the
type I association was due only to random chance. If we have
both *pure™ and * mixed ™ *He-rich events, we should expect
that the occurrence of an observable proton cvent is not depen-
dent on the *He fluence since the two are produced in separatc
processes. We should also expect that when a proton event
occurs, the *He/*He ratio should tend to be smaller due to the
mixing of particles of enhanced and normal abundances. As we
saw in Figure 1 and reported iri § 11, both these expected results
were found.

As a possible example of a mixed event, the temporal behav-
ior of the large *He-rich event on 1974 May 9 was treated by
Maobius er al. (1980) as due to a short time injection (r < 15
minutes) for the Z-rich population and a longer time injcction
(r = 6 hr) for the population of normal abundance. These dif-
ferent injection time scales do not preclude the possibility that
both populations of particles were accelerated by the same
basic process, but it would scem unlikely that they were accel-
crated together in a common cvent. I low intensitics of
enhanced abundances are produced along with intensitics of
normal abundances varying widely from cvent to event, we
would expect to sce the smooth increase in the variation of
abundance ratios with decreasing event sizes as Mason ¢f al.
(1980) found.

Let us now consider the relevance of these results for Z-rich
events. The relationship between *He-rich and Z-rich (usually
mecaning Fe-rich) cvents has gencrally been treated cautiously
in the literature. Anglin, Dictrich, and Simpson (1977) ploticd
Fe/*He ratios against *He/*He ratios for a large number of
events and concluded that while *He-rich cvents are always
Fe-rich, some Fe-rich cvents are not *He-rich. This conclusion
has been widcely accepted (Zwickl et af. 1978; Ramaty ¢t al.
1980; McGuirc 1983). Zwick! er al. (1978) also claimed to
confirm that all identified *He-rich cvents arc rich in Z > 20
nuclei. Based on this apparent asymmetry in the relationship of
3He-rich and Fe-rich events, they proposed a subclass of
Fe-rich events in addition to a subclass of *He-rich cvents.

A reexamination of the plot in Figure S of Anglin, Dietrich,
and Simpson (1977) suggests that their conclusion that all *He-
rich events are also Fe-rich is unjustified. Six of their Fe/*He
ratios were only upper limits, and they did not define a numen-
cal threshold for Fe-richness. In addition, the confirmation
claimed by Zwick! et al. (1978) was bascd on only five events.
Finally, Mason ¢t al. (1980) have pointed out that the *He-rich
cvent of 1974 October 5 appears without any mecasurable
incrcase in heavy-nucleus fluxes. Contrary to the gencral con-
scnsus, we conclude that there are *He-rich events which are
not Fe-rich and vice versa. A more appropriate description of
the situation is that there is a correlation between *He-richness
and Fe-richness, but it is not very strong. as Anglin, Dictrich,
and Simpson (1977) and Reames and von Rosenvinge (1981)
found. The symmetry of the correlation suggests, however, that
*He-rich and Fe-rich cvents can be trcated as a single class of
events rather than as separate classes as Zwickl er al. (1978)
suggested. This implies that the results we have discussed
above for the *He-rich events can also be applicd to the Fe-rich
events as well.
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Characteristics of Coronal Mass Ejections Associated With
Solar Frontside and Backside Metric Type II Bursts
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We compare fast (v > 500 km s~ *) coronal mass cjections (CME's) with reported metric type 1l bursts
to study the propertics of CME's associated with coronal shocks. We confirm an carlier report of fast
frontside CME's with no associated metric type 11 bursts and calculate that 33 + 15% of all fast frontside
CME’s are not associated with such bursts. Faster CME's are more likely to be associated with type 1l
bursts, as expected from the hypothesis of piston-driven shocks. However, CME brightness and associ-
ated peak 3-cm burst intensity are also important factors, as might be inferred from the Wagner and
MacQueen (1983) view of type 11 shocks decoupled from associated CME's. We use the equal visibility of
solar frontside and backside CME’s 10 deduce the observability of backside type II bursts. We calculate
that 23 + 7% of all backside type I bursts associated with fast CME’s can be obscrved at the earth and
that 13 + 4% of all type 1l bursts originate in backside flarcs. CME speed again is the most important

factor in the observability of backside type 11 bursts.

1. INTRODUCTION

Prior to the launch of the Solar Maximum Mission (SMM)
spacecraft in 1980 it was generally assumed that metric type 11
bursts occurred at or ahcad of the fronts of coronal mass
¢jections (CME’s) viewed by orbiting coronagraphs (se¢ Mac-
Queen [1980] for a review). The few observations relating the
type Il burst source to the CME front were consistent with
this point of view, but the strongest cvidence came from the
statistical studies using Skylab data. Gosling et al. [1976]
found that only two of 13 CME’s with spceds exceeding 500
km s~ were not associated with type II or 1V radio bursts
and that such bursts were associated only with CME's moving
[aster than 400 km s~'. Furthcrmore, Munro et al. [1979]
reported that 21 of 23 type I or IV bursis occurring within
45° of a limb during the Skylab pecriod were associated with
CME's. These results were consistent with models of piston-
driven coronal MHD shocks (reviewed by Maxwell and Dryer
[1982]).

More recent results (rom the SMM and Solwind corona-
graphs have presented serious difficulties for this simple
model. First, some associated CME/type II source limings and
positions are inconsistent with the model [Wagner and Mac-
Queen, 1983]. Second, the close statistical association between
CME's and type II bursts found in the Skylab results has not
been confirmed by the Solwind results. Sheeley et al. [1984)]
and Kahler et al. [1984] found that about a third of all metric
type Il bursts are not associated with CME's. In addition,

' Permanently at Sachs/Freeman Associates, Inc, Bowie, Mary-
land.

Copyright 1985 by the American Geophysical Union.

Sheeley et al. [1984] found 17 fast (v = 450 km s~') CME's
with no obvious metric type Il bursts. In five cases these
CME's were associated with Hx and 1- to 8-A X ray flares and
hence were clearly frontside solar events from which type 11
cmission, if present, should have been readily observed.

In this paper, in an cffort to further our understanding of
the rclationship between CME's and coronal shock waves, we
cxaminc data from the Solwind coronagraph [Sheeley et al.,
1980] to look for additional examples of fast (v > 500 km s~ ')
frontside CME’s that lacked metric type II emission. We want
to determine what fraction of all fast CME's do not have type
I1 association and to see what CME properties (speed, angular
extent, brightness) are significant for the formation of coronal
shocks. While Sheeley et al. [1984] considered only those
CME's occurring during Culgoora observing hours to es-
tablish the existence of a class of fast CME’s without obvious
type I association, we are interested in determining the statis-
tical properties of such events. Thus, to obtain sufficient
events, we considered all fast CME's for which either the Cul-
goora, Weissenau, or Harvard observations reported in Solar-
Geophysical Data (SGD) were available,

As an additional point for study, we note that fast CME's
without type II bursts might well be expected in the view of
Wagner and MacQueen [1983] (sec also Cane [1984]), who
suggest that the CME and type I1 shock are separate, decou-
pled entities in which the shock is initiated in the flare impul-
sive phase and then catches up with and moves through the
preceding CME. Their view might also imply that the strength
of the flare impulsive phase is a more important factor in the
generation of the type I shock than is any characteristic of
the CME with which the shock is associated. We thus attempt
to assess the significance of the flare impulsive phase energy
release relative to the importance (speed, angular extent,
brightness) of the CME in determining whether a type 1T burst
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Finally, once we have delermined the statistical association
between fast CME's and type 11 bursts for cvents on the vis-
ible disk, we can use this knowledge to infer the observability
of backside type Il bursts. Many individual cases of type Il
bursts observed from flares tens of degrees beyond the limb
have been reported (i.e, March 30, 1969 [Smerd, 1970]; Sep-
tember 1, 1971 [Gergely and Kundu, 1976); July 22, 1972
[Hudson et al, 1982); and March 20, 1976 [Nelson and
MclLean, 1977]), but the frequency of such events is unknown.
Studies of associations between Hax flares and type Il bursts
have not dealt directly with this problem. In the two most
comprehensive studies to date, Dodge [1975] unambiguously
associated 459 of 580 reported type I bursts with confirmed
flares, and Wright [1980] 416 of the 673 type 1 bursts of his
study. These studies suggest that backside type 11 bursts may
constitute up to 20-40% ol all observed type I bursts, but
gaps in flare patrols and the diminishing observability near
the limb of the subflares that constitute ~40% of the type 11
burst parent flares [Wright, 1980] can also play important
roles in the statistics. As an alternative to using Ha observa-
tions. we infer the observability of backside type 11 bursts by
using CME's, which are assumed to be cqually observable
from the solar frontside and backside.

Studics of the solar associations of CME's by Munro et al.
[1979] showcd that more than 70% of all CME's are associ-
ated with eruptive prominences or filament disappearances,
but only about 40% with Ha flares. There are, however, scv-
eral difficultics in determining these solar associations. About
half the associated Hax flares should occur beyond the limb
and not be obscrved. The flares associated with CME's also
usually show some kind of Ha mass cjection {Gosling et al.,
1976). In addition, some¢ CME’'s considercd eruptive-
associated are also associated with flares (c.g., the event of
August 29, 1981, in the work by MacQueen and Fisher
{1983]). Despite these problems, we note that Gosling et al.
{1976] found an avcrage speed of 775 km s~' for flarc-
associated CME's and a much lower average speed of 330 km
s~ ! for eruptive-associated events. More recent results by Mac-
Queen and Fisher [1983] show that in the inner corona (1.2-
2.4 Ry), flarc-associated CME speeds arc fairly constant and
exceed those of eruptive-associated CME's. In our study, we
initially assume that a fast CME observed at 2.5-10 R will
nearly always be associated with an Ha flare brightening even
though the flare itself may not be energetically important for
the CME. We examine the consequences of this assumption in
section 2, where we describe our analysis. The results of the
study are discussed in section 3,

2. DATA ANALYSIS

We began with a listing of all Solwind CME's for which the
measured speeds of the fastest moving regions were at least
500 km s~ ', The data period covered extended from launch in
March 1979 to December 1982, In cach case the inferred speed
and times of observations were used to derive the time of
injection of the CME at 1 Ry, In the majority of cases, several
points on a height-time diagram were used to deduce the ve-
locity. In these cases the resulting injection times are estimated
to have an uncertainty of + 15 min. In other cases where only
one subtracted image of a transient can be compared to a
precvent image, the injection times are uncertain by at least
+30 min. Each €vent was further described by its angular
width projected in the plane of the sky, angular position on
the solar limb, and morphology. Surface brightness had been

subjectively estimated as faint, average, or bright for most
cvents at the time of the analysis.

We sought an associated metric type II burst and Ha flare
(Solar-Geophysical Data, 1979-1983) consistent with both the
timing and the limb position of cach CME. The comprehen-
sive Ha flare listings from the SGD books were used through
June 1981 and a National Oceanic and Atmospheric Adminis-
tration (NQAA) prepublication listing for the subsequent
months (J. McKinnon, personal communication, 1983). Events
for which there were no Ha flare patrol or metric observations
by the Harvard, Culgoora, or Weissenau observatories during
the CME injection times were climinated from the study. If
CME accelerations were present [MacQueen and Fisher,
1983], the limb times, cxtrapolated from the Solwind data as-
suming constant velocity, would be systematically delayed.
Nevertheless, we found most flare onsets to be within the 15-
to 30-min uncertainties of the extrapolated limb times. We
also compared the CME list to the interplanctary type 11
shock cvent list of Cane [this issue]. We found one event on
December 5, 1981, for which the inferred solur origin was
~10°-30°W bul no Ha flare was reported. This CME con-
tained Hz ¢jecta and was considered to be a frontside event.

As discussed in scction !, we assume in this study that all
fast CME's are associated with Ha flares, some of which will
be on the solar backside and hence unobservable. If no associ-
ated Ha flare was reported, the CME was presumed to orig-
inate on the solar backside. This assumption is not always
correct, as we found for the CME of December 5, 1981, In
gencral, however, this assumption appears to be justified by
the resulting statistics showing a rather even split between
events with and without flares: CME's with He flares (81
events) and CME's with no Ha flarc (87 cvents). We con-
sidered an additional 28 events to be possibly associated with
Ha flares.

21. CME’s With Possible Flare Associations

In some cases an Ha flare association with a CME was
considered possible but unlikely. In general, these were short-
lived subflares that occurred during the appropriate time win-
dows and on the appropriate hemisphere to qualily for a
CME association, but because they were unimpressive in size
and duration in the Ha and - to 8-A wavebands, the associ-
ation was considercd questionable. Scveral cases of sizable Ha
and 1- to 8-A ‘events in the appropriate hemisphere, but just
outside the appropriate time window, were also included in
this category of 28 events.

Only one of these events was associated with a type 11 burst.
This is due, at least partially, to a selection effect in the flare
associations, since the onset time of a type I burst associated
with a given CME provides additional confidence in making
the association of a candidate small flare with that CME.

2.2, CME.'s With Associated Ha Flares

Fifty-four of the 81 events in this category were associated
with metric type Il or “possible™ type Il bursts reported by the
Harvard, Culgoora, or Weisscnau observatories. For the 27
events with no reported type 11 bursts, we examined the metric
reports further for any kind of emission which might be in-
dicative of a type Il burst. This included the terms “con-
tinuum,” “IV,” and “unclassified.” We found nine such events
and considered them questionable examples of CME's with no
type Il bursts. Three additional events were also considered
doubtful because of small data gaps in the coverage by the
three observatories near but not at the times of the CME
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TABLE 1. CME's Associated With Ha Flares but Without Associated Metric Type Il Bursts
CME Ha/X ray

Limb Time, Speed,® Location Ha Onset, 1-8
Date uT kms™! (Size) uT Location  Sizz2 A
June 6, 1979 2049 725 P S20°E(407) 2105 17N, 11°E 1B M3
Dec. 3, 1979 1425 600 P SS0°E(90") <1514 24°S, S4°E 2B Ml
April 11, 1980 0734 700 F N20°W(80") 0642 IS°N, 22°W SN C6
Aug. 15, 1980 0727 SISF SS0°E(20") 0730 24°S, 20°E IF
Dec. 9, 1980 0622 S15P S15°E(20%) 0621 18°S, SI°E SN C4
Dec. 9, 1980 0712 80F S30°W(160%) 0658 19°S, 40°W 2N C8
Feb. 25, 1981 0159 nsG NIO°E(20") 0205 16°S, 76°E IN O
March 15, 1981 0505 700 E W(40") 0520 12°S, 90°W IN MlI
April 18, 1981 o113 950 F S40°E(360") o118 10°N, 35°W 1B MS
June 22, 1981 1448 750 P NSO*E(30%) 1441 15°N, 41°E SB M1
Oct. 8, 1981 0807 600 F S27°W(60%) 0820 16°S, 61°W IN C8
Oct. 16, 1981 2222 812 F SITE(107) 2212 09°S, 52°E IB Mi
Oct. 31, 1981 0529 70 F N25°E(130°) 043%7)  I5°N, 34°E IN Cé6
Dec. 5, 1981 1328 890 NS50"W(160%) 10°-30°Wt o C3
Nov. 21, 1982 0600 735 P SIT*W(70°) 0605 11°S, 79°W SN M1

*E is estimated ; G is good; F is fair; P is poor.

tNo Ha flare report; position estimated from associated kilometric type 11 burst [Cane, this issuc, also

personal communication, 1984),

ejections. The remaining 15 good examples of fast CME's with
Ha flares but without metric type II bursts are listed in Table
1. The list includes the event of December 5, 1981, for which,
as discussed above, no Ha flare is reported. Radio activity
reported during these events consisted only of type III/V
bursts or type I noise storms (possibly with underlying con-
tinuum), neither of which should be confused with the slow-
drift type II bursts.

The speed distributions of the CME’s with and without type
1T bursts are compared in Figure 1. The events of Table 1 are
shown by the shading, and it is obvious that there are several
cvents with high (2800 km s™') speeds which failed to pro-
duce reported possible type I1 bursts.

Projected angular size does not appear to be a factor in the
association of these events with type II bursts. For cvents in
the speed range 500 to 799 km s~ ! the 60° median size of
CME's with type Il bursts exceeds the 45° median of those
without. However, for fast cvents with speeds of at least 800
km s~ the median angular size of 90° for the events without
type Il bursts exceeds that of 70° for those with type II bursts.
These differences appear insignificant in view of the large
range of angular sizes (10°-360°) for both groups.

The available surface brightnesses for the CME's with Ha
flares are given in Table 22 We sce that most average and

WITH TYPE IT CMES WITH
ISH Ha FLARES A

"
Z 10F
w
>
w

Z
950 1100 1250
CME SPEED(Mm-s™")

Fig 1. Speed distribution of flare-associated fast CME’s with and
without metric type IT bursts. Events shown in shading are the 15 best
examples of the 26 cvents with no reported type II bursts and are
listed in Table I.

bright CME’s are associated with type 1l bursts, but only
about half the faint CME’s arc similarly associated. Since the
two groups of CME's with and without type 1I bursts have
very similar Ha flare longitude distributions and relatively
small differences in angular sizes, this implies that more mas-
sive CME’s are more likely to be associated with type Il
bursts.

To test the importance of the flare impulsive phase in the
generation of the type II burst shock,