MAGNETODYNAMIC PHENOMENA
IN THE SOLAR ATMOSPHERE

PROTOTYPES OF STELLAR MAGNETIC ACTIVITY



MAGNETODYNAMIC PHENOMENA
IN THE SOLAR ATMOSPHERE

Prototypes of Stellar Magnetic Activity

PROCEEDINGS OF THE 153RD COLLOQUIUM OF THE
INTERNATIONAL ASTRONOMICAL UNION
HELD IN MAKUHARI, NEAR TOKYO, MAY 22-27, 1995

EDITED BY

YUTAKA UCHIDA
Science University of Tokyo, Japan

TAKEO KOSUGI
National Astronomical Observatory, Tokyo, Japan
and

HUGH S. HUDSON
University of Hawaii, Honolulu, HI, U.S.A.

hd
5

KLUWER ACADEMIC PUBLISHERS
DORDRECHT / BOSTON / LONDON






This volume is dedicated
to our dear friend Prof. Yoshiaki Ogawara

without whose selfless contributions
the satellite Yohkoh would not have come into existence



Memorial: Prof. Keizo Kai (1934-1991)

Keizo Kai, Professor of Astronomy and Director of the Nobeyama Solar Radio
Observatory, played a major role in the development of solar physics in Japan. His
research work always centered on high energy solar physics, especially in the joint
interpretation of radio/X-ray bursts. His career began in the early 1960’s at the
Tokyo Astronomical Observatory (later the National Astronomical Observatory).
He participated in the early development of the Nobeyama Radio Observatory and
made two extended visits to the Culgoora Solar Observatory in Australia. These
visits produced many fascinating discoveries, and these led to his great motivation
for the development of the Nobeyama Solar Radio Observatory, and especially
for the creation of the recently-completed 17 GHz radioheliograph. He served as
Director of the Nobeyama Solar Radio Observatory until the end. He also strongly
encouraged the development of Yohkoh and served as the Principal Investigator
of its Hard X-ray Telescope. Many of the results presented at the conference
represent his observational dreams.
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Preface

These are the Proceedings of Colloquium No. 153 of the International Astro-
nomical Union, held at Makuhari near Tokyo on May 22 - 26, 1995, and hosted
by the National Astronomical Observatory.

This meeting was intended to be an interdisciplinary meeting between re-
searchers of solar and stellar activity, in order for them to exchange the newest
information in each field. While each of these areas has seen remarkable advances
in recent years, and while the researchers in each field have felt that information
from the other’s domain would be extremely useful in their own work, there have
not been very many opportunities for intensive exchanges of information between
these closely related fields. We therefore expected much from this meeting in pro-
viding stellar researchers with new results of research on the counterparts of their
targets of research, spatially and temporarily resolved, as observed on the Sun.
Likewise we hoped to provide solar researchers with new results on gigantic ver-
sions of their targets of research under the very different physical circumstances
on other active stars. It was our greatest pleasure that we had wide attendance of
experts and active researchers of both research fields from all over the world. This
led to extremely interesting talks and very lively discussions, thereby stimulating
the exchange of ideas across the fields.

The Scientific Organizing Committee consisted of Drs. L. W. Acton, Ai Guo-
xian, J. L. Culhane, V. Gaizauskas, T. Hirayama, J. Linsky, M. Pick, E. Priest,
M. Rodono, R. Rosner, J. Schmitt, A. V. Stepanov, and Y. Uchida (chair). We
thank them and colleagues such as Drs. R. Pallavicini, B. Byrne, and others, for
very useful suggestions and input towards making the program of the meeting
scientifically more interesting. The Local Organizing Committee consisted of Drs.
S. Enome, H. Hudson, M. Kojima, T. Kosugi (chair), H. Kurokawa, Y. Ogawara,
T. Sakurai, K. Shibata, S. Tsuneta, T. Watanabe, and A. Yamaguchi, and we are
grateful to them for their efficient efforts in organizing the meeting together with
the assistance of junior staff and graduate students. We express our appreciation
to Miss M. Kuroiwa for her efficient help in editing the Proceedings. The scientific
preparation of this meeting in Japan was supported by the Ministry of Educa-
tion, Science, Culture and Sports (Grants-in-aid for Cooperative Research Nos.
04302012 and 06352002; PI: Y. Uchida).

Finally, we acknowledge the sponsorship of the meeting by the International
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I. Magnetic Atmospheres of the Sun and Stars

I.1. The Solar Corona, the Magnetic Atmosphere
of the Sun



CORONAL STRUCTURES, LOCAL AND GLOBAL

L. W. ACTON
Montana State University
Bozeman, Montana 59717 USA

Abstract. The purpose of this paper is to present an overview of the
magnetic topology and physical properties of the sun’s corona, as revealed
primarily by X-ray imagery.

1. Introduction

Stellar observations in the visible, as well as theoretical work on stellar
evolution and energy generation, gave no hint that stars might possess at-
mospheres hot enough to produce X-rays. However, two independent lines
of research caused early workers to postulate that the outer envelope of
the sun had unexpected energetic properties. Firstly, eclipse observations
revealed a corona of much greater extent than expected for hydrostatic equi-
librium at the photospheric temperature. Also, very broad coronal emission
lines suggested that the sun is surrounded by a million degree outermost
atmosphere. Secondly, the presence of ionized layers high in the atmosphere
of the earth, which reflected radio waves, required an ionizing source. Re-
garding the latter E. O. Hulbert (1938) wrote, ’. . . (layer) E is caused
by a moderately penetrating solar radiation which approximately travels
in straight lines into the terrestrial atmosphere and is absorbed exponen-
tially. The radiation might be ultraviolet light, X-rays or particles of zero
average charge.” Finally, Edlén (1952) identified the coronal emision lines
as transitions in highly ionized atoms produced by a very hot corona.
Now, thanks to observations from space, it is known that X-ray emission
is a common property of rotating stars with convective envelopes. Such stars
are magnetically active. This is seen as the cause of the coronal activity
and emission. The form of the corona will reflect the form of the coronal
magnetic fields — as modified by evolution, reconnection, and stellar winds.
The sun provides the opportunity to observe the magnetic topology of
a corona in detail. While the coronas of other stars might be quite differ-
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ent in ways that are difficult to predict, they will undoubtedly have many
characteristics in common with the solar example. Thus, it is reasonable
to organize a symposium such as this one, which considers the sun as a
prototype system for the broader population of magneto-active stars.

2. X-ray Imagery

The X-ray observability of coronal magnetic structures depends both upon
the properties of the plasma and the telescope. Density and temperature,
which reflect heating, trapping and energy loss processes, are the dominant
physical factors. For the case of the SXT, image brightness responds pri-
marily to increasing plasma temperature up to about 3 MK beyond which
the square of the electron density is dominant.

The appearance of the X-ray corona is determined by the configuration
of the coronal magnetic fields. The coronal fields are, in turn, rooted in the
photosphere where flows, field eruptions, and subsidence provide a source
surface of constant change and turmoil. Within the corona the magnetic
field topology is modified by coronal processes such as relaxation, recon-
nection and eruption. In rare cases the plasma beta is sufficiently high that
coronal gas pressure may play a detectable role in shaping coronal struc-
tures.

Notably, the solar magnetic cycle requires that all of this structural
complexity be processed cyclically, ever seeking but never reaching stable
equilibrium. The appearance and radiative output of the X-ray corona di-
rectly reflects the cyclical variation of the photospheric magnetic activity.
However, on a moment to moment basis we have not successfully related
coronal effects to photospheric field evolution. It seems analogous to a clock
which is driven by the mainspring but the ringing of the alarm is controlled
by other factors.

3. Geometrical Properties

The X-ray corona comprises:

- bright local structures associated with active regions,

- larger magnetic loops of intermediate brightness which connect strong-
field centers of activity,

- a more diffuse component within large closed-field structures underly-
ing coronal streamers,

- coronal holes — faint regions within which the field lines are predomi-
nantly open to space or sufficiently extended as to be effectively open
as far as plasma trapping and containment are concerned.



Figure 1. Composite of an X-ray image from SXT and a white light coronagram from
the HAO Mk III coronagraph on Mauna Loa for 1992 May 8. North is at the top and
east to the left. The black region at the solar south pole is the occulting disk of the
coronagraph. The enhanced brightness near the outer limits of the coronagram, most
prominent in the northwest, is an artifact.

The spatial relationship between the X-ray (thermal emission) and white
light (electron scattered) corona is illustrated in Figure 1. The X-ray image
has an intensity range of greater than 10° so is displayed with a logarith-
mic intensity scale. Note the good correspondence between extended X-ray
corona and white light streamers.

One of the most striking properties of the corona, immediately evident
in the earliest X-ray images, was the non-uniformity of coronal brightness.
As telescopes improved it became obvious that X-ray emission was largely
confined to magnetic “loops” whose length was considerably longer than
their cross-sectional diameter (Viana, Krieger and Timothy, 1973).

Some details of X-ray structures are shown in figure 2. The following
types of features are illustrated:



. Large helmet arcade (1992 Jan 25 08:15).

. Loop with cusp at the limb (1991 Oct 25 23:12).

. Eruptive feature, 30 km/sec (1991 Nov 5 21:24).

. Small, symmetrical flaring loop (1992 Jan 15 10:44).

. Two cusped loops (1991 Oct 24 22:28).

. Active region loops and twisted X-ray jet, 200km/sec (1991 Oct 3
05:20).
. Sinuous loops between active regions (1992 Jan 16 09:30).
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The discovery by SXT of X-ray loops with a cusp at the top is taken as
evidence for magnetic reconnection at higher levels. Helmet arcade struc-
tures as illustrated in panel A form following coronal mass ejections. The
beautiful sinuous structure of the inter-region loops in panel G demonstrate
the helicity of the coronal magnetic fields.

4. Physical Properties

The X-ray emissivity of the corona is strongly non-uniform. This is illus-
trated in Figure 3. The north polar coronal hole is very faint — barely
detectable with SXT. At the 4 o’clock position about 0.8 of the way to the
limb is a long thin loop with its eastern end anchored in a faint X-ray bright
point. Strong, et al. (1992) have shown that it is common for X-ray bright
points to inject energetic particles into adjacent long loops. However, the
process is quite discrete, as shown here, and does not result in the heating
of very much corona.

The large loop system near the equator at the east limb is expanding.
The physics of loop expansion is not well understood theoretically although
it is a common feature of SXT movies.

The lower panel of the figure quantifies the extreme non-uniformity of
coronal radiance. The 3 levels of gray and white delineate areas wherein
the soft X-ray intensity falls within specified limits as given in Table 1.
The white circle indicates the limb of the sun. Black contours separating
the gray areas are included for clarity. Each contour reports a change in
intensity of approximately a factor of 15. The total area corresponds to the
detectible corona, i.e., excluding the black background.

The conversion of SXT signal to solar X-ray flux requires specifying the
temperature of the source and the spectral passband of interest. Analysis of
SXT filter ratios gives 3 MK as a characteristic temperature of the corona
in 1992. Once a temperature is specified the choice of passband is somewhat
arbitrary as the flux is derived by integrating over the synthetic spectrum
of Mewe et al. (1985, 1986). The passband of the thinnest SXT filter is
roughly 3-40A. However, to better illustrate the total X-ray radiance of
the sun the intensity levels of Table 1 and the radiance curve of Figure 4



Figure 2. Examples of coronal X-ray structures observed by the SXT. The horizontal line
segment in each panel indicate an angle of one minute of arc, equal to about 43,500 km
on the sun.

are expressed in terms of the integrated X-ray flux below 300 A. Differen-
tial emission measure model calculations indicate that these assumptions
provide X-ray radiance values which are better than a factor of two except
in extreme cases.

Table 1 Radiation from the 92 May 8 Corona

Level Lower Intensity Temperature Fractional Fractional
Threshold (MK) Area Radiance
(erg/cm?/ster)
Dark gray 20 2.0 0.75 0.095
Med gray 4.7x10? 2.2 0.23 0.34
Light gray 7.0x103 2.8 0.017 0.43

White 1.0x10° 5.6 0.0008 0.13



Figure 3. (Top) An enhanced SXT image of the X-ray corona on 1992 May 8 using a
logarithmic scaling. The intensity range of the original image is 300,000. North is up and
east is to the left. (Bottom) The distribution of image intensity as a contour diagram
with four logarithmically spaced intensity intervals.



Figure 4. Change in X-ray appearance and radiance of the sun over a 3.5 year period.
Units of radiance are erg/sec in the 0-300 A band.

There is the following rough correspondence between these intensity regimes
and coronal features.

Dark gray Diffuse corona and coronal holes.
Medium gray Inter-region loops and coronal arcades
Light gray Active regions.

White Hot cores of active regions.

Note that less than 2 percent of the area is responsible for over half of the
X-ray signal. Accounting for the 3-dimensional structure of the corona, the
concentration of most of the emission into a tiny fraction of the coronal
volume would be even more emphasized. The temperature given for each of
the intensity bands is an average derived from the first year of the Yohkoh
mission (1991 November to 1992 November).

5. Temporal Properties

It has been established from the earliest satellite measurements (Acton et
al. 1963) down to GRO that the sun’s X-ray emission is highly variable
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Figure 5. Gowth of an arcade of X-ray loops following a prominence eruption on the east
limb on 1992 July 31. The images have been displayed with a reversed color table. Each
image is 11.5 arcmin square. All but the last 2 images were taken with 10”x10” pixels.

on all time scales — down to the limit of measurement. Yohkoh has offered
the best opportunity yet to relate this variability to magnetic structures
in the atmosphere of the sun. Figure 4 illustrates the remarkable change
in the appearance of the X-ray corona, and the factor of 100 peak to peak
decrease in solar X-ray radiance, over a 3.5 year period. Each data point
in the radiance curve has been derived from a single SXT image. Flares
have been excluded. The 0-300 Aband has been chosen for convenience to
include most of the coronal emission. The absolute value is expected to be
correct to about a factor of 2 — based upon modelling of the effect of using
an isothermal assumption (3 MK) for the conversion of signal to radiance
(to be published).
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Magnetic instabilities leading to large scale eruptions appear to play an
important role in the evolution of coronal structure. Figure 5 shows the
growth of a long arcade of X-ray loops following the eruption of a promi-
nence.which occurred near 1992 July 31 00:00 UT. On a full-disk X-ray
monitor this appeared as a weak gradual flare. The prominence eruption
was well observed by the Nobeyama radioheliograph at 17 Ghz. (Hanaoka,
et al. 1994) It was well on its way by 00:13. At that time a dimming of the
high X-ray corona was observed by SXT above this position angle. It is too
subtle to be seen in this figure. That dimming was caused by the sweeping
out of the corona by the coronal mass ejection which preceded the cool
prominence material. The X-ray arcade is clearly a result of magnetic re-
connection behind the erupting prominence. These observations are broadly
consistent with the eruption-reconnection scenario treated by Carmichael,
Sturrock, Hirayama, Kopp and Pneuman (the CSHKP model) and now
considered the “standard” model of such eruption-flare events.

Acknowledgements I am deeply indebted to the ISAS, NASA and the
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DYNAMICAL PROCESSES IN THE SOLAR CORONA

- X-ray Jets and X-ray Plasma Ejections from Impulsive Flares -

KAZUNARI SHIBATA
National Astronomical Observatory
Mitaka, Tokyo 181, Japan

Abstract: Yohkoh/SXT discovered X-ray jets ejected from microflares
and X-ray plasma ejections (loop-like or blob-like ejections; the latter are
often referred to as plasmoids) from impulsive compact loop flares. The
fundamental properties of these newly discovered hot plasma ejections are
reviewed. A unified scheme based on the magnetic reconnection hypothesis
is presented to understand these mass ejections.

1. Introduction

Yohkoh/SXT (Tsuneta et al. 1991) has revealed that the solar corona is
much more dynamic than had been thought; i.e., the corona is full of tran-
sient loop brightening (microflares), jets, various mass ejections, and so
on. They are important not only for understanding coronal dynamics but
also for clarifying coronal heating mechanism and solar wind acceleration
mechanism.

In this article, I would like to review the fundamental properties of the
newly discovered mass ejections in the corona, i.e., (1) X-ray jets ejected
from microflares, and (2) X-ray plasma ejections from impulsive compact
loop flares. On the basis of these observations, I will propose that these mass
ejections and various flares (microflares, impulsive flares, and LDE flares)
can be understood in a unified scheme in which the magnetic reconnection
associated with plasmoid ejections plays a key role (Shibata 1996).

2. X-ray Jets

X-ray jets have been discovered as transitory X-ray enhancements with
apparent collimated motion (Shibata et al., 1992b, 1994a,b, 1996a, Strong
et al. 1992, Shimojo et al. 1996a,b). Almost all jets are associated with
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Figure 1. SXT images of two types of interaction of emerging flux with overlying coro-
nal magnetic fields. (a) Anemone-Jet type observed on 9 Feb. 1993. (b) Two-sided-loop
type observed on 23 Apr. 1992. Schematic illustration of (c) Anemone-Jet type and (d)
Two-sided-loop type (from Yokoyama and Shibata 1995).

microflares or subflares. The length and the apparent velocity of the jets
are 102 -4 x10° km and 10—1000 km/s. The number of jets decreases as the
length, the width, or the velocity increases. This trend is more clearly seen
in the distribution of the lifetimes of the jets; the number of jets decreases
as the lifetime increases from 100 sec to 10 hours, and shows a power-law
distribution.

According to the preliminary analysis by Shimojo et al. (1996b), the
temperature of some small jets in active regions is 4 — 6 MK and is com-
parable to that of microflares at the footpoints of the jets. The estimated
electron density of the jets ranges from 3 x 10® cm=3 (for larger jets) to
5 x 10° cm~2 (for smaller jets). The kinetic energy is estimated to be of
the order of 1025 — 10?8 erg. Shimojo et al. (1996a) found that in many
jets the width of the jets is nearly constant or decreases with height (i.e.,
converging shape), which is similar to the shape of Ha surges observed in
emerging flux regions (Kurokawa and Kawai 1993).

Many jets are ejected from emerging flux regions (EFRs) or unresolved
X-ray bright points. Shibata et al. (1994b) examined how jets are ejected
from well resolved emerging flux region, and found that jets are formed as
a result of an interaction between emerging flux and pre-existing coronal
magnetic field. There are basically two types of interaction, depending on
the place where emerging flux appeared (Fig. 1). One is the case where
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emerging flux appears in coronal holes and is called the anemone-jet type. In
this case, a jet is ejected in a vertical direction along open (vertical) coronal
field. The footpoint of the jet is usually seen as an anemone-type active
region. ! The other is the case where emerging flux appears in quiet regions
and is called two-sided-loop/jet type. In this case, two loop brightenings (or
jets) occur in the horizontal direction at both sides of the emerging flux.

2.1. RELATION TO MICROFLARES

Shibata et al. (1996b) studied the relation between microflares and jets in
some emerging flux regions. Figure 2 shows time variation of the total soft
X-ray intensity of the active region NOAA 7176 from its birth on 19 May
1992 to 24 May 1992. This region appeared in a coronal hole and showed
characteristics of an anemone-jet type. The short vertical lines in the figure
show the time when the jets are ejected. It is remarkable that more than
20 jets were produced in the 5 days after the birth of the region. It is
interesting to note that the emerging flux region began to decay just after
ejecting several jets on 21 May, suggesting that the jets might play a role
in active region decay. Detailed analysis of SXT images of this region show
that all jets during these 5 days were associated with microflares (see sharp
spikes in the intensity curve of Fig. 2). On the other hand, the fraction of
microflares associated with jets is about 60 percent. Since the probability
of detection of jets is not 100 percent because of the limited time cadence of
observations, this would suggest that more microflares may be associated
with jets.

It should be noted here that these microflares are seen as transient loop
brightenings in SXT images (Shimizu et al. 1992, Shimizu 1995). From com-
parison of NSO/Kitt Peak magnetogram with SXT images of many jets,
Shimojo et al. (1996b) found that more than 70 percent of X-ray jets are
ejected from the mixed polarity regions such as satellite spots embedded
in opposite polarity regions. They also found that if the magnetic field is
closed, only transient loop brightenings occur even if the magnetic polar-
ity is mixed. This suggests that the transient loop brightenings may be
physically the same as X-ray jets as illustrated in Fig. 1.

2.2. RELATION TO Ha SURGES AND TYPE III BURSTS

Although there are many Ha surges which are not associated with X-ray
jets (e.g., Schmieder et al. 1995), Shibata et al. (1992b), Canfield et al.
(1996a,b), Okubo et al. (1996) found some examples showing both X-ray

! According to Sheeley (personal communication 1995), the anemone type active region
was already discovered by Skylab (Sheeley et al. 1975). It was called fountain regions.



16

107 T T T T T T ! T T J T T I"l :
(88:121,81:125) in nooa7176_prep.idl ]
]
]
2‘06: E
5
>
£
A E
1 T A 1 1 NI O O A
ot e

19-May 20-May 21-May 22~May 23-May 24-May
Starl Time (18-May—92 23:03:46)

Figure 2. Time variation of the total soft X-ray intensity of the active region 7176 from
its birth on 19 May 1992 to 24 May 1992 (Shibata et al. 1996b). This region appeared
in coronal hole and and showed characteristics of anemone-jet type. The short vertical
lines in the figure show the time when the jets are ejected.

jets and Ha surges in the same direction. Canfield et al. (1996a,b) found
several new observational signatures of magnetic reconnection in surges,
that is, converging footpoints and moving blue shifts.

Kundu et al. (1995) found that a Type III burst was associated with
an X-ray jet on Aug. 16 1992, and that the density derived from the X-ray
jet is consistent with that derived from the Type III burst. The discovery
of association with Type III bursts implies the existence of high energy
electrons in these small flares and jets, and supports the view that the gen-
eration mechanism of X-ray jets and microflares may be physically similar
to that for larger flares.

3. X-ray Plasma Ejections from Impulsive Compact Loop Flares

Masuda et al. (1994, 1995) discovered hard X-ray sources well above the soft
X-ray loop in some impulsive flares observed near the limb, and suggested
that magnetic reconnection is occurring above the soft X-ray loop. If the
reconnection hypothesis similar to the CSHKP model is correct, the plas-
moid ejection would be found high above the soft X-ray loop (Hirayama
1991) as illustrated in Figure 4. Shibata et al. (1995) searched for such
plasmoid ejections in the Masuda flare on 13 Jan. 1992, and indeed discov-
ered X-ray plasma ejections high (around ~ 10° km) above the hard X-ray
source (Figure 3).
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Figure 8. Soft X-ray (negative) images of X-ray plasma ejections found in the Masuda
flare on 13 Jan. 1992 (Shibata et al. 1995). The upper three shows long-exposure images
at 5 arcsec spatial resolution, and the bottom shows short-exposure images at 2.5 arcsec
resolution (at nearly the same time) composited on the long-exposure images. The time
in the brackets denotes the exact time when the short-exposure images are taken. 40
arcsec correspond to about 29000 km. A careful examination of the long-exposure images
revealed at least two very faint erupting features high (4 x 10* — 8 x 10* km) above the
soft X-ray loop. They are indicated by the arrows A and B; the ejection A seems to be
loop-like, and the ejection B looks more like a jet. The velocity of these ejections is about
100 - 150 km/s. The onset of both ejections are nearly simultaneous with the hard X-ray
impulsive peak.

Shibata et al. (1995) further surveyed such ejections in 8 impulsive limb
flares which were selected in an unbiased manner by Masuda (1995) with
the following two selection criteria: (1) The peak count rate in the HXT
M2-band (33 - 53 keV) exceeds 10 cts/s/subcollimator. (2) The heliocen-
tric longitude exceeds 80 degrees. It is remarkable that plasma ejections
were found in all 8 impulsive limb flares. The ejections seen were loop-like,
blob-like, or jet-like. It was further found that the range of velocity of the
ejections is 50 — 400 km/s. Interestingly, flares with hard X-ray sources well
above (5 - 10 arcsec) the loop top show systematically higher ejection veloc-
ities. The size of the ejections is typically (4 — 10) x10* km. The soft X-ray
intensity of the ejections is 10~ — 10~2 of the peak soft X-ray intensity in
the bright soft X-ray loop. The strong acceleration of the ejections occurs

nearly simultaneously with the hard X-ray impulsive peaks (Ohyama and
Shibata 1996).

Ohyama and Shibata (1996) analyzed the temperature and emission
measure distribution of X-ray plasma ejections in some cases showing bright
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Figure 4. A reconnection — plasmoid ejection model for compact loop flares. This is
an extension of the CSHKP (Carmichael-Sturrock-Hirayama- Kopp-Pneuman) model of
flares (Hirayama 1991, Moore and Roumeliotis 1991). Note that plasmas confined by a
closed field (in two dimensions) or by a helically twisted flux tube (in three dimensions)
are called plasmoids. The cool (~ 10* K) plasmas associated with the twisted flux tube is
the filament or prominence. Hot (> 10® K) plasma ejections are expected to be associated
with the twisted tube or expanding loop high above the reconnected (soft X-ray) loop.
The cross-hatched region at the footpoints of the soft X-ray loop shows the bright hard

X-ray/soft X-ray double sources. The hatched region at the footpoints of the expanding
(helical) loop penetrating the plasmoid shows predicted hard X-ray/soft X-ray distant
sources.

blob-like ejections (often referred to as plasmoids), and found the following.
The temperature of the plasmoids is ~ 6 — 13 MK, the electron density is
< 1.5 x 10'° ¢cm~3. The temperature of the plasmoids is less than that of
the flare loop. The thermal and kinetic energy of the plasmoid is an order
of magnitude smaller than the thermal energy of the soft X-ray flare loop.

4. Modeling and Interpretation

Yokoyama and Shibata (1995, 1996a,b, Yokoyama 1995) successfully mod-
eled the two types of reconnection of emerging flux with overlying pre-
existing magnetic fields (Fig. 1) and the associated formation of X-ray jets
and Ha surges in each case, by extending the previous numerical simula-
tions (Shibata et al. 1992a). In these models, the reconnection produces not
only hot/cool jets but also hot loops (Fig. 1). The latter would correspond
to transient loop brightenings (Shimizu et al. 1992) and hence a part of the
microflare process.

These numerical simulations showed that the reconnection proceeds
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with the formation and ejection of magnetic islands (plasmoids). In the
Yokoyama and Shibata model, cool gas confined by magnetic islands even-
tually become a cool jet (Ha surge), and hot gas surrounding an island
become a hot jet (X-ray jet). This may be in some sense similar to the
X-ray plasma ejection observed in impulsive flares (see Fig. 4 for a model).
In fact, Ohyama and Shibata (1996) found that the temperature of the X-
ray plasma ejection (plasmoid) is cooler inside than outside. (It should be
noted here that the loop-like X-ray plasma ejection such as in Fig. 3 would
correspond to a side view of the plasmoid ejection as shown in Fig. 4.) A
model for impulsive flares accompanied by the plasmoid ejections has been
developed by Magara et al. (1995) (see also Ugai 1989).

Traditionally, the emerging flux model and the CSHKP model have
been developed independently to explain compact loop flares and eruptive
flares separately (e.g., Priest 1981). However, the new observations have
revealed various common phenomena such as ejection of hot plasmas in
various flares (Table I). It is now not easy to classify flares into two classes.
In fact, statistical studies show no essential differences between larger flares
and microflares (e.g., Shimizu 1995). On the other hand, recent numerical
simulations showed also some common physical processes, such as an ejec-
tion of plasmoids, in both the emerging flux model and the CSHKP model.
Hence, I would like to propose that the flare phenomenon should be un-
derstood in a unified scheme in which the ejection of plasmoids plays a key
role in triggering fast reconnection.

TABLE 1. Unified View of Various Mass Ejections from Flares

Hot Mass Ejections Cool Mass Ejections Flares

X-ray jets Ha surges microflares

X-ray plasma ejections sprays or Ha filament eruptions impulsive flares

CME Ha filament eruptions LDE flares or giant arcades

5. Conclusions

Conclusions are summarized in the following,.

(1) Both X-ray jets and transient loop brightenings are part of mi-
croflares. In open field regions, X-ray jets and loop brighenings are formed,
whereas in closed field regions, only loop brightenings occur.
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(2) Various observational signatures of reconnection have been found
in X-ray jets and Ha surges. These are successfully modeled by Yokoyama
(1995) and Yokoyama and Shibata (1995, 1996a,b).

(3) Discovery of X-ray plasma ejections in impulsive flares gives us fur-
ther evidence of reconnection (in addition to the Masuda’s loop top HXR
source) and leads to a unified view of mass ejections in flares (Table I).
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HEATING MECHANISMS OF THE SOLAR CORONA

T. SAKURAI
National Astronomical Observatory
Mitaka, Tokyo, Japan

Abstract. Heating mechanisms of the solar corona are briefly addressed.
Magnetic vs. non-magnetic, and DC vs. AC mechanisms are compared.
AC or wave heating mechanisms are discussed, and future directions of
research which is important in clarifying the contribution of wave heating
are suggested.

1. Introduction

The magnetic fields on the sun and solar-type stars are created by an MHD
dynamo process which is driven by the combination of differential rotation
and surface convection. The magnetic fields thus created leads to various
kinds of magnetic activity such as sunspots, flares, and the heating of the
upper atmosphere.

Decades ago the solar corona was thought to be heated (uniformly) by
the dissipation of sound waves generated by the turbulent convection in
the photosphere. However, the energy flux of upward-propagating sound
waves was measured to be insufficient in heating the corona (e.g. Mein and
Schmieder 1981). X-ray observations from space showed magnetic struc-
turing of the solar corona; the corona is made of coronal magnetic loops
(Vaiana and Rosner 1978). Therefore the heating is inherently connected
to the magnetic field.

2. Magnetic vs. Non-magnetic Heating

At the photospheric level the magnetic field is inhomogeneous and is bun-
dled into small-scale flux tubes (Stenflo 1976). The field strength in the flux
tubes is about 1000 G, and the magnetic pressure inside the tube is of the
same order of the gas pressure of the surrounding medium. The concentra-
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tion of magnetic flux into small-scale flux tubes is a natural consequence
of the interaction between the magnetic field and the convective motion
(Galloway et al. 1977).

The magnetic field lines from the flux tubes fan out and fill the upper
atmosphere above a height of 700-1500 km (the merging height) (Spruit
1981). The presence of very cool (< 4000K) material in the solar atmosphere
indicates that the non-magnetic part of the atmosphere is not significantly
heated (e.g. Solanki et al. 1994). Therefore, the current picture is that the
solar atmosphere is made of two components, a magnetically-heated flux
tube atmosphere which dissolves into the corona, and a weakly heated non-
magnetic atmosphere which terminates at the merging height.

Observations show that the mean magnetic field strengths on various
stars scale as fB ~ $Q;otTconv, Where f stands for the fraction of stellar
surface covered with magnetic field of strength B, Q. is the rotation fre-
quency, and Tony is the convective turn-over time (Noyes et al. 1984). The
X-ray flux from stars scales as Fx ~ Q2 (Pallavicini et al 1981). How-
ever, in the limit of small Q, (i.e. small B), one still detects chromo-
spheric and transition region activity, and these may reflect the existence
of a non-magnetically heated atmosphere (basal heating) (Rutten et al.

1991; Schrjiver 1992).

3. AC vs. DC Heating Mechanisms

The heating mechanisms of the coronae of solar-type stars can be divided
into two classes according to the time scale of the driving motions 74, and
the dynamical response time scale of the coronal loops (Alfvén time scale,
7a). If the time scale of the driver is shorter than the Alfvén time scale
(Tar < Ta), waves are excited in the coronal loops. In the opposite case
(Tar > Ta), the coronal loops are subject to quasi-static deformation due to
footpoint motions. The former and latter cases correspond to AC and DC
heating mechanisms. The DC mechanisms are combinations of slow energy
build-up followed by bursty energy release. Therefore the DC mechanisms
are essentially the same as the mechanisms for energy release in flares; the
heating of the corona is attributed to miniature flares (micro-flares; Parker
1988). The name ‘DC’ is misleading because it only implies the initial half
of the process. Heating mechanisms associated with mass flows (spicules,
transition region explosive events, jets) might also be classified as DC if the
central mechanism is magnetic reconnection.

The DC mechanisms are reviewed by G.Vekstein in these proceedings,
and this review focuses on AC (wave) heating mechanisms. From statistics
of microflares observed with Yohkoh (Shimizu 1995) and from a differential
emission measure analysis of flares (Watanabe et al. 1995), microflares are
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responsible for the high temperature (5 MK or hotter) component of the
corona. This component is a transient component and is not the major
energy container of the corona. The majority of coronal thermal energy
resides in the stationary, 2MK component. This might be due to some
wave heating mechanism.

4. Physical Conditions in the Solar Corona

The solar corona is made of a plasma of temperature T = 2 x 10°K and
density ne = 1082 cm~3. Required heat input per unit area is derived from
observations as (Withbroe and Noyes 1977)

-1

3 x 10%erg cm™%s in quiet regions,

and

1 x 107erg cm™2%s™!  in active regions.

By using an energy balance model one can estimate the volume heating
rate eg as (Rosner et al. 1978)

-3 Tma.x /2 l -2 -3.-1
en=4x10 \ Toex 10 ergcm™ s,

where [ is the length of the loop, and Tax is the temperature at the loop
apex.

Some of the plasma parameters are summarized in TABLE 1. The
plasma of the solar corona is collisional (collision times < characteristic
time scale), and a fluid (MHD) description is applicable (mean-free-path
< system size). The magnetic force dominates pressure and gravity forces,
therefore it is a so-called low-3 plasma, where 8 = 87p/B2. Since Qe > 1
and 7,9, > 1, the thermal conductivity and viscosity are anisotropic, and
cross-field thermal conduction and viscous stress are orders of magnitude
smaller than those along the field.

5. Wave Heating
5.1. ACOUSTIC WAVES

According to the classical acoustic heating theory, the power of acoustic
noise generated by turbulent convection is proportional to the 8-th power
of the Mach number of the convective motions, and therefore is hard to
estimate precisely. Recent, more elaborate analyses so far have been un-
able to provide large-enough acoustic wave flux theoretically (Narain and
Ulmschneider 1990) and observationally (Fontenla et al. 1993). Even if this
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TABLE 1. Plasma Parameters in the Solar Corona

collision times

Te = 1.4 x 10_2 (_OA') - ('1'-02;:?)3/2 (10 cm ) s 10_2
3/2 .
T =8x107" ('Izl_ - (10’{‘:1{) (109:m-3) s~1s

gyro-frequencies
Q=2x10"Bs™
Q=1x10*Bs~?

mean-free-paths

Aep =10 (38)7 (55¥%)" (rrl=s) " om 2100 km

difficulty is resolved, another problem is how to selectively heat the mag-
netic part of the atmosphere. If the acoustic waves in the non-magnetic
atmosphere excite other waves in magnetic flux tubes (Spruit 1981), the
heating along the magnetic field lines may be explained.

5.2. MAGNETIC WAVES

Although waves in elementary flux tubes are not yet directly observed,
waves localized in sunspots (umbral oscillations and running penumbral
waves) have been observed. The absorption of acoustic waves by sunspots
(Braun et al. 1988) also indicates a coupling of five minute acoustic oscilla-
tions and sunspot magnetic fields. The fate of the absorbed acoustic wave
energy is not yet clarified. It may escape upward into the upper atmosphere,
or escape downward into the convection zone, or it may be dissipated in
sunspots.

Although Alfvén waves are observed in situ in the interplanetary space,
evidence for Alfvén waves in the solar corona is inconclusive (Koutchmy
et al. 1983; Rusin and Minarovjech 1991; Dermendjiev 1991). Turbulent
line broadening of a few tens of kilometers per second observed in the
transition region and in the corona may indicate unresolved waves (Hassler
et al. 1990), but the wave modes have not been identified.

5.3. DISSIPATION OF WAVES

Compressive waves tend to steepen into shock waves and dissipate their
energy (e.g. Kuperus et al. 1981). This is particularly true for slow-mode
waves, and the observed decay of wave flux with height is presumably due
to this effect.

Fast-mode waves have longer wavelengths and suffer less steepening.
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However, the increase in Alfvén speed at the transition region deflects the
fast-mode waves away from the corona. The observed decay of wave flux
with height is for longitudinal wave motions and does not necessarily rule
out the existence of the fast-mode waves in the corona. However, the fast-
mode waves in the corona will propagate nearly isotropically, and it is hard
to explain why the heating is localized in elongated loops.

Alfvén waves are incompressible and are able to carry energy into the
corona. Contrary to compressive waves, the difficulty with the Alfvén waves
is to identify effective dissipation mechanisms. Nonlinear wave-wave cou-
pling (Uchida and Kaburaki 1974), resonance absorption (Davila 1991), and
phase mixing (Sakurai 1986) are examples of possible mechanisms. The ob-
served nonlinearity of Alfvén waves in the corona is small (év/Va < 1/20),
and so will be the nonlinear coupling. The resonance absorption and the
phase mixing both come from a peculiar nature of the Alfvén waves, namely
their continuous spectrum. Which of the two is more effective depends on
the nature of the driving motions and on the magnitude of nonuniformity
in the Alfvén speed in the corona.

The resonance phenomena have the general property that, if the growth
of wave amplitudes is limited by a dissipation mechanism, the amount of
dissipated energy does not depend on the details of the dissipation mech-
anism and is determined by the power of the driving motions. For a fixed
amplitude of the motion which shakes a coronal loop at its feet, the wave
amplitude excited in the loop is larger (smaller) if the resistivity or viscosity
is smaller (larger), respectively, and the total dissipation is the same. The
mechanism-independent dissipation rate determined by the driving source
is generally sufficient for the heating of the corona. The expected wave am-
plitude does depend on the efficiency of the dissipation mechanism. The
more efficient the mechanism is, the smaller the amplitude of the excited
wave. The consistency of a theory with observations is examined by com-
paring the expected and observed wave amplitudes. Often the expected
amplitude exceeds the observed wave amplitude or the magnitude of tur-
bulent motions. It is not clear at present whether the discrepancy can be
removed by refining the theoretical models.

On the other hand if the wave amplitude is not limited by dissipation it-
self but by another process (i.e. the escape of waves, Hollweg 1984), the wave
amplitude is independent of the dissipation mechanism, and the amount of
dissipated energy is larger for a system of high resistivity/viscosity. Gener-
ally the dissipation mechanism is not effective enough, so that the expected
dissipation rate falls short of the required coronal heating rate.
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5.4. FUTURE DIRECTIONS

In order for a wave-heating scenario of the corona to be confirmed ob-
servationally, it is of vital importance to identity the wave mode and to
evaluate the wave energy flux. The energy flux has to be large enough at
the coronal base, and has to decay at higher layers. Two possible ways for
wave-mode identification are (1) to derive a relation between wavelengths
and frequencies, and (2) to determine the direction (polarization) of the
oscillations.

For longitudinal waves on the disk, the wave diagnostics have already
been done by looking into phase relations of waves either in two spectral
lines formed at different layers, or in two quantities of a single spectral line.

For transverse waves the observations have to be done near or off the
limb. So far, only the turbulent line widths (v;) have been observed. The
quantity 1pv? times the propagation speed is an upper bound for the wave
flux. If the wave excited in a coronal loop is approximately a standing wave,
the actual energy flux would be much smaller than this.

If slow-mode waves are generated in the corona by magnetic reconnec-
tion as suggested by Porter et al. (1994), most criticisms on the acoustic
theory will be discarded. The propagation direction of slow mode waves
thus generated will be random, and may be difficult to be mode-identified.
Imaging observations of such phenomena and to carry out number statistics
will be more adequate than spectroscopic studies.
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SOLAR CORONAL HEATING: MHD MODELS AND
OBSERVATIONAL SIGNATURES

G. E. VEKSTEIN
UMIST, Manchester, M60 1QD, England, UK

1. Introduction

Although it is generally accepted that the mechanism for maintaining high
coronal temperatures is magnetic, understanding of the process is still far
from complete. It is likely that different heating mechanisms operate in
various large-scale observable structures (loops, coronal holes, X-ray bright
points, etc). All heating theories broadly divide into two classes: wave mod-
els, if the time-scale of the driving photospheric motions is fast compared
with Alfven transit time, and quasi-static models, if the driving time is
slow (Browning, 1991; Sakurai, 1996). In the latter case, more relevant for
compact and strongly magnetized active regions, the coronal field evolves
through a series of magnetostatic equilibria: photospheric motions gener-
ate electric currents (approximately field-aligned), and this is a source of
excess magnetic energy available for heating. However, high electrical con-
ductivity of the hot coronal plasma makes classical Ohmic dissipation on
global length scales completely inefficient. Thus , for heating to be effective,
the coronal magnetic field must possess fine-scale structure such as current
sheets (Parker, 1972), within which even small resistivity can break the
topology constraints of ideal MHD, allowing fast transition of coronal con-
figuration to a state of lower magnetic energy via magnetic reconnection.
Such a scenario of storage and release of magnetic energy is reminiscent
of flares, and indeed the coronal heating process can be viewed as a su-
perposition of numerous “nanoflare” events (Parker, 1988). This concept
bridges two historically separate research areas, flares and coronal heating,
considering nanoflares as the lower-energy population of a wide spectrum
of flare-like events. Unfortunately, individual nanoflares cannot be resolved
observationally, at present nor in the foreseeable future. Therefore it is
29
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extremely important to reveal observational signatures of the nanoflare-
heated corona. One is likely to be a fine structure in coronal plasma, with
hot and cool loops insulated by the magnetic field (the so called filling fac-
tor). Though existing information about this is quite controversial, more
reliable data are expected from the upcoming SOHO mission.

2. Current Sheets and Magnetic Reconnection

The present understanding of how current sheets may develop within an ini-
tially smooth coronal magnetic field can be summarised as follows. There
are two basic causes of fine structure formation in the corona: the first
is the turbulent character of photospheric motions, and the second is the
complex topology of the coronal magnetic configuration. In the first case
fine scales can develop even within a coronal field of simplest geometry,
which may be represented by the model due to Parker (1972): an initially
uniform magnetic field, B = By, anchored in two rigid planes (the pho-
tosphere) at z = 0 and z = L, with perfectly conducting tenuous coronal
plasma occupying the space between. Then the magnetic field lines are tan-
gled about each other by slowly displacing their footpoints by a prescribed
photospheric motion with typical space scale l,5. The question is whether
magnetic structures with scale § << L,l,, can arise (typical values of L,
the coronal field length, are of order of 105)—— 10%m, while I, ~ 108cm). A
simple, purely kinematic mechanism for creating such fine structures was
pointed out by Van Ballegooijen (1988). The idea is that photospheric ve-
locities, while being a smooth function of space coordinates (z,y) at any
given moment, vary randomly in time, with some correlation time 7, typ-
ically equal to several convective eddy turnover times. Therefore the dis-
placement of photospheric footpoints, viewed as a continuous mapping of
the photospheric plane to itself, becomes more and more structured, with

typical scale I decreasing like | ~ l,, exp (—TLC) Consequently, a force-free
magnetic field, generated between the planes by such a mapping, will pos-
sess electric currents growing exponentially in time (until finite resistivity
eventually intervenes, providing statistically steady state balance). An al-
ternative scenario might be a dynamical development of fine scales as a
result of current-driven MHD instability. In this case the quasistatic evolu-
tion of the coronal field becomes disrupted once field-aligned currents ex-
ceed an instability threshold. Then the subsequent evolution of the system
is governed mainly not by photospheric motions but by nonlinear dynamics
of instability (so the former can be even switched off). Such a behaviour
has been observed in a recent numerical simulation of Parker’s model based
on the reduced resistive MHD equations (Longcope & Sudan, 1994). The
appearance of fine scale is evident in Fig.1.



31

Figure 1. Contour plots of the magnetic field (a), electric current (b), fluid streamlines
(c) and vorticity (d) at z = £ and ¢ = 2874 (Longcope & Sudan, 1994)

Figure 2. Poloidal magnetic configurations with separatrix lines
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Current sheet formation caused by complexity of the coronal magnetic
configuration is illustrated in Fig.2, where initially potential magnetic fields
have separatrix lines, either without a neutral point (a) or with an X-
point (b). The essential point is that these continuous magnetic fields have
discontinuous connectivity of their footpoints on the photospheric plane z =
0. For example, field lines A; B; and A3 B; on Fig.2(a) have their left-hand
side footpoints A; and As very close, while the right- hand side counterparts
By and B are far apart. Thus even smooth shearing displacements &, result
in current sheet formation along the separatrix line AOB (Low & Wolfson,
1988; Vekstein et al, 1991).

Since both these factors, namely turbulent shuffling of photospheric
footpoints and complex structure of magnetic field, are quite common fea-
tures of the corona, the development of current sheets and their subsequent
magnetic reconnection seem to be generic processes in the solar atmosphere.
This view is strongly supported by Yohkoh SXT observations of continuous
global restructuring in the corona (Tsuneta et al, 1992), as well as by high-
resolution images of isolated and simpler coronal structures such as X-ray
bright points (Strong et al, 1992). The latter may be considered as elemen-
tary reconnection events, following a scenario suggested recently by Priest
et al (1994) . Their converging flux model involves an interplay between
two opposite polarity photospheric magnetic fragments and an overlying
background field ( Fig.3). These fragments, while moving towards each
other, remain magnetically unconnected until reaching the critical separa-
tion 2d (Fig.3b (ii)), when a null point at the photosphere appears. In a
perfectly conducting corona the further approach of the fragments would
result in formation of a vertical current sheet (Fig.3b (iii)). However, finite
resistivity allows magnetic reconnection, so the fragments become partially
connected to produce a lower-energy configuration shown in Fig.3b (iv).
The released magnetic energy, typically of 1027 — 10%® ergs (microflare),
heats coronal plasma, which is injected along the newly reconnected field
lines, thus forming an observable X-ray bright point. This model provides
a plausible explanation for the observed X-ray brightenings: hot plasma
structures predicted from Kitt Peak magnetograms of the photosphere be-
low the bright points show good agreement with simultaneous NIXT soft
X-ray images (Parnell et al, 1994). A similar comparison has been reported
recently (Van Driel-Gesztelyi et al, 1996) for X-ray bright points caused by
magnetic flux emerging at the photosphere.

3. Coronal Heating as Driven Magnetic Relaxation

Once the hot corona is assumed to be an integral effect of multiple small-
scale bursts, the statistical properties of these energy-release events become
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Figure 3. Different phases of the interaction of magnetic fragments (a), and the corre-
sponding MHD scheme (b) (Priest et al, 1994)
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an essential issue. The energy spectrum of microflares has been recently
derived from the Yohkoh SXT data of active-region transient brightenings
(Shimizu, 1995), and conclusion is that they add only slightly to the global
energy balance. Thus the job is left to presumably more frequent but elusive
events of lower energy scale (nanoflares?). An example of theoretical predic-
tions on energetics and occurrence rate of coronal heating events is given
in Fig.4, which shows results of numerical simulation for Parker’s model
(Longcope & Sudan, 1994). Here, the time history of global quantities in
the corona, such as the free magnetic energy Ejs, the plasma kinetic energy
E¥, the photospheric power input Pr, and the Ohmic P, and viscous P,
dissipation rates is followed until a statistical steady state is reached, when
energy input into the corona becomes balanced by dissipation. Though such
simulations provide some insight into the problem, the crucial difficulty is
that they can be performed only for quite moderate values of the magnetic
Reynolds number (5x 102 in this case), while its typical value in the so-
lar corona is around 10'2. It is completely hopeless to get any realizable
computations for such a large Reynolds number, while available numerical
results cannot be extrapolated to real coronal parameters since the proper
scaling is unknown. Therefore it might be more productive to tackle this
problem starting not from the first principles, but applying more general
phenomenological considerations. For example, viewing the solar corona as
a complex turbulent system, the concept of self-organised criticality, orig-
inally introduced to describe a self-similar behaviour of avalanches, can
be applied also to the coronal flare-like events (Lu & Hamilton, 1991). A
dynamical basis for these ”kinematic” avalanche-type models has been dis-
cussed recently by Chiuderi et al (1996). Another approach to the coronal
heating process has been proposed by Heyvaerts & Priest (1984), who gen-
eralised a very successful idea from laboratory plasma physics due to Taylor
(1974). This is to regard the effect of complex magnetic reconnection pro-
cesses as being a relaxation of the system to a minimum magnetic energy
state subject to the constraint imposed by a large value of the magnetic
Reynolds number, namely of conservation of the total magnetic helicity.
This allows derivation of the average heat flux into the corona in terms of
the photospheric driver and coronal parameters as (Vekstein et al, 1993):

20,2\ 2
~ -2 B <v h) ILh
q~2x107*—=

L T

where 7g , the relaxation time, is an imposed phenomenological parameter.
For a typical active region with magnetic field B ~ (1 — 3)x 102G and the
size L ~ 10Mm, and photospheric motions with the mean square velocity
<U;2;h> ~ 105 — 10" m? 572 and period 7, ~ 103, this requires the relaxation
time to be of the order of 10* — 10%s to produce a ”standard” active region
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maintaining an energy flux of 107 erg cm~2 s~1. This may be considered as
a reasonable value, especially from the point of view that observed global
restructuring in the corona (Tsuneta et al, 1992) has a similar time scale
of 10 — 20 hours.

4. Coronal Filling Factors

Though the spatial scale of primary energy release events (say, nanoflares)
is likely to be far beyond the observational capabilities, an integral effect of
multiple nanoflares producing the hot corona may have a detectable signa-
ture such as filamentary structure of coronal plasma, when hot loops con-
stitute only some fraction (known as the filling factor) of the whole volume.
Then, since only these loops contribute to the observed X-ray emission, the
magnitude of the filling factor, ¢, can be estimated by comparing the av-
erage density in the corona (derived from the integral emission measure)
with the actual density of hot plasma, which can be obtained from density-
sensitive spectral lines ratios. Theoretical prediction of filling factors re-
quires statistical analysis of an ensemble of impulsively heated coronal loops
cooled by radiation and heat conduction (Cargill, 1993; Kopp & Poletto,
1993), but a crude estimate can be obtained quite simply. Assuming that
the heat flux ¢, which maintains the corona hot (g ~ 107 ergs cm=2 s~ for
active region), is provided by elementary energy releases inside the corona,
each of energy AW, the occurrence rate (per unit area) of the latter has
to be equal to +%>. Thus, viewing coronal structure as a superposition of
flux loops, each of the length L and cross-section S, it is on average every
At = SAW sec that an energy burst will occur somewhere along a fixed
loop. Being heated in such a way, the loop will remain hot for some time
75, which is determined by radiative and conductive losses. Then the filling
factor can be derived as (Cargill, 1993):

Th —
=—~85x10
?= A (AW)3

This result shows a strong dependence on the loop cross-section S which is
actually determined by the specific details of the energy release mechanism,
and therefore cannot be imposed arbitrarily. A self-consistent derivation
of S might be quite a complicated problem, since newly reconnected and
heated field lines are convected away from the reconnection side. However,
the minimal value of S can be simply estimated from the requirement for
pressure balance between the hot loop and the surrounding magnetic field,
yielding eventually prediction for ¢ which does not depend on the energy
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release ”quantum” AW:

¢ ~0.7x1072—1 _

BiLs

Here § = ¢/107 ergs cm™2 s~!, B = B/10% G, and L = L/10 Mm are
dimensionless heat flux, magnetic field and loop length normalised by their
typical values in the corona. Thus small values of the coronal filling factors
are likely to be expected, and if so, this may affect the energy balance
analysis of active regions (Shimizu, 1995) as well as that of scaling for
coronal loops heating (Klimchuk & Porter, 1995).
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HEATING OF ACTIVE REGION CORONA
BY TRANSIENT BRIGHTENINGS (MICROFLARES)

— Yohkoh/SXT -’La Palma Observations —
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AND

A. TITLE, T. TARBELL, R. SHINE AND Z. FRANK
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The Yohkoh Soft X-Ray Telescope (SXT) has been revealing the coronal
characteristics of a microflaring phenomenon in X-rays: Microflares are ob-
served as transient brightenings of compact coronal loops (Shimizu et al.,
1992); they appear mainly in form of multiple or single loops, although they
are sometimes point-like (Shimizu et al., 1994). They recur frequently in
two localized areas of active regions, namely, in growing emerging magnetic
flux regions and around the outer edge of the penumbra of well-developed
large spots (Shimizu, 1993). The sum of transient brightenings does not
make much contribution to the heating of the active-region corona, al-
though they occur very numerously in active regions (Shimizu, 1995a).

Simultaneous observations made in soft X-rays and visible light are es-
sential for understanding magnetic coupling between transient brightenings
in the corona and magnetic activity at the photosphere. Using a coordinated
set of observations by SXT and LPARL’s narrow-band tunable filter at La
Palma (Swedish Solar Observatory), we have studied the evolution of the
photospheric magnetic field associated with point-like transient brighten-
ings (Shimizu, 1995b). A small-scale emergence of magnetic flux is found
to start 5 - 15 minutes prior to the onset of X-ray brightenings in at least 4
of the 16 events studied, although no evolutionary changes of the magnetic
field are found in the other cases. Figure 1 is an example clearly showing
a close connection between a transient brightening and a small-scale flux
emergence. Results from the detailed comparison will be published else-
where in the future.
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Figure 1. (a) Time profile of soft X-ray intensity of the 21-June-92 9:48 UT transient
brightening; (b) Time-space slice of longitudinal magnetogram with time increasing hor-
izontally along a line through the X-ray brightening centering at position 35 with the
size of 5”. The counterpart magnetic flux starts to emerge at about 9:38 UT.
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THE HEATING OF SOFT X-RAY CORONAL LOOPS

J. A. KLIMCHUK
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Washington, DC 20375, USA

AND

L.J. PORTER
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Cambridge, MA 02139, USA

1. Summary

The physical process which heats the multi-million degree coronae of late-
type stars such as the Sun is one of the fundamental mysteries of astro-
physics. A number of plausible theories have been proposed, but none of
them has yet been demonstrated to be correct. We must therefore rely
on new coronal observations, such as those from Yohkoh, to constrain and
distinguish among the competing ideas.

The coronal magnetic field organizes the plasma into loops—the basic
structural elements—and to understand coronal heating, we must under-
stand the heating of these loops. It is important to remember that the
magnetically-closed corona is completely filled with loops, and that most
loops are not readily distinguishable from their neighbors. Klimchuk and
Gary (1995) have recently studied the heating of the diffuse corona, which
is comprised of indistinguishable loops, and we here consider the heating
of individual loops that can be easily identified in Yohkoh Soft X-Ray Tele-
scope (SXT) images. Details of our study can be found in Klimchuk and
Porter (1995) and Porter and Klimchuk (1995), and related work has been
reported by Kano and Tsuneta (1995) and Sturrock and Acton (1995).

We measured the temperatures, pressures, and lengths of 47 apparently
steady loops observed by SXT. The median temperature is 5.7 x 106 K and
the median pressure is 1.6 x 10'® cm~2 K. Using nonparametric statistical
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Figure 1. Plot of pressure versus halflength for the 47 loops.

methods, we determined that temperature is uncorrelated with length and
that pressure varies inversely with length to approximately the first power
(see Figure 1). Because the observed lifetimes of the loops are much longer
than their cooling times, we then assumed quasistatic equilibrium and used
scaling laws to infer that the volumetric heating rate varies inversely with
length to approximately the second power.

This is an important result, because different coronal heating models
predict different scalings. For example, the popular models for (1) the tan-
gling of coronal magnetic fields by random shuffling motions at the foot-
points, (2) the twisting of coronal flux tubes by vortical motions at the
footpoints, and (3) the resonance absorption of Alfven waves are able to
reproduce the observations only if the coronal magnetic field strength scales
with loop length as B « L°, where 6 = -0.5, 0, and -2, respectively. The ac-
tual value of § is not presently known, but it could be determined from coro-
nal extrapolations of photospheric magnetograms. Once § is determined, we
will be able to draw definitive conclusions about the viability of these and
other models for coronal heating,.

References

Klimchuk, J. A. and Gary, D. E. (1995) A Comparison of Active Region Temperatures
and Emission Measures Observed in Soft X-Rays and Microwaves and Implications
for Coronal Heating, Ap J 448, pp. 925-937

Klimchuk, J. A. and Porter, L. J. (1995) Scaling of Heating Rates in Solar Coronal Loops,
Nature 377, pp. 131-133

Porter, L. J. and Klimchuk, J. A. (1995) Soft X-Ray Loops and Coronal Heating, Ap J,
in press (Nov. 20)

Kano, R. and Tsuneta, S. (1995) Temperature Distributions and Energy Scaling Law of
Solar Coronal Loops Obtained with Yohkoh, PASJ, submitted

Sturrock, P. A. and Acton, L. W. (1995) in these proceedings



TEMPERATURE STRUCTURE OF SOLAR ACTIVE REGIONS

T. YOSHIDA AND S. TSUNETA
Institute of Astronomy, The University of Tokyo
2-21-1, Osawa, Mitaka, Tokyo, 181 JAPAN

Introduction

Yohkoh X-ray images of the Sun show ubiquitous bright loops. Most of
the analyses of Yohkoh data so far made on the temperature structure of
the coronal loops concentrated on the individual X-ray loops. We, however,
need to remember that the high temperature corona apparently exists out-
side the distinct loops and in the diffuse region. The fundamental questions
in the context of coronal heating are why specific magnetic structures are
bright in X-rays and what the difference is between bright X-ray loops and
faint diffuse regions. As a first step to answer these questions observation-
ally, we obtain high-quality temperature maps of the entire active regions
from X-ray maps summed over a certain time interval by sacrificing the
time resolution.

Observations and Analysis

The temperatures of active regions are obtained using a pair of broad-
band filters. We use the Yohkoh soft X-ray images taken from 1992 April 24
through July 5. During this period, the Soft X-Ray Telescope (SXT) aboard
Yohkoh took images of several active regions every 1 minute with 2 different
filters alternately. We sum the images for each filter in units of spacecraft
orbit period (97 minutes). The number of frames taken in about 60 minutes
of the spacecraft daytime is about 30 for each filter. The summation allows
us to obtain high-quality temperature maps even outside the bright loops
at the expense of time resolution. The estimated photon-statistics errors in
temperature range from about three percent in bright X-ray loops to about
ten percent in dark diffuse regions.

Temperature Structure of Active Regions

The soft X-ray maps and temperature maps appear quite different. The
temperatures of the loops whose sizes are similar and whose X-ray inten-
sities are similar are not always similar. There are various loops with tem-
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perature from 3 MK to 10 MK. The time variability of the temperature
structures suggest that there are two distinct time scales in the coronal
temperature structures. Structures with temperatures higher than 5 MK
are seen for several hours, and those with temperature less than 5 MK can
be seen over half a day without significant change in shape and temper-
ature. Transient structures with lifetimes shorter than several hours have
the following features: (1) The temperatures are higher than 5 MK, and do
not depend on the soft X-ray intensities. (2) The structures are associated
with the cusp structures or multipleloop structures in most cases. Steady
structures with lifetimes longer than half a day have the following features:
(1) The temperatures of the loop tops are from 4 to 5 MK, and those of
the footpoints are around 3 MK. (2) The difference in temperature between
nearby loops are too small to recognize individual loop structures in the
temperature maps.

Discussion

The conductive loss time scales of the structures with life time shorter
than several hours are about 30 minutes (T = 6 MK , n = 10°® cm™3 ,
! = 10° km ), and the radiative loss time scales are about 10 hours. The
observed time scales are close to these time scales. This indicates that these
structures are heated transiently, since these are associated with the cusp
structures or multipleloop structures in most cases. The transient heating
thus may be due to magnetic reconnection.

The conductive loss time scales of the structures with life time longer
than half a day are about 50 minutes ( T = 4.5 MK , n = 105 cm=3 , [ =
10° km ), and the radiative loss time scales are about 6 hours. The observed
time scales are much longer than these time scales. This indicates that the
steady plasmas are continuously heated. It is sometimes hard to find the
temperature structures corresponding to the steady loop structures seen in
X-ray images. Thus, the steady coronal loops may be heated more or less
in a loop-independent way.

This indicates that the coronal heating consists of both basal heating
and transient heating. The basal heating mechanism maintains the plasma
temperature around 3-5 MK, and the occasional transient heating, perhaps
due to magnetic reconnection, produces higher temperature plasma with
temperatures up to 10 MK.
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TEMPERATURE AND HEATING DISTRIBUTIONS
ALONG THE STEADY CORONAL LOOPS

R. KANO AND S. TSUNETA
Institute of Astronomy, The University of Tokyo,
2-21-1 Osawa, Mitaka, Tokyo 181, Japan

The temperature distributions along the steady coronal loops reflect
their heating distributions. We selected 16 bright steady coronal loops from
the Yohkoh SXT images from May 1992 through July 1992, and obtained
the temperature distributions 7'(s) along these loops. The steady loops
generally have constant temperatures along the loop top regions (plateau)
with decreasing temperatures toward both footpoints (“trapezoidal” tem-
perature distribution, figure 1a). Some of the loops have sharp peaks in
their temperature distributions (“triangular” temperature distribution, fig-
ure 1b), suggesting the concentration of the heat input at the peak.

We find a good correlation between total energy loss L1 (erg/sec/cm?)
and gas pressure pg (dyn/cm?) for the steady loops (Kano & Tsuneta 1996);

(log LT — 8.0) = (0.99 % 0.12)(log pg — 0.9), (1)

or
Lt = 1.1 x107py%0*012, (2)

The total energy loss is the radiative loss plus conductive flux estimated
from the observed temperature and density distributions. The gas pressure
is obtained from the observed temperature and emission measure at the
top. This correlation fits well with the equation,

L1 = 1.0 x107\/Trn/(6 X 108) - py, (3)

theoretically derived from two relations of the scaling law;

Tm = 1.4x10%(pg-L)"® (Rosner, Tucker & Vaiana 1978), (4)
Ly = 1.5x10°(pl/®. L'/%), (5)

where L (cm) is the observed length of the loop, and T}, (K) is the maximum
temperature (Ty, ~ 6 x 108 (K) for all the loops analyzed here).
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Figure 1. Two extreme temperature distributions along the loop; (a) “trapezoidal”
type and (b) “triangular” type. The upper panels are the X-ray intensity taken with
the thin aluminum filter. The middle panels are the temperature (solid line) and the
emission measure (dashed line) distributions. The lower panels are the 3.5 power of
the temperature distribution. We fit the dotted lines to the T°° profiles to derive the
conductive fluxes. The vertical dot-dashed lines in these panels show the positions of the
apparent footpoints.

We also find that Ty, is correlated with (pg - L) (Kano 1994, Kano &
Tsuneta 1995);
T = 3.8 x 10%(p, - L)Y/(:1£05), (6)

Although the power-law index 1/5.1 is different from the index 1/3 of the
theoretically derived scaling law, we conclude that this observed correlation
is consistent with the theoretical scaling law within the systematic errors
of our analysis.
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LONG TIME STATISTICS OF MAGNETICALLY DRIVEN MHD
TURBULENCE, SOLAR FLARES AND CORONAL HEATING
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The properties of the coronal turbulence, and in particular the way the
energy can be stored in the magnetic field and then dissipated, represent
a very difficult problem. In fact, due to the large values of the magnetic
Reynolds number S ~ 103, the magnetic field contributing to the available
free energy must be structured over spatial scales of the order of one me-
ter or less. As a result the local release of magnetic energy occurs on the
dynamical timescale and is concentrated inside current sheets which are
continuously formed and dissipated throughout the system (Einaudi and
Velli 1994).

Such a scenario results from our present knowledge of MHD turbulence.
The 3-D simulations performed by Mikic et al. (1989), Strauss (1993) and
Longcope and Sudan (1994) show that the presence of a mean large scale
field allows the separation of the dynamical behaviour along that field from
that perpendicular to it which turns out to be very similar to the 2-D case.
Such simulations however have too low resolution and have been performed
for too short times to give reliable information about the long term response
of the corona to the stresses induced by the photospheric motions.

Einaudi et al. (1995) have performed numerical simulations of a 2D
section of a coronal loop, subject to random magnetic forcing. These sim-
ulations last much longer than both the coronal Alfvén time and the time
scale of the driver and it is therefore possible to follow in time the prop-
erties of the current sheets which continuously form and disrupt in the
system. The forcing models the link between photospheric motions and en-
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ergy injection in the corona. The boundary disturbances propagate along
the vertical mean field By with the associated Alfven velocity and give rise
to a perpendicular magnetic field b;. The appearance of b, and conse-
quently of v;, can be followed in time by solving the MHD equations in
2-D in which the terms coupling the perpendicular dynamics to the verti-
cal one are treated as imposed forcing terms. The results show the highly
intermittent spatial distribution of current concentration generated by the
coupling between internal dynamics and external forcing. The total power
dissipation is a rapidly varying function of time, with jumps of orders of
magnitude even at low Reynolds numbers, and is due to the superposition of
current dissipation in a number of localized current sheets. The histogram
of dissipation events as a function of dissipated power follows a power-law
behaviour.

The fact that both the spatial and temporal intermittency increases
with the Reynolds number (resolution) suggests that the turbulent nature
of the corona can physically motivate statistical theories of solar activity
such as the self-organized criticality (avalanche) model (Lu and Hamilton,
1991; Vlahos et al. 1995). In this models the fundamental ingredient is the
non-gaussian response to a gaussian forcing which results from the locality
of the instability criterion and of the relaxation process. We have performed
a statistical analysis of the data resulting from our simulations at 256x256
resolution. There is evidence of intermittent behaviour both in time and
space, which means the existence of a non-gaussian tail in the distribution
of the current around its mean (spatial or temporal) value. This spatial and
temporal intermittency is not well understood, but is a natural tendency of
the MHD turbulence and could be the physical constituent of the avalanche
model for solar flares.

It is our feeling that the above preliminary results substantiate the idea
that heating and flares could be considered as manifestations of the same
basic physics,the difference being quantitative more than qualitative.

This work has been partially supported by EEC through the contract
ERBCHRXCT930410.
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MASS-FLOW EFFECTS ON WAVE HEATING BY RESONANT
ABSORPTION

R. ERDELYI VON FAY-SIEBENBURGEN
Center for Plasma-Astrophysics, K.U. Leuven
Celestijnenlaan 200 B, B-3001 Heverlee, Belgium

1. Introduction

To heat the solar atmosphere by waves one requires some efficient dissipa-
tion mechanisms. Resonant absorption, suggested by Ionson (1978), might
be a candidate to explain the heating mechanism(s) in the solar corona.
In the former studies of resonant absorption one has mostly assumed static
equilibria. However, Hollweg et al. (1990) showed that resonant absorption
can be severely influenced by the presence of velocity shears. Erdélyi et al.
(1995) studied analytically the resonant absorption in linear compressible
MHD for background equilibrium states with flow.

In this paper we show numerically the effect of background equilibrium
flows on resonant absorption. Lou’s (1990) cylindrical equilibrium model is
extended with an equilibrium plasma flow, vy(r) = f X ¥44,(r), where f
denotes the flow strength parameter.

2. Results

In Figure 1 we have plotted the absorption rate versus the flow strength
parameter, f. Fig. 1 shows that the flow has a very determinant effect on
the absorption rate. By increasing the flow strength parameter the absorp-
tion rate enhances very strongly. Increasing further the equilibrium flow
strength, the absorption rate shows a strong oscillatory behaviour between
ca. the value of total resonant absorption and the value of total reflection.
Increasing even further the equilibrium flow parameter, f, the absorption
rate smoothly decreases. Roberts et al. (1984) have shown that homoge-
neous, non-twisted magnetic flux tubes can have infinite eigenvalues. If one
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Figure 1. Absorption coefficient « versus the equilibrium flow strength parameter, f

drives a flux tube with a frequency close to one of its eigenfrequencies the
driving wave will be strongly absorbed (Goossens and Hollweg, 1993). We
guess this is the case when in Fig. 1 f € [0.25— 0.31), the absorption rate
shows so many maxima. We cannot prove this statement now because we
have to solve the eigenvalue problem of our non-homogeneous driven prob-
lem, but this work is under investigation.

The presence of the equilibrium flow may therefore be very determinant for
resonant absorption and may significantly affect the resonant absorption
rate for acoustic oscillations in sunspots or for Alfvén waves in the solar
corona.
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Ho SURGES AND X-RAY JETS IN ART7260

RICHARD C. CANFIELD, KEVIN P. REARDON, K. D. LEKA
Institute for Astronomy, University of Hawaii
2680 Woodlawn Drive, Honolulu, HI 96822

K. SHIBATA, T. YOKOYAMA
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AND

M. SHIMOJO
Department of Physics, Tokai University
1117 Kitakaname, Hiratuka, Kanagawa, Japan

We have studied nine events, which we observed simultaneously from
Yohkoh as jets in X-rays and from /MSO/ as surges in He, in AR7260 at
approximately N16 W30 on 19-20 August, 1992. We attribute these events
to the reconnection of moving magnetic bipoles with surrounding coronal
fields. The X-ray jets share many features with those discovered by Yohkoh
in active regions, EFRs, and X-ray bright points (Shibata et al. 1992). The
Ho surges are adjacent to the X-ray jets. Typically the footpoints of two
closed loops are observed near the base of the surge, and flare in association
with the surge (Figure 1). At the surge bases we observe both blueshifts
(initially) and redshifts (1-2 minutes later). All the observed surges spin in
the same sense.

Two new phenomena have been discovered, which indicate the role
of magnetic reconnection: footpoint convergence and moving-blueshift fea-
tures. In footpoint-convergence events, bright Ha features are observed at
both ends of Ha fibrils. These features converge during the early stages
of the jet/surge event, indicating that reconnection involves successively
lower-lying field lines in the moving-bipole flux system. In moving-blueshift
events, Ha blueshifted features are observed to move along fibrils at about
10% of the Alfven speed, which we attribute to the whip-like response of
newly-reconnected magnetic field lines previously in the moving-bipole flux
system, as they adjust to their new topology.
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Figure 1.  Contours of Ha velocity (white) and X-ray intensity (black) overlaid on
an Ho image of the surge/jet event of 23:11 UT on 19 August, 1992. The SXT X-ray
contours show the jet extending North (up) from the northern tip of two contiguous
end-to-end flaring loops whose footpoints are seen as three bright patches in the MCCD
line-center Ha spectroheliogram. The adjacent oval regions of Ha redshift (dashed white)
and blueshift (dotted white) centered over the jet are due to the spinning motion of the
surge. We find that the total angle through which the surge spins is comparable to the
product of the measured force-free field parameter o and length of the reconnecting
moving magnetic bipole, implying that release of stored twist is the mechanism for the
spin. We associate the X-ray jet with the upward reconnection jet and the region of
strong Ho redshift at its base with the downward reconnection jet.

We have submitted for publication a model of the morphology of the
reconnection sequence and quantitative analyses of the new phenomena
(Canfield et al. 1995).
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SURFACE DRIVEN EVOLUTION AND ACTIVITY
OF ATMOSPHERIC MAGNETIC STRUCTURES
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Department of Physics and Astronomy
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The magnetic structure of the solar corona influences solar activity, including
coronal heating and solar flares. Magnetic loops and arcades are observed to
dominate the structure of the corona; they are formed by the interaction of high-3
photospheric convection with low-3 coronal magnetic fields. We show the results
of 3-D MHD simulations of the response of coronal fields to convective and shear-
flow driving from the photosphere. The principal examples include the micro-flare
activity in the Parker loop-heating archetype (Schnack and Miki¢ 1994), and the
formation and evolution of 3-D coronal loops (Van Hoven et al. 1995a).

The question of the mechanism for coronal heating is a classic problem of
solar and stellar physics. One main line of study of this question is devoted to
the model proposed by Parker (1983), wherein the moderate-scale, slow, random,
convective, surface twisting of the solar surface footpoints of a magnetic loop leads
to fine-scale ohmic dissipation in the atmosphere. We have concentrated on a 3-D
MHD representation of this model and have studied the contribution of magnetic
reconnection (resistive tearing) to the dissipation (Van Hoven et al. 1995b).

We have developed the following understanding of this mechanism for coronal

heating. The electric current spontaneously collapses into thin filaments in a
process characterized by intermittency, magnetic reconnection and turbulence:
1) the current sheets driven by the footpoint motions eventually become thin
enough to become unstable to magnetic tearing/reconnection; 2) this dynamic
process further intensifies the current density, leading nonlinearly to an extended
turbulent (apparently steeper than Kraichnan (1965)) spectrum; and 3) the ohmic
heating rate is thereby enhanced significantly over what would arise from the more
broadly distributed currents, allowing the dissipation to rise sufficiently to match
the input Poynting flux. The nonlinear turbulent spectrum is shown in Fig. 1(a)
(Hendrix & Van Hoven 1995); the filamentary current structure is shown in Fig.
1(b) (Hendrix et al. 1995); a magnified view of a current filament illustrating
magnetic reconnection is shown in Fig. 1(c).

Coronal loops are prominent features of the Yohkoh X-ray observations (Klim-
chuk et al. 1992). Two limiting models for the formation of a simple, isolated,
magnetic loop can be conceived. Either they erupt/emerge with substantial twist
from below the convective solar photosphere, or they appear in a nearly unstressed
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(current-free) state and are twisted by differential or vortical flows in the solar
surface. We have demonstrated both of these formation mechanisms, but here
describe the latter case (Van Hoven et al. 1995). Photospheric twist applied to
a pre-existing current-free bipole propagates into the corona, causing current to
flow along and confine a flux tube, as shown in Fig. 2(a). This S-shaped loop
(McClymont & Miki¢ 1994) is in a force-free equilibrium state with a twist of 2.87
on the central field line. The loop field lines are surrounded by overlying field lines
that remain relatively undistorted.

It is known that coronal loops can become unstable to kink instabilities if
they are twisted sufficiently (Miki¢ et al. 1990). Furthermore, they may exhibit
magnetic nonequilibrium that would make them erupt. When a loop with an
overlying current-free arcade field is twisted beyond the amount described in the
previous paragraph, it undergoes magnetic reconnection at the apex, as shown
in Figure 2(b). Shibata (1996) has proposed that such reconnection could be a
trigger for loop flares and their outflow jets, a topic that we are presently studying.

The strategic goal of such simulations is to use observable inputs to produce
accurate models of the solar corona and inner heliosphere. We have made the first
steps in being able to drive the evolution of empirical coronal fields by convective
flows in the photosphere. Predictions from these models could provide the solar-
influence component of space-weather forecasting.
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CHROMOSPHERES OF CORONAL STARS

JEFFREY L. LINSKY AND BRIAN E. WOOD

JILA, University of Colorado
Boulder CO 80309-0440 USA

Abstract. We summarize the main results obtained from the analysis of
ultraviolet emission line profiles of coronal late-type stars observed with
the Goddard High Resolution Spectrograph (GHRS) on the Hubble Space
Telescope. The excellent GHRS spectra provide new information on mag-
netohydrodynamic phenomena in the chromospheres and transition regions
of these stars. One exciting new result is the discovery of broad components
in the transition region lines of active stars that we believe provide evidence
for microflare heating in these stars.

1. Introduction

Solar and stellar coronae are now observed routinely in X-rays with the
Yohkoh, ROSAT, and ASCA satellites and at radio wavelengths with the
VLA and other radio telescopes. These data provide our main source of in-
formation concerning coronal structure, dynamics, and heating rates, which
are controlled by locally strong magnetic fields. High-resolution ultraviolet
spectra provide complementary information on the dynamics and energetics
of plasmas at lower temperatures in a stellar chromosphere and transition
region where the structure, dynamics, and heating are controlled by strong
magnetic fields that are connected to the coronal fields. As a result, the com-
bination of X-ray fluxes and high-resolution UV spectroscopy can provide a
more complete picture of magnetodynamic phenomena in the atmospheres
of the Sun and stars than is provided by the X-ray and radio data alone.
In this paper we summarize the new results concerning magnetodynamic
phenomena in late-type stars with coronae that have emerged from the
analysis of spectra obtained with the Hubble Space Telescope (HST).

Since 1991 we have been observing late-type stars and RS CVn-type
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binary systems with the Goddard High Resolution Spectrograph (GHRS)
on HST. The GHRS can obtain UV spectra with low (R = A/AX = 2000),
moderate (R = 20,000), and high (R = 90,000) resolutions. (See Brandt
et al. 1994 for a description of the GHRS.) Prior to the installation of
the COSTAR optics to correct for the spherical aberration of the primary
mirror in December 1993, the spectral resolutions of these modes were
somewhat degraded when using the Large Science Aperture (LSA) but not
appreciably degraded when using the Small Science Aperture (SSA). We
will report here on the analysis of GHRS spectra of 9 stars, including two
A-F stars (Altair = o Aqgl and Procyon = o CMi), three G-K stars (8 Dra,
a Cen A, and a Cen B), two M dwarfs (AU Mic and VB10), and two RS
CVn-type binary systems (Capella = o Aur and HR 1099 = V711 Tau).
The spectral types and references to the data analysis papers are listed in
Table 1. This is not a complete list of all GHRS observations of late-type
stars, but these 9 stars, which are known to have coronae, provide examples
of important phenomena across the H-R diagram, and the analysis of the
data from most of these stars is now either published or in press.

TABLE 1. Active Late-type Stars Observed with HST/GHRS

Star Spectral Comments Reference
Type
Altair ATIV-V Hottest active Walter et al. (1995)
star Simon et al. (1994)
Procyon F5IV-V Inactive F star Wood et al. (1995)
f Dra G2 Ib-II Active supergiant Obs. 1995 Apr 29
a Cen A G2V Old star Obs. 1995 May 1
o Cen B K1V Old star Obs. 1995 May 5
AU Mic dMoe Very active Linsky & Wood (1994)
dMe star Maran et al. (1994)
VB10 M8 Ve End of main seq. Linsky et al. (1995a)
Capella G8III + G1IIT Long Per. RS CVn  Linsky et al. (1995b)
HR 1099 KI1IV 4G5IV RS CVn Wood et al. (1995)

We have obtained data for these stars at all three spectral resolutions to
address different objectives. The lowest-resolution mode (grating G140L)
provides line fluxes in the 1150-1700 A region suitable for emission mea-
sure analyses, estimates of the radiative loss rates from the chromosphere
and transition region, and studies of whether photospheric or coronal abun-
dances better characterize the plasma in the transition region. The medium-
resolution modes (gratings G140M, G160M, G200M, and G270M) provide
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sufficient resolution (typically 15 km s~!) to separate close blends, measure
line shifts, and measure line profile shapes quite accurately. Most of the re-
sults described later in the paper are based upon the analysis of these data.
Finally, the highest-resolution data (typically 3.5 km s~!) are obtained with
the two echelle gratings (echelle-A and echelle-B). Because the throughput
is relatively low and the simultaneous spectral range small for the echelle
modes, so far we have obtained spectra only for the Lyman-a and Mg II
h and k lines. These data will be discussed elsewhere. We now describe 7
important new results obtained from GHRS data that are likely magneto-
dynamic in origin and thus relevant to the main thrust of this meeting. We
start with phenomena that can be studied with low spectral resolution and
proceed to phenomena that require moderate or high spectral resolution.

2. The Hottest Stars with Transition Region Plasmas

X-ray surveys with Einstein and ROSAT have identified Altair (A7 IV-
V; T.g = 8000 K) as the hottest star with a solar-type corona. The hot
OB and chemically peculiar B-type stars are also bright X-ray sources, but
shocks in their winds likely play a major role in heating their coronae,
and these stars are not generally deemed to be solar-like. Why coronae are
not present in the hotter A-type stars is not known, but it is commonly
thought to be a result of their thin convective zones. Chromospheric Mg I1
and Lyman-a emissions have been detected from Altair, but the bright
photospheric emission from this star in the UV has made it extremely
difficult to observe transition-region lines against this bright background.
The high S/N and low scattered-light background of the GHRS makes it
feasible to search for transition-region emission lines in such stars. Simon
et al. (1994) and Walter et al. (1995) detected emission of the C IT 1334,
1335 A doublet, the former by subtracting the spectrum of the less active A7
IV-V star 80 UMa and the latter by using spectral synthesis to determine
and subtract the underlying photospheric spectrum. Thus transition regions
and the nonradiative heating required to balance their radiative losses exist
in stars at least as hot as Teg = 8000 K (B-V = 0.22). The most important
and unexpected result presented by Walter et al. (1995) is that the bulk of
the C II emission cannot be explained by acoustic heating (by extrapolation
of the basal flux from the early-F stars), but rather requires an additional
heating source that must be magnetic in character.

3. Flaring on a Very Low Mass M Dwarf Star

Flares, the topic of many papers at this conference, are arguably the most
intensely studied solar magnetodynamic phenomenon. Flares are also ob-
served at radio, optical, UV, and X-ray wavelengths from a variety of late-
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type stars with luminosities that can exceed 1032 ergs s~ (see review pa-
pers by Butler, Byrne, Haisch, and Houdebine in these Proceedings). GHRS
spectra added a new component to this study when Linsky et al. (1995a)
detected a flare on one of the lowest-mass stars known-VB10. This star,
which is also called Gl 752B, has been classified as an M8 Ve star with
Tes = 2600 K and mass about 9% of solar. It thus lies at the very end
of the hydrogen-burning main sequence and is very nearly a brown dwarf.
Linsky et al. (1995a) observed VB10 with the low-dispersion G140L grating
on the GHRS for about 1 hour and detected no emission, except for the last
5 minutes when bright emission lines of C II, Si IV, and C IV were clearly
present. The peak enhancement of the C IV emission was at least a factor
of 40 over quiescent, and the flare luminosity of the transition region and
coronal gas was estimated to be about 4 x 103! ergs s~. The existence of
flares on very late M dwarfs, which have fully convective interior structures,
requires a dynamo different from the af)-type dynamo thought to operate
near the boundary of the radiative core and convective envelope of the Sun
(e.g., Parker 1993). Concepts for alternative dynamos have been proposed
(e.g., Durney et al. 1993), and the VB10 flare data should stimulate the
development of quantitative models for such dynamos.

4. The Fe XXI 1354 A Coronal Emission Line in dMe Stars

Maran et al. (1994) identified the Fe XXI 1354 A line in their medium-
resolution (grating G160M) spectrum of the very active dMOe star AU Mic.
This line, formed in coronal plasma at 1 x 107 K, is often detected during
solar flares, but it had not yet been detected reliably in other stars because
of blending with a nearby C I line. To our knowledge no other coronal
line has been detected in stellar UV spectra, although the lower-resolution
EUVE spectra contain many coronal lines at wavelengths below 400 A. The
detection for the first time of a coronal emission line at moderate spectral
resolution allows one to determine both random and systematic motions.
The AU Mic line profile displayed no significant bulk motion or profile
asymmetry, which indicates that the emission was primarily from static
plasma, perhaps located in closed field regions rather than in expanding
open field regions. Maran et al. (1994) derived an upper limit of 38 km s™!
for the turbulent motions of the 1 x 107 K plasma. The emission measure
corresponding to the Fe XXI line flux is consistent with the stellar X-ray
flux observed by the EXOSAT satellite.

5. Electron Densities in Stellar Transition Regions

The integrated fluxes of collisionally excited transition region lines can be
used to infer the plasma emission measure EM = [, n2dV near the tem-
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perature where an ion is formed, and the fluxes of lines formed over a
broad temperature range can be used to determine the emission measure
distribution EM(T). Applications of emission measure analysis to the tran-
sition regions of the Sun and late-type stars can be found in Jordan &
Brown (1981) and Jordan et al. (1987), but there may be difficulties with
the standard methods (cf. Judge et al. 1995). To proceed from the empir-
ical emission measure distribution to an atmospheric model, which is the
run of temperature with pressure or height, requires an independent mea-
surement of electron densities. Fortunately, flux ratios of intersystem lines
within multiplets or flux ratios of intersystem lines to permitted lines of the
same ion or ions formed at the same temperature are often density depen-
dent. This is because the upper levels of the transitions are depopulated to
different extents by collisions and radiation. For such types of line ratios
there will typically be a range of n. for which one line is depopulated pri-
marily by collisions and the other line primarily by radiation. In this range
the line ratio is density sensitive, but outside of the range it is not because
both lines are depopulated by either collisions (the high-density limit) or
radiation (the low-density limit). Intersystem lines or multiplets that can
provide useful density-sensitive line ratios include the C II] 2325 A, O III]
1660 A, and O IV] 1400 A multiplets and the Si ITI] 1892 A, C IIT] 1909 A,
N IV] 1486 A, and O V] 1218 A lines. For a review of this topic, see Mason
& Monsignori Fossi (1994) and Brage, Judge, & Brekke (1995).
Intersystem lines, unfortunately, tend to be weak, and in F- and G-type
stars the Si III] and C III] lines are swamped by the bright photospheric
spectrum. Perhaps the most useful density-sensitive lines are the four lines
that constitute the O IV] 1400 A multiplet, because these lines are reason-
ably bright, line ratios within the multiplet are not sensitive to the abun-
dances or ionization uncertainties, and Cook et al. (1995) have computed
theoretical line ratios that are consistent with solar observations. We have
now obtained values of n. in the transition regions of five stars (8 Dra, the
G1 III star in Capella, the K1 IV star in HR 1099, Procyon, and a Cen B).
We were surprised when our preliminary analysis showed that the electron
densities in all of these stars are very similar, n, ~ 1 x 10!° cm~3, even
though the stars differ greatly in activity and luminosity. Deeper observa-
tions of more stars are needed to confirm this preliminary result. For the
Capella system, Linsky et al. (1995b) were able to use the different stellar
radial velocities to show that the intersystem lines are formed mainly in
the transition region of the G1 III star and thus are useful in determining
the electron densities and atmospheric model for this star.
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6. Redshifts of Chromospheric and Transition-Region Lines

The centroid velocities of spatially averaged solar UV emission lines are
known to be redshifted, with redshifts in quiet regions increasing system-
atically from near 0 km s~! for chromospheric lines to about 10 km s™! for
lines formed at T ~ 1.35 x 10° K (e.g., Doschek et al. 1976). At higher
temperatures the redshifts decrease rapidly, but this result is uncertain be-
cause of possible errors in the laboratory wavelengths (e.g., Achour et al.
1995). Ayres et al. (1988) and others have discovered a similar trend in the
redshifts of active stars observed with IUE. Although there is no generally
accepted physical explanation for these redshifts, the enhancement of the
redshift velocities in solar active regions relative to quiet regions suggests
that the spatially averaged emission is dominated by downflows in magnetic
flux tubes.

With the GHRS one can obtain more precise values for redshifts in a
broader range of stars. Wood et al. (1995), for example, find for the inactive
star Procyon a steady increase in redshift with temperature, reaching 11
km s~! in the O V] 1218 A line formed at 2.5 x 10° K. This trend, which
is very similar to that seen in the quiet Sun, is also observed in spectra of
the inactive dwarfs & Cen A and B. The active G1 III star in the Capella
system shows redshifts in the C IV lines of about 19 km s~! (Linsky et al.
1995b). At comparable temperatures, the redshift velocities of the active
G1 III star in Capella are approximately doubled compared to those of the
quiet stars; this velocity difference is very similar to that between active and
quiet regions on the Sun. This finding strengthens the case for an intimate
connection of redshifts with magnetic fields. However, the very active dMe
star AU Mic shows only a very small redshift (about 3 km s~!) in the C IV
lines (Linsky & Wood 1994) and the very active K1 IV star in HR 1099
also shows small redshifts (about 5 km s™1) in the C IV lines (Wood et al.
1995). Observations of a broader range of stars are needed to identify trends
with magnetic field strengths and coverage factors to better understand the
physical processes responsible for the redshifts.

7. Excess Blue Emission in Procyon’s Transition Region Lines

Wood et al. (1995) fitted Gaussians to Procyon’s transition-region line pro-
files obtained with moderate spectral resolution and very high signal/noise
(S/N). They were surprised to find that the C IV, Si IV, and O V] lines
show excess emission on the blue side of the line profiles centered near —90
km s~1. There is as yet no explanation for this phenomenon.
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8. Broad Profiles: A New Diagnostic of Microflare Heating

Linsky & Wood (1994) used the GHRS to obtain the first moderate reso-
lution profiles with high-S/N of transition-region lines in a dMe star when
they observed the C IV and Si IV lines in AU Mic. For data obtained
at times when the star was not obviously flaring, they could not fit the
line profiles with single Gaussians. Instead, they obtained good fits to the
line profiles by using two Gaussians—a narrow Gaussian with FWHM =~ 29
km s~! and a broad Gaussian with FWHM = 173 km s~!. The narrow
Gaussians have similar widths to what is observed in solar quiet and ac-
tive regions, whereas the broad Gaussians have similar widths to what is
observed during solar transition-region explosive events (e.g., Dere et al.
1989). Cook (1991) argued that these explosive event profiles, which are
observed in regions of complex and changing magnetic fields, are broad-
ened by the plasma turbulence generated by microflares.

On the Sun, the broad components are responsible for about 5% of the
total C IV and Si IV emission, but on AU Mic this contribution is 40%. A
similarly large contribution is observed for the active star in Capella, and
for the very active K1 IV star in HR 1099 the broad component contributes
60% of the total line flux. On the other hand, the inactive stars & Cen A
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and B and Procyon show either small flux contributions or low upper limits
for the broad components. We plot in Figure 1 our preliminary data on the
fractional contribution of the broad component to the total C IV and Si IV
flux vs. the C IV and Si IV surface flux, a good proxy for the transition-
region heating rate. We find a better correlation when we plot the fractional
contribution of the broad component vs. the X-ray surface flux, a good
proxy for the coronal heating rate, because the Procyon data point then
fits the correlation better. This preliminary analysis leads us to conclude
that microflaring is the dominant heating mechanism in active stars, but
that it plays only a minor role in quiescent stars like the Sun. We will
publish our detailed analysis of this new data set elsewhere.

This work is supported by NASA Interagency Transfer S-56460-D to
the National Institute of Standards and Technology.
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EVIDENCE OF MAGNETIC CORONAE IN OTHER STARS

S. SERIO

Istituto e Osservatorio Astronomico
Palermo, Piazza del Parlamento 1, 90134 Italy

Abstract. X ray emission and activity in late type stars are generally
believed to be caused by magnetic fields generated below the stellar pho-
tosphere. Coronal magnetic fields should induce structuring of the coronal
plasma in loop like structures, as observed in the Sun. Do we have evidence
of such structuring? I shall discuss how spectrally resolved X ray observa-
tions can evidence the existence of stationary stellar coronal loops. I shall
also discuss how the lengths of stellar loops can be inferred by spectrally
resolved observations during flare decay, and how the presence of coronal
magnetic fields might influence the thermal stability of the transition region
and induce characteristics signatures in line profiles.

1. Introduction

The evidence that the whole X-ray emitting solar corona is made out of
magnetic loops has been derived from solar observations pioneered by the
ATM mission, and now solidly established with the most recent NIXT and
YOHKOH data.

The widespread observation of X ray emission from late type stars since
the early results of the Einstein mission has been almost paradigmatically
interpreted as evidence that stellar coronae should be similar to the sun, i.e.
made up of loop like structures. However, the detailed interpretation and
model fitting of stellar X ray spectral distribution and variability has only
limitedly been based on loop models. For example, in most of the analyses
of Imaging Proportional Counter, stellar spectra are usually presented in
terms of one- or two-components isothermal models.
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The reasons for this attitude - we firmly believe in loop coronae, but
do not use this information for the interpretation of the data - is certainly
to be found, but perhaps only in part, in the low count rate statistics and
moderate spectral resolution generally available in stellar X ray observa-
tions.

2. Static Coronal Loops
2.1. THE DEGENERACY PROBLEM ...

One problem with the lack of popularity of loop modelling stays in a fun-
damental limitation. In fact, loop models are based on the two equations
of hydrostatic equilibrium and energy conservation which, for a loop with
constant cross section, take the form:

dp
i —nmg, (1)
d dT
Eg =n*P(T) - g(ﬁTsnz) , (2)

where s is the coordinate along the field line and g, the component of gravity
along the same direction, p is the pressure, n the gas number density, m the
average ion mass, Fg is the volumetric heating rate, T the temperature,
P(T) the energy loss function per unit emission measure, and & the Spitzer
coefficient of thermal conductivity. When the half-length L of the loop is
much smaller than the pressure scale height s, = 2KT/mg, where K is the
Boltzmann constant, Rosner, Tucker and Vaiana (1978, RTV) scaling laws

apply:

7/2
Trmaz = 1.4-103(pL)'/3 . (4)

Using the RTV scaling laws, and ¢ = s/L, it is easy to see that (2) becomes:

1/2

_fl_"_'i'i__p(T) — ;i(gﬁﬂg) =1 . (5)
3.1-101°kK? Tonae'/? dz dz

Hence, the distribution of temperature along the loop is independent
on loop length and base pressure. If we assume that a stellar corona is
dominated by a system of identical loops, then their dimensions cannot be
determined by the spectral distribution of the observed photons. There is,
essentially, a degeneracy in the loop model, that prevents extraction of the
information one ideally would like to obtain, i.e. how a stellar corona looks

like.
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2.2. ...AND ITS CURES

This problem was recognized since the earliest attempts to fit stellar X ray
data with loop models (see for example Schmitt et al., 1985). Of course,
the degeneracy is rigorous only within the framework in which (5) has been
derived, and in particular, (i) when the loops are much shorter than the
pressure scale height, (ii) when they have a constant cross section, and (iii)
when Spitzer conductivity can be used with confidence.

2.2.1. Grauity

One contribution to breaking the degeneracy is gravity in (1), which be-
comes important when the height of the loops is comparable to the pressure
scale height, or higher. When fitting a degenerate loop model to an observed
proportional counter spectrum, the contours of constant x? values in the
p, L plane are open lines running parallel to the lines of constant effective
temperature. Taking into account the pressure equation, (1), they become
closed at lengths comparable to the scale height, while remaining open for
high pressure and short lengths (see, however, Maggio and Peres, 1995, for
loops longer than the star radius). So, while the fits are able to determine
well the values of the effective temperature, they give typically high formal
values of the loop length, although lower values are also compatible even
with stringent confidence levels.

2.2.2. Widening Loop Cross Section

The degeneracy of loop models is also removed if the cross section of the
loops increases with height. In this case (e.g. Vesecky, Antiochos and Un-
derwood 1979; Serio et al., 1981), the thermal stratification is the same as
in a toroidal loop, although with slightly lower values of maximum temper-
ature. The larger volume available to the hotter plasma near the top of the
loop, however, results in larger values of effective temperature.

As an example, Fig. 1 shows the dependence of the ROSAT PSPC
effective temperature on cross section expansion, assuming that it varies
according to

o=0,(1+r/R)* , (6)

(of course, @ = 2 corresponds to radial expansion of the loops).

Although the data do suggest that solar coronal loops do not generally
show any substantial variation with height of their cross section, successful
fits have been obtained for stellar data, using model loops with variable
cross section (for example Stern et al., 1988, Lemen et al., 1989).
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Figure 1. Dependence of the effective ROSAT PSPC temperature on the loop expansion
parameter a. Solid lines: loops of semilength L = 10°cm; dotted, L = 10'°cm; dashed,
L = 10" cm; dot-dashed, L = 10*2cm.

2.2.3. Dewviations from Spitzer Conductivity

Deviations of heat conduction from the Spitzer regime are important when
the ratio of electron mean free path to temperature scale height is greater
than =~ 1073 (Gray and Kilkenny, 1980). As shown by Ciaravella et al.
(1995), however, these deviations play only a minor role in determining the
observed spectrum, since they are large enough only at heights much larger
than the pressure scale height, and therefore where the emission measure
is very low.

2.3. BUT ..., DO WE NEED CURES, AFTER ALL?

Independently of the effects described above, which contribute to remove
the degeneracy in loop modelling of stellar coronae, a simple physical de-
scription of a loop dominated corona can be made, at the price of using
appropriate variables.

In particular, I will show the equivalence of isothermal and loop models,
for loops lower than the pressure scale height and of uniform cross section.
The problem is only to interpret in terms of a loop model the parameters
derived from the one-T fit, which we know to work reasonably well, at least
to the first order: the temperature T o (p,L)/3, and the luminosity

2
po"P(T)
Le o ==

where S, is the surface area of the star, and f the surface filling factor
of loop like structures. Using the scaling law in (4), we easily see that
L, o< TP(T) fpoS«. Therefore, a description of a degenerate one loop corona
in terms of its maximum (or effective) temperature, and of the product
of filling factor times base pressure, is essentially equivalent to a one-T
model. The left panel of (2) shows a typical "banana” shaped fit of a loop

LfS. (7)
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Figure 2. Analysis of the ROSAT PSPC spectrum of Procyon with hydrostatic loop
models (adapted from Maggio et al., 1995) Confidence regions at the 68%, 90% and 99%
levels in the po - L (a), and in the fp,T (b) loop parameter space. The dashed line shows
the locus where the surface filling factor f = 1, and the shading the unphysical region
where f > 1.

model to ROSAT data in the p, L plane, dramatizing the uncertainty in the
determination of the parameters of the fitting model (notice that the upper
and lower limits in L and in p are accounted for by the fact that only a
limited region of the parameter space has ben explored). Similar results are
obtained in the LT and in the pT planes. In contrast, the right panel shows
that the average coronal pressure fp, and the maximum loop temperature
Tnaz are reasonably well determined.

A further point of interest in this discussion is the possible presence of
multiple systems of loops, which has not yet been investigated systemat-
ically. The discussion above can easily be extended, and two-temperature
fits can be shown to be roughly equivalent to two-loops models.

The main question arising from these considerations, however, is the
following: considering that one-loop models give generally x? values better
than one-T isothermal models and comparable to two- temperature models
(Maggio and Peres, 1995), are not they more acceptable, since they are
based on sound physical concepts, or should we continue to prefer isother-
mal models?

3. Evidence from Transients

It is well known that the size of a flaring region can be somewhat constrained
by the decay time of the light curve. For instance, Reale et al. (1988) gave
a picture of a coronal loop in Proxima Centauri obtained by the analysis
of an Einstein X-ray flare by means of a hydrodynamical code.
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The improved efficiency of ROSAT gives now many more flares acces-
sible to such analysis. Since hydrodynamic modelling is time consuming,
we have developed a technique to analyze flares without having to build a
specialized model for each event. The technique is based on the finding that
the entropy in a flaring loops undergoes a phase of linear decay, whose rate
is proportional to the length of the loop. During this phase, temperature
and density are related by a scaling law (Serio et al., 1992):

Tonf | (8)

where the exponent £ = 2 for the temperature of the top of a solar loop,
and assumes different values for the effective temperature measured in the
pass band of different instruments, or when excess heat is deposited during
the decay phase of the flare (Jakimiec et al., 1992; Sylwester et al., 1993;
Reale et al., 1993). Recently Cargill, Mariska and Antiochos (1995) have
re-obtained the same scaling law on the basis of an analytical model, and
have also discussed the dependence of £ on abundancies.

It turns out that we can derive the length of loops with a reasonable pre-
cision with this method. For example Sciortino et al (1995), using ROSAT
PSPC spectra, determine loop lengths for 3 flares observed in Pleiades K
stars, and 1 in a field M star. The lengths derived are much smaller than
the scale height at flare maximum, indicating confinement. Since we also
measure peak emission measure (¥) and temperature, we can estimate the
gas pressure, given the flare volume. Assuming that confinement is obtained
from a magnetic field B in a loop with ratio of semilength to cross section
radius 7, one can estimate Bnl/? ~ 5.31078T/2(x/L3)!/4.

Although we do not know the value of 7, solar evidence and the results of
Reale et al. (1988) for the Proxima Centauri loop indicate values of the order
of .1. Using the values of temperature and loop length derived by Sciortino
et al. (1995), the inferred magnetic fields are, therefore, B > 170 Gauss
for Hz 892, B > 35 Gauss for Hz 1100, B > 360 Gauss for Hz 1516, and
B > 120 Gauss for AD Leo.

It remains to investigate further along this line how these results depend
on abundancies and on the assumption, implicit in (8), that the flare volume
remains constant during the decay.

4. Redshifts in the Transition Region

Finally, I would like to suggest a novel approach to obtain evidence on the
existence of magnetic fields in stellar coronae.

One puzzling result of Skylab and rocket solar UV observations was
the discovery of 5 — 10K m/s red shifts in solar transition region lines (e.g.
Brekke, 1993, and references therein). More recently, similar results have
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been obtained on a variety of stars (Linsky, Wood and Andrulis, 1994;
Linsky and Wood, 1995).

Reale, Peres and Serio (1995 a) have modelled in details the dynamic
evolution of isobaric perturbations in a loop atmosphere. They have shown
that condensations in the transition region can cause downdrafts driven
by radiative cooling. As a condensation falls through the atmosphere, it
tends to cool down and to increase its density, thus enhancing radiative
losses. Therefore, falling perturbations emit more than the background at-
mosphere.

A thorough exploration of the parameter space shows that significant
redshifted emission, at speeds of several km/s, can be produced both in
active and quiet solar regions. The initial perturbations need to be moder-
ately non linear (with density contrast = 1), and with sizes typically larger
than several tens of kilometers (Reale, Peres and Serio, 1995 b).

This mechanism might cause redshifts consistent with those observed,
provided some constrains on the spectrum of the sizes of the perturbations
and on their frequency are satisfied. As an example, figure 3 shows the
distribution of time averaged flux enhancement in one of their models,
representing an active region, as a function of velocity, in the hypothesis
that the atmosphere is unmagnetized. The largest enhancements occur here
for downward velocities of 4 to 7 km/s.

Even a small magnetic field, of the order of 1 Gauss, is strong enough
to constrain these perturbations to fall along the field lines. When this
happens, the falling perturbations can reach even higher values of velocity.
In fact, suppression of motions and of thermal conduction in the directions
perpendicular to the field lines conspire to make the condensations last
longer and, therefore, to let them reach higher velocities.

While the origin of the perturbations has not been studied in detail,
it appears unlikely that they could be due to purely hydrodynamic ef-
fects. Non linear MHD waves might have to be invoked in their genera-
tion. Doubtlessly, detailed measurements of transition region line profiles,
together with dynamical modelling of the transition region, have the po-
tential of furnishing some further diagnostic of the existence of magnetic
fields in the coronae of stars other than the sun.
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RECENT VLBI OBSERVATIONS OF STELLAR CORONAE

R. L. MUTEL
University of lTowa, Iowa City, IA 52242, USA

1. Introduction

This paper summarizes recent (1990-1995) VLBI observations of radio emis-
sion from active stars and how they have contributed to our understanding
of stellar coronae. The observational results are first summarized and then
applied to three broad questions concerning the physics of stellar coronae:

1. Which radiation mechanisms are responsible for the radio emission?

2. What is relationship between the X-ray emitting thermal plasma and
the radio emitting regions?

3. What is the geometry of the radio corona?

I will not discuss exotic stars with collapsed companions, such as X-ray
binaries or cataclysmic variables. For a more complete discussion of stellar

radio emission see the recent reviews of Lang (1994, this conference) and
Drake (1993).

2. Recent VLBI Observations: Summaries by Class
2.1. PRE-MAIN SEQUENCE STARS

Phillips et al. (1991) and Andre et al. (1992) have conducted VLBI surveys
of the p Oph and Taurus-Auriga star formation regions, detecting a total of
eleven young stellar objects (YSO’s). Radio emission from YSO’s is detected
preferentially from the weak-lined T Tauri stars or young B-A stars without
emission lines (Andre et al., 1991). The emission is often mildly (~20%)
circularly polarized with a nearly flat spectrum, similar to the well-studied
RS CVn systems and consistent with a gyro-synchrotron emission process
(e.g. Andre et al. 1992; Skinner 1993). The VLBI observations confirm the
non-thermal nature of the emission, with typical brightness temperatures
Tp ~ 108 K or higher. The corresponding linear sizes are 10-25 stellar
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diameters, which is larger than the radio coronae of other stars, but appears
to be consistent with the dead zone radius predicted by the model of Morris
et al. (1990).

A particularly interesting case is the T Tauri star HD283447 (Feigelson
et al., 1994), in the Taurus-Auriga star formation region. It it the most lu-
minous radio source in the region (O’Neal et al., 1990), is highly variable in
total flux, and has measurable circular and linear polarization (Feigelson
et al., 1994). VLBI observations at several epochs (Phillips et al., 1991)
show a variable spatial structure, varying from unresolved (< 2 stellar di-
ameters) at 5 GHz to a well sampled Gaussian brightness distribution of
FWHM 2.4 mas (14 stellar diam.) at 1.6 GHz three days later. Unfortu-
nately, simultaneous multi-frequency observations were not available, so it
is unclear whether the size change was primarily due to temporal evolution
or is a result of frequency dependent source size.

The well known protostar T Tau (S) was not detected using a sensitive
VLBI array (Phillips et al., 1993) in spite of strong evidence that the radio
emission is non-thermal: It is variable, has moderate circular polarization,
and a spectral index which switches from negative to positive during out-
bursts (Skinner and Brown, 1994). The source size lower limit derived from
the VLBI non-detection is 1 a.u. (70 stellar radii) but this may be some-
what lower if the compact radio structure has opposite circular polarization
than that used in the observations.

2.2. EARLY-TYPE MAIN SEQUENCE STARS

Phillips and Titus (1990) detected the supergiants Cyg OB2 Nr. 9 (O5If)
and HD167971 (O8Ib) with brightness temperatures Tg ~ 10’K and physi-
cal size 50-100 stellar radii. They interpret the radiation as gyro-synchrotron
emission in which relativistic electrons are accelerated by shocks in strong
stellar winds (White, 1985).

Felli and Massi (1991) detected the massive Wolf-Rayet binary sys-
tem WRI140 using the European VLBI Network (EVN) at 5 GHz, while
Felli et al. (1991) reported the detection of the massive binary 8! Ori A
(B0.5V+TTau?). Both were unresolved, indicating brightness temperatures
T > 107K. This confirms the presence of a non-thermal emission mech-
anism since these stars lack hot coronae. In both cases, the size of the
non-thermal emission is comparable with the binary system size. The rela-
tivistic electrons could be produced by the interaction of stellar winds.

2.3. CLOSE BINARIES

Active close binaries, especially the RS CVns, have been the most inten-
sively studied stars using VLBI arrays. This is largely because several of
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the closest RS CVns have the highest average radio fluxes of any stellar
source. Early VLBI studies of RS CVn and Algol binaries (e.g. Mutel et
al., 1985); Lestrade et al., 1988; Massi et al., 1988) found that the quiescent
radio emission arises from an extended region comparable with the binary
separation, whereas flare emission tends to be unresolved (less than a stellar
diameter). Trigilio et al. (1994) detected HR1099 during the decay phase of
a strong flare at 5 GHz using the EVN. They found that the angular size in-
creased over a period of 3 hours as the flare decayed, reaching 4 mas (~size
of the binary system). The size evolution was based on a Gaussian fit to
the projected baselines, since they did not have adequate spatial frequency
coverage to produce a 2-dimensional map of the source.

Lestrade et al. (1993) used phase-referencing to a nearby extragalactic
radio source to map the position of Algol’s radio centroid with sub-mas
accuracy. They observed during four epochs using a sensitive MKIII global
VLB array. They established that the source’s position in the binary orbit
tracks the motion of the K subgiant rather than the B star, thus directly
verifying the conjecture that the radio emission is associated with the more
active K star.

In spite of considerable observational effort, the detailed structure and
temporal evolution of the radio coronae of active binaries are still poorly
understood. This is now beginning to change as VLBA maps of these sys-
tems become available. Bastian et al. (this conference) reports on dual-
polarization 8.4 GHz maps of the RS CVN systems UX Ari and HR1099 at
two epochs. During both quiescent and flaring states the source is extended
over the binary system size. There may also be a displacement between the
RCP and LCP centroid which might arise from oppositely polarized foot-
prints of a large coronal loop (Beasley, private comm.).

Mutel and Scharringhausen (1996) have studied Algol at 8.4 and 15 GHz
with the VLBA. Like Lestrade et al. they also used phase-referencing to
provide sub-milliarcsecond positional information. Three ‘snapshot’ maps
were made over eight hours referenced to a common phase center. The
radio centroid was clearly seen moving in the same direction and at the
same rate as the K star, thus confirming the result of Lestrade et al. in
a single observing session. They also found significant changes in the size
and morphology of the source, with an overall scale of several times the
diameter of the K star.

2.4. DWARF M STARS

The first successful VLBI detection of a single M-dwarf was that of YZ CMi
at 1.6 GHz (Benz and Alef, 1991) using the EVN. The visibility data was
sparse, but consistent with an unresolved source whose size was less than
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3.4 stellar diameters. The corresponding brightness temperature (I >
2 - 10%K) clearly indicated a nonthermal emission mechanism. Benz et al.
(1995) reported VLBI detections of the the M-dwarfs EQ Peg B and AD
Leo also using the EVN at 1.6 GHz during highly circularly polarized flares.
AD Leo was also detected during a quiescent period. In all cases, the sources
were unresolved, implying size upper limits of 1.8-1.9 stellar diameters for
both stars. This is somewhat smaller than the expected size of a closed
coronal structure predicted from pressure equilibrium between plasma and
magnetic field, and is also considerably smaller than the radio coronae of
several other stellar radio sources (e.g. RS CVns, WTT stars).

2.5. ASTROMETRIC VLBI: SEARCHING FOR PLANETS

Lestrade and colleagues (Lestrade et al. 1992; 1994; Jones et al. 1995) have
undertaken a series of phase-referenced VLBI observations of several RS
CVn systems over several years to search low mass companions. The ob-
servations are designed to search for small residual periodic motion after
correction for parallax and proper motion. For the close binary o CrB, they
fitted 8 epochs over 5 years, finding a residual rms scatter of 0.22 mas (1
solar radius). This has two important implications. The first is that the sys-
tem cannot have a Jupiter-size planets orbiting closer than ~4 a.u. Second,
the radio emission cannot be centered on either star, since that would re-
sult in a 1.2 mas periodic displacement of the centroid at the orbital period,
which is not seen.

While the spatial frequency coverage of the VLB array which has been
used for astrometry is insufficient to allow mapping of the radio structure,
this program of regular VLBI monitoring of the position should lead to
interesting astrophysical results in addition to the primary goal of searching
for extra-solar system planets.

3. Related Radio Observations
3.1. LONG-TERM MONITORING: EVIDENCE FOR PHASE DEPENDENCE

One of the most intriguing new discoveries in stellar radio observations over
the past few years has been mounting evidence for an apparent phase de-
pendence in the radio light curves of several close binary systems. Catalano
(1990) showed a plot of 8 GHz radio flares on Algol versus orbital phase
with several apparent peaks. Neidofer et al. (1993) monitored the RS CVn
system UX Arietis from December 1992 to May 1993 using the Bonn 100m
radiotelescope at several frequencies from 1.4 to 32 GHz. They found that
larger flux levels were seen preferentially near primary eclipse i.e., when
the more active K star was in front. They also found tentative evidence for
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phase dependence of the degree of circular polarization, with the highest
CP occurring near phase 0.5. Elias et al. (1994) monitored UX Arietis us-
ing the VLA daily for a period of three weeks at 5 GHz. They also found
that the radio flux peaked near zero phase. They also observed UX Ari us-
ing broad band visual photometry during the same period and found that
the radio and optical light curves were anti-correlated, i.e. the maximum
radio flux occurred near minimum light, which corresponds to maximum
starspot visibility. A radio flux-starspot correlation was also found by Lim et
al. (1995) for the rapidly rotating single K dwarf AB Dor. The radio peaks
occurred near quadrature, and were also correlated with the presence of a
large starspot, as determined by simultaneous optical monitoring. Finally,
LeFevre et al. (1994) monitored the radio light curves of six RS CVn and
Algol binaries at 5 GHz using the VLA for a total of 70 hours over several
years. While the temporal sampling was very non-uniform, there is some
evidence for a recurrent phase dependent behavior.

Unfortunately, in all these cases, a proper analysis of the statistical sig-
nificance of the flux density-phase correlation was not done, so it is difficult
to judge whether the dependence is real. If it is real, it strongly suggests
the presence of emission regions which are azimuthally asymmetric. For ex-
ample, one can imagine the emission arising from one or more large coronal
loops or possibly an interaction region between stars in a binary system.
This is contrary to models which assume toroidal structures in which closed
field lines trap radiating electrons (e.g., Morris et al. 1990, Linsky et al.
1992). With the enhanced sensitivity and dynamic range of the VLBA, it
should be possible to directly measure the degree of asymmetry of the radio
coronae by direct imaging.

3.2. MULTI-WAVELENGTH STUDIES

During the past several years, several multi-wavelength observations of ac-
tive stars have been published which have included extensive radio ob-
servations. The observed wavelengths include radio (VLA, VLBI), optical
(ground based, HST), UV (IUE, HST), X-ray (ROSAT,ASCA, EXOSAT),
and gamma rays (GRO). The results have been largely disappointing: In
the majority of cases, there appears to be little correlation between the ra-
dio light curve and activity at other wavelengths. A few examples include
multi-wavelength studies of the YSO HD283447 (Feigelson et al., 1994),
UX Ari and Algol (Lang and Willson, 1988), several RS CVn systems (Fox
et al., 1994), and AR Lac (Mutel et al., 1993). In some cases, there is a
suggestion of correlation e.g., a strong radio flare precedes an X-ray flare
in o CrB by ~ 30 min (Stern et al., 1992). A quite interesting simultane-
ous observation of HR1099 at X-ray, EUV, UV, and radio is shown in this
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conference by Brown et al., but the flares at different wavelengths were not
coeval. In such cases, it is imperative to establish the frequency of flares
at each wavelength over a long timescale in order to properly evaluate the
statistical significance of a proposed correlations.

3.3. RADIO EMISSION MECHANISMS

3.3.1. Quiescent Radio Emission

The most common mechanism used to explain quiescent (non-flare) stel-
lar radio emission is been gyro-synchrotron emission from mildly rela-
tivistic electrons in magnetic fields of 10-100 gauss. This mechanism has
been repeatedly invoked for almost all stellar classes e.g., PMS stars (An-
dre, 1995), early-type chemically peculiar stars (Drake et al., 1987), RS
CVas (Chiuderi-Drago and Franciosini, 1993), Algols (Umana et al., 1991),
and late-type dwarfs (Giidel, 1994). This mechanism is consistent with
the observed circular polarization, nearly flat spectral indices, radio lumi-
nosities, and brightness temperatures. Gyroresonant absorption from non-
relativistic electrons may play role in some M-dwarfs (e.g. Linsky and Gary,
1983; Giidel and Benz 1989), but this requires substantially higher magnetic
fields.

Some aspects of quiescent emission are still controversial. Most gyro-
synchrotron models assume a power-law distribution of relativistic elec-
trons, but Drake et al. (1992) argues that a ‘super-thermal’ tail of the
X-ray emitting thermal distribution might be a plausible alternative. How-
ever, this would require very strong (B2200G) magnetic field at large dis-
tances from the star, and would also require a very sharp cutoff (5, « v~8)
in luminosity above the spectral peak, which has never been seen. If the
electrons do have a power-law energy distribution, the exponent could in
principle be measured by VLBI by determining the brightness tempera-
ture dependence on frequency, since Tp(v) « v~ where § is the energy
power-law index of the electrons (Dulk, 1985).

White and Franciosini (1995) have suggested that the observed reversal
of circular polarization with frequency (Morris et al., 1990) is not due to
mode-coupling as the emitting region becomes optically thick, as in the
models of Morris et al. (1990) or Storey (1995). Rather, they suggest that
the gyro-synchrotron component is only weakly polarized, and that the
observed circular polarization arises from a highly polarized coherent com-
ponent. They present VLA observations in which highly polarized, rapidly
variable microflares are seen superposed on a slowly varying, unpolarized
component. It is not clear how common this phenomenon is: Rucinski et
al. (1993) monitored two RS CVn systems at the VLA for several hours
and found no evidence for rapid flux variations on timescales of seconds to
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minutes.

A possible test of the White and Franciosini hypothesis would be to
search for an offset between the centroid of the highly polarized unresolved
(Tg > 10'2K) emission and the unpolarized, unresolved (Tp ~ 10°~11K)
emission using a dual circular polarization VLB array. A positional offset
should be expected since the coherent emission region would be unlikely to
be located exactly at the centroid of the extended radio corona.

3.3.2. Radio Flares

Unlike quiescent emission, stellar radio flares display a bewildering variety
of characteristics. Many flares display telltale signs of coherent emission in-
cluding impulsive, short duration temporal structure and very high circular
polarization. Some examples include quasi-periodic, frequency drifting M-
dwarf flares (Bastian et al., 1990), the remarkable impulsive flares at 360
and 609 MHz on the RS CVn system II Peg (van den Oord and de Bruyn,
1994), and ‘microflaring’ on HR1099 (White and Franciosini, 1995). Pro-
posed emission mechanisms include an electron-cyclotron maser (Bastian
et al., 1990), and plasma emission from double layers (van den Oord and
de Bruyn, 1994) or from pulsed runaway electron acceleration (Kuijpers et
al., 1981). On the other hand, many flares last hours or days, have little
or no polarization, and are very broadband. These flares are ascribed to
synchrotron radiation from fully relativistic electrons.

In principle, VLBI observations can easily distinguish between coherent
and incoherent processes by a simple measurement of brightness tempera-
ture, since coherent processes will have Tg >> 10'?K whereas incoherent
processes cannot exceed the inverse-compton limit T ~ 10'2K. For weak
sources, this can be problematical, since the maximum brightness temper-
ature which can be resolved by a terrestrial baseline is

Tg(mazx) ~ 10115mJy K

independent of wavelength.

4. Implications for Coronal Models

4.1. WHAT IS THE RELATIONSHIP BETWEEN THE X-RAY AND RADIO
EMITTING REGIONS?

Giidel and Benz (1993) and Benz and Giidel (1994) have found a surprising
correlation between the radio and X-ray luminosities of a large number of
magnetically active stars. The correlation ranges over ten orders of magni-
tude, from the active Sun to many classes of active single stars, binaries, and
pre-main sequence objects. This correlation is especially surprising since it
is clear that the thermal electrons responsible for the X-ray emission are
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not identical with the relativistic electron seen at radio wavelengths. The
relationship is therefore statistical and seems to imply that the relativistic
electrons are accelerated from the reservoir of thermal electrons. This im-
plies that the energy sources for coronal heating and particle acceleration to
relativistic energies are closely linked. The correlation is nearly linear, indi-
cating that the mechanism maintains a roughly constant ratio of thermal to
non-thermal electron densities. Linsky (1995) has recently suggested such
a mechanism, in which electrons above the mean of the thermal distribu-
tion experience ‘runaway’ acceleration to relativistic energies by a Dreicer
electric field, possibly generated by turbulent, time-varying magnetic fields.

Given the statistical relationship between radio and X-ray luminosities
and the obvious familial coronal relationship, it is useful to compare the
radio sizes found from VLBI observations with those derived from X-ray
eclipses to try to understand the relationship between the two regions. A
well documented case is the eclipsing RS CVn system Algol, for which
there are both VLBA maps and X-ray eclipse observations from two satel-
lites at several epochs. Ottman (1994, ROSAT) and Antunes et al. (1994,
ASCA) have both observed minima near phase ~0.45, with significant or-
bital modulation of the hot component (20MK) light curve outside eclipse.
The overall light curve is remarkably similar in both observations (which
were 1 year apart), suggesting a stable X-ray emitting region (loop?) on
the K star’s leading hemisphere with a scale height 0.8 times the K star
radius.

By comparison, the 8.4 GHz VLBA map of Algol (Mutel and Scharring-
hausen, 1996) shows a radio FWHM size 2.8 times the radius of the K star.
There is also some evidence for a phase dependent radio light curve on Al-
gol (LeFevre et al., 1994). Although we cannot register the X-ray and radio
structures observationally, a plausible picture emerges in which the radio
corona overlays a large hot thermal coronal loop from which the energetic
electrons are accelerated by some undetermined process.

4.2. THE GEOMETRY OF THE RADIO EMITTING CORONAL GAS

Until very recently, stellar VLBI studies have largely been restricted to
the most intense emitters and to rough estimates of angular structure at
a single frequency, since the existing VLBI arrays had limited spatial fre-
quency coverage and sensitivity. However, there has been precious little
two dimensional structural information. Published models of radio coronae
have largely used the observed spectra and polarization of quiescent radio
emission as model constraints. The models often invoke trapped plasma in
closed magnetic structures situated in a symmetric toroidal region centered
on the magnetic equator of the active star. On the other hand, models based
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on recent X-ray eclipse observations of several late-type systems appear to
show large-scale asymmetric structures (e.g. AR Lac, Siarkowski, 1992; TX
Pyx, Pres et al., 1995). In the latter case, it appears that large magnetic
loop structures may connect the two stars and perhaps play an important
role in particle acceleration. This is similar to V471 Tau (Lim et al. 1995)
in which the evidence for radio emission between the K dwarf and the white
dwarf is very strong. Future high fidelity VLBA images of these systems
will play a key role in understanding the detailed geometry of the stellar
radio coronae.
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1. Introduction

In view of the importance of these objects as observational probes for the-
ories of stellar dynamos and coronal heating, as well as their potentially
important role in the galactic environment, we implemented a program
of pointed ROSAT PSPC observations of selected M dwarfs in the so-
lar neighborhood. We derive key coronal plasma parameters based on the
observed PSPC pulse-height distributions in order to investigate stellar
coronal structure in more detail. In particular, we utilize temperatures and
emission measures inferred for one or more distinct coronal components as
constraints for the development of semi-empirical magnetic loop models as
representations of the coronae of low mass stars (Giampapa et al. 1995).
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2. Discussion

We find that the corona of low mass dwarfs consists of two distinct thermal
components: a “soft” component with T ~ 2-4 x 106 K and a “hard” com-
ponent with T ~ 107 K. The low-T emission component is characterized
by loop scale lengths substantially smaller than the corresponding pressure
scale height; thus these compact structures are consistently described by
loop scaling laws (Rosner, Tucker & Vaiana 1978; RTV). By contrast, the
high-T emission component is characterized by loop scale lengths of the
order of, or larger than, the corresponding pressure scale height, unless the
filling factor (f) is much smaller than unity. Thus, if f ~ 1 for this com-
ponent, then these loops are not consistently described by the simple RTV
scaling laws. Time-resolved spectroscopy of the X-ray data supports the
idea that the low- and high-T emission components are physically distinct;
the low-T component is relatively constant while the high-T component
contributes preferentially to the observed count-rate variations. Hence the
high-T component cannot be consistently modeled by quasi-static struc-
tures (RTV), and is more likely associated with a superposition of emission
from flaring coronal structures. Our study therefore suggests that these
stars do not have a large-scale magnetic field structure which is a feature
of “classical” (a —w) dynamo theory. We therefore suggest that “classical”
dynamo action does not occur in the cool, low mass dwarfs.

With regard to rotation, which has a direct bearing on dynamo action,
we know from observations that the lowest-mass stars spin down (via mag-
netic braking) more slowly than the more nearly solar-type stars (Stauffer
& Hartmann 1987). The compact loops we find for the low-temperature
component suggests a natural explanation: The smaller moment arms im-
plied by the high multipole-moments suggested by our loops models would
lead to a reduced efficiency for magnetic braking. A preliminary model of
the active GO V star, 7! UMa, shows that its hard-component can be de-
scribed by relatively more extended structures, in contrast to that found for
the M dwarfs. We therefore contend that it is the coronal field configuration
which systematically modifies the wind and mass loss properties as a func-
tion of stellar mass that, in turn, leads to the observed mass-dependence of
rotational evolution on the main sequence.
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X-RAY AND EUV OBSERVATIONS OF ACTIVE BINARY
STELLAR CORONAE: RELATIONSHIPS TO SOLAR STUDIES
OF FLARE PARAMETERS AND CORONAL ABUNDANCES
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Extended Abstract

X-ray satellites have greatly increased our knowledge of physical param-
eters of coronae and flares in active binary systems. GINGA, in particu-
lar, observed large flares in UX Ari (Tsuru et al. 1989), V711 Tau (Stern
et al. 1996), I Peg (Doyle et al. 1991), and Algol (Stern et al. 1992). These
systems invariably show evidence of quiescent plasma temperatures of at
least 10 MK, with thermal plasma temperatures exceeding 60 MK dur-
ing flares. (A large flare apparently associated with the M dwarf system
EQ1839.648002 reached temperatures near 100 MK; Pan et al. 1995). The
total volume emission measures for the largest flares in active binaries can
be as large as 105-10%° cm~3. When plotted on a log EM-log T plot (de-
veloped by solar X-ray flare researchers), time histories of these flares may
be studied in much the same manner as for solar flares (see Figure 1).

A related topic is the increasing evidence for reduced Fe abundances and
abundance variations indicated in GINGA, ASCA and EUVE observations.
Differences in solar photospheric and coronal abundances have, of course,
been studied for well over a decade, and are thought to be related to the first
ionization potential (FIP, e.g. Meyer 1985). In addition, abundance varia-
tions in solar active regions and flares are currently the subject of intense
research (Saba and Strong 1992). Very recently, ASCA and EUVE obser-
vations are revealing curious apparent sub-solar Fe abundances in coronae
of active binary systems (Drake et al. 1994, White et al. 1994, Antunes
et al. 1994, Stern et al. 1995). Earlier flare observations of Algol by GINGA
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suggest a sub-solar and time-varying Fe abundance, (Stern et al. 1992). Re-
cently, Ottmann and Schmitt (1995) have interpreted ROSAT PSPC ob-
servations of another X-ray flare on Algol as showing abundance variations
similar to the GINGA flare.

Figure 1. Evolution of stellar X-ray flares observed by GINGA in “log T - log (EM!/2)”
space. The abcissa is proportional to log n. for a constant flare volume. The dashed
lines show the predicted evolution for a “quasi-statically” evolving flare decay. The solid
contours are 90% confidence regions for the derived parameters.
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About two years ago, the intrigue of the solar “FIP Effect”—that coro-
nal abundances of elements with a low FIP (<10 eV; e.g Fe, Mg, Si, Ca)
are observed to be enhanced relative to those of high FIP elements (2 10
eV;e.g. O, Ne, S; see e.g. the review by Meyer 1993)—prompted us to study
stellar coronal abundances based on new EUV spectra obtained with the
Extreme Ultraviolet Explorer (EUVE). Our results to-date indicate that
some stars appear to show a solar-like FIP Effect, whereas others do not
(Drake et al. 1995abc; Laming et al. 1995ab). These results are summarised
in Fig. 1. Also in Fig. 1 is a column labelled “MAD”—metal abundance
deficient. Recent analyses of both ASCA and EUVE spectra of RS CVa'’s,
algol binaries and active single stars have found their coronae to be sur-
prisingly metal deficient with respect to the Sun—by factors of 2-3 to as
much as 10 (Singh, S.A.Drake & White 1995 and references therein; Stern
et al. 1995; Schmitt et al. 1995). Are the coronae of these stars depleted
in metals relative to their photospheres? Optical work indicates that the
RS CVn photospheres are also metal poor (e.g. Randich et al. 1994 and
references therein). However, the RS CVn’s and Algols are in general rela-
tively young (~ 2-3 Gyr and < 1 Gyr, respectively), and not expected to be
metal poor; are the photospheric lines in-filled by chromospheric activity?
The photospheric abundances warrant further investigation.

If the MAD syndrome is a new coronal abundance anomaly shared by
the very active stars, can both FIP and MAD be explained by the same
processes? Recent diffusion models are appealing: von Steiger & Marsch
(1994) show that a relatively simple chromospheric diffusion model yields a
fractionation very similar to the observed solar FIP Effect. We notice that
the middle regions of their model exhibit an inverse fractionation according
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Summary of Coronal Abundance Results

E=EUVE; A=ASCA; §=EINSTEIN S§S

Photospheric FIP MAD
Procyon (F5IV)® Sun (G2 V)® ARLac (G2IV +KOIV)*
Capella(GOII + G8II)®  aCenAB (G2V+K1V)®  Algol B8 V+K2IV)*®
EBoo A (G8 V)® RZCas (K3IV+A3 VA
eEiK2V)E N YY Gem (M1 Ve+M1 Ve)*
FK Aqr (M2 Ve+M4 Ve)® 2?2  CF Tuc (GO V +K4 IV)E
7'Uma (G1.5 V)*
B Cet (KOTI*
Capella (GO I + G8 III)*
7 LOW/MODERATE HIGH ACTIVITY 22
ACTIVITY 7?

Figure 1. A summary (or confusion?!) of stellar coronal abundance results.

to FIP which is reminiscent of the MAD syndrome! We also note that a
corona substantially enriched in He could mimic metal depletion through
He’s larger (~ Z2) contribution to the Bremsstrahlung continuum, lowering
the metal line-to-continuum ratio. Such He enrichment is predicted by some
solar diffusion models (e.g. Hansteen et al. 1993).

Future FUVE, ASCA and optical studies should produce some answers.
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II. Wind and Mass-Loss from the Sun and Stars

I1.1. Wind and Mass-Loss from the Sun



YOHKOH OBSERVATIONS OF CORONAL MASS EJECTIONS

H. HUDSON

Institute for Astronomy, University of Hawai,
Honolulu, HI 96822, USA

Abstract. The soft X-ray telescope on Yohkoh has given us comprehensive
views of the solar corona beginning in September 1991. A movie repre-
sentation reveals numerous variations of configuration and structure, in-
cluding material ejections of various kinds and the formation of arcades
of loops, known from earlier observations to have a close association with
coronal mass ejections (CMEs) observed with visible-light coronagraphs.
Yohkoh/SXT observes solar mass loss closely related to the well-known
CME phenomenon, both associated with solar flares and with large-scale
arcade events outside the active latitudes. In addition there are other forms
of mass loss, including the gradual ejection of loops from active regions and
the impulsive formation of X-ray jets. These probably imply forms of stellar
mass loss that had not been recognized prior to the Yohkoh observations.

1. Introduction

The Sun often launches mass outwards in discrete events. This mass, along
with its frozen-in magnetic fields, may then become a part of the solar wind.
Specifically, coronal mass ejections (CMEs) occur several times a day in ac-
tive conditions. The defining observations of CMEs are those of white-light
coronagraphs, but there are strong relationships with certain signatures
obtained with in situ observations made by interplanetary spacecraft

This paper reviews a fundamentally new form of observation of coronal
mass ejections, namely the view obtained from time series of soft X-ray
images of the dynamic corona. The Yohkoh observations represent the first
comprehensive data set of this type. It began in September, 1991, and con-
tinues through the time of writing of this paper. During this interval there
have been no space-borne coronagraph observations, so that the precise
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identification of the X-ray morphology with the familiar views of CMEs
obtained in that manner is not possible. Klimchuk et al. (1994), however,
showed that CME-like properties indeed could be easily seen in the Yoh-
koh/SXT limb observations. On the other hand, this has been an exciting
interval for interplanetary observations, with the polar passages of the Ulys-
ses spacecraft providing the first-ever views of the polar solar wind and the
effects of coronal mass ejections at high latitudes.

2. The Nature of the SXT View of the Corona

Yohkoh/SXT responds to soft X-rays in ranges near 1 keV (10A) which
include the natural emission domain of plasmas at coronal temperatures.
Tsuneta et al. (1991) give a full description of the instrument, which (in
brief) uses a grazing-incidence mirror to feed a CCD sensor with a pixel
array of 1024x1024 2.45" pixels, subtending a total angular field of 42’
square. The telemetry capacity of Yohkoh allows the transmission of about
20 whole-Sun images, with 2x2-pixel summations (~5" pixels), per 97-
minute orbital period of the spacecraft. These images must be distributed
among different broad-band filters and exposure times, so that the typical
time cadence for large-scale coronal observations is on the order of ten
minutes. However there are gaps in this coverage induced by various factors,
including orbit night and flare occurrence (this causes an automatic mode
switch that eliminates the full-Sun images).

There are several substantial differences between soft X-ray observa-
tions of the Yohkoh type, and white-light observations. In general the X-ray
observations offer a better view near the Sun, and provide more diagnos-
tic information (temperatures). However most of our knowledge of CMEs
comes from the white-light data, so it is important to understand the dif-
ferences in the data being reported here. The principal points to note are
the following;:

— Contrast. Because the X-ray emissivity depends strongly upon tem-
perature, there is a much larger dynamic range in X-ray images of the
solar corona than in white light.

— Field of view. The maximum height sampled by Yohkoh/SXT at the
limb normally is below 1.5 R, from Sun center, whereas white-light
coronagraphs often do not look below this height.

— Disk observations. The soft X-rays show the entire visible hemisphere.

— Differential emission measure. The SXT response to coronal plasma
emission is a (non-linear) function of temperature, as opposed (for



91

example) to the flat response in the case of electron scattering (white-
light coronagraph) or thermal free-free emission (dominant at radio
wavelengths outside magnetic regions). This means that brightness
does not transcribe so directly into mass or density.

Of these differences, perhaps the great contrast in soft X-rays is the most
limiting. The CCD sensor views the entire Sun, including active regions as
well as the faint corona. This means that long exposures appropriate for
the corona may saturate. Of course this ability to detect active regions is
also an advantage, because the action and consequences of CME launching
can be studied in detail, even well away from the limb.

3. SXT Observations of Solar Mass Loss

Yohkoh/SXT provides a global view of the corona within its field of view,
which is a square 0.70° across. The pointing axis of the telescope is almost
always situated so that the entire disk is visible, except during special
operations, and transmits full-Sun images at 2Xx2-pixel summation, i.e. with
an effective pixel size of 4.91”. This view does not correspond well with that
of a normal coronagraph, and this helps to explain the strong differences of
morphology that are in fact observed. The Yohkoh/SXT data, in fact, show
several forms of coronal mass loss, some of which differ strikingly from the
classical CME phenomenon (e.g. Kahler, 1992). In addition to the eruptive
events we associate with CMEs, which are described below in further detail,
there are smaller-scale eruptions with no known counterparts in white light:

— FEzpanding active-region loops. One of the first discoveries in the new
X-ray data was the tendency for some active-region loops to expand at
intermediate speeds (10-50 km s™'), rather than remain static (Uchida
et al., 1992). Perhaps this result should not have surprised us, be-
cause newly emerging flux is a characteristic property of solar active
regions. This observation suggests that a magnetically-driven outward
flow from active regions may contribute to the solar wind.

— Soft X-ray jets. The common occurrence of X-ray jets, invariably as-
sociated with flare properties at their feet, provide anothers possible
channel of mass loss. Yohkoh/SXT has made the first observations of
such jets (Shibata et al., 1992; Strong et al., 1992; Shimojo et al., 1996)
because of its greatly improved time coverage. The jets have recently
been identified with Type III bursts (Aurass et al., 1994; Kundu et
al., 1995; Raulin et al., 1996). The X-ray jet consists of plasma flowing
outwards, and the Type III burst depends upon non-thermal electrons
that have been detected in the solar wind directly (e.g., Lin 1985). This
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identification therefore means that — in some cases at least — the out-
ward flow of the jet may continue into the outer corona and contribute
to the solar wind.

The interpretation of these two newly-discovered phenomena as mecha-
nisms for solar mass loss has not yet been placed on a quantitative footing,
and much further research needs to be done.

4. The Coronal Mass Ejections Themselves

The classical CMEs, as identified in coronagraph images, have a broad
range of characteristics but some simplifying patterns (Hundhausen, 1993).
The structure consists of an outward-moving front, plus (ideally) a void
following the front, and cooler material identified with an erupting filament
emerging with the void. Standard interpretation (e.g. Low, 1994) relates the
void to the flux rope thought to be necessary to support the filament before
eruption. The mass driven outwards mainly comes from already-existing
coronal material, so that there is no need to dredge it up in real time from
lower altitudes. The solar counterparts of the mass ejections are eruptive
flares of the type that often create post-flare Ha loops (the long-duration
events, or LDEs). Similar but larger-scale phenomena without bright flare
emissions may also accompany CME launches (Harvey, 1996). These often
occur even at high latitudes, far from active regions. The filament itself
seems not to be central to the CME launch, but the geometry in which a
filament can sometimes form does seem to be universally required.

The Yohkoh/SXT data show parts of the corona disappearing, presum-
ably during the formation of a CME (Hudson et al., 1996; Lemen et al.,
1996). We illustrate this kind of observation with two examples in Figures 1
and 2, one of an LDE flare (13 Nov. 1994; Hudson et al., 1996), and one
of a high-latitude large arcade event (24 Jan. 1992; Hiei et al., 1993). The
photometry in these figures shows the time variation of integrated bright-
ness in selected regions, which reflects the time scale of mass removal at
the location chosen. More complete analyses could in principle determine
the mass loss (by difference images) or the pattern of mass flow (by cor-
relation tracking). We have made estimates of the mass, and find for the
flare event that the mass of the discrete structure (shown in the Figure)
is about 4 x 10 g, a lower limit because of the difficulty of estimating
the mass flow arising near the flare proper (not shown in the Figure). This
difficulty results from the continuous nature of the outward flow during the
interval of flare brightening, and from the contrast problem (the difficulty
of detecting faint features near bright ones). For the 24 Jan. 1992 event, a
rough estimate is about 103 g. These estimates are within errors of the typ-
ical range of CME masses, although this means very little given the broad
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Figure 1. Example of mass loss associated with an LDE flare, 13 Nov. 1994 (Hudson
et al., 1996). The figure shows before (left) and after (right) images of a large structured
cloud adjacent to the location of an M1.2 LDE flare. This flare exhibited multiple forms
of mass ejection, but the one we believe most likely to be associated with a CME is
the structured cloud shown here. This was observed to move slowly (projected velocity
~100 km s~') outwards during the phase of increasing flare brightness and to disappear
almost completely during a 63-minute data gap. This event was not observed as a true
CME (i.e., in a coronagraph) but would not have been easily observable because it
occurred near disk center.

range of this property. A more explicit comparison would be interesting but
would require simultaneous coronagraph and X-ray data.

5. Interplanetary Connections

A CME launched from the corona almost by definition produces effects in
the solar wind, and sometimes striking results on the Earth and its mag-
netosphere. The advent of X-ray imaging with good time coverage makes
the identification of the solar and interplanetary parts of this phenomenon
much easier.
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Figure 2. Example of mass loss associated with large arcade event, that reported by
Hiei et al. (1993). The light curves at bottom show the soft X-ray fluxes observed in the
two boxes shown on the difference image at the top. The contour shown for the latter
is the zero contour; i.c., the negative regions represent deficits between the times of the
images (14:33 UT minus 06:01 UT). The subsequent rise in the light curve meaured
directly above the arcade results from the increasing height and brightness of the large
cusp (helmet streamer) following the event. The light curve from the area adjacent to
the arcade just shows dimming. Note that these observations precisely identify the time
of the mass ejection, which unfortunately occurred during night at the Mauna Loa Solar
Observatory.

Lemen et al. (1996) studied a sample of interplanetary events detected
during the Ulysses south polar passage. These events were in general de-
tectable in Yohkoh soft X-ray images, either as a flare event (two examples
out of seven), as a large-scale arcade event (four) or as a filament-related
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event. These categories are not mutually exclusive, of course; the main
point is that the full-disk observations in soft X-rays allowed the probably
identification of all seven events. Two of them occurred behind the limb,
but portions of the soft X-ray sources rose into view.

The ionization temperatures of the interplanetary particles (Galvin et
al., 1996) showed no obvious correlation with the soft X-ray temperatures.

6. Conclusions: Geometry and Mechanisms

The Yohkoh/SXT data show several forms of mass ejection from the solar
corona. As expected from the coronagraph data, events probably associated
with “true” CMEs show clearly measurable dimmings of the X-ray corona
near the site of the flare or large arcade brightening. Here we define a true
CME as one detected in the usual manner by a white-light coronagraph.
The analysis of such Yohkoh observations is in its infancy at the time of
writing, but we expect many interesting results in the future. Much of this
work will depend upon joint analysis of white light and X-ray data, for
which we can look forward to the SOHO data. The correlation-tracking
analysis of X-ray brightness fluctuations to determine the geometry of the
CME motions near the Sun, using the Yohkoh data, is difficult and has
not yet been seriously attempted. Since the images show the “dimming
corona” so well, this may be possible in the future and in any case would
be extremely desirable because of our ignorance of the geometry.

The dimming of the corona as seen in soft X-rays is a high-contrast
phenomenon, as can be seen from the amplitude of the light curves shown in
Figures 1 and 2. This helps to increase the signal-to-noise ratio, but it should
be noted that still higher sensitivity than that of SXT would be better still.
Stereoscopic observations would provide another great improvement in the
directions that the Yohkoh/SXT data point.
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QUIET CORONA AND MASS LOSS

G. NOCI

Dipartimento di Astronomia e Scienza dello Spazio - Universita
di Firenze
Largo Fermi 5 - 50125 Firenze, Italy

1. Introduction

The quiet corona is a rather undefined entity, so that the argument of the
title of this talk is rather wide. I have interpreted it as referring to the origin
of the slow solar wind, although the ‘slow’ solar wind is also not terribly
well defined.

The presence in the solar wind of high speed streams was recognized
since the observations of Mariner 2 (Neugebauer and Snyder, 1966), which
showed that several times, during the observational period (about four
months), the solar wind speed changed abruptly from the 300 - 400 km/sec
range to above 600 km/sec. These high speed streams have been studied
extensively. It is outside the scope of this talk to discuss their characteris-
tics in detail. It is necessary to recall, however, that they appeared, since
the early observations, to differ from the slow wind for various physical pa-
rameters, beyond bulk speed, as the proton temperature and the density.
Later works (see section 2.1) have shown that they differ also in the helium
abundance.

To understand the fast wind/slow wind difference, and, in particular,
the slow solar wind, one has to clarify a number of problems. The most
interesting are, in my opinion, the following ones:

— which is the region of origin of the slow solar wind
— why the slow wind is so much slower than the fast one
— why the He abundance in the slow wind is lower than in the fast one.

I will discuss them in the rest of this talk.
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Figure 1. a) Artist’s drawing of dipolar corona (from Hundhausen, 1977). b) Intersection
of an irregularly shaped streamer belt with the 1 a.u. sphere: slow wind in the gray region
around field reversal, fast wind outside it. (From Gosling et al., 1981.)

2. The region of origin of the slow solar wind

2.1. EARLY WORK

The structure of the heliosphere began to be understood when it was rec-
ognized that the recurrent streams of fast wind originate in coronal holes
(Noci, 1973; Krieger et al. 1973; Bell and Noci, 1973, 1976; Neupert and
Pizzo, 1974), coronal regions where the magnetic field is open towards the
interplanetary space, and that the main holes occupy permanently the po-
lar caps. Hole properties and heliospheric structure were studied extensively
during the Skylab era (see Zirker, 1977, for a review).

A further clarification came from the study of Bame et al. (1977), who
analyzed three years of IMP 6, 7, 8 data, and found that the plasma pa-
rameters, with the exception of the bulk speed, were much less variable in
the fast than in the slow wind. Bame et al. (1977) gave particular attention
to the a-particle concentration, for which they found the mean value 0.038,
with 47% variability (standard deviation), in the slow wind, and 0.048,
with 10% variability in the fast wind. Bame et al.’s conclusion was that the
structureless solar wind is rather the fast than the slow wind, which is to
be seen as a kind of perturbed version of the fast wind flowing from coronal
holes.

In a further study based on the IMP data (Borrini et al., 1981; Gosling
et al., 1981), the behaviour of various interplanetary plasma parameters
(including helium abundance) was analysed, as a function of the distance
from the boundary between two magnetic sectors. This analysis showed a
minimum of the wind speed and also of the helium abundance at the sector
boundary.
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Figure 2. Plots of the solar wind speed (Va, dashed) and freezeing-in 0*7/O*® temper-
ature (T,) as a function of time, during recurring transitions of Ulysses between regions
of slow solar wind and the fast solar wind originating in the southern polar hole. (From
Geiss et al., 1995.)

As a conclusion of these early works the heliosphere came to fit into
a rather simple overall pattern, having basically a dipolar structure, the
streamer belt extending out into the interplanetary space around a current
sheet (Figure 1a). In this picture the fast wind flows in both unipolar re-
gions in which the interplanetary space is divided by the current sheet, the
slow wind being confined to the borders of those regions. The slow wind,
therefore, would come from the sides of the streamer belt, e.g. from the
peripherical parts of the polar holes and of their low latitude extensions.
This is shown in Figure 1b , which depicts a less idealized situation than
that of Figure la. In this picture slow solar wind is observed only when the
measuring spacecraft is close to the current sheet.

2.2. RESULTS FROM ULYSSES

Observations of different ionization stages present in the solar wind give
information on the temperature of the coronal layers where the ions con-
sidered become frozen in the plasma. The coronal temperatures obtained
in this way with the Solar Wind Ion Composition Spectrometer (SWIC-
S) on board the Ulysses spacecraft (based on the O7+/0%* ratio) have
been compared by Geiss et al. (1995) with the wind speed, and an inverse
correlation was found (Figure 2). The association between high speed and
low temperature is not surprising, since the source regions of the fast wind
(coronal holes) are known to be the coolest coronal regions, but the found
correlation also indicates that the slow wind comes from hotter regions,
which is an important result.
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Figure 8. Superposed epoch plot showing the variations, during the solar rotation period,
of wind speed, freezing-in O*7/0*® temperature and Mg/O ratio. (From Geiss et al.,
1995.)

Another important information comes from the correlation between the
coronal temperature, obtained as indicated above, and the abundance ratio
Mg/O (Geiss et al., 1995), which is a good indicator of the FIP effect (the
effect which makes overabundant, in the solar wind, the elements with
potential of first ionization below ~ 10 e.v.).

Figure 3 shows the coronal temperature, the Mg/O ratio and the wind
speed, measured by the SWICS instrument, plotted, as a function of time,
with the use of a superposed epoch tecnique to accumulate the effects of
successive rotations. The anticorrelation between temperature and wind
speed is apparent, as is the correlation between temperature and strength
of the FIP effect. Figure 3 shows also that the borders between the region
of origin of the slow wind and that of the fast wind are very narrow.

Since the FIP effect is believed to be indicative of the chromospheric
conditions, this implies that the slow/fast difference originates in layers
deep rooted in the solar atmosphere.

These Ulysses results fit in the picture described in the previous sec-
tion, with the slow wind originating from the coronal hole borders/streamer
flanks.

2.3. OTHER PROPOSED SLOW WIND SOURCES

Active regions have been proposed, recently, as possible sources of solar
wind by Uchida et al. (1992), on the basis of the observations of the soft
X-ray telescope on board the Yohkoh satellite, which suggest a continuous
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expansion of the coronal loops.

Another proposed possibility is a non-stationary solar wind, with a prin-
cipally patchy nature, made up from plasmoids being pushed upwards by
the magnetic pressure of the ambient corona. The evidence for such a sce-
naric comes largely from the observation of explosive events near the solar
limb; some additional evidence comes from the observation that the quiet
solar wind is highly structured (Thieme et al., 1990, who found, however,
that also the fast wind is structured, particularly inside 0.5 a.u.). See also,
on this point, Neugebauer (1981). It is worth noting that this theory is in
line with the greater variability of the physical parameters observed in the
slow wind, compared to the fast one (section 2.1).

3. The fast/slow difference

It is well known that the steady models of solar wind are not able to repro-
duce the observations if ‘ad hoc’ energy deposition terms are not included
in the equations, both for the slow and the fast solar wind. To attribute
to differences in these terms the difference in outflow speed has, however,
little meaning, since observational evidence of such an energy deposition is
laking.

More significant have been studies on the effect of the geometry of the
flow, in particular of the rapid expansion of the cross-sectional area of a
flux tube. These studies have been initiated by Kopp and Holzer (1976),
who found that an expansion of the flow such that the cross-sectional area
increases with the heliocentric distance r more than proportionally to r2,
has an influence on the topology of the solutions v(r) of the solar wind
problem. The influence is small, and limited to the inner corona, if the ex-
pansion factor grows slowly, but becomes profound if it grows rapidly. (The
expansion factor f is defined by comparing an infinitesimal cross section do
of a flux tube at r with the cross section do, of the same tube at r = rg,
f(r) = do 3 /do, r2.) The effect of a rapidly growing expansion factor is
that of decreasing the heliocentric distance of the critical point and increas-
ing the flow speed both in the inner corona and in the interplanetary space.
The observation of a rapid increase of the expansion factor in a polar hole
(Munro and Jakson, 1977), therefore, presumably, in a fast wind flux tube,
lent support to this theory.

The connection between wind speed and expansion factor in the low
corona has been studied, statistically, by Wang and Sheeley in a series of
papers (Wang and Sheeley, 1990; 1991; 1994; Sheeley et al., 1991). Wang
and Sheeley (1990) analyse the expansion factor of different flux tubes with-
in coronal holes, by calculating the coronal magnetic field with the source
surface method, and notice that the individual expansion factors can be
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very different from the global one; it is improper, therefore, according to
Wang and Sheeley, to use the Munro and Jackson result to infer an associ-
ation between large expansion factors and fast solar wind. On the contrary,
Wang and Sheeley find an inverse correlation between the expansion factor
and the solar wind speed at 1 a.u., the former being calculated for the in-
finitesimal flux tube intersecting the source surface (located at r; = 2.5r)
at the Earth projected position.

To reconcile the results of Wang and Sheeley with those of the theo-
retical models indicated above, one needs to assume a dependence of the
boundary conditions or of the free parameters of the models on the expan-
sion factor. Indeed, Wang and Sheeley concluded (1991) that they could
interpret their results assuming, at the coronal base, energy flux roughly
independent of the expansion factor and mass flux increasing with it. To get
high speed streams, the energy flux at the coronal base must be dominated
by non-thermal inputs. If these are due to Alfvén waves, the consequence of
the Wang and Sheeley (1991) conditions is an inverse correlation between
magnetic field strength and wave amplitude, which is rather surprising.

If one considers the individual magnetic flux tubes inside a magnetical-
ly open region, it appears that those which suffer the larger expansion are
those at the border of the region, where the field lines bend to follow the
slope of the adjacent streamer, or those from small isolated holes. On the
contrary, according to Wang and Sheeley (1994), the flux tubes which suffer
the smallest expansion are ‘rooted along the facing edges of a polar hole
and like polarity holes at lower latitudes’, or rooted ‘around gaps consist-
ing of very weak or closed field within the polar hole itself’. This brought
Wang and Sheeley to predict that the fastest solar wind originates from
these regions, the wind from the center of the polar hole, although falling
in the ‘fast wind’ category, being not so fast. However, when direct mea-
surements of the solar wind velocity at high heliolatitudes were made with
the instruments on board the Ulysses mission, the prediction of this theory,
that the maximum speed would be encountered at intermediate latitudes,
rather than above the poles, has not been confirmed.

In fact, when the Ulysses spacecraft began to move out of the ecliptic
plane towards higher and higher heliolatitudes, in the southern hemisphere,
the wind speed pattern began to change, with an increase of the speed of
the wind encountered between two high speed streams, until the speed
remained stationary at the fast stream value (Phillips et al., 1995; Figure
4). There is no indication, in the Ulysses data, of a lower speed at the
southern pole.

Accordingly, the effect of the expansion factor variation on the wind
speed is unclear, and the conclusions of Wang and Sheeley (1991) concern-
ing the energy input at the coronal base, quoted above, are weakened, and
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Figure 4. Solar wind speed and density observed by the Ulysses solar wind plasma
experiment from 16 Feb. 1992 to 15 Jun. 1994 (from Phillips et al., 1995).

thus the problem of the cause of the speed differenece between slow and
fast wind is completely open.

4. The helium concentration

The conclusion of Bame et al. (1977), that the helium content is smaller
in the slow wind than in the fast one, described in section 2.1, has been
confirmed by Schwenn (1983), as a result of an analysis of the HELIOS data
taken between 1974 and 1982. The average values found for this quantity
by Schwenn are, respectively, 2.5 for the slow wind, and 3.6 for the fast
wind.

This helium deficiency in the slow wind is difficult to understand, since
the theoretical analysis (Geiss et al., 1970) has shown that the He** ions are
dragged into the solar wind through Coulomb collisions with the protons,
and we know that the proton flux has a small difference between fast and
slow wind, and, in any case, is larger, on the average, in the slow wind
(Schwenn, 1983).

A theory developped by Biirgi (1992) offers a rather simple explanation
of this phenomenon. It assumes a large expansion factor at the interface
between magnetically open and closed regions near the streamer cusp, as
magnetic field calculations suggest. This makes the proton flux to decrease
locally, which reduces the Coulomb drag, so that a much smaller number
of a particles is carried in the solar wind close to the top of a streamer
than in the adjacent coronal hole. Therefore the minimum of the helium
abundance at the sector boundary in the interplanetary space.
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This theory implies a very low helium concentration in the low corona,
close to the stremer cusp, which should be observable.

5. Recent EUV Observations

At this point it is clear that the informations mainly needed to understand
the slow solar wind, are those which concern the inner corona. For this
part of the solar atmosphere we have UV and X-ray data (the only ones
able to give information on the temperature and, possibly, on the outflow
speed) at heliocentric distances lower than ~ 1.1rg, but very little of them
at greater heights. Some observations in the UV, however, have been made
recently with the coronagraph-spectrometer of the Spartan 201 mission,
flown in April 1993 and in September 1994. The instrument has observed
the Ly-a profile at several heights from r = 1.5rg to r = 3.5rg, both
in a streamer (Strachan et al., 1994) and in polar coronal holes (Kohl et
al., 1994, 1995). Since the observed positions in the streamer correspond
to heights large enough to be above the magnetically closed region, they
should be characteristic of the slow solar wind. Hence, the Spartan 201 data
concern both the slow and the fast solar wind. From the April 1993 data
the authors report a not very variable temperature for the streamer (values
ranging from 2.2 to 3.2 x 106 K, with uncertainty (1o) of 0.25x 10 K), while
for the coronal holes they are not able to fit the observed profiles with a
single Gaussian, the wings being too wide. They can fit the profiles with
two Gaussian, very different in width, corresponding to two Maxwellian
populations of neutral hydrogen atoms having quite different temperatures
(1.6x106 K and 7.6 x10%K at r = 1.8 in the south polar hole; 5.8 x 105K
and 3.0 x108K at r = 2.13rg in the north polar hole, Figure 5).

The authors discuss some explanations for these non-Maxwellian pro-
files, each having considerable difficulties. It must be remarked that these
kinetic temperatures concern the neutrals and, presumably, the protons, s-
ince the neutral/proton transition time is short enough in the solar corona.
They are not, however, electron temperatures, so that they do not affect
the ionization balance and, thus, the amount of neutrals. Electron temper-
atures can be obtained through the measurement of ion ratios in the solar
wind (section 2.2). Such determinations, based on data from the SWICS
instrument abroad Ulysses, and on a coronal model, are in progress (Co-
hen, 1995). Together with the proton temperatures from Spartan, they will
establish a very important basis for solar wind models.

Concerning models based on very recent data, we mention Habbal et
al. (1995) calculations, which use, as constraints, electron density data ob-
tained from a white light coronagraph flown together with the UV instru-
ment on Spartan 201, and from the Mauna Loa coronagraph. Supplement-
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Figure 5. Profile of the HI Ly, in the north polar hole at r = 2.13r@, from Spartan 201
(April 1993): curve A is a fit to the data, D is the geocoronal contribution, B and C are
two Gaussian components such that A = B+C+D. (From Kohl et al., 1994.)

ing these density data with interplanetary measurements of bulk speed and
mass flux, and assuming some unspecified source of energy deposition in
the corona, Habbal et al. (1995) calculated a model able to fit the empirical
constraints.

An interesting result of the model is a proton temperature twice as large
as the electron temperature in the inner corona, reaching a peak of 2x 106 K
at 2 rg. Note that this work is not based on the Ly-a data discussed above.
It is remarkable that similar results, for what concern the temperatures,
had been obtained by Noci and Porri (1983), in their analysis of the Ly-«
observations (quiet region) made with a rocket launch.

These models, although characterized by a proton temperature not as
large as that indicated by the Spartan UV data, go however in the right
direction.

For what concerns the problem of the solar wind source regions, as well
as that of its acceleration, the Spartan observations are very important.
Although not yet clearly interpreted, the difference, in the hydrogen velocity
distribution, between streamers and coronal holes, and also the very high
kinetic temperatures in the latter, are important constraint for acceleration
theories.

In conclusion, the Spartan results are very promising: they reinforce the
expectation that the yield of UV and visible data concerning the extended
corona, and, in particular, the streamer/coronal hole interface, from the
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next solar space mission, SOHO, will permit a deeper insight in the problem
of the origin of the solar wind.
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MECHANISMS OF SOLAR (AND STELLAR) MASS LOSS

R. ROSNER

Department of Astronomy and Astrophysics,
University of Chicago
Chicago, IL 60637, USA

1. Introduction

The fundamental theory for mass loss from late-type stars such as our Sun
was developed by Gene Parker in the 1950’s (Parker 1958), and has been
largely understood since then; refinements since then have largely focused
on physically more realistic fluid equations (which take into account, for
example, the effects of multi-component fluids and corrections to energy
transport by classical thermal conduction) and additional mechanisms for
driving the wind (e.g., heating and momentum deposition by magnetohy-
drodynamic waves). Nevertheless, if one were to ask most professional solar
wind theorists what the generally accepted model for the solar wind is, the
answer is most likely a shrug of the shoulders: It has not been possible
to develop a detailed theory for solar wind mass loss which takes into full
account all of the observed complexities of this outflow; and the status of
wind research for other late-type stars (meaning late-type giants and su-
pergiants) is not in recognizably better shape. In this paper, I will attempt
to focus on this embarassment, and will try to explain why it is that this
problem has turned out to be so remarkably difficult. Along the way, I will
provide a brief overview of the basic theory, and of the observational per-
spectives of a few years ago as contrasted with what is now known from
the most recent data provided by the Ulysses spacecraft. Based on these
discussions, I will then focus on a highly selective overview of what is to be
explained, and the current status of theory in these regards.

Because of the brevity of available space, I will not be able to discuss a
number of fascinating topics (which I will allude to only in passing, despite
their importance): mass loss via transients (viz., CME events); elemental
and isotopic “fractionation” (as measured by, for example, the He/H and
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He?/He* ratios); details of more complex physical models (which incorpo-
rate effects such as multi-component fluids and allow for corrections to the
standard Navier-Stokes equations via, for example, higher-order moment
equations). Instead, my starting point will be the by-now “classical” wind
theory first developed by Gene Parker; and part of my intention is to “set
the stage” for further discussions in the following papers.

2. The “Text Book” Picture of the Solar Wind

The classic mathematical and physical description of the solar wind was
provided by Parker (1958), who showed that if one starts with the single-
fluid conservation equations of mass and momentum for a fully—ionized
hydrogen gas,

1d

2
o (pur ) =0, (1)
du _1ldp GM,
Yo T pdr 12’ (2)

together with the very simplified energy equation 7' = T, = constant and
the equation of state p = 2nk,T (where all quantities have their customary
meaning, and we have assumed n ~ n, ~ n.), one then obtains with some
algebra the classical wind equation

du( ) 2kBT> ak,T GM,
’U,Er- U — = - .

The solutions to this equation have a number of important properties:

3)

m mr 72

1. There is a critical point in the M-r solution plane, where the Mach
number M = u/c, equals unity (¢, = (2k,T/m)/? is the isothermal sound
speed); this critical point is located at r = r. = GM_m/4k,T. In this
simple case, there is one transonic solution which starts at low wind speed at
the solar surface; this solution’s pressure variation is given by the analytical
expression

= GMym Ro m_(,2_,2
p/po = exp (—2kBTR® (1 - T) - 4kBT (u - Uo) ) (4)

with the asymptotic value (as r — o0) p/p, = 0. (Quantities with subscript
“o” refer to the base of the solar corona.)

2. The “breeze” solutions (which remain subsonic for all 7) have instead
the asymptotic pressure variation

GM_ m R
p/p = exp (“zk—'z%r (1‘7®>) ! ©)
B ©
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. GM
with the asymptotic value (as r — 00) p/p, = exp [— W%%] = constant.

3. Finally, if we adopt the above transonic branch as the only physically—
meaningful solution, then one immediately discovers that the wind charac-
teristics at 1 A.U. depend sensitively upon the physical conditions at the
inner coronal base. For example, one has

ntl,_y . ~ 04(no/10%em™)(To/10°T) exp [11.55 [1 = (To/10°K) 7]
(6)

One could ask if these results change significantly if additional physics
is inserted (especially physics which is known a priori to be operative in
the solar wind): For example, one could change the energy equation (3) so
that both direct (in situ) mechanical heating and thermal conduction are
accounted for. It turns out that increasing the sophistication of the models
in this way does not change the basic fact that the mass flux at 1 A.U. is
a sensitive function of coronal base conditions. Thus, it is very difficult to
change the result that, for thermally—driven models, u, ~ 300 km s~! for
T, ~ 2% 10° K.

One might next ask whether the above results of the “classical” wind
theory are of any relevance, given the fact that magnetic fields are known
to play an important role in solar wind dynamics; in particular, it has been
long argued that Alfvén waves play an important role in determining solar
wind acceleration (e.g., Hollweg 1978). In other words, why bother with
such simple-minded models if we know that much more complex physical
processes left out of this above description must play important roles? My
answer is as follows: The wind equations form a highly non-linear system
of partial differential equations, whose solutions depend in non—trivial ways
on the parameters defining the solution space. In particular, it is essential
to understand exactly what observational challenges one is trying to resolve
by adding new physical effects to one’s wind theory; and the only way to do
this is to have a complete understanding of the limitations of the simpler
models, i.e., an understanding of exactly what observations the simpler
models cannot hope to describe adequately.

3. Will the “Real” Solar Wind Please Stand Up?

Give the above discussion, it is evident that a prerequisite for adequate wind
modeling is a clear understanding of exactly what the physical conditions
of the solar wind are, and how they relate to the coronal sources. Until
very recently, however, it was not trivial to determine these conditions
in a way that allows one to unequivocally associate them with locales in
the inner solar corona which can be identified as the corresponding source
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regions. Instead, examination of the wind speed, wind density, and wind
temperature at 1 A.U. within the ecliptic typically shows rapid variations
over a large range of time scales, even in cases in which one can reasonably
infer a connection to a clearly-identifiable feature in the inner corona, viz., a
low-latitude coronal hole. For this reason, canonical mean reference values
for a coronal hole—associated wind stream quoted by, for example, Hollweg
(1986), n, = 7.8 em™3; T, = 10° K; v, = 536 km s™! (which were based
on observations reported by Feldman et al. 1976) are not easily reconciled
with observations such as were reported by Couzens & King (1986), whose
data for a roughly month-long period in 1979 shows wide excursions in
wind speed, density, and temperature about the above “canonical” values.

This state of affairs turns out to have been largely a consequence of
where the measurements were taken, e.g., in the ecliptic, something that
was widely suspected but could not be directly confirmed until one had
explicit plasma measurements out of the ecliptic: With the new data from
Ulysses, we now do have a much better understanding of the “real” solar
wind conditions. In my estimation the most beautiful single illustration
of the power of new data to clarify previous confusions is Figure 1 of the
Ulysses Solar Wind Ion Composition Spectrometer (SWICS) team report
(Geiss et al. 1995). Among other quantities, SWICS measured the speed
of Helium ions (vs) and the freeze-in temperature, Tp, for Oxygen (deter-
mined from measurements of the O”* /0% ratio, under the assumption of
local equilibrium between electron impact ionization and recombination).
Geiss et al. show (see also Phillips et al. 1995):

(a) The “slow” solar wind is highly intermittent, with v, generally in
the range 4 — 500 km s!; T in this domain fluctuates remarkably,
but is generally in the range of 1.5 —2 x 10% K. (Measurements were
taken at radii ranging from ~ 2 to 5 A.U.)

(b) The polar coronal hole-associated wind (i.e., the polar high speed
wind stream) shows, in contrast, remarkably little variability; v, is
approximately 800 km s™!, with fluctuation of order only 10%, and
To is just above 10® K, with fluctuations of that are even smaller.

(c) The transition between the “slow” wind and the high speed solar
wind stream shows extremely large variability, which is presumably
associated with the complex spatial geometry of the interface region.
Thus, as Ulysses descended from the ecliptic to solar latitudes below
-10 degrees, it began to encounter the high speed wind stream; but
because the outer stream boundary is not axially symmetric about
the solar rotation axis, this initial encounter is modulated by the
solar rotation. Indeed, the SWICS Helium wind speed measurements
show a clear solar rotational modulation during this transition phase.
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What one can conclude from all this, beyond the details of the mea-
surements, is the crucial fact that high speed solar wind streams are the
laboratory for exploring stellar wind theories: Contrary to what might have
been thought, these wind streams are remarkably homogeneous structures,
with physical conditions that show little evidence for fluctuations. As a
consequence, the stream’s mean physical properties can be meaningfully in-
terpreted, something that cannot be said for the “slow” solar wind (whose
mean properties may well be irrelevant for modeling purposes). For this
reason, I will whenceforth focus solely on the high speed wind streams, and
leave the explication of the “slow” solar wind for another time.

4. What Needs to be Explained I: The Solar Wind

The Ulysses observations, taken together with earlier observations, allow
us to draw the following conclusions regarding the outflow in high speed
solar wind streams:

Constraint 1. The simple (purely thermally-driven) models lead to pre-
dicted wind speeds far from the Sun which are much smaller than is ob-
served: vso(observed) ~ 800 km s™ >> v, (“thermal”) ~ 300 km s~".
Constraint 2. The inferred total wind mass loss is small; averaged over 4
steradians, the SWICS measurements imply that M ~ 1071* Mg yr~1.

Constraint 3. The mass flux is relatively constant, e.g., A(nv)/nv < 0.1.
The total mass loss rate is therefore apparently largely controlled by the
total solid angle subtended by the high speed wind stream at large radii.

Constraint 4. The mass flux is very homogeneous. The absence of signif-
icant fluctuations in wind speed, density, or temperature argues strongly
against impulsive wind acceleration processes, and strongly for processes as-
sociated with spatially fairly uniformly distributed momentum and energy
deposition.

Constraint 5. There is considerable evidence for rapid flow acceleration very
close to the solar surface in the polar solar wind, based both on observations
using resonantly-scattered H I Lyman-a (e.g., Withbroe et al. 1982) and
radio-scattering measurements (e.g., Grall et al. 1996); these observations
suggest that most of the flow acceleration occurs well within 10R; of the
solar surface.

5. What Needs to be Explained II: Late-type Stars

Only two general classes of normal stars other than the Sun are known —
from direct observations — to suffer substantial mass loss, namely OB stars
and (evolved) red giants and supergiants; and only in the latter case, can
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one argue plausibly that theoretical ideas developed in the solar context
should be applicable to these more exotic stars. To the extent that solar
wind theoretical ideas ought to be applicable to these stars, observations of
these stars will also serve to constrain wind theory. Cassinelli & MacGregor
(1984) have published a thorough review of the observations for such stars;
and Holzer & MacGregor’s (1985) review nicely summarizes the relevant
theory from the present perspective; I will therefore considerably abbreviate
my discussion, and focus only on two key points:

Constraint 6. Purely thermally-driven models for winds from red giants
fail totally in accounting for the observations. The fundamental problem is
that wind base temperatures that are required by such models in order to
drive the winds to the observed asymptotic wind speed, and also provide
the observed mass loss rates, also lead to heating requirements (and implied
radiative loss rates) directly contradicted by observations. Put differently:
given the observed temperature structure of the base atmosphere of such
stars, thermally—driven wind models cannot attain either the observed wind
speeds, or the observed mass loss rates. What seems to be required is an
additional mechanism for accelerating the wind without further heating the
wind.

Constraint 7. The inferred total wind mass loss is relatively large; averaged
over 47 steradians, observations imply that M ~ 1078 Mg yr~L.

6. Summary and Conclusions: The Current Theoretical Dilemma

The observations discussed above, when taken together with current theo-
retical solar wind models, strongly imply that some process — akin to the
Alfvén wave acceleration process first discussed by Belcher (1971), Alazraki
& Couturier (1971), and Hollweg (1973, 1978) — is required in order to ac-
count for the observed wind speeds. It is particularly striking that this
conclusion follows, independently, from both solar wind high speed stream
and red giant wind observations. Such models are attractive for a num-
ber of distinct reasons: First, one observes Alfvén waves directly in the
solar wind; and although it has not been definitively established that the
observed waves have their origin at the solar surface, it is nevertheless reas-
suring that the required wave modes in fact do exist. Second, Alfvén waves
can deposit momentum without significant local plasma heating; this prop-
erty is crucial for meeting the observational constraints 1. and 6., without
violating the constraints on wind temperature. Third, it is possible to ad-
just the wave fluxes so that the observed mass loss rates for both the Sun
and red giant winds are obtained.

What then are the remaining difficulties? What I am refering to here
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are difficulties that remain at the level of detail of the present description,
and not the more sophisticated details such as the variation of elemental
and isotopic abundance ratios with heliocentric distance, detailed electron,
proton, Helium, and other temperature variations, etc. The first such co-
nundrum, discussed in detail by Leer, Holzer, & Fla (1982), is the so—called
“fine tuning problem”: It turns out that the simple Alfvén wave-driven
models which resolve Constraint 6 (e.g., Hartman & MacGregor 1980) re-
quire remarkable fine-tuning of the model parameters (in particular, tuning
of the Alfvén wave damping length) in order to meet the observed result
that veo(observed) ~ Vescape/2 (in contrast to the solar case, for which
Voo (Observed) ~ (1 = 2) X Vescape)-

The second such puzzle is that for plausible Alfvén wave amplitudes, it is
not possible to find solutions to the simple wave-driven wind equations that
reach the asymptotic high speed wind velocity within 10Rg; thus, models
such as those of Leer & Sandbaek (1991) obtain flow speeds of order only
300 km s~! at 10Rg for wave amplitudes 6v ~ 20 km s~ 1.

In order to address these two problems, it is important to note that most
wave—driven wind models are based on the simple WKB approximation,
which uses a momemtum conservation equation of the form

+D, (2)

where D = —%;—r (ﬁ%:l) and (6B?) ~ exp(—r/L). (This formalism is di-
rectly applicable only to the propagation of linear torsional Alfvén waves;
cf. Ferraro & Plumpton 1958.) The obvious question is: What about
non-WKB waves? A number of authors, including An et al. (1990), Velli
(1993, 1994), MacGregor & Charbonneau (1994), Lou & Rosner (1994),
and Krogulec et al. (1994), have recently focused on this issue. The basic
conclusion emerging from this work is, first, that in a certain well-defined
sense, there may not be any WKB waves: That is, virtually all waves with
periods longer than a few minutes show some reflection (due to gradients
in the background Alfvén wave speed) somewhere in the flow. In particu-
lar, the notion of a single “damping length” for parametrizing the spatial
variation of such waves is clearly far too simplistic; it is likely (though
not as yet established) that the “fine tuning problem” can be avoided by
taking more sophisticated account of the physics underlying Alfvén wave
damping and reflection. A more speculative possibility, discussed in these
Proceedings (Axford 1996), is that the inner solar wind is dominated by
very high frequency waves, whose short damping lengths in the inner corona
may lead to the required rapid flow acceleration. It would be very exciting
if SOHO, which will start to return data on the solar corona and wind
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in 1996, can provide additional observational constraints to resolve these
remaining problems.
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ACCELERATION OF THE HIGH SPEED SOLAR WIND

W.I. AXFORD AND J.F. MCKENZIE
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Abstract. A theory is developed for the high speed solar wind based on
a simple dissipation length characterization of wave heating of the coronal
plasma close to the Sun. It is shown that solutions with the correct particle
and energy fluxes and with a realistic magnetic field, match the require-
ments on the density at the base of the corona provided the dissipation
length is relatively small (~ 0.25 - 0.5 solar radii). The significant features
of these solutions are that the acceleration is rapid, with the sonic point
at about 2 solar radii, and the maximum proton temperatures are high,
namely 8 — 10 x 106K, in agreement with some recent observations. Such
efficient dissipation requires any Alfvén waves responsible to have frequen-
cies in the range 0.01 Hz - 10 kHz. This has implications for the nature of
the plasma and energy source in the chromospheric network.

Key words: stars: coronal, winds-sun: solar wind - corona: Alfen waves

The high speed solar wind, which is directly associated with coronal
holes, is the basic equilibrium form of the solar wind (Bame, et.al. 1977).
As such it must be accounted for in any steady-state theory. In contrast, the
low speed wind appears to be associated with transient openings of closed
field regions in the corona which give rise to inherently unsteady streams
which are not in equilibrium with the coronal base (Axford 1977).

The most important (average) properties of the high speed solar wind
are (Schwenn, 1990; Mariani and Neubauer, 1990):

1. the asymptotic speed is Vo ~ 750—800km /sec with small fluctuations;

2. the particle flux at 1 a.u. is ~ 2 x 10%/cm?sec;

3. the radial magnetic field strength at 1 a.u. is ~ 2.8 nT with the field
being unipolar in each stream;

4. the average proton and electron temperatures at 1 a.u. are T, ~
200,000 K and T, ~ 100,000 K respectively;
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5. the electron distribution function contains a field-aligned beam which
evidently originates in a region close to the Sun where Te does not
much exceed ~ 106 K;

6. the proton temperature perpendicular to the magnetic field is greater

than that parallel to the field (T~ > T,l,l);

7. magnetic field fluctuations with periods > 200 sec correspond to Alfvén
waves propagating away from the Sun with energy fluxes (at ~ 0.3 a.u.)
about 1% of the total solar wind energy flux;

8. minor species, including helium, have roughly the same temperature
per atomic mass as the protons (T3 ~ AT,) and move faster by ap-
proximately the Alfvén speed (V; ~ V + Vy);

9. the composition appears to be constant and with helium abundance ~
5%:;

10. in agreement with the behaviour of coronal holes, the high speed wind
is dominant during periods of low solar activity and occupies the whole
heliosphere at solar latitudes greater than about 20 deg;

11. the wind is fully developed at ~ 0.3 a.u. and, according to recent inter-
planetary scintillation (IPS) observations, is also close to its terminal
speed at ~20 and even ~ 8 R, (Rs=solar radius) (Coles, private com-
munication, 1995).

It is difficult to make measurements in coronal holes at the base of high
speed streams as a result of contamination from denser regions of plasma
in the fore- and background. However the following results appear to be
sound:

12. the electron densities are low (n, ~ 2 x 107 — 108/cm?®) in comparison
with coronal streamers (Koutchmy, 1977);

13. the electron temperature does not appear to exceed about 106 K (Hab-
bal et. al. 1993).

From these results we may deduce that pressure gradients associated
with electrons and Alfvén waves do not play a major role in accelerating the
wind because they act too slowly and cannot lead to rapid acceleration close
to the sun. Furthermore, because the protons are hotter than the electrons
and because the minor species are strongly favoured relative to protons,
it appears that comparatively high frequency waves are involved, allowing
discrimination in terms of Z/A (i.e. ion cyclotron waves). At 0.3 a.u., ion
cyclotron waves have periods less than the Ferraro-Plumptom period at
the base of the corona (i.e. 7, = 2H/V4 ~ 30 — 100sec, where H is the
scale height at the base of the corona). Waves with periods longer than 7,
do not propagate according to the WKB approximation and are inefficient
transmitters of energy from the coronal base (Ferraro and Plumpton, 1958).
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There appears to be only one possibility to account for the high speed
solar wind, namely that it is mainly a consequence of heating close to
the Sun by the dissipation of waves with periods considerably less than
T, These should preferentially heat protons and, especially, minor species
including helium. Given that the magnetic field strength may be 5 - 10
gauss at the base of coronal holes, the frequency range of the waves in
question is ~ 0.01 Hz - 10 kHz.

In the absence of a complete and self-consistent theory for the origin
and dissipation of the waves we adopt a simple approach to the heating and
acceleration of the solar wind plasma assuming a single damping length L.
The wave energy flux F, is given by

Fy = pu(3V 4 2Vy), (1)

where p,, = %p < 6V? > is the wave pressure, p and V the fluid density
and speed, < 6V > the mean square wave amplitude and V4 = B/./(87p)
with B the magnetic field strength. The dissipation function Q is assumed
to have the form

Q@ = Qoexp[—(s — so)/L] (2)
where s is measured along the magnetic field and s, = r, = 1 R,. The area
factor A is such that magnetic flux is conserved:

BA = B(s,)A(s,) = constant. (3)

To proceed further we need a suitable magetic field model: For solar
minimum conditions the field is essentially that of an axisymmetric current
sheet in the equatorial plane with the Sun’s field being a dipole (Gleeson
and Axford, 1976). Thus for the polar field line, for which s = 7,

B(r)/M = s/ + 1/a(a + r)* (4)

where M is the magnetic dipole moment of the sun. We choose the param-
eter a such that the open field lines emerge from latitudes © > 60 degrees;
thus a & 3.96 Rs. The pattern of field lines is shown in Fig.1. Note that
the model does not allow for the region occupied by the slow solar wind
(O < 20 degrees), however it should be reasonably accurate close to the
Sun (r < 20 R,). We compensate for this minor defect in estimating the
field strength at the base of the coronal hole by mapping only the radial
component of the field at large distances above 20 degrees latitude into the
north and south polar coronal holes defined as @ > 60 degrees. Thus the
average field strength in the holes is taken to be 5.5 gauss.

There are three integrals of the motion, the magnetic flux (see (3)), the
particle flux J and the energy flux E:
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Figure 1. A model of the solar magnetic field appropriate to solar minimum conditions.
The field lines emerging from latitudes above 60 degrees are open and form part of the
high speed solar wind region. This model does not allow for the presence of an equatorial
band of low speed solar wind and hence the relationship between the polar field strength
and that at large distances must be modified accordingly.

There are three integrals of the motion, the magnetic flux (see (3)), the
particle flux J and the energy flux E:

pVA=J (3)

J[V2/2+5p/20 — GM,[r]+ A(Fy + F,)= E (6)

where p = p; + pe is the plasma pressure, GM,/r the solar gravitational
potential and F, = —k.dT./dr is the heat conduction flux. Proton heat

conduction can be neglected since spis presumed to be controlled by wave-
particle interactions associated with the heating process and is small. How-
ever electron heat conduction controlled by Coulomb collisions may be the
rule beyond the heating region; thus we assume

T. =T, = 10°K for r < 3R, (7a)

5
F. = —koe T¢ dT./dr for r > 3R,, (7b)

It can be shown that, if p,,/p is small at the base of the corona and the
wave dissipation and plasma heating processes have the same length scales,
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Figure 2. The variation of solar wind speed (V), Alfvén speed (VA) and thermal speed
(V¢n) in the range 1 - 20 R, for L = 0,25 (dotted lines) and L = 0,5 R, (full lines). The

acceleration is rapid and the solar wind is essentially fully developed within a few solar
radii of the Sun.

Pw can be negelected relative to p, which greatly simplifies the solution,
(Axford and McKenzie, 1993).

From the observed quantities at large distances from the Sun, assuming
that p tends to zero at infinity, we deduce that J/Am ~ 2 x 108/cm?%sec
and E ~ nmV2 /2 ~ 1.2 ergs/cm®sec at 1 a.u., where m is the mean ion
mass (m ~ 1.9 x 1072% gm, with 5 % Helium).

Finally there are the plasma momentum and wave energy exchange
equations:

pdV/dr = —dp/dr — dp,/dr — GM,p/r* (8)

(1/A)d(AF,)/dr = Vdp,/dr — Q 9)
We neglect the terms involving pw and note that AF,,/J ~ V2/2 +
GM,r,, AF, = A, F,, and

Foo~ 2 | f[exp—w — 1)/ L][A(r)/A(r,)]dr (10)

On choosing L a complete solution can be found which has a correct
magnetic field geometry and correct particle flux and asymptotic flow speed.
Each such solution will correspond to a certain value of no, the coronal base
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Figure 8. The variation of solar wind mean ion temperature in the range 1 - 20 R,
for L = 0.25 R, (dotted line) and L = 0.5 R, (full line). The electron temperature is
given by the dashed line and is the same in each case. The mean ion temperature should
be reduced by about 15 % to give the proton temperature as it allows for the presence
of helium and heavier species with the same temperature per atomic mass as protons.
As L decreases the mean ion temperature increases and the position of the maximum
moves closer to the sun. The point shown corrresponds to the measurement by Kohl et.al.
(1995), altered to correspond to mean ion temperature as described above.

density, and a particlular distribution of mean ion temperature, T(r). We
find that for 2 x 107 < n, < 108/cm3, we must have 0.25 R, < L < 0.5 R,
and Tmax ~ 9.5 — 12 x 10°K. The sonic point occurs close to the Sun at
about 2 R, and the Alfvén point (V = Vy4) occurs at r ~ 8R;.

The significant features of these results are that with a single free pa-
rameter, namely the dissipation length L, we have been able to obtain
excellent agreement with observations of the high speed solar wind. These
include the correct speed and particle flux, a realistic magnetic field, rapid
acceleration near the Sun associated with low coronal base densities and
good agreement with densities measured in the outer corona (Figs. 2-4).
The essential requirement is that the dissipation length is ~ 0.25 - 0.5 R,
which implies that the wave frequencies must be higher than usually con-
sidered. The high Alfvén speed in the heated region places a constraint on
the frequencies since one would expect that L/< V4 > is an upper limit
to the period of waves that can be dissipated within a distance L and this
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Figure 4. The variation of magnetic field (B) plasma number density (n) in the range
1-20 R, for L = 0.25 R, (dotted line) and 0.5 R, (full line). The points shown are
measurements of the coronal density obtained from the Spartan white light coronagraph
(Fisher and Guhathakurta, 1994)

is ~ 100 - 300 sec, which is somewhat greater than the Ferraro-Plumpton
period. The waves responsible for heating the corona and ultimately accel-
erating the high speed solar wind are therefore not related to those with
longer periods observed at larger distances from the Sun. The latter waves
do not appear to have an energy flux at the Sun capable of producing the
high speed wind and are neglected at this stage (e.g. Roberts, 1989).
Perhaps the most interesting aspects of the results is the prediction of
the existence of high ion temperatures in the inner corona in high speed
streams, namely maximum mean temperatures of 9.5 - 12 x 10° K cor-
responding to a proton temperature of 8 - 10 x 108 K. In the absence of
strong wave pressure a gradients and with the electron temperature too
small to produce a significant electron pressure gradient, such high tem-
peratures are inevitable for the high speed solar wind to exist with rapid
acceleration and low coronal base density. The temperatures quoted could
be slightly over-estimated if for some reason the electron temperature ex-
ceeds 10° K, if the pressure of long period waves is not negligible and/or
if the minor species take a greater share of the available wave energy than
assumed here. However the range of temperatures quoted can probably be
regarded as being a very good approximation to reality. Indeed we note
that recent results from the Spartan 201 Coronal Spectrograph are consis-
tent with our predictions, in that they indicate a proton temperature of
7.6 x 10° K at 1.8 R, in a coronal hole on the basis of Lyman alpha line
profile measurements (Kohl et.al., 1995). These observations also appear
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to indicate that the solar wind accelerates very quickly in coronal holes,
consistent with our predictions.

In order to improve on this theory it will be necessary to consider the
source spectrum and dissipation processes for high frequency waves. A be-
ginning has been made (Axford and McKenzie, 1993) but much remains to
be done. If, as expected on the basis of the obervations described above, the
main dissipation process involves cyclotron heating, it will be necessary to
assume that the heating term Q operates on the perpendicular temperature
and hence a theory involving anisotropic ion pressures and temperatures is
required (Leer and Axford, 1972). In this case the mirror effect may provide
an enhancement of the acceleration rate, especially for minor ions if they
extract more than their share of the wave energy.

The source of the plasma and the waves appears to lie in the super-
granular network and should be considered together with the high speed
wind. It appears reasonable to assume that small scale reconnection events
associated with the strong and complex magnetic fields in the network are
involved and that the wave periods are determined by the scale of the mag-
netic field structures and the Alfvén speed in this region. A wave source
spectrum covering the range required (0.01 Hz - 10 kHz) does not seem
to be unreasonable on this basis. The source of the plasma is ionization of
neutral gas within the network which appears to take place without signif-
icant recombination losses: accordingly the mass flux in the wind and the
density at the coronal base are controlled in this way rather than being
independent of the source as is often argued.
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DECLINING PHASE CORONAL EVOLUTION:
THE STATISTICS OF X-RAY ARCADES

A.H. MCALLISTER, A.J. HUNDHAUSEN AND J.T. BURKEPILE
High Altitude Observatory
PO Box 3000, Boulder, CO 80307, USA

P. MCINTOSH
HelioSynoptics
3885 Paseo del Prado, Boulder CO 80301, USA

AND

E. HIEI
Meisei University, Tokyo 191, Japan

Recent work has supported the link between the reforming, or brighten-
ing, coronal arcades seen by the Yohkoh soft X-ray telescope (SXT) [McAl-
lister et al., 1992; Hanaoka et al., 1994] and CMEs, as observed by coron-
agraphs [Hiei, Hundhausen, and Sime, 1993; McAllister et al., 1995].

In an informal survey comparing white light coronagraph observations
from the High Altitude Observatory’s Mauna Loa Observatory with the
SXT images the authors noted that in the descending phase of this so-
lar cycle many of the large scale SXT arcade events were associated with
CME’s, or were of a similar type to those that were. Furthermore there
were several global field configurations that seemed to often produce such
events. This led us to perform a statistical study of the locations of the
coronal arcades seen in the SXT images during 1993 and the first half of
1994.

We made a catalog of all coronal arcade and other large scale coronal
events that might be related to CMEs. The catalog was made more com-
plete by including many events that took place on the backside of the Sun
but, due to their scale and high latitude, were visible over the limb. From
this catalog we selected coronal arcade events with a scale of more than
20°. Active region expansion events, both quiet [Uchida et al., 1992] and
explosive, and diffuse quiet sun events were excluded. This is not meant to
imply that we believe they are unrelated to CMEs.
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The remaining 240 arcades events were plotted on McIntosh synoptic
charts (based on Ha, Hel0830, and magnetogram data) that show the lo-
cation of coronal holes and magnetic neutral lines [McIntosh, 1979]. We
compiled statistics for the heliographic location and type of neutral line
(polar, mid-latitude(diagonal), or active region) for each arcade, keeping a
separate record for the 73 large arcade events.

We found differing patterns of arcade scale and location in the two
hemispheres. During the study period 52% of the events, but 81% of the
large events, occurred in the southern hemisphere. In the north 83% of
the events where over diagonal neutral lines while in the south 48% of the
events (63% of large events) were over the polar crown. The locations of the
arcades were not random, but were highly concentrated between large scale
magnetic field concentrations (often marked by coronal holes) that showed
relative apparent motion. This apparent motion was either of a colliding or
shearing nature. There were three such ‘active’ locations during our period
of study.

Our results suggest a picture of the global solar magnetic field evolution
in the declining phase of the solar cycle in which the motion of the large
scale photospheric magnetic field structures is a primary driver of evolution
in the global corona. This evolution is mediated by coronal mass ejections
and traced out by the coronal arcades seen by Yohkoh SXT.

A detailed treatment of this research is being written up as a full paper
to be submitted to the Astrophysical Journal.
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DEVELOPMENT OF A CORONAL HELMET STREAMER OF
24 JANUARY 1992

E. HIEI
Meisei University, Tokyo, Japan

AND

A.J. HUNDHAUSEN
High Altitude Observatory, Boulder, Colorado, U.S.A.

The coronal helmet streamer of 24 January 1992 was one of the most
prominent events observed with the Soft X-ray Telescope (SXT) on board
the Yohkoh satellite. The helmet was interpreted as the reformation of a
closed magnetic structure through reconnection, following a prominence
eruption and mass ejection (Hiei et al. 1993).

The coronal helmet streamer developed from a loop structure, as seen
in Fig. 1. A faint X-ray coronal loop brightened at 09:20:18 UT, whichi was
similar to limb flares observed in the Ha line. The maximum height of the

Figure 1. Development of loop structure
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structure appeared higher and higher with time, but upon close examina-
tion of the SXT images, the structure was found to consist of at least three
loops, which are seen in Fig. 1 in the image after 10:33:05.

The height of each loop top, pro-

X105km

jected in the plane perpendicular 25
to the line of sight, was measured )
and plotted in Fig. 2. This shows 20 .
that each loop appeared at a certain s 2kms]'
height and did not rise further, but éw . M/v
rather shrank with time. About one T s
hour later, another loop appeared at “,
a greater height than that of the pre-  *[_[%
vious loop. 0 e

The loop structure after a two- &3 n l];r .oa u

ribbon flare had hitherto been .

thought to expand both in height and Figure 2. Height of loop top versus time
width with time, but in fact each loop in this event shrank; the downward
velocity was first 3 km s™! and then 0.5-1 km s~! about 2 hours later.
However, the velocity of rising of the loop structure as a whole was 2 km s~!
on the average.

The intensity at the top of the first loop became a maximum at 09:54,
about 40 min after the first appearance of the loop, and then its brightness
decreased with time. The 2nd loop reached maximum brightness at 11:22,
about 50 min after its appearance.

The top of each loop brightened at first and then about one hour later
the foot became bright. The first bright region of each loop was always at
its top, and then the high temperature region moved down to its foot.

The observation showed the shrinkage of a loop with changing intensity,
and the appearance of a discontinuous jump to the next loop. We infer
from this observation that i) the energy release was not continuous, and
the succeeding energy release occurred about one hour later for the next
loop, ii) the duration of the energy release was about 40-50 min for each
loop. The intensity of the loop tops became weak on a time scale of one
hour due to conductive/radiative cooling. The time change of brightness
and width of each loop will be discussed in a later paper. A shrinkage is
also discussed by Svestka et al.(1987), and Forbes and Acton(1995).
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OBSERVATIONS OF SOLAR WIND BEYOND 5 Rs AND
WITHIN 0.3 AU BY INTERPLANETARY SCINTILLATION

M. KOJIMA, H. WATANABE AND Y. YAMAUCHI
Solar-Terrestrial Environment Laoratory, Nogoya University,
Toyokawa 442, Japan

AND

H. MISAWA
Upper Atmosphere & Space Research Laboratory,
Tohoku University, Japan

Acceleration Phenomena beyond 20 Rs

Interplanetary scintillation (IPS) observations have found high-latitude
streams which show large speed increases at a distance range of 0.1-0.3 AU
and constant speeds beyond 0.3 AU. These streams tend to be observed
more frequently in the minimum phase of solar activity than in the solar
active phase, and their foot points are located in Hel polar coronal holes
and their boundaries. We examined biasing effects in these observations us-
ing simulated IPS observations and found that IPS speed differences of 200
km/s within and beyond 0.3 AU cannot be caused by any combination of
possible biasing effects. See Kojima et al. (1995) for more detail discussion.

Very Low Speed Winds From Active Regions

The relationship between low-speed solar winds observed within 0.4 AU
with the IPS method and active regions on the sun was studied. It is al-
ready known that solar wind speed distributed along the neutral lines is
generally low even in the solar active phase when the amplitude of the
neutral line becomes large. However it should be noted that low-speed re-
gions near the sun are distributed not only along the neutral line but also
on active regions. In general, localized streamers from active regions were
thought to disappear near the sun, but our results suggest the possibility
that some streamers from active regions survive with a very low speed (<
300 km/s) up to, at least, 0.2-0.4 AU. See Watanabe et al. (1995) for more
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detail discussion.

Density Profile in Acceleration Region Beyond 2 Rs

An inner scale parameter has been used to measure the density profile
at distances of 2-80 Rs. The inner scale is the scale size at which a power
spectrum shows dissipation and is equal to a local proton Larmor radius.
Therefore it is assumed that cyclotron damping plays an important role
as an effective dissipation mechanism and that the inner scale can be ex-
pressed only with density N as S; = 684N~1/2, If the density expands as
R~2, the inner scale increases linearly with distance. This linear relation
has been observed at R > 30 Rs; however, within 30 Rs it is lower than
the values expected from the linear relation. We computed the radial dis-
tance dependence of the inner scale with the solar wind acceleration model.
For the low-speed wind, the comparison of the radial distance profile found
good agreement between observations and model calculation. Accordingly,
the separation of the inner scale from the linear relation suggests a steeper
density gradient than R~2 caused by the solar wind acceleration near the
sun.

MHD Wave Related Velocity Fluctuation

Since velocity fluctuations in the solar wind are expected to be caused
by MHD plasma fluctuations, measurements of the velocity fluctuations
are key to revealing the acceleration process of solar winds. Skewness of
a cross-correlation function is related to the velocity fluctuation parallel
to bulk flow direction. We compared the scans of the observed cross cor-
relation function with that of modeled CCFs in which velocity fluctuation
was parameterized. Preliminary analyses show following results: high-speed
winds (Vsw >500km/s beyond 0.3 AU) indicate increase of velocity fluc-
tuations near the sun; low speed winds (Vsw <400Km/s beyond 0.3 AU)
have small velocity fluctuations at all distances. See Misawa et al. (1995)
for more detail discussion.
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IT. Wind and Mass-Loss from the Sun and Stars

I1.2. Wind and Mass-Loss from Stars



HST AND IUE OBSERVATIONS OF STELLAR MASS-LOSS
FROM K AND EARLY M EVOLVED STARS

G.M. HARPER
JILA, University Of Colorado at Boulder
Campus Boz 440, Boulder, CO 80309-0440, USA

The presence of out-flowing circumstellar material from evolved stars
was originally detected in the optical as blue-shifted absorption features in
the spectra of a Her (Deutsch, 1956) and as scattering of the K I A\7699
resonance line in the extended atmosphere of Betelgeuse (o Ori, M2 Iab),
see Bernat et al. (1978). These observations of material far above the stellar
surface provide direct evidence for mass-loss. The optical Ca Il H & K and
Infrared Triplet, Ha and He I 10830A diagnostics are now complemented
by studies in the ultraviolet where there is a wealth of information from
numerous atomic transitions, e.g., the IUE study of a Her (Thiering &
Reimers, 1993). UV observations from IUE and HST/GHRS have placed
important constraints on the winds from K and early M evolved stars.

1. Introduction

Winds from late-type stars can be broadly divided into two categories;
winds from coronal stars like the Sun which are thought to have terminal
velocities of the order of the surface escape speed, i.e., V(o0) ~ V,(R.)
and significant support at the base of the wind from thermal pressure,
and winds from cool evolved stars which have V(o) < V,,.(R.) and show
insufficient hot plasma for thermal support at the base. This latter group
is the subject of this review. The mechanisms which drive the winds from
the K and early M stars remain uncertain, and are an outstanding problem
is stellar astrophysics. In later spectral types pulsation may play a role in
the mass-loss process. General reviews on mass-loss from cool stars can be
found in Dupree (1986) and Dupree & Reimers (1987).

The region of the Hertzsprung-Russell (H-R) diagram where the K and
early M evolved stars reside, represents an evolutionary mix, with stars on
their first and second crossing of the H-R diagram (Iben, 1967). It is thought
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that magnetic processes control and/or modify the wind structure in the
K giants, e.g., although photospheric oscillations have been observed on K
giants (14 — 60 ms™!), model calculations suggest that the acoustic power
spectrum alone is not responsible for the observed mass-loss (Sutmann &
Cuntz, 1995 and references therein). Kuin & Ahmad (1989) found from a
study of the wind energy budget in the { Aurigae eclipsing binaries that
the energy flux should propagate at greatly supersonic speeds which are not
observed, and they proposed that the energy propagates at an Alfvénic ve-
locity. Unfortunately there are no direct measurements of surface magnetic
fields which can be used to observationally constrain proposed magnetic
wind models. Haisch, Linsky & Basri (1980) examined the effects of Lya
radiation pressure on the atmosphere of a Boo (K2 III) and found that it
could not sustain the stellar wind. Also a study of the global energy balance
for low and intermediate mass stars (K1 III - M5 III) by Judge & Stencel
(1991) suggests that radiation pressure on dust does not initiate winds from
most cool stars.

In the following we focus on some of the important results concern-
ing stellar wind velocity fields obtained with the International Ultraviolet
Explorer (IUE) and the Goddard High Resolution Spectrograph (GHRS)
on-board the Hubble Space Telescope (HST).

2. UV Spectral Diagnostics (IUE & GHRS/HST)

For most stars, only disk integrated spectra are available and potential
signatures for mass-flows are emission-line shifts from the wind and wind
scattering features in broad optically thick lines. The IUE and GHRS spec-

TABLE 1. Approximate resolution of the IUE and
HST spectrographs

Mode (Dispersion) R =2A/AX R(kms™')

IUE Low (G) ~ 300 AV ~ 1000
IUE High (E) ~ 15,000 AV ~ 20
GHRS Low (G) ~ 2,000 AV ~ 150
GHRS Medium (G) ~20,000 AV ~15
GHRS High (E) ~ 80,000 AV ~4

trographs both cover 1150-3300 Angstroms. The approximate resolutions
of the IUE high and low dispersion modes, the GHRS low and medium
resolution gratings and the GHRS echelle mode are given in Table 1. A
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good discussion of IUE spectra from main-sequence and evolved late-type
stars can be found in Jordan & Linsky (1987).

Chromospheric line widths in evolved stars are mostly supersonic [FWHM
20 — 32 kms™!, FWHMB0% K — 19 km s~! | but are much narrower than
transition region lines, which can be as large as 100 km s~ . Wind absorp-
tion features from single stars are typically 10 < V;ng < 180 km s~ . The
IUE low dispersion mode is insufficient to resolve any velocity information
but IUE has been very useful in measuring line fluxes. The IUE high resolu-
tion mode can resolve the broad transition region lines and wind absorption
features, while the widths of chromospheric lines are close to the IUE high
resolution limit. GHRS echelle observations of C II] A2325 multiplet in
a Tau (K5 III) (which are sensitive to electron density, n.) (Carpenter et
al., 1991) are fully resolved with FWHMC®!l = 24 kms™! and show net
down-flows of ~ 4 kms™' . The very high S/N and resolution of these
data allowed Judge (1994) to detect multiple n, components from the line
profiles.

Some important diagnostic lines observed with IUE and GHRS are given
in Table 2. The last column indicates the optical depth (7) in the line
forming region, for transition region resonance lines these are uncertain.

TABLE 2. Selected diagnostic emission lines

Ton Wavelength (A)  Excitation Region T
MglIlh & k  2795.53+2802.71 Chromosphere >1
Fe Il Numerous Chromosphere 0->1
Si I11] 1893.03 Transition Region <1
Si ITI 1206.50 Transition Region >1
c 11 2325 mult. Chromosphere L1
C 111 1908.73 Transition Region <1
Silv 1393.764+1402.77 Transition Region ?
Clv 1548.204+1550.77 Transition Region ?
NV 1238.82+1242.80 Transition Region ?

3. Results from IUE and HST/GHRS
3.1. TRANSITION REGION DIVIDING LINE

One of the first important results from IUE was the identification of a
“transition region dividing line” near K2 III (Linsky & Haisch, 1979). Gi-
ants earlier than K2 III show the presence of C IV flux in IUE spectra
while late-type giants typically show little or no detectable C IV emission.
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Figure 1. Large aperture pre-COSTAR HST/GHRS echelle spectrum of Mg II k
(A2795.53) in a TrA. The figure is plotted in the photospheric rest frame. The broad
wind feature is clearly visible, together with two ISM features not resolved in IUE high
resolution spectra (Harper et al., 1995).

X-ray observations have shown this division also extends to coronal emis-
sion (Ayres et al., 1981). Near this region of the H-R diagram there are
changes in the morphology of the Mg II h & k profile (Stencel & Mullan,
1980). In self-reversed Mg II lines of earlier spectral types the blue-peak is
similar or stronger than the red-peak like in the solar atmosphere. Later-
type stars mostly show the opposite asymmetry (blue < red), which model
atmosphere calculations suggest indicates mass out-flow. A similar change
in morphology occurs in the Ca Il H & K profiles at slightly later spectral
types (Stencel, 1978).

Shortly after the identification of the transition region dividing line, a
class of stars known as the hybrid-chromosphere stars, e.g., a TrA (K4 II)
were identified which are later than K2, showing wind absorption features
and showing the presence of C IV emission (Hartmann et al. 1980, Reimers,
1982). These stars are mostly bright giants or supergiants which lie above
the original dividing line for giants. Figure 1 shows a GHRS echelle spec-
trum of the Mg II k line in a TrA. The broad wind absorption is clearly
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visible as well as two ISM features near line center. GHRS and ROSAT
PSPC observations of 4 Dra (K5 IIT) show that Mg II wind features, C IV
and X-ray emission do co-exist in a giant on the cool side of the dividing
line (Brown et al., 1994). The presence of coronal and transition region
plasma and Mg II wind absorption features are not mutually exclusive.

3.2. TRANSITION REGION LINE SHIFTS

If transition regions are associated with the base of a warm or hot wind
then the possibility exists that emission lines might show line shifts indica-
tive of the outflowing plasma. Analysis of IUE line shifts for coronal stars
B Dra (G2 Ib-ITa), a Aur A (F9 III) and A And (G8 III-IV) (Ayres et al.,
1988) showed red-shifts (or down-flows) in Si III], C III}, Si IV and C IV
possibly weighted towards high densities. The Si III] and C III] are both op-
tically thin so that the red-shifts are unambiguous indicators of down-flows
(scattering of optically thick lines in out-flows can also appear red-shifted).
IUE C IV observations for the hybrid-chromosphere star @ TrA show no
significant Doppler shifts (Ayres et al., 1984). HST observations have con-
firmed red-shifts of transition region lines for several stars (Linsky, Wood
& Andrulis, 1994) and that C IV in a TrA shows no systematic redshift.
Interestingly the HST has confirmed that active stars show C IV \1548.2
profiles which are less red-shifted than the weaker A1550.8 line. In a TrA
A1548.2 is blue-shifted while the other line is redshifted. The observed red-
shifts of optically thin emission lines certainly do not provide evidence for
mass outflows, however, the large line widths suggest that the atmospheres
are very dynamic. The observed red-shifts may result from differences in

the emissivity of up and down flowing material which form part of a net
out-flow.

3.3. FE II LINE PROFILES

There are many Fe II emission lines which have optical depths which cover
four orders of magnitude, thus making them ideal for sampling different
heights in the stellar atmosphere. Observationally the profiles of Fe II lines
can be summarized as follows: Lines of low optical depth (7 < 1) are sym-
metric and centered on or close to the photospheric rest frame. They have
line widths characteristic of the chromosphere. Moderately opaque lines
(T ~ 1) are asymmetric with a depressed blue peak and the lines are opac-
ity broadened with the emission wings centered on the photospheric rest
frame. Very opaque lines (7 > 1) show a deep wind absorption feature,
the profile being highly asymmetric with very broad wings which are cen-
tered on the photospheric rest frame (Judge & Jordan, 1991). Figure 2
illustrates these trends with GHRS spectra of ¥ Cru (M3.4 III) (Carpenter,
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Figure 2. Line profiles as a function of optical depth for ¥ Cru (M3.4 III) and X Vel
(K4 II), after Judge & Jordan (1991). The lowest panel shows an optically thin C II] line,

the top panel shows the Mg II h line. The intermediate panels show a selection of Fe II
lines.

Robinson & Judge, 1995) and A Vel (K4 II), the acceleration of the wind
with increasing height (larger 7) can clearly be seen.

Qualitative analysis of IUE data for a Ori (M2 Iab) (Carpenter, 1984)
shows that the velocity of the Fe II self-reversal first increases and then
decreases with optical depth. The appearance of wind deceleration is an
important result because in a steady-state wind, it marks the radius where
the rate of energy input is less than that required to lift the gas through
the gravitational potential. Note that more recent HST observations do not
show the same flow patterns indicating time variability in a Ori (Carpenter
et al., 1996). A quantitative study of the Fe II spectra will provide strong
constraints on wind acceleration from single stars.

3.4. ECLIPSING BINARY SYSTEMS

The most detailed information on stellar winds has come from studies of
cool evolved stars in eclipsing binaries such as { Aurigae, VV Cep and
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symbiotic systems. A review of IUE observations of these systems has been
given by Hack & Stickland (1987). The spatial resolution obtained by ob-
serving the systems at different orbital phases has allowed two different
approaches to estimate the wind velocity as a function of radius, v(R). The
first approach converts absorption line column densities into particle den-
sities assuming spherical geometry, e.g., Eaton (1993), Vogel (1991) and
Schréder (1985). The velocity can then be inferred by assuming a time-
independent mass-loss rate. The second approach is to model line profiles
which show P Cygni-type scattering. These models include the same as-
sumptions but use both column density and velocity information directly,
e.g., Kirsch & Baade (1994) and references therein. The velocity-law is
frequently assumed to be of the form

v(R) = v(co) (1- %)ﬁ, (1)

and results from the best studied systems are given in Table 3. The ac-
celerations are found be relatively slow (3 ~ 2.5 — 3.5) compared to the
semiempirical model of o Boo (K2 III) (Drake, 1985) and hot star winds
where 3 ~ 0.5 (Caster, Abbott & Klein, 1975).

TABLE 3. Wind velocity parameters for {( Aurigae and 32 Cyg.

System M v (o0) Vstoc M. R. B

Mg yr! kms™! kms™  (Mp) (Ro)
¢ Aur (K4b) 6x107° 90 20 7 166 3.5
32 Cyg (K5 Iab) 1.5x107° 90 30 8 188 25

4. Conclusions

The absence of blue-shifted emission lines excited within stellar winds pro-
vide strong constraints on theoretical wind models. The absence of blue-
shifted emission may be a result of line formation in a highly dynamic
outflow or it may result from low particle densities or a gradual wind accel-
eration as suggested from the observations of { Aurigae systems. The Fe II
wind diagnostics shown in Fig. 2 should reveal whether the apparent slow
acceleration deduced from ( Aurigae systems is also a property of single
stars and a function of spectral-type.
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PROMINENCES ON LATE TYPE ACTIVE STARS

P.B. BYRNE
Armagh Observatory
Armagh BT61 9DG, N. Ireland

Abstract. There is increasing evidence of prominence-like neutral hydro-
gen clouds suspended in the otherwise hot coronae of active late-type stars.
We review this evidence here and discuss the nature of these clouds. In
particular we discuss their possible role in rotational braking.

1. Introduction

The solar paradigm is widely used to explain a broad range of phenomena on
late-type stars. These include stellar flares, sudden brightenings in broad-
band radiation, from microwaves to hard X-rays (analogous to solar flares),
modulation of global visible and near-IR light by the varying visibility of
dark areas on the stellar surface as the underlying star rotates (“starspots”,
analogous to sunspots), and non-radiative heating of hot chromospheres
and coronae. All of these phenomena arise from powerful magnetic fields,
generated by the interaction of differential rotation and deep convection,
and intensified locally into loop structures at the photosphere and above,
in a manner familiar on the Sun.

Studying stellar counterparts of solar magnetic activity offers us many
insights not available on the Sun. We observe stars which rotate at many
times the solar rate (Pr, >0.2dy) and which possess convective regions
extending almost to the core of the star. These result in more efficient
magnetic field generation and, as a result, solar phenomena are scaled by
orders of magnitude. Active late-type stars may also be observed in young
open clusters and in the old disk field population giving an evolutionary
perspective on their rotationally induced activity.

Such active stars include a “z00” of objects, such as the FK Com, T Tau,
W UMa stars and even the secondaries of cataclysmic variables, all of which
display rotationally induced magnetic activity of the type described above.
In this review we are going to discuss only the dKe/dMe stars, i.e. the
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classical “Flare” stars, and the RS CVn sub-giant binaries. The former are
rapidly rotating main sequence objects, while the latter are post-main se-
quence close binaries, in which tidal interaction has forced one, or both,
components into rapid rotation. This selection is dictated largely by the
range of available observational material rather than intrinsic interest.

On the Sun, prominences are intimately associated with solar magnetic
active regions. They consist of neutral hydrogen gas trapped in a poten-
tial well near the apexes of loop arcades and embedded in a multi-million
degree corona. They are seen as dark features via resonant scattering of
the Ha-bright chromospheric radiation. When seen on the solar disk, large
prominences are filamentary in structure and their total projected area is
typically <1% of the solar disk (Allen, 1973). Their height above the photo-
sphere is typically 0.05Rq and they have lifetimes of several solar rotations.

2. ABDor

AB Dor (= HD36705) is a bright (V~6.9) KOV star at a distance of ~16pc.
It rotates with a period, P,,;=0.514dy. Combining the directly measured
vporsing (~85km/s) and this period yields a radius, R=0.9Rg, close to nor-
mal for a KO main sequence object. This large rotational velocity means
that doppler broadening exceeds all other sources of spectral line broaden-
ing, even for the case of chromospheric Ha.

High-resolution spectra of AB Dor’s Ha line show narrow absorption fea-
tures crossing between +v,,sini in times short compared to Py, (Cameron
& Robinson, 1989a,b). These features cannot be at the stellar photosphere,
since they would cross the rotationally broadened profile in a time P,,¢/2
and so Cameron & Robinson interpreted them as clouds of neutral hydro-
gen supported high above the photosphere in a manner reminiscent of solar
prominences.

Consideration of their disk crossing times, along with their projection
geometry, led to the conclusion that they form at, or just beyond, the co-
rotation radius, 7¢o—ror (Where W eomrot = g). Furthermore, Cameron &
Robinson (1989b) showed that individual clouds could be identified on sev-
eral rotations, suggesting that they have a lifetime of several days. They
suggest that the neutral material forms at the apexes of magnetic loops
which extend beyond rc—rot, where centrifugal acceleration leads to con-
densation. Material is fed from the lower, hotter portions of the loops by
thermal expansion and then centrifugal acceleration. The neutral compo-
nent of the gas is tied to the magnetic field lines by collisions with the
ionized component, persisting for a period of time comparable to the dif-
fusion time. Clouds are seen to dissipate on a time scale of ~2-4dy, while
new clouds form at a rate ~1-2/dy. Cloud masses have been estimated to
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be 1017-10'8gr (Cameron et al. 1990), 2-3 orders of magnitude larger than
typical solar prominences (Allen, 1973).

Cameron & Robinson suggest that the dissipation of the neutral clouds
beyond 7,_rot is a potentially powerful means of removing rotational an-
gular momentum from such stars on a time scale of ~ 108yr.

3. Open cluster rapid rotators

Stellar rotational velocities in the aPer (Stauffer et al. 1985, 1989) and the
Pleiades (Stauffer et al. 1984, Stauffer and Hartmann, 1987) open clusters
showed that, while many G stars rotate rapidly in the former, at an age
7 ~50Myr, they were all slow rotators in the latter, whose age is 7 ~70Myr.
In contrast, many K stars in both clusters are rapid rotators, while they
are slow rotators in the Hyades (7 ~600Myr)(Stauffer et al. 1987).

Assuming that these results reflect ageing and not the effect of stellar
environments in the individual clusters, Stauffer et al. concluded that there
was a rapid braking mechanism in operation in young, rapidly rotating
stars which could brake G stars on a time scale <20Myr (the difference in
age between aPer and the Pleiades), and somewhat longer in K stars.

The neutral hydrogen clouds discovered in AB Dor could provide such a
mechanism. However, they would need to be ubiquitous in rapidly rotating
stars and in cluster G/K stars in particular.

Cameron & Woods (1992) found evidence for Ha absorptions in four
rapidly rotating G stars in aPer. In one of these it was possible to show
that the clouds giving rise to the absorptions were a short distance outside
the co-rotation radius. Therefore, while not providing conclusive evidence,
these data are supportive of the braking hypothesis.

4. HK Aqr

HK Aqr (=BD-16°6218 =GI890) is a 10th magnitude M2Ve star at a dis-
tance of ~20 pc, the ‘e’ suffix indicating Balmer He in emission, an indica-
tor of extreme chromospheric activity. Young et al. (1984, 1990) discovered
it to be an exceptionally rapidly rotating star with a period P~10.34hr
and vysine ~70km/s. Combining these two values suggests a stellar radius
R~0.6Rg, normal for a main sequence star of HK Aqr’s spectral type.

As with AB Dor, rotational broadening dominates over other sources of
broadening, even in the case of the normally very broad chromospheric Ha
emission (Byrne & Mathioudakis, 1993). Recent analysis of high resolution
Ha profiles (Byrne et al. 1994) has shown that the emission line centroid
varies in times short compared with a complete rotation.

In Fig.1 (upper panel) we show a sequence of these spectra and (lower
panel) the result of division of each spectrum by the mean Ha spectrum
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Figure 1. Example sequence of consecutive Ha emission profiles of HK Aqr on the
night of 25 August 1991 (upper panel). The spectra are separated in time by ~5min
(Ap=0.008) and occur in the time sequence —-, ——, ..... -..— and —.—. Also shown
(lower panel) is the result of dividing these same md1v1dua.l Hoa proﬁles by the mean profile
for the entire period of observation. This diagram is taken from Byrne et al. (1996a).

for the entire observing run. It is clear that the centroid variations arise
from progressive absorption of the blue wing of the Ha emission. The full
spectral sequence shows the absorption crossing the entire profile.

This interpretation is made even clearer in Fig. 2 where we have plotted
the radial velocity with respect to line centre of these absorption features.
They are seen to vary linearly in their velocity, while their range in RV is
constrained to +v,4sin:. Furthermore, individual features can be identified
over a period of at least 2 days (Byrne et al. 1996a). In these respects they
are directly comparable to the absorption features seen in ABDor and
described above. Therefore we adopt the same interpretive framework of
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Figure 2. Radial velocities of gaussian fits to the excess/deficit in the ratios of individual
Ho line spectra of HK Aqr on the night of 25 August 1991 to the overall mean. Ratios
falling above or below a mean line defined by the ratio of nearby continuum regions,
described in the text as in net absorption or net emission, are represented by filled
symbols or open symbols respectively. The two horizontal lines represent +vsini corrected
for a mean velocity of +7kms™!

neutral hydrogen clouds suspended in closed magnetic loops.

HK Aqr’s Ha absorptions differ from AB Dor’s in an important repect,
however. Assuming the mass of HK Aqr can be derived from its spectral
type, its corotation radius, 7.,—rot can be determined and, from it, the
crossing times for clouds held at that radius. This corresponds to Ag=0.09.
Perusal of Fig.2 shows that all of the clouds detected on HK Aqr’s Ha
profile cross in times longer than this. Geometric arguments then force the
conclusion that all of the clouds are at heights less that r.,_,.;. Indeed, even
assuming that they all cross the line-of-sight between the observer and the
centre of the star, some may be at heights above the stellar photosphere
comparable to large solar prominences.

The maximum scattered Ha flux is ~5-10% suggesting a minimal pro-
jected disk areal coverage of a similar magnitude. Obviously such structures
are much larger than typical solar prominences.

So, observations of HK Aqr supports the contention that prominence-
like neutral hydrogen features are present in rapidly rotating late-type stars,
but suggest that their potential as a rotational brake is not universal.

5. IIPeg

IT Pegis a 6.72dy SB1 binary of spectral type K2IV with a measured v,ysin?
of 21km/s. Its Ha is strongly in emission and the width of its profile is
determined by radiative transfer effects (see e.g. Byrne etal. 1995). Thus
detection of cool clouds in its atmosphere cannot be achieved by looking
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Figure 3. The mean time-averaged Ha profile of the RSCVn binary, II Peg, (—-)
compared to its observed profile during an “absorption event” of the type described in
the text (--) in September 1993. The lower curve (.....) shows the result of dividing the
“absorption event” profile by the mean time-averaged profile (Byrne et al. 1996b).

for their doppler signature crossing the line profile.

Nevertheless, evidence of Ha absorptions has been found (Byrne, 1987).
Fig.3 shows the mean Ha spectrum of II Peg compared to its profile during
one of these Ha absorption “events”. The profile is clearly is heavily ab-
sorbed, this time on the red wing of the line. The absorption profile (Fig. 3
lower curve) has a P-Cygni-like profile, sharply defined to the blue, but
quasi-exponential to the red, suggesting a strong downflow associated with
the material in the absorbing cloud. Although it is difficult to determine
velocities definitively from profiles of an optically thick line, it appears that
terminal velocities as high as 200-300km /s could be present. This is close
to the escape velocity for II Peg (~260km/s) suggesting that perhaps the
material originates in the otherwise invisible low-mass companion.

6. Flare-associated prominences?

Transient dips during broadband photometric flares (Flesch & Oliver, 1974,
Giampapa et al. 1982, Doyle et al. 1988), during spectroscopic emission-line
flares (Doyle et al. 1989, Houdebine etal. 1994) and during X-ray flares
(Haisch et al. 1983) have been reported in the literature. By analogy with
solar flares these have been ascribed to large-scale eruptive prominences or
surges associated with the flare site.
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Figure 4. Broadband photometric “dips” during a flare observed simultaneously on the
active flare star, AD Leo, at McDonald and Lick observatories. (adapted from Hawley
etal. 1995).

Fig.4 shows an example of a multi-site, simultaneous photometric ob-
servation of a broadband stellar flare on the dMe star, AD Leo (Hawley
etal. 1995) which apparently shows a dip observed from both sites (at
~10:12UT). Closer examination of the data, however, shows that the pro-
files of the two dips are quite different (Fig.4, lower panel), suggesting
that both were caused by the passage of some light cloud or a temporary
drift in telescope guiding. This illustrates the problems associated with ac-
cepting the reality of single-site observations of photometric ev1dence of
flare-associated prominences.

7. Conclusion

There is an increasing body of evidence supporting the contention that
clouds of neutral hydrogen exit in active late-type stars, held above their
photospheres in magnetic loops. However, as with other stellar counterparts
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of solar magnetic activity, their scale appears to be larger than on the Sun,
and the details of their physics subtly different.
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STELLAR CMES AND FLARE MASS MOTIONS

E.R. HOUDEBINE
ESA/ESTEC Space Science Department, The Netherlands

Abstract. We review evidence for mass motions during stellar flares and
show that among them, some are possible signatures of Coronal Mass Ejec-
tions. So far, very little is known about stellar CMEs but we show that their
potential implications are important. For instance, the CME driven mass
loss rates, much larger on stars (1071 — 1076 Mgyr~!) than on the sun
(~ 10" Mgyr~'), may dominate the stellar wind as well as the mass bal-
ance of the interstellar medium, but also influence the angular momentum
loss and stellar evolution.

1. Important Issues Relevant to Flare Mass Motions

The short time scale of flares and related phenomena has made the detec-
tion of flare mass motions and probable Coronal Mass Ejections (CMEs)
quite difficult (here, we refer to CMEs as the discrete ejection of coronal
plasma from the stellar gravity potential in its broader sense). Nevertheless,
Doppler-Fizeau shifts in spectral lines have been reported on a number of
occasions, mostly from ground-based spectroscopy with adequate time and
spectral resolutions (6t ~1min and A/8A > 2000).

We summarize all detections of flare mass motions in Table 1, with
a total of 22 flares on dwarfs and RS CVn systems. The first detected
signatures were red-shifted emissions during the impulsive phase, a well
known and systematically observed motion in solar flares. This was detected
in 10 flares out of 14 on dwarfs (71%). Including RS CVn systems, a redshift
was reported in 80% (16 out of 20) of the cases for which there was a time
coverage of the impulsive phase, and it is therefore the most frequently
observed phenomenon. Blue shifts are less frequent on M dwarfs and are
reported mostly during the gradual phase, with an occurrence of 10% (2 out
of 20) during the impulsive phase and 19% (4 out of 21) during the gradual
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phase. Blue-shifts were more frequently detected on RS CVn systems. More
complex velocity fields were detected only in three cases (14%). Of course,
those figures are entirely dependent on the data quality and the resulting
detectability threshold. Nonetheless, they give us an idea of what are the
dominant types of motions one can expect and their relative amplitudes.

Surprisingly, Doppler shifts are more frequently detected in intermediate
size flares (typically 1 to 2 magnitudes on an M4 dwarf) rather than very
large flares. The only motion seen among flares of the latter class is that of
the 5.3 mag UV Ceti flare observed by Eason et al. (1992). The Balmer line
FWHM also seems to drop for very large events (e.g. Houdebine 1992; Eason
et al. 1992). This suggests that as the flare power increases, the contribution
from the kernels and cool coronal structures is being overwhelmed by that
from a stationnary back-heated chromosphere (Houdebine 1992).

2. Candidates to Coronal Mass Ejections

Among the observed mass motions, there is no definite evidence for coronal
mass ejections. On the basis of the distance travelled by the plasmoid, we
selected eight CME candidates detected as velocity shifts. The distances
covered are between 60Mm and 10*Mm; for comparison, the typical radius
of a red dwarf is 200Mm. The strongest cases on dwarfs are for AD Leo
(Houdebine et al. 1990) and AT Mic (Gunn et al. 1994) events where the
distance is at least of the order of the stellar radius. There is a remarkable
difference between mass flows on dwarfs and RS CVn systems; for the
latter, even though the flows are often slow, they are sustained for a much
longer period of time (typically hours) and much larger distances of several
hundreds of Mm are covered.

Although impulsive phase downflows most often cover less than 10Mm,
this is still about a factor of 5 larger than the chromosphere’s height. This
suggests that more than a single isolated dowflow takes place. In a couple
of instances, Bopp and Moffet (1973) and Bookbinder et al. (1992), this
distance and the flow velocity are abnormally high (respectively several
tens of Mm and about 1000km s~1) which shows that we may be observing
ejected material with a negative projection along the line of sight for a flare
occurring behind the limb. In particular, the latter authors observe profiles
that show a surprisingly sharp edge on the blue wing of the CIV lines at
1545.5A which is highly suggestive of an occulted flare. These two events
may therefore be signatures of fast CMEs or chromospheric evaporations
as reported in Houdebine et al. (1990).

More intriguing, red-shifted “downflows” on RS CVn systems appar-
ently travel typical distances of a few hundreds of Mm, two orders of mag-
nitude larger than what would be expected for a “chromospheric
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Table 1: Compendium of all detected mass flows during flares on main-
sequence dwarfs and RS CVn systems. We give the maximum observed
velocities or the mean velocity, the estimated kinetic energy and the
U-band magnitude (U)

Star

TV Ceti
Wolf 359
AD Leo

AD Leo

UV Ceti
Wolf 424
EV Lac

UV Ceti
YZ CMi
AD Leo

AD Leo

UV Ceti
AU Mic

AD Leo

YZ CMi
AT Mic
AU Mic
VB 10

TX Ari
G5/Ko0

A And
G8 IV
V711 Tau
G5/K1
AR Lac

V471 Tau
K2/wWd
II Peg
K31v
HR 1099
K1/G5

HR 1099

Authors

Joy 1958
Greenstein & Arp
1969

Gershberg &
Shakovskaya 1971
Kulapova &
Shakovskaya 1973
Bopp & Moffet
1973

Robinson 1989

Ambruster et al.
1986

Phillips et al.
1988

Doyle et al.
1988

Houdebine et al.
1990
Bookbinder et al.
1992

Eason et al.
1992

Woodgate et al.
1992

Houdebine et al.
1993ab

Gunn et al.
1994a

Gunn et al.
1994b

Linsky & Wood
1994

Linsky 1995

Simon et al.
1980
Baliunas et al.
1984

Linsky et al.
1989

Neff et al.
1989

Mullan et al.
1989

Doyle et al.
1989

Foing et al.
1994

Ex U
(erg)

- 2.0
- 1.2

5103¢ 21

61032 21

21038 23

Lines v Duration
(km/s) (min)
dMe Stars
30 -
HI -23 <5
Call .59 <5
HI - -
HI - -
HI <1100 2
Call K <600 2
HI - -
UV lines - -
HI ~100 <1
HI - .
HI >-5800 3
CIV, SilV <1800 >2
Hell
Ha -70 240
Lya <3700  ~3 s
Call -120 <1
HI, Hel <100 3 min
Call >-140 214
Call -60 >4
HI >-250 ~4
HI 2620 >13
Call K >-410 -
Silv ~ 40 <3
~-30 <3
uv - -
RS CVn Stars
MgII, Fell .45 <30
<860 <30
Mgll 25 >5h
MgII k 20 ~60
HI >30 ~¢h
UV lines 2-800 >33h
Mgll -25 >4h
-25
Ha >.470  ~60
<280 >40
50-90 >20
Ha >-70 ~60

21037 o0.61

Mass
(Kg)

8 1014

1013
1013

2 1012

1012

1012Kg/s

31018

1.5 1017

6h
(Mm)

<130
<2

~ 60
>160
<1

<7

<18
>90

>250

NN

<1500
>450

~300

~400

>360

1700
670
80
~220

Comments

Suspected red-shift
Blue shifts, imp.

Red asymmetry
Impulsive phase

Red asymmetry
Impulsive phase

Red wing excess
Around impulsive phase
Slight redshift
Post.impulsive phase
Flux drop, cloud ?
CME ?

Red wing excess
Impulsive phase
Slight red asymmetry
Impulsive phase

Blue wing excess, imp
CME ?

Redshift

CME ?

Blue shift, CME?

Weak flare

Proton beams ?

Blue shifted abs.
Red-shift, imp. phase
Blue-shift, grad. phase
Blue-shift abs., CME?
Blue wing excess, CME?
Post impulsive phase
Blue wing excess, CME?
Post impulsive phase
Weak flare, blue &

red shifts

Blue wing excess

Blue shift
Red wing excess
Redshift

Redshift
Redshift

Blue shifted abs.

CMEs, no flare

Red shift, imp. phase
Blue-shifted abs.

Blue wing excess, CME?
Red wing excess
Red-shifted abs.

Blue wing excess, CME?




150

condensation”. This further underlines the different natures of flares on
RS CVn systems and on solar type stars. We interpret those different prop-
erties (velocity, distance covered, mass, duration) as evidence for inter-
system flares rather than traditional solar type “surface flares”. Yet on an-
other scale, the magnetodynamic CME-like events on cataclysmic variables
reach velocities of a few thousand km s~! and are detectable for periods
of hours to days (Cordova & Mason 1982). This highlights that magneti-
cally triggered mass motions can be somewhat more energetic than solar
phenomena and urges us to comprehend magnetodynamic phenomena on
a wider scale.

A couple of other types of possible CME signatures were put forward re-
spectively by Ambruster et al. (1986) and Mullan et al. (1989). The former
observed a sudden flux drop in UV lines that they interpreted as an ob-
scuring cloud of cool plasma ejected from lower atmospheric levels, whereas
the latter took advantage of the primary eclipse on V471 Tau to detect fast
moving ejected plasmoids in the corona of the K2 dwarf inducing a mass
loss rate of ~ 10'%kg s™1, i.e., a large solar prominence every second.

3. Flare Kernels and Chromospheric/Photospheric Evaporation

Because direct measurements of mass losses are rather difficult, we may
devise other methods that could help us to obtain further constraints. Most
notably, what are the mechanisms that carry the mass from the photosphere
to the corona? One possibility is through flaring events, or in other words,
explosive chromospheric evaporation.

Stellar flare kernels can leave singular spectral signatures that are ev-
idence for very high plasma densities (Houdebine 1992). For a flare on
AD Leo, Houdebine et al. (1993a, b) obtained a kernel area of ~ 10'*m?
and a transition region column mass of ~ 1g ¢cm™2 which shows that the
atmosphere has been “burnt” down to the photosphere. This implies that
a mass of ~ 10'°kg has been evaporated from the chromosphere and the
photosphere, which is comparable to the ~ 8 10'kg inferred for the fast
mass ejection suspected to be the result of explosive evaporation (Houde-
bine et al. 1990). Coincidentally, it is indeed interesting to note that the
masses as well as the momentum of the upward and downward flows are
balanced (Houdebine et al. 1993b).

This evaporated mass is much larger than typical solar values. If it is
indeed injected into the corona, it will have major implications for both the
physics of the corona and the stellar wind. For this reason, we attempt to
estimate the total mass evaporated during flares.

Using flare kernel calculations (Houdebine 1992), we applied the same
method for other flares on read dwarfs (Table 2). Furthermore, with this
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data we found new empirical correlations between the U-band flux U (erg A™!
em~? s71) and peak flux U, (erg s™1 A1), the Hé line width FW H Mps
(A), the column mass at the transition region M (g em™2) and the evapo-
rated mass m (kg) namely:

log(U) = 0.1363 FW H Mpys + 24.74 (1)
M = 0.1301 FWH Mg;s — 0.5297 (2)
log(m) = 9.82[log(U,)>%7" — 42.57 (3)

Although important assumptions have been made to calculate the pa-
rameters in Table 2, the gross estimates obtained when using these formulae
will tell us if we are pointing to an interesting mechanism.

Table 2: Estimates of chromospheric and photospheric evaporations during stellar flares

Star Authors U-band log(M) Area Mass
gem™?  cm? (Kg)
YZ CMi  Zarro & Zirin 1988 (2.2) -0.28 210 1.110%
YZ CMi  Doyle et al. 1988 1.2 -0.08 310" 2.1 10"
UV Ceti  de Jager et al. 1989 8.0 (W-band)  -0.03 110" 9.9 10"
AD Leo  Hawley & Pettersen 1991 5 -1.19 410 2.7 10"
AD Leo  Houdebine 1992 2.1 0.0 110® 1.0 10
AD Leo  Houdebine 1992 0.9 -0.67 110 2.2 10"
Prox Cen Houdebine 1992 0.28 -1.70 110" 2.2 10"

When combining the evaporated mass-U peak flux relation to the flare
occurrence formula (Kunkel 1968, 1975), one obtains a mean evaporation
rate;

Fmaz exp10[9.821(log(F))0-%37)
Flt25a

M =539 10770 F25 / dF Mgy (4)

where a is a constant close to 1 and F, is the U-band flare flux (ergs A~! s1)
for flares with a frequency of occurrence of 1A~! (Kunkel 1975). In the above
integral, all the power is at low energies: for instance, for AD Leo, we have
a=0.91 and F,=1.9 10%° ergs A~ s71, which yield M = 8 10712 My yr~!
when integrating between 10%° and 10%, but the figure becomes M =
11071% Mg yr~! when integrating down to a value of 1024, Observations
of Proxima Cen are evidence that flares exist at a much smaller energies,
down to 10?% ergs A~' 57! or less. For this larger energy range, equation
(4) yields M = 1.2 107° Mg yr~L.

One can see the importance of the coronal mass flows generated dur-
ing flares. The mass evaporation rates are in a range overlapping with
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the mass loss rates (c.f. §5). However, with our present knowledge of flare
physics and statistics, the mass evaporation scenario seems unable to feed
a 510710 Mg yr~! stellar wind. Nonetheless the low energy distribution of
flares which is poorly known can be a potential source of coronal plasma.

4. Spectral Line Asymmetries

Another possibility to carry the mass up to coronal heights is in a form of
a more or less continuous flow. Applying the mass flux conservation for a
mass loss rate of 1071 Mg yr~1 (see next section) and a stellar radius of
0.5Rg actually implies a minimum flow velocity between 0.1km s~! in the
low chromosphere to several tens of km s™! in the transition region (using
Houdebine & Panagi (1990) and Houdebine & Doyle (1994) model chro-
mospheres). Therefore, if such a mass loss is taking place and evaporation
is continuous, then asymmetries or shifts should be detectable in emission
lines.

Excess emission in the blue wing of H, was noticed for AU Mic (Houde-
bine 1990; Robinson et al. 1990). More recently, we compared the spectra
of stars with identical spectral types (Houdebine et al. 1995); the spectrum
of a low activity star was subtracted to those of Gl 815AB, GI 490A, Gl 867
and St 497. This last star shows a clear excess in the blue wing, whereas
for the others a more detailed investigation is required.

Applying simple physics to the excess emission in the blue wing for
St 497 gives a corresponding mass flux of 6 1071 Mg yr~1 (for a temperature
of formation of 10,000K and an H,, emissivity from Houdebine & Doyle 1994
model atmosphere I-2. This value is comparable with that found by Mullan
et al. (1989) from the IR/mm excess. It is important to note that a mass
flux an order of magnitude less would hardly be detectable.

5. Impact of CMEs on the Stellar Wind and Mass Loss

Thermal pressure gradients are the main driving mechanism for the Solar
wind, and its mass flux grows exponentially with the coronal temperature
(Parker 1963). In active stars, the much higher coronal temperatures implies
that the corona would “explode outwards into space” if it is isothermal,
and the mass loss rate would be orders of magnitude larger (Mullan et
al. 1992). Another contributor to the wind is the accumulation of CMEs
which can provide up to 15% of the mass flux in the near-ecliptic plane
of the Sun (Webb & Howard 1994). In stars, the proportions of these two
leading mechanisms are unknown, but there are indications that CMEs may
generate a mass flux orders of magnitude larger than on the Sun (Mullan
et al. 1989, Houdebine et al. 1990).
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We give below (Table 3) estimates of the mass loss per year using various
methods. For the flare associated CME discussed in Houdebine et al. 1990,
we took a plasma temperature of 50,000 K (Houdebine 1992) which yield
a mass loss of 3 10712 Mgyr~!. Mullan et al. (1989) noted several highly
blue-shifted absorption features in the UV spectrum of the V471 Tau binary
system and inferred a mass loss rate of ~ 107! Mgyr~!. In other active
binaries, direct measurements of angular momentum loss suggest a mass
loss in the range 1071% — 107®Mg/yr (Hall et al. 1980, Hall & Kreiner
1980). Mullan et al. (1992) also derived a mass loss rate from the abnormal
IR and mm excess in active dMes. They found a rather large figure of
510" 1Mgyr~! for YZ CMi (dM4e).

Table 3: Estimated mass-loss rates due to magnetic activity

Star Authors Method Mass loss

(Mg yr™?)
AU Mic (dM2e) This work Flare statistics 610710
CR Dra (dM2e) This work Flare statistics 1.4107°
UV Ceti A (dM6e) This work Flare statistics 91072
AD Leo (dM4e) This work Explosive evaporation 10711-107°
St 497 (dMle) This work H, blue wing excess 610710
AD Leo (dM3e) Houdebine et al. 1990 Flare associated CMEs 310712
V471 Tau (K2/Wd) Mullan et al. 1989 ~ CMEs 11071
YZ CMi (dM4e) Mullan et al. 1992  IR/mm excess 51071
dMe Mullan et al. 1992 Corona thermal expansion > 310711
RS CVn Hall et al. 1980 Angular momentum loss 107! — 1076
Systems Hall & Kreiner 1980

So far, too little is known about solar CMEs as a function of other
magnetic activity indicators so as to extrapolate to higher activity levels in
stars. Nevertheless, with simple considerations based on the solar case we
may work out a figure that we can compare to the above values. Assuming
that; (i) 60% of CMEs are flare associated and 40% are not (Wagner 1984),
(ii) the CME kinetic energy is comparable to the flare radiated energy, (iii)
the maximum flare integrated energy is ~1%L;, (Kunkel 1973), (iv) the
CME average velocity is as on the Sun < V >~ 350km s~! (Hundhausen
et al. 1994), then one can show that for active M dwarfs:

. L o
M~7107° L”@’ Mgyr™ (5)

For high luminosity, early type M dwarfs such as AU Mic (log(%@ﬂl) =

—1.1) and CR Dra (log(%g) = —0.70), equation (5) yields a mass loss
of respectively 6 1071° Mgyr~! and 1.4 10~ Mgyr~!. According to the
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variation of the “absolute flare incidence” as a function of absolute mag-
nitude (Kunkel 1975), this rate should diminish for later spectral types
such that for one of the faint UV Ceti component (log(%lg‘) = —2.9) we

obtain M =9 10™12 Mgyr~'. Those figures lie in the same range or even
higher than those inferred from other methods and highlight the potential
importance of coronal mass ejections.

6. Conclusion

The improved performance of spectroscopic facilities has made possible the
detection of stellar flare mass motions and probable coronal mass ejections.
The exceptionally high flaring rate of active dwarfs strongly supports the
concept of permanently ongoing large mass flows in the corona. There are
some arguments in favour of a CME driven wind (high flare frequency,
closed magnetic topology in the corona?) as well as some influence of mag-
netic activity on momentum loss and stellar evolution. Indeed, if a mass
loss of 5 10~19 Mgyr~! applies, then a mass of 0.10Mg will be lost in a 200
million years, which is a significant fraction of an M dwarf mass (typically
20%) over a period substantially shorter than the typical time scale for the
decline in activity.
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X-RAY EMISSION FROM O-STARS

S. KITAMOTO, T. SUZUKI, K. TORII AND Y. OHNO
Department of Earth and Space Science, Osaka University
1-1, Machikaneyama-cho, Toyonaka, Osaka, 560, Japan

1. Introduction

The X-ray emission mechanism of OB stars is still an unresolved problem.
One possible emission mechanism involves hot gases produced by periodic
shocks ploughing through the wind (Lucy & White 1980; Lucy 1982). Coro-
nal models are viable alternatives: A photoionized hot corona can explain
the observed soft X-ray spectra of OB stars. In this case, however, the ori-
gin of the hot corona is a problem (Stewart & Fabian 1981; Waldron 1984).
A crucial key point to distinguish the above two models might be high
quality measurements of soft X-ray spectra in order to confirm emission
lines and absorption edges. So far, some detections of line emission have
been reported (Cassinelli & Swank 1983; Corcoran et al. 1994; Kitamoto &
Mukai 1996). These emission lines definitely indicate that the X-ray emis-
sion is thermal. But still the origin of the high temperature plasma is an
open problem. In this work, we report ASCA SIS (Tanaka, Inoue & Holt
1994) observation results of four O stars: ¢ Ori, A Ori, é Ori and ¢ Pup.

2. Observation and Results

The ASCA SIS is a CCD camera installed at the focal plane of a high-
throughput thin-foil X-ray telescope. It has a high sensitivity up to 10
keV from 0.4 keV and has excellent energy resolution. All observations are
roughly one-day observations, and exposure times are ranging from ~ 20
ksec to ~ 40 ksec.

The X-ray energy spectra of the four stars are shown in Figure 1. Promi-
nent Mg and Si K lines can be recognized in the spectra of § Ori and { Ori.
Significant Mg and Si K lines can be seen in the ( Pup spectrum.

We fit energy spectra by an ionization-equilibrium-thin-thermal plasma
model (e.g. Kaastra 1992). Absorption by a neutral gas is also taken into
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Figure 1. Energy Spectra of four O stars observed by ASCA SIS.

account. We assume He to be at cosmic abundance. Also, we assume that
C, N and O; Ne and Na; Mg and Al; Si, S, Ar, and Ca; Fe and Ni abundance
ratios are the same to the cosmic values, respectively. Since we assume that
the He abundance is cosmic, the absolute values obtained are meaningless.
Only the relative abundances ratio to the cosmic value are valuable.

All stars are roughly explained by a single component with a temper-
ature from 0.3 keV to 0.7 keV, although to get an acceptable fit more
complex models are required. All the interstellar absorptions are less than
10! H cm~2 and also no prominent O-K absorption feature is observed.

Since the absolute values of the resultant abundances are meaningless,
the ratios to the obtained Si abundance are studied. For the light elements,
those are consistent with the cosmic value, with the one exception of Mg in
A Ori. However, all of the iron abundances relative to the Si abundance are
significantly smaller than the cosmic value. This result seems to be inconsis-
tent with the FIP effect observed in the solar corona (e.g. Drake et al. 1995)
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