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Preface

This volume contains the documents submitted by seven Working
Groups to the Astronomy Survey Committee, whose reports,
Astronomy and Astrophysics for the 1980's, Volume 1: Report of
the Astronomy Survey Committee (1982) and Volume 2: Reports of
the Panels (1983), are being published contemporaneously
(National Academy Press, Washington, D.C.). Chapter 3 of the
Committee's report, "Frontiers of Astrophysics," draws heavily
on the material in the present volume.

The National Academy of Sciences charged the Astronomy
Survey Committee with assessing the opportunities for progress
across the entire range of astronomical research and with
making recommendations concerning the programs and facilities
needed to meet those opportunities. 1In order to carry out the
first part of its charge, the Committee asked a number of
experts in each area of astronomy and astrophysics to form
Working Groups to consider the state of knowledge in each area
and to identify the most important scientific questions in
these areas for the 1980°'s.

The reports of the Working Groups provided key inputs not
only to the Committee, but also to the various technique-
oriented Panels, which the Committee established to propose
recommendations for programs and facilities. The Working
Groups' reports proved to be of such a high quality that the
Committee decided to sponsor their publication as an
independent supplement to the Committee report.

The activities of the Working Groups and Panels were
mutually supportive. The fundamental scientific questions
identified by the Working Groups, which require a variety of
techniques to address, were helpful to the Panels in framing
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programs in their areas of technical expertise that would
provide maximal scientific return in a variety of different
areas. Similarly, the Panel reports were reviewed by the
Working Groups to ensure that the Panel recommendations were
responsive to the scientific opportunities identified in the
Working Group reports.

In the case of observational astronomy, the Committee
limited its recommendations to programs designed to obtain
information about astronomical objects by remote sensing from
the Earth or its vicinity. The Committee thus specifically
excluded from consideration recommendations for instruments on
spacecraft designed to escape Earth orbit, for programs to
study the Earth itself, for study of samples of matter orig-
inating beyond the Earth, and for instruments to test the
predictions of different theories of gravitation.

To varying degrees, the Working Groups nevertheless found
it essential to consider some of these issues in order to pro-
vide a complete picture of the opportunities they perceived.
Such discussions furnished helpful background for the Commit-
tee; however, they should not be regarded as endorsements by
the Committee of programs explicitly excluded from considera-
tion for recommendations by the Committee.

The Working Group on Solar Physics provided a comprehensive
discussion of the opportunities facing solar research and went
beyond that in proposing a coherent strategy for solar research
utilizing both ground- and space-based techniques at a wide
variety of wavelengths. Formulation of such a strategy, made
possible because the solar-physics community is well organized
for undertaking coordinated research projects related to its
single object of study, resulted in recommendations for solar
research that were examined by the experts in each of the
technique-oriented Panels.

The Working Group on Planetary Science, informed of the
Committee's decision not to consider recommendations for
instrumentation aboard spacecraft designed to escape Earth
orbit, left this task to other duly constituted committees.
However, its report does consider in depth many other ways of
acquiring information about the planets, including telescopic
observations from the ground and from Earth orbit, radar
studies, analysis of lunar and meteoritic samples, laboratory
spectroscopy and materials studies, and computer modeling and
theoretical studies. A helpful survey of proposed deep-space
planetary missions was also provided.

Galactic and extragalactic astronomy includes studies of a
wide variety of objects, ranging from interstellar grains to
galaxies, and from red dwarf stars to quasars. In spite of the
fact that virtually all astronomical techniques are used in
such studies, the corresponding Working Groups were successful
in identifying broad themes that will permeate astronomical
research in the 1980's. These discussions provided the scien-
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tific background needed by the Committee in considering the
assignment of priorities to projects proposed by the Panels.
The Committee found that three research areas required
s pecial attention if the opportunities in them were not to be
overlooked. A Working Group on Related Areas of Science
sur veyed developments in other fields of importance to
astronomy and brought to the Committee's attention possible
future directions. A Working Group on Astrometry discussed the
development of this field, which is such an important underpin-
ning to all other work in astronomy. Finally, a Working Group
on the Search for Extraterrestrial Intelligence was constituted
largely (but not wholly) from the membership of the Committee
itself, in order to deal with the issues facing this somewhat
unconventional field.
Each of the Working Groups produced a thoughtful and timely
report, for which the Committee is grateful and of which they
and the scientific community can be proud.

George B. Field, Chairman
Astronomy Survey Committee
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Solar Physics

I. INTRODUCTION

The past few years have seen an increasingly close coupling
between solar and nonsolar astronomy, brought about largely by
our increasing ability to study Galactic and extragalactic phe-
nomena in greater detail and with greater sensitivity over the
entire electromagnetic spectrum. Such phenomena as hydromag-
netic flows (winds), coronas, stellar magnetism, activity
cycles, and particle acceleration--which until recently could
be readily observed only in the Sun and in a few Galactic and
extragalactic objects in which extreme conditions of tempera-
ture or gravitational or magnetic-field strength prevailed--can
now be studied in a wide range of stars and galaxies. The
Working Group on Solar Physics believes that both solar physics
and the other disciplines of astronomy will benefit from this
more intimate interaction, as we point out later in this
chapter.

However, solar physics differs in two major respects from
the other disciplines of astronomy. First, solar physics has
achieved the complete integration of its scientific program
over the full range of observational techniques available to
astronomers. The resulting observations now cover the entire
electromagnetic spectrum, from flare-excited nuclear gamma-ray
lines at millions of electron volts in energy to low-frequency
radio waves (at decametric and kilometric wavelengths) generat-
ed by the propagation of electrons in the corona and the inter-
planetary medium; the spectrum of neutrinos from thermonuclear
reactions in the solar core; and in situ measurements of low-
energy plasma, high-energy cosmic rays, and of electric and

1
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magnetic fields in the interplanetary medium and the corona.
Because of the intimate connection of these observations to
each other, and the need in most cases for the simultaneity of
these observations, the Working Group supports an integrated
theoretical and observational strategy for solar physics during
the 1980's that may be pursued through the closely coordinated
set of programmatic opportunities outlined toward the end of
this chapter.

The second way in which solar physics differs from other
disciplines of astronomy is its close connection to other areas
of scientific inquiry, particularly to heliospheric physics,
space physics, and the study of the Earth's climate. The
Working Group therefore felt it imperative to adopt a broad
definition of solar physics, one that includes not only the
study of the Sun itself but also the study of the heliosphere--
the entire volume of space (extending well beyond the solar
system) that is dominated by the solar wind--together with the
interaction of the solar radiative and particulate flux with
planetary atmospheres, ionospheres, and magnetospheres. This
broad definition has important implications for the relevance
to solar physics of interplanetary space missions intended for
in situ studies of the heliosphere. Such missions are there-
fore important components of the programmatic opportunities
recognized by the Working Group.

Finally, the Working Group considered a number of issues
relating to the institutional arrangements for solar-physics
research and education that have arisen over the past two dec-
ades, and we have included a brief discussion of them at the
end of this chapter. These issues are important, but they are
also complex; their resolution will require a concerted re-
sponse not only by the relevant funding agencies--the National
Science Foundation in (NSF), the National Aeronautics and Space
Administration (NASA), and the Department of Defense (DOD)--but
also by the community itself, as represented by the Solar
Physics Division of the American Astronomical Society, in the
very near future.

II. OVERVIEW AND GENERAL CONCLUSIONS
A. Definitions and Major Themes

Solar physics has evolved so rapidly in the past decade as to
require additional clarification of the aim and intent of this
chapter. Several connotations of the term "solar physics" are
currently in vogue. Some scientists accord it only the narrow-
est and most literal meaning, i.e., the study of a particular
object that happens to be the closest star; others, however,
use the term "solar physics"™ more broadly to include the varied
phenomena that occur within the interplanetary medium, together
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with the interaction of the solar wind with planetary magneto-
spheres and atmospheres. They go on to point out that the Sun
provides a laboratory for the study of basic evolutionary
processes occurring in stellar interiors, of cyclic and
transient phenomena in stellar atmospheres, and of violent
phenomena involving the acceleration of particles to very high
energies that take place in supernovae and in active galaxies--
all at the level of basic plasma processes that no other readily
observable situation provides. The Sun, a star of average size
and luminosity, is our most accessible experimental window into
the vast and varied activities of other stars and galaxies too
distant to be resolved. The recent report by the Space Science
Board's Committee on Solar and Space Physics {Solar-System Space
Physics in the 1980's: A Research Strategy, National Academy of
Sciences, Washington, D.C., 1980) gives an excellent and
extensive presentation of this view.

The present Working Group on Solar Physics favors a vari-
ation of this latter attitude; we see solar physics as a funda-
mental inquiry into the physics of the remarkable large-scale
behavior of ionized gases in gravitational and electromagnetic
fields. This inquiry has three major themes:

1. The development of observational techniques that can
directly probe the generation and transport of energy and the
composition and motion of matter in a stellar interior, there-
fore providing direct experimental tests of models of stellar
structure and evolution.

2. The detailed study of the various active phenomena
that can be observed in the solar atmosphere and that have only
recently become observable in other stars. These active
phenomena are consequences of the generation of magnetic fields
and of large-scale circulation, which are themselves by-products
of energy-transport processes operating in the convective
envelope of the Sun. Each active phenomenon--such as a flare,
the solar wind, or the sunspot cycle--is in fact not a single
effect but rather a combination of effects all operating
together. This cooperative aspect of solar activity cannot be
duplicated in the terrestrial laboratory because many of the
individual effects do not function on so small a scale.

3. The study of the three-dimensional structure and
dynamics of the corona and interplanetary medium (together
frequently referred to as the heliosphere) and their inter-
action with planetary atmospheres and the interstellar medium.
The realization that changes in the structure of the inter-
planetary medium (brought about by changes in the level of
solar activity) are closely correlated with major changes in
climatic conditions on the Earth suggests that heliospheric
physics may become a significant factor in issues that are of
great practical importance, as well as of intrinsic scientific
interest.
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Progress has been steady and profoundly rewarding to those
who have pursued these inquiries. Some of the more remarkable
discoveries and achievements of the past decade include:

* The direct study of thermonuclear processes occurring
in the solar core through observations of neutrinos. The
disagreement of the observed flux with that predicted by
standard models has resulted in the re-examination of the
models and the planning of new observations that should provide
more definitive interpretations.

* The discovery that the 5-min oscillations of the solar
atmosphere are a global phenomenon that can be used as a probe
of the structure and dynamical behavior of the solar interior.

* The discovery that the damping of solar atmospheric
waves driven by convection cannot account for the energy
required to heat the corona and drive the solar wind. The
observation of coronal phenomena in main-sequence stars in
every part of the H-R diagram has reinforced the conclusion,
drawn from solar observations, that magnetic effects underlie
active phenomena in stellar atmospheres.

* The confirmation of the evidence (provided initially by
seventeenth-century observations) that the sunspot cycle and
associated active phenomena were largely absent for a period of
70 years in the seventeenth century. This episode is known as
the Maunder Minimum. We now know that such interruptions, along
with periods of heightened activity, occur quasi-periodically
and that there is a strong correlation between these periods of
inactivity or hyperactivity and the occurrence of climatic
changes on the Earth.

* The recognition that the energy released during the
impulsive phase of a solar flare is largely or entirely con-
tained in nonthermal particles accelerated during magnetic-
reconnection processes in the coronal field.

* The demonstration that the large-scale solar magnetic
field is organized into two distinct types of structures:
magnetically closed regions, in which hot plasma confined in
loops largely generates the x-ray corona; and magnetically open
regions, the so-called "coronal holes," which are the source of
high-speed streams in the solar wind.

* The discovery that, when viewed on a fine scale, the
solar magnetic field is subdivided into individual flux tubes
with field strengths exceeding 1000 gauss and with a physical
size smaller than can be resolved by any present telescope.

It is clear that these discoveries are merely the beginning
of a more detailed physical understanding of stellar structure
and evolution and of the various active phenomena that occur in
stellar atmospheres, and they also provide the theoretical basis
for understanding the heliosphere and its interaction with the
Earth and other planets; obviously, much nevertheless remains
to be discovered and explained.
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B. Summary of Major Scientific Problems
and Programmatic Initiatives for the 1980's

Guided by this expanded definition of the meaning and scope of
solar physics, the Working Group identified six scientific
problems that address major issues related to the three themes
introduced above. We believe that the pursuit of these prob-
lems can be especially productive during the 1980's because of
the advent of more powerful computational capabilities and the
potential for the development of observational facilities in
space with greatly improved spatial resolution and sensitivity,
represented by the Space Shuttle.

These problems can be posed as a series of questions. We
present these major questions below and discuss their implica-
tions, in both scientific and programmatic terms, in the re-
mainder of this chapter.

1. What are the fundamental properties of the solar core?
In particular, what is its rotation rate, chemical composition,
and temperature distribution, and what is the detailed process
of nuclear-energy generation? How do these properties relate
to current theories of stellar evolution?

2. What is the hydrodynamic structure of the solar convec-
tion zone (particularly the character of the solar dynamo), the
nature of large-scale circulation, and the implications of very-
long-period global oscillations?

3. What physical mechanisms drive the solar activity cycle,
what resulting variations in the solar radiative and particulate
output follow on various time scales, and what is the effect of
this variability on the Earth's upper atmosphere? How do these
relate to activity and variability on other stars?

4. What processes, involving small-scale velocity and mag-
netic fields and various wave modes, determine the thermodynamic
structure and dynamics of the solar photosphere, chromosphere,
and corona, and what are the implications of such processes for
stellar atmospheres in general?

5. What are the basic plasma-physics processes responsible
for metastable energy storage, magnetic reconnection, particle
acceleration, and energy deposition in solar flares and related
nonthermal phenomena? What are the implications of these for
other high-energy processes in the Universe?

6. What are the large-scale structure and plasma dynamics
of the solar corona, including the processes involved in heat-
ing various coronal structures and initiating the solar wind?
What is the origin of coronal transients? What is the three-
dimensional structure of the interplanetary medium, and what
are its implications for cosmic-ray modulation and for the
modulation of planetary atmospheres and ionospheres? What are
the implications for stellar coronas and winds and other
astrophysical flows?
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While the questions above are posed primarily in terms of
solar phenomena, we believe that continued progress of all
branches of astrophysics is best served by an integrated ap-
proach to understanding these basic physical processes through
the comparative study of the Sun and other astrophysical
objects. Such comparative studies benefit both solar physics
and the other major disciplines of astrophysics, the insights
gained in one subdiscipline having important consequences for
many other subdisciplines. In the next section we discuss the
close connection between the physical processes that are the
main focus of current solar research and the other astrophysical
settings in which these same processes must operate.

Section IV presents a comprehensive scientific program
designed to address the six major scientific problems outlined
earlier and includes a discussion of the improved theoretical
and observational capabilities that will be required to carry
out this program. The principal new initiatives identified by
the Solar Physics Working Group as having high priority for
solar physics during the 1980's are the following:

1. The deployment of an Advanced Solar Observatory (ASO)--
containing an ensemble of instruments capable of simultaneous,
high-resolution observations of the solar atmosphere over the
full spectral range of wavelengths from gamma rays to the infra-
red spectral region--upon a Shuttle-serviced space platform.
The development of ASO should follow an evolutionary path that
incorporates major instruments developed previously for flight
aboard the Space Shuttle, such as the Solar Optical Telescope
(SOT) recommended by the Space Science Board's Committee on
Solar and Space Physics. The Working Group regards the devel-
opment of ASO as deserving of the highest priority among solar
programs for the 1980's.

2. A comprehensive program for the study of the solar
convection zone and of solar activity. Such a program should
include the study of the dynamical behavior of the convection
zone initially from the ground and subsequently from a Solar
Interior Dynamics Mission (SIDM) in space, together with the
study of the dynamical behavior and evolution of the corona
from a dedicated Explorer mission, the Solar Coronal Explorer
(SCE).

3. The launch of an entirely new kind of solar mission,
the Star Probe, for a close encounter with the Sun, in order to
achieve the following scientific objectives:

a. The direct, in situ study of the region in which
the solar wind is accelerated;

b. Measurements of the internal mass distribution and
rotation profile of the Sun;

c. Study of the structure of the solar atmosphere and
associated dynamical processes at the extremely high spatial
resolution (7-10 km on the solar surface); and
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d. Study of the large-scale structure of the corona
and the heliosphere through both in situ and remote obser-
vations.

4. The expansion of continuing programs to measure the
flux of neutrinos from the solar core, particularly through the
implementation of an experiment employing large quantities of
71Ga for an accurate determination of the low-energy solar-
neutrino flux.

5. A comprehensive program for the study of active
pPhenomena in other stars through both ground-based and space-
craft observations, with strong emphasis on comparative
solar/stellar observations.

6. An increased emphasis of the role of theory and modeling
in solar physics.

Section V presents a more detailed account of the scientific
issues to be addressed during the coming decade, whereas Section
VI furnishes a more complete description and justification of
the programs outlined above. A final section discusses institu-
tional issues of concern in the coming decade.

However, before proceeding to these topics, we illustrate
the close connection between solar physics and other branches
of astrophysics through a more detailed discussion of one of
our major themes: active phenomena in stellar atmospheres.

C. Example: Solar and Stellar Activity

Four of the major problems enumerated above (2, 3, 4, and 5)
involve different aspects of the study of active phenomena in
stellar atmospheres, a set of inquiries that we might call the
physics of stellar activity or stellar plasma dynamics, with
applications to the Sun and other stars. These terms take on
added meaning in connection with our rapidly expanding ability
to observe activity in other main-sequence stars, adding a new
dimension to the physics of stellar activity, which until
recently had been concerned largely with phenomena (such as
stellar pulsations) that occur only during brief and atypical
evolutionary phases. Indeed, a particularly fascinating
feature of stars is their remarkable repertoire of activity,
which displays variations throughout the long main-sequence
lifetime and in the subsequent giant and dwarf stages. It is
these manifestations of activity that have maintained astronom—
ical interest in the Sun; and it is the activity of other stars
that has been such a revelation in recent years, showing that
magnetic fields, chromospheric activity, flare-like effects,
coronal x rays, and stellar winds are part of the normal daily
life of essentially all classes of stars. It is a simple fact
that the atmospheres of all stars are in states that are far
removed from both local thermodynamic equilibrium (LTE) and
hydrostatic equilibrium.
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How, then, do we go about understanding the complex activ-
ity of the stars? So far as we are aware, the basic equations
of physics--those of Newton, Maxwell, and Dirac--give a complete
and accurate description of the behavior of atoms and fields in
stellar atmospheres. On the other hand, we must ourselves con-
struct the mathematical solutions to these equations. 1In the
presence of a large number of atoms, the variety of possible
solutions is staggering; we have had little or no luck in
anticipating a priori the various classes of solutions that are
important in real stars.

We must therefore rely to a large extent on an empirical
approach, first observing each phenomenon of interest in suf-
ficient detail to recognize the basic physical processes that
underlie this phenomenon. Only then can we construct a solution
to the basic equations of physics that can explain such phenom-
ena in terms of the fundamental laws of physics. It is in this
step of the process that solar observations play so basic a
role, for in many instances only the Sun allows observations
with sufficient resolution and sensitivity to permit identifica-
tion of the basic physical processes that play a role.

It should be emphasized that, largely as a result of the
study of solar phenomena, there is now a firm theoretical
understanding of many of the component effects that together
make up stellar activity. For example, several special cases
of neutral-point rapid magnetic reconnection have now been
solved, so that we have a basis for judging the range of
reconnection rates that are possible. The turbulent diffusion
of magnetic fields (including the newly discovered negative
turbulent diffusion) has been formally investigated in several
limiting cases. The theory of generation of magnetic fields in
a wide variety of fluid motions, ranging from small-scale
turbulence to stationary flows, has been put on a formal basis,
and the theory of convection and circulation in a rotating
stratified spherical body has seen significant progress. A
formal theory of coronal expansion and stellar winds, with
coronal temperature as a parameter, has been applied to a
variety of special circumstances to show the wide range of
possible effects. We can be particularly proud of the devel-
opment of the non-LTE theory of radiative transfer in stellar
atmospheres, which is now available for interpreting the spec-
tra of other stars and of nebulae and quasars; applications of
this theory to a number of stars has already been remarkably
successful. There are now firm theoretical models for a vari-
ety of particle-acceleration mechanisms suggested by studies of
solar flares; these are available for application to other
astrophysical sources of fast particles.

The diverse activity currently visible on the Sun and on
more distant stars collectively exhibit the extraordinary range
of effects that must be explained. Other classes of stars
complement the solar laboratory by exhibiting more extreme
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activity over a wide variety of conditions. The spectrum of
activity in the other stars shows the latitude of variation
that may be expected in the Sun throughout its slow evolution.
Long-term variations in the level of solar activity (and pre-
sumably in the activity of other stars) have become apparent
from studies of the average strength of the solar wind over the
last 109 years, as revealed by analysis of rocks exposed on

the surface of the Moon and from recent studies of l4c pro-
duction.

Tn summary, the physics of stellar activity is pushing
forward on an expanded front, with detailed and precise studies
of the activity on the Sun in the vanguard, flanked by studies
of other stars of all types.

D. Remarks on Continuing and Related Programs

The Solar Physics Working Group wishes to emphasize strongly
the importance of continuing and related programs--including
those planned or under development but not yet completed--to
the scientific program developed here.

In each of the major theme areas that we have defined, the
vigorous operation of continuing and level-of-effort programs
is absolutely essential and has been taken by the Working Group
as the foundation upon which the solar-physics program of the
coming decade is to be constructed. Of particular importance
to solar physics are the NSF grants program; NSF support to
programs at the National Astronomy Centers; and the Research
and Analysis, Suborbital, Spacelab, and Explorer programs of
NASA at existing or augmented levels.

Furthermore, the currently approved major programs of NASA
are regarded by the Working Group as the framework for the
necessary scientific and technical advances needed for the
effective development and utilization of the major new initia-
tives that we have identified. 1In this connection, the Working
Group wishes to emphasize the importance of adequate funding
for analysis of the results of the Solar Maximum Mission (SMM);
of the timely development of major Shuttle-science facilities
through the Spacelab program, particularly the SOT; and of the
International Solar Polar Mission (ISPM). (Following comple-
tion of the present report, NASA announced suspension of plans
to provide a U.S. spacecraft as part of ISPM. However, the
agency expressed continued support for the European ISPM space-
craft and subsequently initiated study of a redefined U.S.
spacecraft as a possibility for inclusion in an augmented
fiscal year 1983 NASA budget. The Working Group wishes strongly
to reiterate its belief that a dual-spacecraft ISPM mission with
imaging capability is essential to an orderly and effective
program of solar and heliospheric studies.)
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Finally, the Working Group wishes to point out the impor-
tance to solar physics of three interdisciplinary space missions
currently under study at NASA. These are the Origin of Plasmas
in the Earth's Neighborhood (OPEN) mission, reviewed and
endorsed by the Space Science Board's Committee on Solar and
Space Physics; the Solar Terrestrial Observatory (STO), a
Shuttle/space platform facility currently under preliminary
study at NASA; and the Advanced Interplanetary Explorer (AIP)
mission for the study of the transient-particle population of
the interplanetary medium.

III. THE NATURE OF SOLAR PHYSICS

As pointed out in the Introduction, solar physics is an open-
ended discipline with close connections to virtually every
branch of astrophysics and to several major subdisciplines of
physics and geophysics. Here we review these connections and
point out how the scientific objectives of solar physics and of
other disciplines complement each other.

A. The Sun as a Laboratory of Stellar Processes
1. Stellar Interiors and Nucleosynthesis

The theory of nucleosynthesis in stellar interiors has provided
the foundation for models of the dynamics of stellar interiors
and of stellar evolution. Direct experimental tests of these
general stellar models are at present beyond our reach, and
many crucial parameters involved in them (such as nuclear
reaction rates and opacities) are difficult to measure directly
in the laboratory.

However, direct tests of models of the solar interior can
be carried out by three techniques: the observation of the
energy spectrum and intensity of the solar-neutrino flux; the
observation of the solar mass distribution through measurements
of perturbations on the orbit of a close gravitational probe;
and the observation of the global oscillations of the Sun.
Although only the third of these techniques appears to be feas-
ible for stars other than the Sun in the foreseeable future,
solar observations would appear to offer the principal oppor-
tunity to complement indirect tests of models of stellar inter-
iors furnished by the study of stellar evolution with more
direct tests. Some of the major issues that these observations
can address are discussed below.

a. Interior Elemental Abundance Distribution

Current models of stellar evolution assume that stars ini-
tially have a uniform interior abundance and that the abun-
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dance gradients established by thermonuclear reactions in the
stellar core during the main-sequence lifetime are not strongly
affected by mixing with material outside the core. However, an
initial nonuniform composition--specifically, a core with lower
abundances of elements heavier than helium--is not ruled out by
present theories of star formation.

In the case of the Sun, an initial composition gradient
could have developed if substantial accretion of matter occur-
red after the Sun developed a radiative core. Such accreted
matter may well have undergone some degree of elemental segre-
gation. Nor can significant mixing of the thermonuclear core
with material outside the core be ruled out. The spectrum and
flux of solar neutrinos, which can be interpreted to provide
rates for the various thermonuclear reactions that occur in the
Sun, provide a mechanism to test these hypothesis. Plans are
now under way to supplement the measurement of the high-energy
neutrino flux measured by the 37c1 experiment with measure-
ments by radiochemical detectors sensitive to low- and medium-
energy neutrinos. Since the distribution of abundances in the
solar interior can effect the internal temperature and mass
equilibrium, the perturbations of a close gravitation probe
arising from a solar quadrupole moment would also place
constraints on solar abundance models.

b. Solar Core Rotation

The theory of solar core rotation (and indeed of stellar
core rotation) is sufficiently complex to permit considerable
latitude in the possible rotation laws. While extremely rapid
rotation rates (faster than 10 hours) have been ruled out on
the basis of solar oblateness measurements, rotation rates as
much as two or three times the surface rate are consistent with
present observations. A rapidly rotating core below the con-
vective envelope could provide a fundamental source of organiz-
ed kinetic energy, which could well play a role in the solar
dynamo. The presence of such a core could be detected by its
effect on a close gravitational probe.

c. Dynamic and Static Structure at the Convective Envelope
Base

Theory suggests that the largest convective elements or
cells on the Sun should be most persistent. Such cells are
expected to be associated with the inner boundary of the con-
vection zone (except for a possible interior boundary layer
where there may be a transition zone from moving matter to the
quiescent state). There is a hint that these largest convec-
tive elements have been detected in the form of giant cells.
They may also be at least partly responsible for persistent
phenomena like coronal holes. An understanding of their size,
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lifetime, and velocity pattern would be extremely useful in
understanding the dynamics of the solar convective envelope.
Their depth and the depth of the inner boundary of the convec-
tive envelope will also be useful parameters. Ultimately, this
question and the question of large-scale circulation are tied
together, since the large-scale circulation may be the product
of effects induced by the largest convection cells. There is
now evidence for cells on other stars, specifically super-
giants; however, these observations will remain at the limits
of currently available resolving power even after Space
Telescope becomes operational. Solar observations will con-
tinue to be at the center of efforts to understand convective
processes in stars.

2. Energy Transport in Stars

The Sun is a unique object in astrophysics by virtue of its
proximity and the diagnostic capability that that proximity
allows. Furthermore, the solar radiative flux is essentially
unattenuated by intervening matter (except for the terrestrial
atmosphere), whereas interesting stellar emissions shortward of
912-A wavelength and in the cores of ultraviolet resonance
lines are heavily attenuated. As a consequence, many phenomena
routinely studied on the Sun have not been observed in other
stars, although they are presumably present. In particular, we
are able to study in detail the radiative, convective, and
magnetic processes that transport energy through the photo-
sphere, and the tenuous chromosphere and corona. The basic
physical mechanisms underlying these processes are of great
interest in themselves, but they are of even greater interest
to the astrophysicist, as these basic mechanisms must be
ubiquitous throughout astrophysics and must therefore under-
lie a wide range of observed phenomena.

a. Radiation Transport and the Interpretation of Stellar
Spectra

In the simplest approximation, astrophysical plasmas are
presumed to be in local thermodynamic equilibrium (LTE), so
that the degree of ionization depends only on density and
temperature. Although the LTE presumption is commonly used in
interpreting stellar spectra, it is known to be only rarely
valid. 1In the solar context, various deviations from this
ideal state have been studied in many physical situations. The
helium ionization balance in the solar chromosphere is an ex-
ample of photoionization/recombination equilibria that also may
occur in T Tauri stars, x-ray binaries, Seyfert galaxies, and
quasars. In the solar corona, ionization equilibria are often
dominated by conditions that are probably valid also in other
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stellar coronas, in interstellar shock fronts, and in the x-ray
emitting halos of clusters of galaxies.

More recent observations have made it necessary to develop
a theory of nonlocal ionization balance in which the ionization
equilibrium is modified by mass motions, thermal diffusion of
ions, and penetration of electrons from elsewhere in the atmo-
sphere. These theoretical models, which have already been
observationally confirmed in the case of the solar wind, may
help in understanding nonlocal and time-dependent equilibrium
phenomena that occur in novae, supernovae, flare stars, shock
fronts, and the hot component of the interstellar medium.

The Sun has also furnished physical insight into various
mechanisms for spectral-line formation. A variety of types of
excitation conditions that occur in stellar atmospheres have
also been studied in solar contexts. For example, much of the
study of spectral-line formation in the presence of systematic
and random velocity fields and velocity gradients has derived
its impetus from solar astrophysics. Solar research has also
provided examples of radiative transfer in the presence of
magnetic fields. These mechanisms are particularly relevant to
extended gas and dust envelopes, Be stars, magnetic A stars,
and Of stars.

In theoretical studies of heating mechanisms and energy
balance in astrophysical plasmas, it is essential to understand
radiative cooling. Detailed observations of transient solar
phenomena provide a stringent test of the general cooling func-
tions developed for optically thin astrophysical plasmas. At
higher densities, some transitions become optically thick and
the simple optically thin approximations are no longer valid.
Radiative-loss calculations for such plasmas have been develop-
ed to understand the solar photosphere and chromosphere and are
also utilized to study flare stars and stellar atmospheres in
general.

b. Convection and Stellar Coronas and Winds

The granular structure of the Sun's photosphere has from
the beginning been attributed to the process of convection--
one of the dominant mechanisms of energy transport in stars.
Analytical theories of convection have been developed, but only
for simplified model atmospheres that do not yield the prefer-
red length scales characteristic of the solar atmosphere. A
detailed understanding of convection must be derived from the
comparison of computer models of the solar atmosphere with
observation.

Our understanding of the hydrodynamics of the extended
solar atmosphere is much more detailed than that of any other
astrophysical object. For example, the theory of the solar
wind represents a major triumph of modern astrophysics, which
has led in turn to the concepts of a "polar wind" from the
Earth, of "stellar winds,"” and even of "galactic winds."
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A central problem in contemporary solar research is the
transport of energy between the spherically symmetric chromo-
sphere (at 104 K) and the nonsymmetric corona (at temperatures
in excess of 106 K). Very recently, coronas have been de-
tected in an unexpectedly wide range of stars by x-ray obser-
vations from rockets and the ANS, HEAO-1l, and Einstein x-ray
observatory (HEAO-2) satellites. The Sun has been the testing
ground for theories to account for the heating and physical
properties of chromospheres and coronas. While it is generally
believed that energy available in convective motions is con-
verted into heat in the upper layers, the extent to which this
heating is due to dissipation of waves generated by the con-
vective motions or to the annihilation of magnetic fields
produced by displacement of field lines embedded in the con-
vection zone is at present unclear. Considerable effort is now
under way to test both of these theoretical processes through
comparisons with realistic models of solar chromospheric and
coronal structures and the observed properties of the solar
wind. Theoretical methods that successfully match solar obser-
vations can then be used to understand stellar data; and,
conversely, the new stellar observations can further refine our
theoretical methods and provide tests of the scaling of
nonthermal mechanisms of energy transport.

3. Mechanisms of Stellar Variability and the Solar Magnetic
Cycle

The activity cycles of stars such as the Sun are a consequence
of the periodic variation of the magnetic fields produced by
the steady operation of the hydromagnetic dynamo in the convec-
tion zone beneath the visible surface. The dynamo is, in
effect, an alternating-current generator with a period on the
order of years. There are variations over shorter times, of
course, as a consequence of the irregular eruption of magnetic
flux from the dynamo up to the surface. Variation on longer
time scales, such as the 70-year depression of solar activity
in the seventeenth century (and also in the fifteenth century),
is presumed to be a consequence of changes in the mode of con-
vection and circulation within the star, affecting the form and
efficiency of the generation of magnetic field and/or its
escape to the surface. Considerable work remains to be done on
the theoretical hydrodynamics of stellar convective zones before
a complete picture can be obtained. The interplay between solar
and stellar observations will be important to this research
program, since the scaling of the period and amplitude of the
resultant stellar cycles with the properties of the stellar
convective zone will provide an important test of theoretical
models.
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4. Solar Flares and High-Energy Processes in Astrophysics

It is now recognized that a solar flare is basically a high-
energy phenomenon, producing most of its luminosity in the form
of x radiation and high-energy ejecta. Recently discovered
high-energy phenomena in objects such as close binaries,
quasars, Seyfert galaxies, radio galaxies, and the intracluster
medium in clusters of galaxies all share this basic spectral
characteristic. More recently, a bewildering variety of stars
spread widely across the Hertzsprung-Russell diagram--RS CVn,
Oof, Be, dMe, W UMa, Wolf-Rayet, AO--have been shown to be
sources of x-ray emission that can be most easily interpreted
as coronal.

While flaring activity has been detected in only a few
main-sequence stars, we can anticipate that such phenomena will
eventually be shown to be nearly universal. In more extreme
cases, gravitational energy must be called on to sustain an
enormous luminosity that no solar-type mechanism could supply.
But in terms of emission processes and basic physics, even these
sources benefit from interpretation based on solar models, and
there exists a whole continuum of high-energy sources from our
closest stellar neighbor, Alpha Cen A, which must almost exactly
resemble the Sun, to the most distant observable objects in the
Universe--quasars.

5. The Interplanetary Medium

The interplanetary medium, which is the extension into space of
the solar atmosphere and thus often referred to as the helio-
sphere, is a readily accessible laboratory for a number of
physical processes important in many astrophysical systems.
The solar wind is by far the best observed of the many expand-
ing hydromagnetic flows that are important in astrophysical
systems. The plasma in globular clusters and galactic halos
may expand in a similar fashion; relativistic winds have been
proposed for pulsars and radio galaxies; and, of course, many
other stars are observed or inferred to have winds that play an
important role in angular-momentum loss and, in many cases, mass
loss and stellar evolution. Many propagating and convected
plasma structures, such as waves, discontinuities, and shocks
can be studied in situ in interplanetary space in a detail not
possible in other astrophysical plasmas or, for that matter, in
laboratory plasmas. It should be remembered that observations
of the collisionless shock standing in the solar wind upstream
from the terrestrial magnetopause represented the first detec-
tion of such a plasma structure and provided the delineation of
the parametric dependence of shock structure.

As a specific example of the applicability of heliospheric
plasma physics to other astrophysical systems, consider the case
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of cosmic-ray transport. A general theory of cosmic-ray trans-
port has been developed, primarily in response to observations
of cosmic rays in interplanetary space. This theory relates
the transport coefficients to directly observable properties of
the ambient plasma. The comparison of observations of both
solar and galactic cosmic rays with simultaneous plasma observa—-
tions is providing a stringent test of this theory. These
general transport theories are applicable to cosmic rays else-
where in the Universe, and they can be used with greater con-
fidence and understanding because of the tests carried out in
interplanetary space.

B. The Importance of Solar Physics
to the Terrestrial Sciences

To state that the Sun plays a major role in shaping the
structure and determining the dynamical properties of the
Earth's atmosphere, ionosphere, and magnetosphere is to state
the obvious. We think it important, however, to discuss
explicitly the interdisciplinary nature of solar-terrestrial
physics, and thereby to demonstrate how a knowledge of pheno-
mena of interest to each of the major disciplines--solar
physics, atmospheric physics, ionospheric physics, and magneto-
spheric physics--is required to address major problems.

1l. The Upper Atmosphere and the Magnetosphere

The terrestrial magnetosphere acts like a blunt body standing
in the supersonic solar wind, with the result that a collision-
less bow shock stands upstream from the magnetopause in the
solar wind. Between the bow shock and the magnetopause (the
boundary surface enclosing the magnetospheric cavity) lies a
region called the magnetosheath, which contains shock-heated
flowing plasma. Magnetosheath energy, momentum, plasma,
magnetic and electric flux, and currents are coupled to the
magnetosphere across the magnetopause, with the coupling rate
determined by microscopic plasma processed in the thin magneto-
pause. It appears that the heliosphere magnetic field plays a
significant and perhaps dominant role in coupling all the above
quantities across the magnetopause through the magnetic-
field-line reconnection process, although other transport mech-
anisms, such as turbulent viscosity, may be equally important.
The solar wind stretches out the terrestrial magnetic field
into a long magnetic tail, extending perhaps 1000 Earth radii
downstream. The magnetic tail is divided into northern and
southern lobes of opposite polarity, separated by a sheet of
hot plasma that is thought to be the hot-plasma source for the
inner magnetosphere. The tail and plasma sheet give rise to
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the most fundamental instability of the magnetosphere--the
magnetospheric substorm--in which magnetic energy accumulated
in the tail is explosively converted into particle kinetic
energy, with a host of important consequences: greatly en-
hanced auroral particle precipitation and light emission, the
injection and/or acceleration of energetic electrons and ions
into the inner magnetosphere and radiation belts, and the
acceleration of some particles to relativistic energies in the
tail. The substorm is very likely the magnetosphere's funda-
mental mode of energy dissipation.

The Earth's magnetosphere, ionosphere, and atmosphere are
strongly coupled to one another and thereby regulate each
other's time-dependent behavior. One aspect of this complex
interaction is electrodynamic coupling, which refers to the
coupling among flows and electric-field systems in the magneto-
sphere and the ionosphere-atmosphere. The second aspect of
this interaction involves the escape of mass from the iono-
sphere into the magnetosphere, both as a thermal plasma flow
(the polar wind) and as an acceleration to high energies (and
subsequent escape) of ionospheric ions. The third (and poten-
tially most far-reaching) aspect of the magnetosphere-iono-
sphere-atmosphere interaction is the coupling of the solar wind
and magnetosphere, via the ionosphere and upper atmosphere, to
the lower atmosphere. Any potential relations between solar
(and solar-wind) activity and the climate and/or weather are
likely to involve this last aspect of magnetosphere-ionosphere-
atmosphere coupling.

2. Solar Influences on the Lower Atmosphere

The principal influence of the Sun on the lower atmosphere of
the Earth is the heating produced by sunlight. The variation
of climate over the past centuries has raised questions as to
precisely how steady the supply of sunlight is to the upper
atmosphere, and how steady that part is that penetrates to the
lower atmosphere and to the surface of the Earth. Measurements
of surface sunlight, carried out by the Smithsonian Institution
over the first half of this century, show that there were no
variations in excess of about 0.5 percent. Since variations at
lower levels could have significant climatic effects, the ques-
tion of the direct solar influence on climatic variations re-
mains open.

More recently it has been discovered that there is a sig-
nificant statistical correlation between drought in the western
United States and the deep minimum in solar activity following
alternate sunspot cycles, which occurs about once every 20-25
years. It has also been shown that the mean annual temperature
in the Northern Temperate Zone, as well as the worldwide advance
and retreat of glaciers, is correlated with the general level
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of solar activity over the centuries. Thus, the climate was
cold in the seventeenth, fifteenth, and eighth centuries A.D.
and in the fourth and seventh centuries B.C., when the Sun was
in prolonged states of inactivity. The weather was warmer than
usual in the twelfth century A.D. when the sun was hyperactive.

The mechanisms by which solar activity could affect the
terrestrial climate, either by variations in atmospheric heat-
ing or by some as yet unidentified coupling to the solar wind,
have not yet been established; however, a number of ideas have
been proposed, ranging from variations in atmospheric electric-
ity, to changes in the north-south mixing in the troposphere,
to the nucleation of ice crystals and the formation of cirrus
clouds by ions from aurorae, to the effects of ultraviolet
radiation on the chemistry of ozone and nitrogen oxides in the
upper atmosphere. Likewise, there are no established mechan-
isms that might cause the luminosity of the Sun to vary by more
than 0.1 percent (expected from the coming and going of sun-
spots), although it has been pointed out that, if the century-
long variations of solar activity are produced by changes in
the general convection and circulation within the Sun, then we
might expect the convective delivery of heat to the surface to
vary as well. The questions raised here provide a strong link
between the fundamental problem of energy transport in the Sun
and terrestrial climate, thus being questions of great intrinsic
scientific interest and practical importance.

C. The Role of Solar Physics in Space Physics

The interplanetary medium (or heliosphere), consisting of the
solar wind and the coronal magnetic field, extends well beyond
the orbit of the major planets (out to 100 AU or more). The
study of the importance of winds to mass- and momentum-loss
processes for stars of all classes, and of the interaction of
the resultant mass flux with the interstellar medium, has become
a question of central importance in astronomy. The study of the
interaction of the solar wind with planetary atmospheres and
magnetospheres has recently become an active subdiscipline of
space physics.

1. The Interface of the Interplanetary Medium and the
Interstellar Medium

As the solar wind flows away from the Sun, it must eventually
be influenced by the particles and fields of the local inter-
stellar medium. In the solar neighborhood, the interstellar
medium is largely composed of four components: a magnetic
field, a thermal plasma, a neutral gas, and energetic particles
(Galactic cosmic rays). The magnetized thermal interstellar
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plasma interacts with the magnetized solar wind at a somewhat
diffuse boundary separating the two plasmas (the boundary of
the heliosphere), but the interstellar neutral gas and Galactic
cosmic rays can readily penetrate deeply into the region of
supersonic solar-wind flow.

The condition of pressure balance across the heliosphere
boundary requires subsonic solar-wind flow inside the boundary
and a shock transition terminating the supersonic solar wind
flow somewhere upstream. The fact that the Sun is moving rela-
tive to the interstellar gas leads to a turning of the subsonic
flow into a cometlike tail, distorting the shock transition as
well as the heliosphere boundary. The present estimates of the
minimum distances from the Sun to the shock and the heliosphere
boundary are, respectively, 100 AU and 150 AU.

Galactic cosmic rays are observed directly by interplane-
tary space probes, and neutral atoms are observed indirectly
through detection of the solar resonance-line radiation that
they scatter. In both cases, the observations, together with
theories describing their penetration into the heliosphere,
allow one to infer the properties of cosmic rays and the neu-
tral gas in the local interstellar medium. These inferences in
fact represent the best information that we have about the
neutral and energetic-particle components of the nearby inter-
stellar medium.

2. Planetary Atmospheres and Magnetospheres

The planets' magnetospheres are cavities carved out in the
solar-wind flow by their intrinsic or induced magnetic fields.
Within the magnetosphere the magnetic field organizes the be-
havior of charged particles, plasma waves, and electric cur-
rents; it traps energetic particles to form radiation belts and
confines low-energy plasma escaping into space; and, finally,
it transmits hydromagnetic stresses from the magnetosphere
through the partially conducting ionosphere to the upper atmo-
sphere of the planet.

The Earth's magnetosphere was discovered in 1958. 1In the
past several years, Pioneers 10 and 11 traversed the magneto-
spheres of Jupiter and Saturn, and Mariner 10 discovered an
unexpected, surprisingly powerful, and highly time-variable
magnetosphere at Mercury. Scaling arguments suggest that
Uranus and Neptune both have large magnetospheres, and recently
detected, low-frequency radio bursts from Neptune lend some
credence to this suggestion.

In astrophysics, the concept of a magnetosphere has been
generalized to any plasma envelope surrounding a compact
central body. While every class of natural objects has its
important distinguishing characteristics, the magnetospheres of
tailed radio galaxies may share common features with planetary
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magnetospheres; the distant portions of the magnetospheres of
pulsars and of some radio galaxies may resemble the heliosphere.
Thus, the resemblances between astrophysical and solar-system
magnetospheres could eventually motivate a unified theoretical
attack on them. Likewise, the concept of comparative magneto-
spheric studies should contribute to the theoretical understand-
ing of the physical processes involved.

Most magnetospheres exhibit different variations on a common
theme: wherever Nature creates a magnetosphere, she arranges
that magnetic energy stored in it be suddenly released, accel-
erating a small subset of charged particles to high energy. On
the Sun, such events are called solar flares; on the Earth and
on Mercury, substorms. The electromagnetic radiation generated
by the few particles accelerated to relativistic energies might
be the dominant observable quantity in astrophysical magneto-
spheres; on the other hand, the energy storage and release mech-
anisms and the microscopic properties of the particle accelera-
tion regions of planetary magnetospheres can be probed in situ.

IV. A PROGRAM OF SOLAR AND RELATED STELLAR PHYSICS
FOR THE 1980'S

In Section II of this chapter we developed an expanded defini-
tion of solar physics as a set of related inquiries into the
phenomena displayed by matter under the influence of the
large-scale gravitational and electromagnetic fields found in
astronomical settings. We identified three major themes into
which these inquiries naturally fall and posed six problem-
oriented scientific questions related to these themes that we
believe are especially attractive for a major emphasis in the
decade of the 1980°'s.

The selection of the problems to be emphasized in the next
decade was strongly influenced by our perception that the new
capabilities represented by the Space Shuttle will allow the
deployment of a new class of large-facility instruments capable
of the order-of-magnitude improvements in resolution and sensi-
tivity necessary for significant progress. A second important
observational capability is represented by deep-space probes,
such as the International Solar Polar Mission (ISPM) with its
program of out-of-the-ecliptic observations, and a close solar
encounter mission (the Star Probe) currently under study.
Techniques are now available to probe the solar interior
through detection of the neutrino flux and spectrum resulting
from thermonuclear reactions in the solar core and through
observations of global oscillations, which contain information
on the dynamics and structure of the solar interior. Further-
more, new theoretical insights and the computational capability
to investigate their consequences, which will promote inter-
pretation of the refined observations anticipated, are now
available as well.
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We present here, in an abbreviated form, the overall pro-
gram that the Solar Physics Working Group believes is neces-
sary to address the six problem—oriented questions that we wish
to address. In the two following sections, we discuss this
program in greater depth.

A. The Properties of the Solar Core

The study of the solar core has produced a particularly effec-
tive coupling of experiment and theory. We believe it is
important to exploit fully all the available observational
techniques, not only to clarify our understanding of nuclear
reactions in stars, but also to test models of the composition,
structure, dynamics, and evolution of stellar interiors. There
are three observational approaches to this problem:

* The implementation of neutrino experiments sensitive to
the low-energy neutrino flux, thus complementing the information
available from the 37cl experiment (which is sensitive to
high-energy neutrinos) and allowing a more stringent test of
models of the composition of the solar core. Of the proposed
radiochemical detectors, the LY experiment appears to
address the fundamental issues most directly, and the Working
Group strongly supports its continued development. The Working
Group also urges that the ‘Li and In detectors be imple-
mented during the coming decade.

®* The launch of an instrumented gravity probe that can be
accurately tracked during a close (within about 3 solar radii)
solar encounter, in order to determine the solar internal mass
distribution and, indirectly, the core rotation rate. Although
such in situ missions fall outside the area of programmatic
opportunities examined by the Astronomy Survey Committee, the
Star Probe mission (formerly called Solar Probe) currently under
study by NASA has such a gravitational encounter as one of its
four major objectives. The Star Probe mission has recently been
extensively reviewed and strongly recommended by the Space
Science Board's Committee on Solar and Space Physics. The
Solar Physics Working Group strongly supports this mission.

* A more complete and accurate study of the global oscil-
lation modes of the Sun, which are sensitive to the temperature
and density structure of the solar core. An observational
program designed to exploit the solar-core information conveyed
by these oscillations will require greater sensitivity to the
modes of lowest order than is furnished by present instruments.
The Working Group strongly supports the development of instru-
ments that can measure the solar velocity field with the
improved accuracy required.
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B. The Physics of Activity Cycles
and the Dynamical Behavior of the Convection Zone

Active phenomena in solar-type stars are consequences of
dynamical processes in the convection zone. A scientific
program intended to study the origin of solar activity must
therefore address the question of convection-zone dynamics as
well.

1. Properties and Dynamics of the Convection Zone

An exciting era of direct observational probing of the convec-
tion zone has begun. The excellent interaction between
theorists and observers already established in this field is
essential for further progress. This close interaction has
been demonstrated by the interpretation of the properties of
the normal modes of the Sun's global oscillations to obtain
information on convection-zone structure and by the link between
theory and observation in the study of the large-scale circula-
tion. The major observational objectives are to define the
basic properties of the convection zone, especially its depth;
the rotational, magnetic, and temperature profiles with depth
and latitude; the wide range of eddy sizes as a function of
depth; and the temporal variation of these properties. It is
also necessary to determine the nature of large-scale circula-
tion and temporal and spatial variations of differential
rotation.

The observational programs required are (a) the determina-
tion of the total solar velocity field with great precision
(about 1-10 km/sec) for extended periods (greater than 30 days)
and, if possible, with stereoscopic capability; (b) precision
differential radiometry (to 1 part in 105) of the convective
cell structure of the photosphere; and (c) measurement of the
large-scale solar magnetic field with a sensitivity of 1 gauss.

2. The Solar-Activity Cycle

The solar-activity cycle produces extensive variations in what
might be called the "solar outputs.” These include systematic
changes in the spectrum and flux of electromagnetic radiation
and of charged particles; variations in the interplanetary
magnetic field; and changes in the composition, mass flux, and
energy flux of the solar wind. It is the variation of the
magnetic structure of the convection zone (the ultimate cause
of the active phenomena in the solar atmosphere) that underlies
these manifestations of the activity cycle. The operation of
the solar dynamo, which is responsible for the solar magnetic
field, changes in response to variations in the transport of
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energy within the convection zone. Therefore, the study of the
solar activity cycle involves two complementary observational
programs. First, we must study the variations in the structure
and dynamical behavior of the convection zone over a full
magnetic cycle (22 years). We must simultaneously measure the
variations of the solar outputs accurately over a complete
magnetic cycle in order to understand (a) their connection to
the variations in the basic parameters of the convection zone,
chromosphere, and corona and (b) their influence on the Earth's
environment. The accuracy with which these measurements must
be made will require significant improvements to the stability
and absolute precision of previous observational capabilities.

3. The Physics of Stellar Activity and Atmospheres

During the next decade, major advances in our understanding of
stellar-dynamo processes and resulting stellar activity will
require a determination of the functional dependence of dynamo
efficiency on critical atmospheric parameters. More explicit-
ly, we must obtain observations that reveal the dependence of
the period and amplitude of activity cycles on stellar rota-
tion, gravity, depth of the convection zone (which depends on
effective temperature and radius), and the internal angular
momentum distribution, which itself presumably depends on
stellar age and the strength of the stellar wind and surface
magnetic field.

These are difficult observational questions, but they can
be addressed through synoptic observing programs employing
high-resolution spectroscopy from space and from the ground.
It is important to determine whether stellar activity is mani-
fested mainly in the number and size of starspot and plage
regions on a star or whether the enhanced magnetic fields near
activity maximum are more uniformly distributed across the sur-
face of a star. Another critical question is the statistical
probability and typical duration of Maunder Minimum-like ab~-
sences of activity in stars: Which stars undergo this behav-
ior, and why? With the insight gained from these observational
results, the continued theoretical study of dynamo processes
should become still more productive.

4. Programmatic Implications

A systematic program for the study of the solar cycle and the
dynamics of the convection zone has been developed by the Solar
Cycle and Dynamics Mission (SCADM) Working Group of NASA in a
recent report. This program can be largely carried out within
the ongoing programs of NSF and NASA, provided the level-of-
effort budget of the Explorer program is substantially
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augmented. The principal components of the Solar Cycle and
Dynamics Program are as follows:

* A major effort in the theoretical modeling of solar
interior dynamics.

* The development of sensitive techniques for the obser-
vation of the solar velocity field, brightness variations,
diameter variations, and the large-scale magnetic field,
together with a program of long-term (about 1 month) obser-
vations using these techniques, initially from the South Pole
of the Earth and subsequently from the Space Shuttle in Sun-
synchronous orbit.

®* The extension of this observational program to longer-
duration observations (greater than 6 months) with a complement
of instruments on a free-flying Solar Interior Dynamics Misson
(SIDM), which might be implemented through the Explorer Program
or on a space platform. In addition to the study of the struc-
ture and dynamics of the convection zone, the SIDM will carry
out high-precision measurements of total solar radiative flux
and the solar-spectral irradiance. It is important, however,
that the program of high-precision solar-flux measurements
begun by the Solar Maximum Mission be continued through Shuttle
and other flight opportunities until SIDM becomes operational.

®* A Solar Coronal Explorer (SCE) mission, which will
study the three-dimensional structure and evolution of the
corona and solar wind in conjunction with in situ observations
by the ISPM and the Interplanetary Laboratory (IPL) of the
Origin of Plasmas in the Earth's Neighborhood (OPEN) program.

* The extension and refinement of observational programs
initiated by the SIDM and SCE missions through the observa-
tional programs of the Solar Optical Telescope and the other
Shuttle facilities, the Advanced Solar Observatory, and the
Star Probe Mission.

The major theoretical and developmental programs required
for the Solar Cycle and Dynamics Program and supporting obser-
vational programs will be carried out in large measure with
major ground-based instrumentation and computational facilities
at the Sacramento Peak Observatory (SAO), at Kitt Peak National
Observatory (KPNO), at the Very Large Array (VLA), and at the
High Altitude Observatory.

A second major aspect of the study of activity cycles is
the observation of activity in other stars. The study of stel-
lar activity cycles through the observation of chromospheric
line profiles with ground-based telescopes has already yielded
significant results (most notably with the 1.5-m telescope at
the Mt. Wilson Observatory).

The Working Group believes that this activity would be
greatly enhanced by the implementation of a dedicated stellar
telescope of moderate aperture (2.5 m) for synoptic observa-

Copyright.© National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19437

Challenges to Astronomy and Astrophysics: Working Documents of the Astronomy Survey Committee
http://www.nap.edu/catalog.php?record_id=19437

25

tions of stars to be operated in conjunction with the solar
programs at the National Astronomy Centers. We also note that
several proposed future x-ray observatories in space and
several approved or proposed Explorer missions in the areas of
astronomy and astrophysics (e.g., the Extreme Ultraviolet
Explorer and a Stellar Coronal Explorer) will have observations
of stellar activity as major or principal objectives.

5. Impact of Variability on the Terrestrial Environment

Although the scientific questions raised here are not strictly
astrophysical, the interaction between solar observations and
observations of the short-term and long-term variation in the
terrestrial environment has been fruitful for both astrophysics
and geophysics, and it promises to become more so in the
immediate future. The discovery of the correlation of the level
of solar activity with extremes of the terrestrial climate is
only one example of this interaction. Such correlations are
important astrophysical tools for the study of solar-activity
cycles. Solar physics must be an active participant in this
collaborative program. This will require a vigorous exploita-
tion of, and sensitivity to, the opportunities presented by the
proxy record of variations in the solar wind and the solar
radiative flux as represented in, for example, lunar samples
and biological and geologic records. It will also require a
close collaboration between solar observations and magneto-
spheric, ionospheric, and atmospheric observational programs
such as those of the OPEN mission and the Solar Terrestrial
Observatory (STO), which explicitly envision a full complement
of related solar, magnetospheric, ionospheric, and atmospheric
observations.

C. Nonradiative Heating and Transient Phenomena
in the Solar Atmosphere

We presented above a program directed toward the study of the
physical processes operating in the solar convection zone, as
well as the manifestation of these and similar processes
operating in other stars in the variation of solar and stellar
outputs. The second aspect of the study of stellar-active
phenomena is the study of the structure and dynamical behavior
of the extended solar atmosphere itself and of similar phenom—-
ena in other stars.

The discoveries of the past decade have laid the founda-
tions for two major approaches to the problem of the structure
and heating of stellar atmospheres; one makes use of detailed
observations of the solar atmosphere, whereas the second makes
use of comparative observations of the atmospheres of stars
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with a wide range of fundamental properties. These approaches
are highly complementary to each other, as discussed below.

In considering transient and high-energy phenomena in the
solar atmosphere, we take the basic physical mechanisms respon-
sible for metastable energy storage, release, and deposition in
the solar atmosphere as the focus of our discussion. The chain
of events exhibiting these essential phases occurs in many
astrophysical and space-physics situations and is called a
flare.

Among the highest priorities for the early part of the next
decade must be the understanding of the data from the Solar
Maximum Mission (SMM). We anticipate that major advances in
our understanding of flares, especially the impulsive energy
release, will result from the complete analysis of SMM observa-
tions. However, we know that many of the fundamental physical
processes that are important in flares occur in structures on a
scale too small to be resolved by SMM instruments; these will
require a new generation of facility-class instruments for
their study.

1. The Solar Atmosphere

Earlier observational programs on the Orbiting Solar Observatory
satellites, Apollo Telescope Mount, and SMM have demonstrated
that the basic plasma processes governing the propagation and
transformation of energy in the solar atmosphere occur on
physical scales that are beyond the resolving power of present
instruments. With the advent of the Space Shuttle, we are now
in a position to develop a new generation of high-resolution
solar telescopes covering optical, ultraviolet, extreme-
ultraviolet, and soft x-ray wavelengths, which we believe will
allow us to resolve the structures in which at least some of
these fundamental processes occur.

The first of these new facilities, the Solar Optical
Telescope (SOT), is already under development. The SOT is a
1.25-m aperture, diffraction-limited telescope designed to
achieve a tenfold improvement in angular resolution (about
0.05-0.1 arcsec) by comparison with previous observations.
Comparable improvements in resolution are anticipated at x-ray
and EUV wavelengths for instruments now under study by NASA.
The observations anticipated from this new generation of in-
struments will allow, for the first time, the comparison of
detailed, self-consistent physical models with observations of
the structures (including sunspots, magnetic flux tubes in the
chromospheric network and in plages, spicules, and coronal
bright points) that dominate the solar photosphere, chromo-
sphere, transition region, and corona.
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2. Stellar Atmospheres

The second major approach to the structure and dynamical
behavior of stellar atmospheres involves the study of the
properties of stellar chromospheres and coronas, now known to
exist in stars with a wide range of fundamental parameters
(e.g., mass, temperature, age, luminosity, and rotation rate).
The observation of stellar coronas and chromospheres will allow
the development of models that relate fundamental stellar
properties to the character of the active phenomena associated
with the star. Despite the necessary simplicity of these
stellar models, it is important to estimate the nonradiative
heating rates in stellar models with a range of parameters to
determine the role that each parameter plays in overall
atmospheric structure and behavior.

3. Metastable Energy Storage

The major determinant of the energy source and initiation of
the flare instability is the detailed structure of the coronal
magnetic field. The current that flows in this field provides
the free-energy supply that drives the flare release, and its
spatial configuration (including plasma profiles) specifies the
singular flare site.

In order to understand the preflare state, vector-magneto-
gram measurements must be made from space with a resolution of
less than 0.1 arcsec, and an improved generation of field-
calculation algorithms will have to be developed to specify the
coronal field constructed in accordance with these boundary
values. A determination of the thermal structure and evolution
of the preflare state requires coordinated, mutually aligned,
spectroscopic measurements from the optical region of the
spectrum through x rays. The spatial resolution and mutual
registration should be better than 0.1 arcsec (72 km), with a
sample rate up to one per minute available.

4. Magnetic Reconnection and Particle Acceleration

This topic is the least understood aspect of plasma and high-
energy astrophysics; it defines the transformation of slow,

large-scale motion and magnetic stress into impulsive, ener-

getic, small-scale phenomena.

It is now believed that such "flare" events arise from the
relaxation of sheared magnetic fields, subsequent to the recon-
nection from one frozen-in state to another in which the cur-
rents are filamented and can quickly decay. The major initial
product of the reconnection process (in which the magnetic
fields both vary and move) is a selected population of acceler-
ated particles.
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To relate the poorly resolved magnetic-field source and the
imprecisely determined output radiations, we currently rely
upon theory. The required calculations are nonlinear in their
time development and coupled in their spatial geometry. They
must include the plasma and field dynamics, together with heat-
ing and energy flow. They must also encompass kinetic effects
in the acceleration and microwave radiation processes and a
proper treatment of the bremsstrahlung targets, all connected
by nonlocal propagation effects confined by the magnetic field.
Beyond an expanded theory program directed to these ends, we
must emphasize the observations needed to clarify the impulsive
phase, keeping in mind the advances achieved by SMM.

A primary objective is the development of better methods of
measuring the accelerating electric field directly as a function
of position through the Stark effect. The next step would
involve correlated, high-resolution observations of hard x-ray
and microwave bursts. (The hard x-ray observations must have
subarcsecond resolution.) It is also critical to understand
the relationship of the acceleration of electrons to the accel-
eration of the solar cosmic radiation, both by direct observa-
tion of these particles and by highly spectrally resolved gam-
ma-ray observations. Again, high-resolution observations of
hard x rays will also play a key role.

5. Energy Transformation and Deposition

We here focus attention on the high-temperature phenomena
caused by the dissipation of the explosive flare event. The
relativistic electron population resulting from the initial
flare acceleration, described above, is mostly confined in
closed magnetic structures embedded in the solar surface. 1In
this environment, the electrons heat the ambient plasma and
especially the chromospheric end points, which then react and
drive material and radiation back into the corona. Then the
decay phase of the flare begins, and energy is steadily lost by
x radiation and by thermal conduction to the chromosphere and
subsequent further EUV emission.

Further clarification of this scheme, which has just begun
to become apparent as a result of recent Skylab data analyses
and SMM results, requires a complex set of coordinated observa-
tions. As for other coronal phenomena, the major needs are
spatially resolved (less than 0.1 arcsec) determinations of
plasma number density and temperature from spectral lines rang-
ing up to soft x rays, with 1-10 sec resolution, and measure-
ments of the vector magnetic field. Having started with the
field, we end with the field, so that the postflare magnetic
energy can be determined. This residue, along with the origi-
nal supply and measured outputs listed above, will allow the
verification of the complete flare energy budget.
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6. Programmatic Implications

In order to carry out the scientific program presented above,
several major new observational and theoretical programs are
required:

* A comprehensive program of theory and modeling, with
the principal aim of improving our ability to interpret solar
observations in terms of the physical parameters of the solar
plasma and to relate these parameters to underlying plasma
instabilities. An important component of this program is the
modeling of the basic plasma processes that underlie the flare
mechanism.

* The principal observational tool required is a compre-
hensive ensemble of Shuttleborne facility-class and Principal
Investigator-class instruments, built around the SOT, which are
capable of simultaneous, high-resolution observations covering
the full spectral range from x rays to the near infrared region.
Once developed, this ensemble should be placed upon a free-
flying satellite or space platform to form an Advanced Solar
Observatory (ASO) for the long-term study of the physics of
solar and stellar activity. For the study of flares, it is
critical that the initial instrument complement of the ASO,
which might include the SOT, the Solar Soft X-Ray Telescope
Facility, the EUV Telescope Facility, and a Pinhole/Occulter
Facility, which will allow high-resolution (about 0.1 arcsec)
hard x-ray observations and high-resolution observations of the
corona and coronal transients, be augmented by a high-resolution
gamma-ray spectrometer in time for the 1991 solar maximum. 1In
addition to the space observations by ASO, a program of ground-
based observations emphasizing the observation of solar magnetic
fields with improved vector magnetographs (at SPO and KPNO) and
of microwave bursts (with the VLA) is critical to the flare-
oriented scientific program that we have outlined.

* A second major observational capability is presented by
a set of optical, EUV, and x-ray imaging instruments currently
under study as a major component of the Star Probe mission.
These instruments will provide a unique opportunity to observe
the structure of the solar atmosphere with ultra-high resolution
(about 7-10 km), which is 3-10 times higher than can be achieved
from Earth orbit even with the ASO.

* The development of strong observational programs, from
both the ground and space, for the study of the coronas and
chromospheres of other stars.

* In addition to these new programs, the continued
development of new and more sensitive techniques for optical
and radio observations of the solar atmosphere as part of the
ongoing programs of the National Astronomy Centers and efforts
supported by the NSF grants program is critical to continued
progress in this area.
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D. Properties of the Corona and Interplanetary Medium

There are three principal questions in coronal and heliospheric
physics that can be effectively addressed in the decade of the
1980's and the early 1990°'s:

* What factors control the mass and energy balance of the
corona, and what are the implications of these factors for the
coronal temperature, coronal expansion (the solar wind), and
the transport of angular momentum away from the Sun?

* What is the three-dimensional structure of the corona
and heliosphere, how does this structure evolve with the solar
activity cycle, and how does the impulsive ejection of mass by
coronal transients (which supplies a significant fraction of
the mass of the solar wind) affect this structure?

* What are the physical processes responsible for the
acceleration of the solar wind, and what mechanisms are respon-
sible for the large variation in the observed solar-wind
composition?

All three of these problems can be addressed by a coordi-
nated program of high spectral and spatial resolution observa-
tions of the chromosphere and corona, together with in situ
observations of the heliospheric plasma in three dimensions and
as close to the Sun as possible. The development of models of
energy and mass flow in the solar wind, making use of empirical
data to specify the three-dimensional structure of the corona
and heliosphere, must proceed in concert with the observational
programs. Other important theoretical problems include the
development of magnetohydrohynamic models of the basic processes
responsible for driving the transients and for the energetic-
particle acceleration associated with transients (in particular,
with flare-related transients). Our main conclusions and
concerns are as follows:

1. During the next decade we shall, with ISPM, have a
unique opportunity to study the three-dimensional structure of
the solar wind and interplanetary magnetic field, and the in-
fluence of this structure on the interplanetary modulation of
Galactic cosmic rays. (As noted near the beginning of this
chapter, the Working Group believes that the implementation of
ISPM as a dual-spacecraft mission with imaging capability is
essential to an orderly and effective program of solar and
heliospheric studies.) A comprehensive understanding of coronal
and heliospheric structure and dynamics will, however, require
complementary in-ecliptic observations by a Solar Coronal
Explorer and the Interplanetary Laboratory of OPEN. With the
same spacecraft and with some careful planning, it may be
possible to gain new information about the solar-wind transport
of angular momentum and thus new insight into the problem of
solar and stellar spindown.
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2. The major scientific objectives of heliospheric physics,
which will be greatly furthered by the observational programs
of ISPM, SCE and IPL, can, however, only be fully addressed by
two advanced missions:

(a) A close-encounter mission (the Star Probe), which
will allow in situ observations in the region of solar-wind
acceleration and a unique view at ultra-high resolution (7-10
km on the Sun, or the equivalent of 0.01 arcsec from Earth
orbit) of coronal and chromospheric structure; and

(b) Synoptic studies of the evolution of the chromo-
spheric and coronal structures and dynamical events that control
the large-scale structure of the heliosphere with the assembly
of high-resolution instruments, especially the Pinhole/Occulter
Facility, on the ASO. In this connection, the ASO should
include radio spectrographs and polarimeters operating from
decametric to kilometric wavelengths for the study of particle
streams, collisionless shock waves, and shock-induced
acceleration in the corona and solar wind.

V. SCIENTIFIC OPPORTUNITIES FOR THE 1980'S

The major scientific problems identified earlier are discussed
here in more detail under the following headings: the solar
interior; the convection zone and solar activity; nonthermal
and dynamical phenomena in the solar atmosphere; and the
dynamics of the heliosphere.

A. The Solar Interior

The general characteristics of the Sun's interior structure can
be deduced from theoretical models, with observed values of the
solar radius, luminosity, mass, and surface rotation rate as
boundary conditions. Such interior models (illustrated by
Figure 1.1) can give a satisfactory account of the general evo-
lutionary behavior of the Sun but cannot resolve a number of
important questions concerning the detailed composition,
temperature, density, and rotational profiles of the interior;
nor can they predict such phenomena as the activity cycle and
the structure of the chromosphere and the corona. The de-
tection of the solar-neutrino flux marked the beginning of a
scientific program that will ultimately allow detailed com-
parisons between sophisticated models of the solar interior and
direct measurements of the solar-neutrino flux. The use of two
other techniques that probe the solar interior--the study of
the global oscillations of the Sun and the observation of the
perturbations caused by the solar quadrupole moment on a close
gravitational probe--will become possible in the 1980's. The
theoretical analysis required to interpret these observational
techniques is well advanced.
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FIGURE 1.1 A cross section of the Sun, indicating the inner,
energy-generating core of about 0.2 solar radius; the radiative
envelope, which extends out to about 0.8 solar radius; and the
outer convective shell.

1. Core Structure and Nuclear Reaction Rate

The solar luminosity is due to two thermonuclear reaction
chains that convert hydrogen into helium in the solar core.
The main reaction chain is the proton-proton (p-p) chain, in
which protons interact to build up 24 and 3He; the latter

is then burned to 4He in one of three branch reaction chains.
A small fraction of the neutrino flux (about 1 percent for
standard models) arises from reactions in the CNO cycle, in
which a series of reactions involving isotopes of C, N, and O
results in the conversion of 4 protons into 4He., The rela-
tive flux of the neutrinos from the various branch reactions is
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sensitive to such parameters of the solar model as relative
initial abundances and the extent of mixing between the core
and envelope during the Sun's lifetime. The solar-neutrino
spectrum predicted by the standard solar model is shown in
Figure 1.2; clearly, observations with radiochemical neutrino
detectors having selective energy response (i.e., neutrino
spectroscopy) can provide a measure of the rates of the various
major reactions.

The event rate for the 3’Cl experiment is dominated by
the high-energy neutrino flux from the p-p branch reactions in
which is built up from 3He and %He via ’Be and proton
capture, followed by positron and neutrino emission to yield an
excited state of 8Be, which in turn decays into two 4pe nuclei;
these branch reactions account for less than 1 percent of the
overall p-p chain-reaction rate. The neutrino detection rate
predicted by the standard solar model for such high-energy
neutrinos is about 5 + 1.4 SNU (the Solar Neutrino Unit being

FIGURE 1.2 Solar energy neutrino spectrum, from a 1971 model of
J. Bahcall and R. Ulrich. Solid lines: p-p chain neutrinos;
broken lines: CN cycle neutrinos. Fluxes are in units of
number of neutrinos/cmz/sec/MeV for continuum sources and
number of neutrinos/cmz/sec for line sources.
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defined as one event per 1036 atoms of 37C1 per second).

The measured rate of 1.8 + 0.4 SNU is in serious disagreement
with the predictions of the standard model; furthermore, recent
calculations utilizing the most recent laboratory opacity data
suggest that the predicted rate should be even higher, some 7
SNU. A number of modified solar models employing such assump-
tions as lower primordial abundances of He, C, N, O, and other
elements in the core, or frequent, complete mixing of the
interior, have shown that the predicted 8B neutrino flux can
in these cases be reduced sufficiently to produce overlap of
the errors of the experimental and theoretical results. A
second possibility is that modifications to the fundamental
theory of the neutrino are necessary; significant, but
certainly not yet definitive evidence for this possibility has
recently been advanced by physicists.

Obgservations with three additional radiochemical detectors--
71Ga, 7Li, and 1151n--could provide a fairly complete picture
of the spectral distribution of the solar-neutrino flux, and
therefore of the relative reaction rates for the main thermo-
nuclear reaction branches. The 71Ga detector would provide
the most fundamental measurement since it is sensitive to the
low-energy p-p neutrinos that are part of the dominant chain of
branch reactions providing the main solar luminosity. The
event rate for the 71Ga detector should be relatively inde-
pendent of the details of the structure of the solar core,
provided that the Sun is at present in equilibrium (i.e., the
solar core is generating energy at a rate equal to that at
which energy is being radiated by the solar surface). That the
Sun is at present in equilibrium is not entirely obvious, since
the transport time for energy from the core to the surface is
quite long (some 106 years). If, for example, the 71Ga
experiment demonstrates that the low-energy solar-neutrino flux
is also significantly below the predictions of the standard
theory, it could provide very strong evidence in favor of the
proposal that neutrinos have mass and oscillate between three
or more kinds of particles, of which only those neutrinos
associated with electrons would be detectable.

The 7Li and 1151In experiments would provide information
on the 7Be/7Li branch of the proton cycle and CNO-cycle
thermonuclear reaction rates. Therefore, it is important that
a program that envisions the implementation of all three new
radiochemical detectors, as well as the refinement of the
37c1 results, be developed. When the results of all four
experiments are available, very severe constraints can be
placed on the abundances and thermal structure of the solar
core; questions on primordial solar abundances and the extent
of interior mixing can then be addressed.
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2. Core Structure and the Solar Quadrupole Moment

The presence of a solar quadrupole moment is a consequence of
the breaking of spherical symmetry by the solar rotation.
Preliminary analysis of the solar p-mode oscillations indicates
that the rotation rate of the convection zone increases with
depth; a rapidly rotating solar core is therefore a distinct
possibility. Just as the present uncertainty about abundances
in the solar core introduces considerable latitude in the de-
tails of solar models, so too does our lack of knowledge of the
rotational and magnetic profiles with depth. Therefore, models
constructed to explain the low counting rate of the 37c1
experiment through inclusion of a rapidly spinning core or a
large central magnetic field, and which thus alter the pressure
and temperature profiles of the interior, cannot be ruled out
at present. For such models, and for models that postulate a
higher hydrogen abundance in the core (either because of
primordial inhomogenetics in the young Sun or because of
substantial mixing of the interior), the resultant variation of
density with radius is different from that assumed in the
standard model and thus corresponds to a different quadrupole
moment. For example, the standard solar model predicts a quad-
rupole moment (J3) of 1 x 1077; a model with a well-mixed

core, but otherwise like the standard model, yields a J,

value of 2 x 10~7. A model with inner mixing, a convective
core, and a magnetic interior that rotates at twice the surface
rate predicts a J; value of 7 x 10~7. A close gravitation-

al probe, with a drag-free system and accurate tracking, can
measure J, with an accuracy of 1 part in 108; such a probe
would thus permit a cleat discrimination among interior models
with different core parameters. The measurement of the solar
quadrupole moment furthermore complements information derived
from neutrino spectroscopy, since the value of J; is more
strongly dependent upon the interior rotational and magnetic
structure than on the neutrino detection rate.

3. Solar Oscillations and Interior Structure

As we shall discuss shortly, the well-known 5-min oscil-
lations of the solar atmosphere have been shown to be due to
higher spherical harmonics of the nonradial p-mode (pressure)
acoustic oscillations of the convection zone. Although they
have not yet been detected, low-order p-mode oscillations that
involve the keep interior should also be present. Furthermore,
a number of observers have claimed the detection of oscilla-
tions of longer periods (from about 10 to 160 min), which they
suggest are low spherical-harmonic radial g-mode (gravity)
oscillations that involve the entire Sun. Both of these oscil-
lation modes can be used to probe the interior structure of the
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Sun. The observational programs intended to detect these
oscillations make use of precise measurements either of the
solar diameter or of the velocities of widely separated areas
on the solar surface. The amplitude of these oscillations is
small, and the brevity of the data records available makes it
difficult to eliminate completely various sources of noise;
nevertheless, it appears that an increasing number of observers
and theorists regard the detection of both low-order p and g
oscillation modes as possible and as providing a new observa-
tional window for the study of the solar interior. 1In addition
to their potential for the study of the solar core, the solar
radial and nonradial oscillations provide a technique that can
probe the depth of the convective zone and investigate a pos-
sible shear boundary layer between a magnetic, rapidly rotating
core and the convection zone. The existence of such a turbu-
lent shear layer could have important consequences for mixing
of the outer layers of the Sun and the thermonuclear core. It
is imperative that techniques of higher sensitivity be develop-
ed to confirm and exploit the opportunities presented by low-
order solar oscillations.

More recently, some observers have suggested that there are
indications of oscillations with very long periods (about 12
days); some theoretical analyses suggest that oscillations with
periods as long as 10 years may be present. It is certainly
too early to judge these claims; however, it is clear that the
1980's will be an exciting period of exploration with respect
to the fundamental oscillation modes of the Sun.

B. The Convection Zone and Solar Activity

It is the interaction between rotation and the large- and
small-scale motions generated by the convective transport of
energy from the solar interior to the surface that causes the
solar magnetic field to vary and underlies the solar activity
cycle. Therefore, the scientific questions posed by the rota-
tional structure of the Sun's convective envelope, large-scale
circulation, the convective transport of energy, and the solar
dynamo are closely linked to the solar activity cycle and are
most effectively studied through a single coordinated program,

Four recent developments have shaped scientific opportuni-
ties for the study of the structure and dynamical behavior of
the convection zone and of solar activity. These developments
are as follows:

* The availability of computers of sufficient capacity to
permit hydrodynamic models of convection and circulation in the
Sun to be constructed, allowing direct comparison between
experiment and theory.
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®* The interpretation of the 5-min oscillations as global
p-mode oscillations in the convection zone. The properties of
these oscillations can be used as a probe of convection-zone
structure and dynamics, provided sufficiently precise records
of surface velocity fields can be obtained.

®* The discovery of the intimate connection between the
large-scale structure of the solar magnetic field and the
structure and energy balance of the corona and heliosphere.

* The discovery of activity cycles in other main-sequence
stars. The study of stellar activity will allow us to determine
how the nature and intensity of activity cycles and other mani-
festations of stellar activity (such as winds and flares) depend
on such basic stellar parameters as age, mass, surface tempera-
ture, and radius.

A program for the study of convection-zone structure and
dynamics and the solar cycle should, therefore, have five major
components:

* A theoretical program of modeling of the hydrodynamic
structure of the convection zone, of the solar dynamo, and of
the p-mode oscillations;

®* An observational program for the study of the velocity
field and temperature structure of the solar surface;

* An observational program to study the evolution of the
large-scale structure of the corona;

* An observation program to study the variation of solar
radiative and particulate flux over the full solar cycle; and

* Observational and theoretical programs for the study of
activity cycles in other stars.

1. Major Problems in Convection Studies

Convection is a basic mechanism of energy transport in all cool
stars; it drives the global circulation and indirectly (through
the dynamo mechanism) generates their magnetic activity cycles,
therefore providing the nonthermal energy that heats their
chromospheres and coronas and accelerates stellar winds.

Models of convection in the Sun must explain the three
scales of convective motion observed in the photosphere:
granulation cells (diameter 1500 km), supergranulation cells
(diameter about 30,000 km) and "giant" cells (diameter about
300,000 km). (The solar diameter is 1.4 x 10° km.)

Considerable progress has been made in the past decade in
modeling large-scale convection (the giant cells). The most
advanced models consider nonlinear axisymmetric convection in a
deep rotating spherical shell; however, smaller scales of con-
vection and turbulence enter the theory only as parameterized
coefficients, and variations in density (covering a factor of
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105 within the convection zone) are not rigorously treated.
These models have shown how the solar convection drives the
latitude-dependent rotation of the photosphere and predict a
meridional flow that agrees in direction (if not in magnitude)
with the observed flow. However, the approximations employed
result in a predicted pole-equator temperature difference much
larger than that observed.

Thus, at present, there are two main problems in solar con-
vection: (a) to explain the existence of three preferred
spatial scales at the surface and to understand the depth varia-
tion of the spectrum of scales and (b) to explain the observed
latitude variation of rotation in the face of a uniform surface
radiative flux. In the future, two additional problems must be
addressed: (c) to explain the gross regularities observed in
the ll-year magnetic cycle of the Sun (Hale's laws of polarity
and Sporer's "butterfly"” diagram of sunspot frequencies--see
Figure 1.3); and (d) to understand how the convection and
circulation can jump between two bistable modes, as evidenced
by the existence of large fluctuations in solar activity during
the past (e.g., the Maunder Minimum).

Further progress in modeling convection will require a
significant extension of present-day techniques to permit the
development of a theory of compressible, nontinear, nonaxi-
symmetric convection in a deep rotating shell. Present-day
computers like the Cray 1 are adequate to the task if suffi-
cient time is available on them. However, new theoretical
developments are needed to treat convective scales that are
smaller than giant cells and turbulence.

Several kinds of observations are needed to guide the
theory. Doppler velocity measurements of the giant cells and
the surface-brightness fluctuations in supergranulation and
giant cells are most important. Giant cells are expected to
have lifetimes of several months, horizontal speeds of at most
10 m/sec, and extremely small temperature fluctuations. To
observe them, we need to develop and apply highly stable veloc-
ity detectors, such as the Fourier tachometer currently under
development at Sacramento Peak Observatory. Such measurements
might be carried out effectively from a station in Antarctica,
where the Sun is continuously visible for periods of several
days during the few months of an austral summer.

Defining the kinematic properties of granules depends on
obtaining observations of higher resolution (better than 0.1
arcsec) for extended periods of time. 1In order to study con-
vective processes operating at the smallest scales, we will
require the high-resolution capabilities of SOT and, ultimate-
ly, the very high resolution that only the Star Probe encounter
can provide.
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FIGURE 1.3 Variation of sunspot latitude and area over the sunspot cycle (reproduced with
permission from data supplied by the Science Research Council, United Kingdom of Great Britain).
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2. Circulation, Rotation, Pulsations

Large-scale motions, including rotation, are vital features of
all stars. An understanding of large-scale motions of the Sun
is essential, not only because the Sun is the only star in
which such motions can be studied in adequate detail to test
our physical understanding of the basic processes involved but
also because these motions are intimately connected with solar
activity and possibly with long-term fluctuations of solar
properties that may have direct consequences for the terres-
trial climate. Further progress in solar-dynamo modeling
requires better knowledge of large-scale motions.

During the past decade, the differential rotation of the
Sun has been studied extensively both from the ground and from
space. Virtually every observable phenomenon has been used to
determine rotation rates, which prove to have a disquietingly
large range of values. Some of this variation is due to a solar
cycle association; additional variation has been explained by
the anchoring of various features to different depths below the
photosphere, which are rotating at different rates.

An exciting new tool for studying the rotation of the
photosphere and the upper layers of the convection zone arose
from the discovery that the 5-min oscillation is due to a
standing-wave pattern in the solar interior. The rotation rate
at various depths can be derived by tracking the transverse mo-
tion of various temporal and spatial components of the oscilla-
tory pattern as illustrated in Figure 1l.4. The variation of
rotation rate with depth found from this technique suggests an
increase of several percent inward for the first 15,000 km
below the photosphere.

The fluid velocities associated with circulation are much
smaller than the rotational velocity and the velocities of
smaller-scale phenomena such as granulation and supergranula-
tion. Accordingly, the determination of circulation patterns
is one of the most difficult observational problems in solar
physics. Recently, several independent spectroscopic investi-
gations have demonstrated a poleward meridional flow with a
velocity of about 30 m/sec; unfortunately, this result is very .
sensitive to the spectral-line shifts that occur as observa-
tions are made closer to the solar limb.

It has so far proved extremely difficult to find Doppler-
shift evidence for other global circulation effects, such as
giant cell patterns, because of obscuration by smaller-scale
motions as well as instrumental and limb-shift effects. The
transverse motion of features associated with magnetic fields
has provided some evidence for the existence of giant cells.
Estimates of the latitudinal transport of angular momentum by
presumed giant-cell motions indicate transport toward the equa-
tor in the sense required to maintain differential rotation.

In spite of the difficulty of the observations, recent instru-
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FIGURE 1.4 Properties of coherent, global 5-min oscillations
of the Sun as a function of k and w, in which k is the
wavenumber of the oscillating element and w is the frequency.
(Courtesy of J. Harvey, E. Rhodes, and T. Duvall.)

mental advances suggest that a major observational effort
should be directed toward this important problem.

Large-scale motions are expected to be accompanied by small
variations in radiative flux. These flux-intensity patterns
might therefore contribute to changes in solar luminosity.
Spatially resolved measurements of brightness fluctuations have
not yet shown any evidence for the existence of radiative flux
patterns associated with large-scale motions. Full-Sun measure-
ments have suggested slight changes in the apparent spectro-
scopic temperature of the Sun that could be associated with
large-scale motions. It is important to pursue these measure-
ments, since they could yield information about temperature
structure with depth in giant cells and provide another measure
of subsurface rotation.
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Theoretical modeling of differential rotation and circu-
lation has interacted well with observational advances. For
example, the observed surface poleward meridional circulation
is in accord with the predictions of one model but is contrary
to that of another. A polar vortex was predicted by one model
but not observed; this result led to an increase in the depth
of the model convection zone as required by evidence from
oscillation probing of the convection-zone depth. Future
modeling efforts should focus on more realistic physical
representations of the Sun, especially by incorporating
compressibility and through coupling of rotation, circulation,
and convection.

3. The Solar Activity Cycle

A broad variety of phenomena--solar, heliospheric, and terres-
trial--show quasi-periodic variations correlated with the
variation of the mean sunspot number. The essential charac-
teristics of the activity cycle are the variation of the
sunspot number and the migration of sunspots from higher to
lower latitude (as shown in Figure 1.3), which have an ll-year
period, and the magnetic polarity of sunspot groups and of the
polar fields of the Sun, which reverse after each cycle. The
period of the cycle is therefore more correctly 22 years, and
it is in fact a magnetic cycle. The other phenomena associated
with the activity cycle--the waxing and waning of the corona
(and solar EUV and x-ray flux) and of the solar wind, and the
changes in the structure of the heliosphere, which in turn
modulate the transport of Galactic cosmic rays--are all a
consequence of the variation of the solar magnetic field, as
are the characteristics of the sunspots themselves.

No two solar cycles have been observed to be identical in
the past few hundred years. Furthermore, recent historical
research has shown that solar activity can be depressed for
periods of decades. Figure 1.5 illustrates this phenomenon,
showing the abnormally low sunspot numbers observed in the late
seventeenth century and documented by Maunder through the
examination of contemporary records. Because the Maunder
Minimum occurred shortly after systematic records of sunspot
counts were begun, the importance of this phenomenon has only
recently been appreciated. We now know that solar activity has
been either abnormally high or abnormally low about 1 percent
of the time during the last 70 centuries. The mean annual
temperature in the Northern Temperate Zone has tended to follow
levels of solar activity; we will return to this connection
between solar activity and climate in a later section.

A program for the study of the solar activity cycle should
have two aspects. First, the manifestations of the cycle
should be carefully studied with much greater precision than
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ANNUAL MEAN SUNSPOT NUMBERS FROM 1610 TO THE PRESENT
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FIGURE 1.5 The Maunder Minimum in solar activity, as measured
by sunspot number, during the approximate period 1635-1705
(courtesy of J. Eddy).

has been possible in the past. While we know that the solar
flux shortward of about 4000-2 wavelength shows considerable
variations over a solar cycle, the magnitude of this variation
and its time variation are not well known. Whether the
integrated solar luminosity varies significantly with the level
of solar activity is also not well known at present. The
variation of the large-scale structure of the corona and of the
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solar wind over the solar cycle is complex and not well under-
stood even for a single solar cycle. These are important and
difficult observational questions. For example, it is estimat-
ed that a sustained reduction in solar luminosity of only 0.5
percent would drive the polar ice sheets and temperature climate
zones over 160 km toward the Earth's equator. However, the
precision of our measurements of the variation in total solar
luminosity (the so-called solar constant) over a whole solar
cycle is still only about 1 percent; practically nothing is
known about variations in the solar constant that might
accompany fluctuations in solar activity occurring on time
scales of 108 years.

The precise measurement of the solar irradiance by an in-
strument on the Solar Maximum Mission (SMM) has shown that
luminosity variations in the range from 0.01-0.1 percent occur
over periods of days and are associated with the growth and
decay of large sunspot regions. But these results extend only
over 1 year of the 22-year period of just one cycle. Obviously,
the systematic and detailed scientific study of the solar cycle
has just begun.

The second aspect of the investigation of the activity
cycle is the study of the variation of the solar dynamo itself,
which underlies the magnetic configuration of the convection
zone and atmosphere. We discuss this important topic next.

4. The Solar Dynamo

Two factors combine with the convective motions present beneath
the surface of the Sun to drive the solar magnetic dynamo.
First, the Sun is rotating, and the interaction between the
circulation in the convective zone and this overall rotation
produces a differential rotation, in which the rotational period
of the solar equatorial regions is shorter than that at higher
latitudes. Second, the gas in the solar interior is highly
electrically conducting--a property that "freezes" the magnetic
field to a particular parcel of material as it moves about.
Figure 1.6 indicates schematically how these mechanisms operate
to cause the solar magnetic field to alternate between poloidal
and toroidal configurations.

Theoretical studies of the Sun's hydromagnetic structure
have shown that a variety of combinations of convection and
nonuniform rotation within the spinning Sun can produce mag-
netic fields whose surface behavior mimics the migrations and
reversals of the fields actually observed at the surface of the
Sun. Further progress in the theory of stellar magnetic cycles
now awaits the development of the dynamical theory of convec-
tion and circulation in the stratified envelope of a spinning
star, to show which of the many "plausible®” fluid motions used
to demonstrate the generation of stellar fields is the motion

Copyright © National Academy of Sciences. All rights reserved


http://www.nap.edu/catalog.php?record_id=19437

Challenges to Astronomy and Astrophysics: Working Documents of the Astronomy Survey Committ
http://www.nap.edu/catalog.php?record_id=19437

45

<> (A) (B)

> (C)
T

-
SIS

FIGURE 1.6 Differential rotation stretches an initially
poloidal solar magnetic field (A) to produce a toroidal field
(B); the twist of rising convective cells produces a small
poloidal field component (C).

that actually occurs. Progress in this direction depends on
continuing studies of the activity cycles in other stars to
determine the range of variation to be expected. More direct-
ly, progress depends on observing the large-scale circulation
at the surface of the Sun (expected to be some 1-100 m/sec) in
addition to the well-known nonuniform rotation of the Sun, so
that theorists will be able to check their dynamical models as
they are developed. An additional and equally important obser-
vational study is the splitting of the p and g modes of the
solar oscillations at the surface of the Sun, from which the
rate of change of angular velocity with depth may be deduced;
it is essential to know the depth variation of angular velocity
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as a check on the dynamical theory, as this information enters
directly into the dynamo equations that predict the form and
behavior of the magnetic fields.

Beyond this immediate problem of the dynamical theory of
stellar magnetic cycles is the fascinating and more difficult
problem posed by the long-term changes in the level of solar
activity. The existence of these changes would imply that the
convection and circulation within the Sun can vary so as to
allow less or more of the field to escape through the surface
of the Sun.

The study of the mechanisms by which the solar dynamo oper-
ates, and how it varies with the solar cycle, can be begun by a
Solar Interior Dynamics Mission. Three fundamental scientific
questions should be addressed:

(a) How does the solar dynamo operate to produce a single
magnetic cycle?

(b) How does the structure of the convection zone change
over a solar cycle, and how does this change influence the
operation of the dynamo and the outputs of radiation, plasma,
and magnetic fields?

(c) How do the dynamical state of the convection zone and
the operation of the dynamo change over periods of hundreds to
thousands of years to bring about phenomena such as the Maunder
Minimum?

In order to address these questions, increased theoretical
activity, together with correlative data from many other sources
(such as historical records of solar activity, observations of
coronal and heliospheric phenomena, and the study of stellar
activity cycles) will be required. 1In addition, observations
must be continued on the Advanced Solar Observatory (ASO), after
a solar Interior Dynamics Mission, in order to determine the
characteristics of the solar dynamo over a full 22-year solar
cycle.

5. Activity Cycles in Other Stars

What we now know about activity cycles in stars other than the
Sun is due entirely to Olin Wilson's monumental program of
synoptic monitoring of late-type main-sequence stars during the
ll-year period 1966-1977. Wilson observed some 50 stars of
spectral types F8-MO with narrow-band filters centered on the
chromospheric H and K lines of Ca II. Despite the relatively
short time baseline and inevitable data gaps, he observed
cycles of 7-14 years' duration in a number of stars cooler than
spectral type G2 (the spectral type of the Sun).

More recently, a program of daily monitoring of the calcium
H and K lines in Sun-like stars has revealed variations arising
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from the growth and decay of active regions and their rotation
onto or away from the visible disk of the star, thus providing
a technique to measure stellar rotation rates (together with
differential rotation rates, if a solar-type latitude depend-
ence of starspot location on activity level also occurs in
other stars).

As a result of these initial investigations, which verified
the feasibility of stellar-activity studies, we believe that
the following problems can be addressed in the 1980's and 1990's
with well-conceived observing programs:

(a) Theoretical understanding of stellar dynamos will
benefit greatly from a determination of how the period and
relative amplitude of activity cycles depend empirically on
such fundamental stellar parameters as luminosity, effective
temperature, gravity, mean magnetic field, equatorial rotational
velocity, age, and chemical composition.

(b) It is important to study the manifestations of stellar
activity cycles at different levels of the atmosphere: chromo-
spheric phenomena at optical wavelengths from the ground and in
the ultraviolet with the International Ultraviolet Explorer,
Space Telescope, and a far-ultraviolet spectrograph in space;
coronal phenomena with future x-ray observatories, such as the
Advanced X-Ray Astrophysics Facility; and phenomena at many
atmospheric levels with Very Large Array (VLA) radio
observations.

(c) As previously mentioned, nightly monitoring of the H
and K line emission from stars can reveal individual active
regions rotating on and off their visible disks as well as the
growth and decay of active regions. It would be important to
determine whether activity cycles can be simply described in
terms of the changing fractional area of plages or whether
Plages and the chromospheric network themselves change quali-
tatively during activity cycles.

(d) It is difficult to study long-term changes in the solar
activity cycle, but a study of a large sample of stars similar
to the Sun might reveal equivalent information. For example,
it might be feasible to determine the statistical probability
and typical duration of Maunder Minimum absences of activity.

6. Solar Variability and Terrestrial Weather

Conditions on and near the Earth are determined first of all by
the radiant energy from the Sun--sunlight--of some 0.14 W/cm2.
That radiative flux has heretofore been assumed to remain con-
stant with time, except for a slow increase with the general
aging and evolution of the Sun over its lifetime of about 1010
years on the main sequence.
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SOLAR ACTIVITY AND CLIMATE?
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FIGURE 1.7 The rate of production of 14C in the upper
atmosphere by the bombardment of Galactic cosmic rays varies
inversely with solar activity. The quantity of l4c ge-
questered in three rings, when corrected for such factors as
the changing dipole moment of the Earth and the radioactive
decay of the isotope, yields a measure of solar activity over
the past 5000 years. Top panel: The Maunder @ and Sporer @
minimum established from optical observations of the Sun and
auroral frequency provide a "modern® verification that the tech-
nique reveals real changes in solar activity. Because annual
l4¢ production is strongly buffered by the atmospheric and
oceanic reservoirs, individual sunspot cycles do not appear.
The center panel represents the same temporal variation of the
ic proxy of solar activity smoothed out by about 50 years.
The bottom panel shows mean European climate as measured by the
advance and retreat of glaciers, by historical inferences of
mean annual temperature, (T), and by the recorded severity of
northern European winters (W).

The renewed interest in the connection between weather and
climate, on the one hand, and the level of solar activity, on
the other, is due to the striking correlation between climate
and the general level of solar activity demonstrated by the
analysis of geologic and botanical records, as illustrated by
Figure 1.7. Although no causal relation between the weather
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and the solar luminosity (or any other solar emission that
varies with the activity cycle) has yet been established, the
strong correlation observed must cause us to question the
assumption that the solar luminosity does not change over
periods of hundreds of years. A synoptic study of the total
luminosity of the Sun (from infrared to ultraviolet wavelengths)
is of fundamental importance at this first level of the study
of solar-terrestrial relations. The problem is so basic to the
physics of stars and stellar activity and to the understanding
of climate of the Earth that it should be given high priority
on a long-term basis. As we have pointed out previously, a
complementary program to measure the relative brightness of
numbers of nearby main-sequence G stars is potentially a very
powerful tool for studies of this type.

The more traditional aspects of solar-terrestrial relations
have to do with the well-known large fluctuations in the output
of the Sun at EUV and x-ray wavelengths and in the corpuscular
emission from the Sun (the solar wind and the solar "cosmic
rays”). These violent fluctuations affect the terrestrial
magnetosphere, ionosphere, and upper stratosphere, producing
intense heating during periods of enhanced solar activity.
Indeed, there is statistical evidence that such effects may
penetrate in subdued form into the lower atmosphere. Solar-
wind fluctuations--particularly of magnetic-field direction--
can induce substorms lasting a few hours that enhance energetic-
particle deposition, ionospheric plasma production, and winds
in the high-latitude thermosphere.

The Earth's atmosphere, ionosphere, and magnetosphere also
respond to changes in large-scale solar-wind and magnetic-sector
structures that rotate with the Sun. The polarity of the solar-
wind magnetic field reverses abruptly across the magnetic
neutral sheet that lies near the ecliptic plane. This neutral
sheet has a number of folds determined by the way in which the
solar-wind magnetic field happens to connect to the weak large-
scale solar field. Each time the folded neutral sheet passes
over the Earth, the Earth finds itself in a sector of reversed
polarity. Since sector structure persists for several solar
rotations, sector crossings tend to recur every 27 days (the
solar rotation period), leading to a 27-day periodicity in
various geomagnetic activity indices. Recently, it has also
been proposed on the basis of statistical studies that the
product of the vorticity and area of stratospheric wind systems
increases after sector boundary crossings.

Variations in the Earth's magnetic field play a role on a
still longer time scale. Every few hundred thousand years, the
geomagnetic field changes polarity. When the field is very
small, the Earth's magnetosphere has a radically different
structure. Since the area accessible to energetic particle
deposition and auroral activity is then much larger, the
effects of solar activity noticed during the present epoch of a
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normally large geomagnetic field should be very pronounced
during geomagnetic field reversals. Finally, on the longest
time scales, variations in the solar wind over the age of the
solar system must be considered. It was probably substantially
more intense in the distant past, as suggested by observations
of the dependence of the rotation rate upon age in other stars
with convective outer layers and, presumably, stellar winds.
Such studies may eventually further our understanding of the
evolution of the magnetosphere and atmosphere of the Earth.

C. Nonthermal and Dynamical Phenomena in the Solar Atmosphere

The occurrence of a temperature reversal in the solar chromo-
sphere, the million-degree temperatures characteristic of the
corona, and the expansion of the corona into the solar wind all
demonstrate that conditions in the solar atmosphere are far
removed from local thermodynamic equilibrium (LTE). Nonther-
mal phenomena, which include the propagation and dissipation of
waves, the presence of macroscopic flows (e.g., coronal current
systems), and the confinement of the plasma by magnetic forces,
have a major influence on the structure, dynamics, and energy
balance of the atmosphere.

A series of observational programs, most notably the 1973
Skylab mission, have greatly expanded our understanding of
nonthermal and dynamical phenomena in the solar atmosphere and
have enormously sharpened the focus of an observational program
for the 1980's. The central issues that must be addressed are
summarized below:

* Because the structure of the chromosphere is dominated
by the configuration of the magnetic field, which we now know
to consist of basic elements of very small size (less than a
few hundred kilometers), observations with very high spatial
resolution are needed to guide and to test models of energy
transport in the chromosphere.

* Newly emerging magnetic flux is accompanied by highly
variable emission of EUV and soft x-ray radiation from small
loops (with structures on a scale of 1000 km or less) called
bright points. These structures, first detected by instruments
on Skylab, may play a significant role in the magnetic evolution
of the atmosphere and in mass transport into the solar wind but
are too small to be fully resolved by present x-ray and EUV
observations.

* Observations carried out by 0SO-8 and SMM have shown
that acoustic waves carry insufficient energy to heat x-ray-
emitting coronal loops; in order to test alternative mechanisms
involving the dissipation of energy in Alfvén waves or coronal
current systems, we need improved models of the configuration
of coronal fields and of the thermal structure of the coronal
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loops themselves. These objectives require observations with
very high resolution (about 100 km) of the vector configuration
of the photospheric magnetic field at optical wavelengths and
of chromospheric and coronal structures at EUV and soft x-ray
wavelengths.

®* Most current models of chromospheric and coronal
structure are static. We know, however, that mass transport
within the chromosphere, current systems in the corona, and
mass exchange between the chromosphere and corona and between
the corona and solar wind may play a dominant role in the
energy balance of the atmosphere. Observations with very high
spectral resolution for determination of spectral-line profiles
in small structures (100 to 500 km) are necessary to guide the
development of dynamical theories.

®* It is generally accepted that the energy released from
flare processes is stored in force-free magnetic fields in the
corona and impulsively transformed into the kinetic energy of
nonthermal particles. (The relative importance of electrons
and nuclei is unclear, but electrons are thought to predomi-
nate.) The currents associated with the preflare configura-
tion, and the reconnection process associated with particle
acceleration, evidently occur on a very small scale (about 100
km) and will require observations with very high spatial and
temporal resolution at soft x-ray and hard x-ray energies and
at radio frequencies to guide and test theory. In order to
elucidate the role of the acceleration of atomic nuclei in
flares, gamma-ray observations of high spectral resolution are
also required.

* While the general features of the large-scale structure
of the corona (such as coronal loops and coronal holes) are now
understood, the detailed dynamical behavior of the corona (such
as the mechanisms responsible for the acceleration and composi-
tion of the solar wind and the cause and role of coronal
transients) is not. To address these questions, a combination
of in situ observations as close to the Sun as possible,
together with high-resolution observations of the global
configuration of the corona, are required.

The common element in this brief review of nonthermal and
dynamical phenomena in the atmosphere is the need for higher
resolution observations (a) to determine the fine structure of
the chromospheric and coronal magnetic fields, (b) to determine
the dynamical behavior and fine structure of chromospheric and
coronal material, and (c) to determine the nature of the recon-
nection and particle-acceleration processes operating in flares.
It is clear that the necessary observations must cover a wide
range of energies, from the radio to the gamma-ray spectral
region, and must be made simultaneously because of the dynamical
nature of the phenomena to be studied. These requirements can
be largely met by two kinds of observational programs: (a)
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high-resolution observations of solar magnetic structure with
ground-based optical magnetographs and with the VLA and (b) a
long-duration ASO in space, capable of the very highest
resolution attainable from Earth orbit (ultimately approaching
0.1 arcsec--70 km on the Sun--at most wavelengths) over the
full spectral range from infrared wavelengths to gamma-rays,
operating in concert with the VLA as appropriate, to study
nonthermal and dynamical phenomena in the solar atmosphere.
However, even instruments on the ASO will not be able fully to
resolve some important solar phenomena; a unique opportunity to
attain an order-of-magnitude improvement in resolution (about 7
km--equivalent to 0.01 arcsec from Earth orbit) and to make in
situ measurements directly in the corona is presented by the
encounter of the Star Probe mission, which will approach within
3 solar radii of the photosphere.

Finally, the study of chromospheres, coronas, and flares in
other stars having a variety of such fundamental parameters as
age, temperature, mass, composition, surface gravity, and
internal configurations should help elucidate how coronas and
chromospheres are heated and evolve.

1. Chromospheric Structure and Dynamics

Although the photosphere and chromosphere are layers of almost
negligible geometrical thickness compared to the radius of the
Sun (often being compared to the outer skin of an onion), they
are of fundamental importance to the energy, mass transport,
and heating of the entire outer solar atmosphere, including the
solar wind. The energy and mass flux that ultimately produce
the corona and solar wind move through these lower atmospheric
regions, leaving their signatures there; the energy dissipated
in the photosphere and chromosphere is roughly 10 times greater
than that required to heat the entire corona and solar wind.

The structure of the photosphere is dominated by the
granulation and supergranulation cells already discussed in
connection with convective processes. The magnetic field is
strongest in the cell boundaries (which presumably represent
upflowing material), and the "bright chromospheric network"
overlies these regions of strong field. The network is visible
in lines emitted by material ranging in temperature from the
low chromosphere (about 6000 K) up to 5 x 10° K, indicating
that the configuration of the magnetic field already dominates
the structure of the atmosphere in the low chromosphere and
that spherically symmetric models are not appropriate for any
portion of the atmosphere.
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2. Energy and Mass Transport in the Photosphere and
Chromosphere

Although acoustic waves have been ruled out as the principal
agent responsible for heating the corona, they may still play
an important role in the chromosphere. The photospheric
granulation seems to describe a turbulent velocity field;
theory predicts a spectrum of sound waves that are in a fre-
quency range that produces roughly the right acoustic dissipa-
tion as a function of height in the lower atmosphere. That is,
computed dissipation and computed net radiative losses are ap-
proximately equal, according to the best available atmospheric
models. Furthermore, wave propagation is now thought to be
responsible for the magnitude and height dependence in the
chromosphere of the "microturbulent” velocity, calculated by
comparing observed linewidths with computed widths and attribut-
ing the difference to a nonthermal velocity field. Determina-
tion of the spectral characteristics of acoustic waves in the
chromosphere will require determination of the granulation
spectrum at high wavenumbers and frequencies, which will in
turn require spatial resolution in the subarcsecond range.
Knowledge of the high-frequency components of the granulation
spectrum is required for accurate estimates of the energy flux
in sound waves generated by this turbulence. In addition,
observations of photospheric and chromospheric lines are needed
at subarcsecond resolution with high sensitivity to obtain
reliable power spectra yielding unambiguous evidence for the
propagation of waves in these regions. A proper study of the
propagation and dissipation of waves in the photosphere and
chromosphere requires a self-consistent treatment of non-LTE
radiative transfer; this task may require the next generation
of computers. Finally, the effect of a magnetic field on wave
propagation in a realistic model chromosphere must be deter-
mined.

A second aspect of chromospheric heating is the shock dis-
sipation of acoustic waves. At present, only indirect evidence
for shock dissipation is available (e.g., the apparent presence
of sound waves with the "right"™ dissipation length, a small
density scale height). From this evidence and supporting
theoretical calculations, many (though not all) solar physi-
cists now feel that the shock dissipation of initially sinu-
soidal acoustic waves generated by photospheric turbulence
provides sufficient energy to produce the initial chromospheric
temperature rise, as well as to balance the considerable radia-
tive dissipation in the photosphere. However, it appears that
the dissipation of acoustic waves cannot heat the entire upper
chromosphere, where the so-called Lyman-alpha temperature
plateau at about 2 x 104 K occurs, and furthermore may not be
able to account for the energy dissipated in the region where
the Lyman-alpha wings and the resonance lines of Ca II and
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Mg II are formed at about 6.5 x 103 K. The high-resolution
observations of the Solar Optical Telescope will provide theory
with empirical guidance in assessing the role of magnetic
heating (via current-sheet dissipation) and of energy transport
from the hotter corona into the upper chromosphere.

It is clear that mass transport plays an important role in
the energy balance of the chromosphere. Above the temperature
minimum, much of the emission associated with the chromosphere
comes from spicules--outwardly moving structures observed on
the solar limb, which are thought to comprise the chromospheric
network on the disk. When observed at the limb, the spicules
typically rise at velocities of about 30 km/sec for times of 5
min or so, then seem to disappear or even occasionally fall
back. However, the net flux of unresolved spicules is outward,
so much so that one of the long-standing and unsolved problems
of solar physics is that the integrated efflux of mass estimated
from spicules is an order of magnitude larger than the efflux
of mass from the Sun in the solar wind measured at the Earth's
orbit. Where does the "upward" flowing mass go? Recent obser-
vations show rapidly rising gas jets (superspicules) with
velocities up to 400 km/sec and, more numerous and in different
locations, falling material with smaller but still impressive
velocities up to 100 km/sec. These speeds are highly supersonic
in the upper chromosphere. Future research should focus on at
least two questions concerning spicules and these gas jets:

(a) What characterizes the flows in the chromosphere that
preserve mass balance in the corona, while providing for the
leakage due to the solar wind?

(b) what physical processes cause the rising and surge-like
behavior of spicules and gas jets?

A number of other problems of chromospheric structure and
dynamics, which we cannot discuss in depth here, will be ad-
dressed by the observations of the Solar Shuttle Observatory
and the ASO; examples include the following:

(a) The interpretation of the radiation from ionized
helium, to determine the helium abundance and the ionization
structure of the upper chromosphere;

(b) Development of an improved model of the minimum-
temperature region in the lower solar chromosphere; and

(c) Development of a full non-LTE model of radiation
transport in the chromosphere that includes the effects of
atmospheric fine structure, differential velocity fields, and
multidimensional radiative transfer.
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3. Coronal Structure and Dynamics

In the past decade, observations made with rocket and satellite
instruments operating at UV, EUV, and x-ray wavelengths have
demonstrated more clearly the fundamental role that magnetic
fields play in defining the structure and the mass and energy
flow in the chromosphere and corona, resulting in the identifi-
cation of coronal holes as the source of high-speed solar-wind
streams. Differences in the physical conditions in the chromo-
spheric and coronal layers over different regions of the solar
surface appear to be intimately related to the configuration
and strength of the magnetic fields in these areas. The corona
is divided into three classes of regions: (a) active regions
and coronal bright points, characterized by strong coronal
magnetic fields with closed configurations (coronal loops); (b)
quiet regions, which have weak coronal magnetic fields that
appear to be closed on a large scale; and (c) coronal holes,
which are associated with weak coronal magnetic fields having a
diverging open configuration. Regions with strong fields are
characterized by enhanced chromospheric and coronal radiative
output, moderately high coronal densities, and characteristic
coronal temperatures of 2.5 x 106 K. Quiet regions are charac-
terized by average chromospheric radiative output, intermediate
coronal radiative output and densities, and characteristic
coronal temperatures of 1.5 x 106 K. Coronal holes are
characterized by average chromospheric radiative output, low
coronal radiative output and densities, and characteristic
coronal temperatures of 1 x 106 K. The differences in the
physical conditions in these regions must be due in part to the
ability of magnetic fields to channel the flow of mass and
energy in the corona and possibly to the direct dissipation of
magnetic energy stored in the field.

High-resolution observations of active regions made in the
past decade have demonstrated that the coronal layers of active
regions (within 1 to 2 solar radii of the surface) consist of
elemental structures in the form of magnetic flux tubes or
loops in closed configurations (i.e., with both footpoints
rooted in the chromosphere). One of the surprises of the
1970's was the discovery of cool loops, filled with plasma at
temperatures below 106 K, which appear to be dynamically and
thermally unstable, with material flowing downward into the
chromosphere. Sunspots, in particular, are often located at
one footpoint of these cool loops.

Empirical and theoretical studies of these loops have
demonstrated that the dynamics of the plasma contained in these
loop structures is fundamental to their nature and that future
observational and theoretical programs must take this factor
into account. The exchange of mass and energy between the
chromospheric and coronal levels in these structures appears to
play a major role in determining the temperature-density struc-
ture of the coronal layers of active regions.
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Among the more intriguing discoveries made by high-resolu-
tion rocket and satellite experiments in the past decade are
the coronal bright points, small regions of intense x-ray and
EUV emission distributed more or less uniformly over the solar
disk. These regions, with characteristic dimensions of 20,000
km (30 arcsec), appear to be miniature active regions with life-
times measured in hours; they often exhibit flarelike activity
in which the EUV and x-ray brightness increases by one or more
orders of magnitude over a period of a few minutes. Studies of
the rate of emergence of bright points from observations made
at different times in the last decade suggest that the number
of bright points on the Sun is anticorrelated with the sunspot
number and that the magnetic flux associated with these features
is a major contributor to the total amount of magnetic flux
being brought to the surface throughout the solar sunspot cycle.

Another important feature of bright points is their asso~
ciation with polar plumes, which contribute a significant
fraction of the mass in polar coronal holes. It appears that
bright points may provide an important contribution to the
outward mass flux that is observed in high-speed solar-wind
streams originating in coronal holes. If so, investigations
into the physics of the bright points located in coronal holes
may have a significant impact on our understanding of the
physical processes by which the solar wind is generated there.

Although it is now known that high-speed solar-wind streams
originate in coronal holes (regions of rapidly diverging open
magnetic field configurations), the source of the low-speed
component of the solar wind, the mechanisms responsible for
solar-wind acceleration, and the large variations in the chemi-
cal composition of the wind are not understood.

The study of the chemical compositions of the chromosphere,
corona, and solar wind can provide insights into the dynamical
processes occurring in the atmosphere. Although theoretical
diffusion models have predicted composition differences in the
chromosphere-corona transition region and in the corona, no
substantial evidence for such differences has yet been found.
This suggests that sufficient mixing of the atmosphere takes
place because of dynamical processes that lead to the inter-
change of mass between the chromosphere and lower corona, so
that differences in chemical compositon between these layers
are eliminated.

The delineation of the acceleration and escape mechanisms
for solar mass loss and their relationship to the mean solar
abundance distribution in the solar wind and in solar cosmic
rays are important new areas of solar research.

The chemical composition of the solar wind is of interest
in the broader context of solar abundances and enrichment of
the interstellar medium. The solar-wind observations made to
date have shown that the abundance of helium in the solar wind
is 30 to 50 percent smaller than the normal solar abundance and
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that it varies widely on a variety of time scales. The largest
variations (as much as an order of magnitude) occur on a scale
of hours and appear to be related to solar-flare activity,
while variations by nearly a factor of 2 may occur on the time
scale of the solar cycle. Although observations of other
isotopes and elements (3He, Ne, O, Ar, and Fe) have been made
only occasionally, similar degrees of fluctuation are clearly
present.

4. Energy and Mass Transport in the Transition Region and
Corona

The source of coronal heating provides a classic example of a
central problem in astrophysics whose solution has proven to be
elusive but whose pursuit has been extraordinarily productive.
Current models of coronal heating emphasize mechanisms that
involve the release of energy stored in the coronal magnetic
field either by the dissipation of Alfvén waves, by the dissipa-
tion of field energy represented by coronal currents, or in
some type of slow reconnection process.

For example, a comparison of calculated coronal-field
configurations (based on measurements of photospheric fields)
with coronal loop structures implies that coronal fields are
force-free and that large currents must flow in the corona.

The dissipation of these currents by classical ohmic heating
cannot provide sufficient energy to heat a coronal loop;
however, turbulent resistivity can give rise to significant
heating.

Active-region loops may exist in a quasi-steady state in
which new current generated by twisting of magnetic fields
through photospheric motions is dissipated by turbulent resis-
tivity in the corona, providing the energy necessary to balance
the energy lost through conduction and radiation. Similar
mechanisms may be at work in x-ray bright points, which differ
from active regions (and perhaps all large-scale closed coronal
structures) only in that they are compact and probably confined
by highly twisted fields.

Field reconnection provides a somewhat different mechanism
for magnetic dissipation. If the twist of a magnetic flux tube
exceeds a modest amount, it becomes unstable and rapidly forms
enhanced current sheets in which oppositely directed field ele-
ments are brought together. This process thus leads to rapid
field reconnection and energy release across the neutral sheet.
Such behavior could be the cause of bright-point flares, which
are observed to exhibit many characteristics of active-region
flares. If such a process occurs continuously, it could also
produce the quasi-static heating required to sustain bright
points and coronal loops.
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Both current dissipation and magnetic reconnection may play
a role in the conversion of magnetic energy into heat in the
corona, the former producing quasi-stable heating and the lat-
ter being associated with more dynamic field instabilities on
all scales, from bright points up to major flares.

High-resolution observations acquired over the past decade
have led to renewed interest in problems of mass transport in
the chromosphere and corona and have shown that mass transport
processes play a critical role in controlling the physical state
of the outer solar atmosphere. It is now clear that the outward
flow of the solar wind represents a major coronal energy loss
from open-field regions such as coronal holes and is directly
related to the low coronal temperatures and densities found in
the inner coronal layers of these regions. High-resolution
observations of active and quiet regions have shown that there
is a continual interchange of mass and energy between the
chromosphere and corona, often occurring in fine-scale (subarc-
second) structures associated with regions of strong magnetic
fields or somewhat larger (few-arcsecond) structures in active
region loops and sunspots. The role of dynamic phenomena such
as spicules, "superspicules,” and surges in coronal mass
deposition is unknown. There is strong circumstantial evidence
that chromospheric evaporation driven by thermal conduction
pPlays a primary role in determining the temperature-density
structure of coronal loops in quiet regions, active regions,
and bright points, but direct empirical confirmation of this
process needs to be obtained. In general, when the chromo-
sphere and corona are observed with high spatial resolution
(approximately 1 arcsec), it is found that dynamical motions
and mass flows appear to be critical elements in the physical
state of the plasma. What appears as microturbulence or
nonthermal broadening of line profiles in measurements made
with low spatial resolution seems to be caused by macroturbu-
lence and mass flows in observations of higher resolution.
What was once judged to be a quasi-static atmosphere in hydro-
static equilibrium is gradually coming to be recognized as a
dynamic atmosphere, with continual interchange of mass and
energy between the chromosphere and corona.

5. Chromospheres and Coronas in Other Stars

The study of stellar chromospheres and coronas has been a
particularly exciting and rapidly advancing subject, and it has
produced surprises with far-reaching consequences. The ex-
istence of chromospheres in a wide range of stars was clearly
demonstrated before 1978 by ground-based observations of the H
and K emission lines of Ca II and by observations of the Mg II
resonance lines in emission with OAO-2, Copernicus, and balloon
experiments. These data implied that chromospheres exist in
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most or all stars cooler than about spectral type F5 (7500 K),
although some stars as hot as spectral type FO show evidence
for chromospheres.

The International Ultraviolet Explorer (IUE) satellite,
launched in January 1978, has greatly expanded our knowledge of
the outer atmospheric layers of stars through observations of
emission lines formed at temperatures of 4,000-250,000 K. So
far, IUE observations indicate that only dwarf stars cooler
than spectral type FO, together with P- and G-type giants and
some supergiants, show emission lines characteristic of transi-
tion regions (and presumably coronas, if the solar analogy is
valid). The apparent absence of transition regions (and pre-
sumably also coronas) in K-M giants and in most supergiants may
indicate that winds, rather than radiation from hot coronas,
are the dominant cooling mechanism to balance nonradiative
heating.

Early x-ray experiments on rockets and satellites
(Netherlands Astronomy Satellite, Small Astronomical
Satellite-3) detected coronal emission from Capella, several
dMe stars during flares, and, unexpectedly, from Vega and
Sirius. The most exciting result from HEAO-1 was the discovery
that the RS CVn-type binary systems, in which one or both
components are slightly evolved off the main sequence and
similar to or slightly cooler than the Sun, are gowetful X-ray
emitters with coronal emission measures up to 10° times that
of the quiet solar corona.

Results from the Einstein x-ray observatory (HEAO-2) have
produced major surprises. In addition to stars of types
previously known to have coronas, Einstein observations revealed
coronas in young O stars, Of stars, Wolf-Rayet stars, and B-type
supergiants. These data show that coronas exist in a much wider
range of stars than previously thought and suggest that coronas
may be heated by different mechanisms in different regions of
the H-R diagram.

During the next decade, observational programs carried out
with Space Telescope, the Extreme Ultraviolet Explorer, a
far-ultraviolet spectrograph in space, and an Advanced X-Ray
Astrophysics Facility will provide a much more coherent picture
of coronal emission and stellar winds in stars over the entire
H-R diagram. Comparative studies of parameters associated with
the solar corona and wind and those associated with stellar

coronas and winds should provide critical tests for models of
coronal heating.

6. The Flare Phenomenon
The solar flare represents the most conspicuous aspect of the

activity of the Sun and is the central and final link in the
shedding of the solar magnetic field, which leads to the decay
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of the Sun's activity cycle. Flares are significant, not only
for their geophysical effects and the many secondary solar
pPhenomena that they generate but also for the opportunity that
they offer to study processes important to astrophysics and
plasma physics generally.

Despite its complexity, a conceptual flare model (based on
high-resolution observations from the ground and from the
Orbiting Solar Observatory, Skylab, and SMM spacecraft) has
recently gained wide acceptance. The basic elements of this
model are as follows: prior to flare onset, energy is stored
in a current-carrying magnetic field that is in a metastable
state. The sudden reconnection of this field releases its free
energy, which appears in the form of energetic particles (mainly
electrons, according to most models). These particles subse-
quently interact with the atmosphere to produce in situ heating
and bursts of microwave radiation and hard x-rays. The energy
flux in this beam is high and leads to explosive evaporation of
the chromosphere, producing a dense, hot (107 K or more)
Plasma. This primary energy deposition in turn accounts for
many subsequently observed flare phenomena, including soft
x-rays, chromospheric radiation, far-ranging coronal mass
transients and radio emission, and solar cosmic-ray accelera-
tion. Finally, the coronal region surrounding the initial
event is left filled with a magnetically confined hot plasma,
which maintains the decay phase of the flare for hours.

Important questions do remain, of course. Some observa-
tions suggest that there is a preheating phase before the
explosive energy release, as revealed by brightening of coronal
loops, but the reality of this pheomenon has not yet been
firmly established. In addition, the relationship of flare
initiation to apparently preliminary coronal transients has not
been made clear. Both of these possible precursors seem to be
evidence of a very-large-scale agitation of the active-region
magnetic field before a flare. The critical physical processes
occur on a small scale (100 km or less) and, in some cases, are
observable only at radio, far-ultraviolet, or x-ray wave-
lengths. Detailed diagnostic study of these critical phenomena
through coordination of the high-resolution observations is now
necessary to determine the precise physical nature of each
phenomenon.

Magnetic reconnection is the central process (both in the
laboratory and in astrophysics) for the catastrophic release of
the energy stored in a magnetically confined or stressed
plasma; in our discussion of basic physical processes, it
therefore deserves a conspicuous place and some explanation.
Under a wide variety of conditions, plasma tends to be frozen
to magnetic field lines. This constraint is, however, not
absolute; if it were, then perfect plasma confinement would be
possible in the laboratory, the Earth's magnetosphere would be
isolated from the solar wind, matter would be less likely to
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escape from evolving stellar systems, and convection would not
occur in magnetized stars. Quite generally, the constraint
breaks down locally in the vicinity of gsingular layers (some-
times called neutral sheets) where the magnetic field is
locally orthogonal to an (unstable) eigenperturbation of the
global plasma structure. In the vicinity of these singular
regions, the field is freed from the plasma and its inertia and
can rapidly reconnect into a topology that permits the
spontaneous relaxation of stresses. This reconnection, also
called magnetic tearing, may occur either gradually or explo-
sively. When it occurs explosively, it can lead to auroral
substorms and solar flares or to disruptions of the discharge
channel in laboratory experiments with tokamaks; when it occurs
gradually in interstellar space, stellar convective layers, or
stellar surfaces, the results include the quasi-static but
greatly enhanced dissipation of magnetic energy and the rear-
rangement of the field topology. The primary direct energy
output of dynamic magnetic reconnection is accelerated
electrons. These electrons, through collisional and collec-
tive-mode heating and bremsstrahlung, provide the observed
low—-energy and hard-radiation signatures of the classical solar
flare.

- A fairly clear morphological picture (and a partially re-
solved quantitative description) of the preflare state and of
the quasi-thermal decay phase of a flare have been obtained
from extensive analyses of soft x-ray and EUV observations.
However, coordinated full-spectrum diagnostic investigations
have been rare, and the present observations do not have suffi-
cient spatial discrimination to resolve the thermal structure
of coronal loops. The magnetic geometry has been documented in
a number of cases, and the discovery of single-loop flares has
clarified the instability potential of an elemental sheared
field (opening up new generic connections with toroidal-pinch
laboratory experiments). The density increase resulting from a
flare has shown the importance of the chromospheric evaporation
response to the primary energy release. The rough temporal and
spatial variability of flare hard x rays has been determined,
indicating that a major impulsive-phase output is a flux (about
1029 ergs/sec in a major flare) of 1-100 keV electrons. Such
electrons, together with the plasma waves (leading to Type-II1I
radio bursts) they generate in traveling through the corona,
have been observed in interplanetary space. During the last
few years, gamma-ray detectors and radio interferometers have
begun to produce data on the initial flare output, demonstrat-
ing the existence of MeV nucleons and very localized 100 keV
gyrating-electron populations.

A major discovery of the past decade was that coronal
transients are a much more frequent phenomenon than previously
realized and that these events are often associated with a
restructuring of the outer corona. Coronal transients are mass
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ejections seen in the outer corona with velocities that typi-
cally lie between a few hundred and a thousand kilometers/
second. These ejections are generally associated with eruptive
prominences, flares, or other types of impulsive coronal
events. Because of their large energies (typically 1029-1030
ergs, comparable with the energy liberated in other manifesta-
tions of flares), and frequent association with flares, it is
apparent that coronal transients play an important role in the
flare process. The sizes and trajectories of flare-associated
transients indicate that large volumes of the corona above the
flare site are affected by passage of a transient. These
events are also a significant source of solar mass loss.

The impressive observational progress of the last decade
has permitted a new level of physical inquiry into the dynamics
of the solar atmosphere. In a sense, the quality of the
measurements has brought solar physics into an era in which
detailed diagnostic measurements (on the plasma-physics model)
may be made and detailed theoretical comparisons attempted.
This is not to say that new phenomena will not be discovered,
but we are clearly at the threshold of an integrated investi-
gation--uniting theory and experiment--of energetic solar-
physics processes.

We have already described the kinds of observations neces-
sary to further refine our knowledge of preflare and postflare
energy deposition and decay processes. We do wish, however, to
emphasize again the importance of the high-energy instrumenta-
tion for the observation of hard x rays and gamma rays that must
be incorporated into the ASO before the next solar maximum and
of collaborative observations between the ASO and the VLA.

7. Flares in Other Stars

Transient x-ray and XUV emission during flares has now been
detected from several dMe flare stars, including UV Ceti, YZ
CMi, Proxima Centauri, and from several RS C Vn systems. These
flares have temperatures, x-ray light curves, and radio emis-
sions similar to those of solar flares, but x-ray luminosities
and coronal emission measures up to four orders of magnitude
larger than is typical for large solar flares. For some
flares, the optical emission is much greater than the x-ray
emission, indicating that, as in solar flares, the stellar
flares are cooled mainly by conduction to the chromosphere.
However, some observed flares in the dMe stars have much more
intense x-ray emission than optical emission, indicative of
direct radiative cooling. Thus, the large geometric scale or
high densities implied by the large emission measures in
stellar flares may lead to cooling-phase behavior different
from that of typical solar flares.
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During the next decade, the study of flares in dMe and
other stars in the context of solar-flare concepts and models
should incorporate a number of research thrusts. Coordinated
observing programs involving simultaneous gamma-ray, x-ray, UV,
optical, and radio observations are needed to determine what
types of stars (in addition to the dMe stars and the RS CVn
systems) actually do flare and whether the physical properties
of solar and stellar flares are similar. High-resolution
spectroscopy in the x-ray and XUV regions of the spectrum are
needed for accurate determinations of temperatures, densities,
volumes, and other flare properties. With such data, one can
begin to learn whether the flare mechanisms are similar to or
different from those operating on the Sun. In particular, it
is critical to know why flares in dMe stars and RS CVn systems
are orders of magnitude more energetic than solar flares.
Finally, we would like to know the extent of nonthermal
processes in stellar flares, and why the ratio of x-ray to
optical emission is so highly variable.

D. The Dynamics of the Heliosphere

The interplanetary medium consists of four principal com-
ponents: (1) a thermal plasma (the solar wind), which is an
extension of the solar corona flowing supersonically away from
the Sun; (2) a magnetic field, which is that part of the solar
magnetic field carried into interplanetary space by the solar
wind; (3) energetic particles, which have been accelerated to
high energies in the solar atmosphere (solar cosmic rays),
beyond interplanetary space (Galactic cosmic rays), within
interplanetary space, or within planetary magnetospheres; and
(4) a neutral gas, which flows into interplanetary space from
the interstellar medium. It is clear that the interplanetary
medium is appropriately viewed as the outermost solar atmo-
sphere (sometimes referred to as the heliosphere) and that its
study represents an integral part of solar physics.

The key element in our improved understanding of helio-
spheric structure and dynamics and its relationship to coronal
structure and dynamics has been a collaborative program of
coronal observations--most notably on Skylab--and of in situ
plasma, magnetic-field, and energetic-particle observations in
interplanetary space. During the past decade, the region
observed has been extended to within the orbit of Mercury and
beyond the orbit of Saturn, but always in or near the ecliptic
plane.

During the next decade this process of exploration should
be greatly accelerated through the first in situ observations
out of the ecliptic plane by the International Solar Polar
Mission (ISPM) and through intrumentation on a Solar Coronal
Explorer (SCE), which will, for the first time, provide global
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measurements of the solar-wind flow. In the early 1990's, this
program of exploration may be extended directly into the corona
itself, where the solar wind is accelerated, by a close-encoun-
ter space mission--the Star Probe--and by high-resolution
observations of coronal transients, solar wind flow, and
coronal magnetic structure with an ASO.

1. The Solar Wind and the Interplanetary Magnetic Field

In the past decade, two of the most significant advances in our
understanding of the solar wind have resulted from studies of
the spatial and temporal evolution of large-scale solar-wind
structures (e.g., high-speed streams, interplanetary magnetic
sectors, flare-produced interplanetary shocks) and from studies
of the relationship of coronal holes to high-speed solar-wind
streams and interplanetary magnetic sectors. The former stud-
ies have given us a good understanding of the basic physical
processes important for the evolution of large-scale structures
in the ecliptic plane and have developed a foundation for
three-dimensional magnetohydrodynamic modeling of the evolution
of such large-scale structures throughout the heliosphere. The
latter studies have served both to resolve old problems and to
present new ones.

Coronal holes have now been identified unambiguously as the
long-sought solar sources of recurrent high-speed solar-wind
streams, and this identification has led to new inferences
(based on coronal observations) of the three-dimensional
structure of the solar wind and interplanetary magnetic field,
at least during the years surrounding the minimum in the solar-
activity cycle. However, this identification has also led to
the conclusion that the nonradiative energy flux (entering the
corona from lower atmospheric layers) required to supply the
energy carried away by the solar wind is nearly an order of
magnitude larger (for high-speed streams from coronal holes)
than has previously been assumed; hence, the solar wind
dominates energy balance in coronal holes. This conclusion, of
course, adds a new dimension to the classical coronal heating
problem. The problem is further complicated by the rapidly
diverging magnetic-field geometry (and flow geometry) that must
be considered in discussions of the coronal expansion in
coronal holes.

Clearly, one of the problems ripe for attack during the
next decade is the determination of the three-dimensional
structure of the heliosphere and the relationship of that
structure to the large-scale structure, energy balance, and
dynamical behavior of the corona. On the basis of recent,
complementary observations of coronal holes and the solar wind,
it appears that, near the time of solar-activity minimum, the
interplanetary medium may be well ordered on a large scale,
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with the interplanetary magnetic field exhibiting predominantly
one polarity in the northern hemisphere and the opposite polar-
ity in the southern hemisphere and the solar-wind speed
increasing with latitude from generally moderate values near
the ecliptic plane to broad, relatively uniform high-speed
streams at high solar latitudes. By contrast, it seems that,
nearer solar maximum, this ordering of the interplanetary
medium on the largest scale disappears together with the
corresponding ordering of brightness structure in the solar
corona (large coronal holes at high latitudes and bright,
magnetically closed regions at low latitudes). The observa-
tional programs to be carried out by the ISPM, the Interplane-
tary Laboratory (IPL) of OPEN, and the SCE are indispensible to
this scientific program.

Toward the end of the 1980's and in the early 1990's, it
should be possible to initiate an intensive program to ad-
dress a second major problem relating to the heliosphere--the
location of the region of, and the delineation of the mechan-
isms responsible for, the acceleration of the solar wind, as
well as the explanations of related phenomena, such as the
large variations observed in the solar-wind composition. 1In
order to address these problems properly, the direct, in situ
observations of the Star Probe, together with the high spatial
and spectral resolution and high sensitivity of the ASO, will
be required.

2. The Propagation of Energetic Particles in the Heliosphere

The existence of large-scale ordering of the interplanetary
magnetic field has important implications for the interplane-
tary modulation of Galactic cosmic rays. In the presence of a
well-ordered magnetic field, gradient and curvature drifts
(whose effects are not generally included in modulation theory)
could be significant. This entire problem--the three-dimen-
sional structure of the solar wind and the interplanetary
magnetic field, and its influence on the modulation of Galactic
cosmic rays--can be addressed in the next decade by ISPM and by
the IPL of OPEN, which will provide in situ observations of the
solar-wind plasma, the interplanetary magnetic field, and
Galactic cosmic rays both in and out of the ecliptic plane.
These direct observations need to be supplemented by observa-
tional and theoretical studies of the interplanetary accelera-
tion of energetic particles (which modifies the cosmic-ray
energy spectrum) and of the diffusion and scattering of cosmic
rays through interaction with interplanetary fluctuations.

This could be accomplished in part by an Advanced Interplane-
tary Explorer satellite, which could study the propagation of
solar and Galactic cosmic rays in the interplanetary medium.

In particular, it is important to determine whether the
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anomalous component of the cosmic-ray spectrum is accelerated
in interplanetary space (from singly ionized atoms originating
in the interstellar neutral gas); if not, the basic theory of
interplanetary modulation of Galactic cosmic rays may face
fundamental problems.

3. The Neutral Component of the Interplanetary Medium

In conjunction with studies of the interplanetary medium in
three dimensions, it is important to emphasize studies of the
penetration of the neutral interstellar gas into the inter-
planetary medium. Observations with spacecraft UV photometers,
together with steady-state theoretical models, have brought us
to a good understanding of the basic physical processes involv-
ed in this aspect of the interaction of the heliosphere with
the interstellar medium. However, it will be necessary in the
next several years to develop time-dependent theoretical models
(because of the several-year residence time of an interstellar
hydrogen atom in the interaction region of the heliosphere) and
to obtain higher resolution UV sky-background maps, in order to
improve the accuracy of the deduced values of local interstel-
lar gas parameters and to obtain the three-dimensional struc-
ture of the solar-wind mass flux from such maps. The Extreme
Ultraviolet Explorer, Space Telescope, and a far-ultraviolet
spectrograph in space should all contribute important
observational data relevant to this question.

4. The Loss of Solar Angular Momentum

Another problem that should be addressed in the next decade is
the question of solar spindown, or the transport of angular
momentum by the solar wind, which cannot at present be pursued
without further observations to test current theories. Such
observations can be carried out in and out of the ecliptic
plane by plasma instruments on properly placed interplanetary
probes, such as ISPM and the IPL of OPEN. In addition, if the
white-light coronagraph on ISPM can measure the curvature of
coronal structures out to some 20 solar radii, current theories
can be put to a solid test. The variation of the angular-
momentum transport over a significant fraction of the Sun's
lifetime can be addressed indirectly by studies of lunar
material and their record of the ancient solar wind.

VI. PROGRAMMATIC OPPORTUNITIES FOR THE 1980'S

The preceding section has presented the scientific goals that
the Working Group believes should be pursued during the
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1980's. Because the scientific programs required to pursue
these goals depend so heavily on coordinated observations using
a variety of techniques, a discussion of programmatic oppor-
tunities in solar physics for the 1980's must necessarily
emphasize the coherence of these programs. We wish also to
emphasize the importance to solar physics of ongoing programs
at NSF and NASA; of approved programs, such as the Solar Optical
Telescope (SOT) and the International Solar Polar Mission
(ISPM); and of related programs, such as Star Probe and OPEN,
which are normally reviewed by established committees of the
National Research Council's Space Science Board.

We first present a summary of the major theoretical activ-
ities and observational programs that we believe will be needed
during the coming decade and then discuss each program in some
detail.

A. Summary
1. Theory and Modeling, and Laboratory Astrophysics

Theory must play an increasingly central role in the planned
development of solar physics. Moreover, theory and quantita-
tive modeling should guide the entire information chain--data
acquisition, reduction, dissemination, correlation, storage,
and retrieval--in order to assure the availability of coordi-
nated data from diverse origins. The carefully planned Apollo
Telescope Mount (ATM) observational and data-analysis programs,
which made extensive use of workshops, furnish an excellent
model. In this connection, we support the full exploitation of
Solar Maximum Mission (SMM) observations through an extended
program of data analysis and associated theoretical activity
that includes broad community participation.

The Colgate Committee of the National Research Council's
Space Science Board (Space Plasma Physics: The Study of
Solar-System Plasmas, Volume 1, Reports of the Study Committee
and Advocacy Panels, National Academy of Sciences, Washington,
D.C., 1978) recommended that the level of theoretical effort in
space plasma physics be increased. This recommendation has
already been put into effect by NASA for solar-terrestrial
physics; we applaud this initiative, urge that it be continued,
and hope that it will be followed by a similar NSF initiative.

We also endorse expanded support for laboratory measure-
ments of those atomic, molecular, and nuclear properties that
are relevant to astrophysics; without such data, the major
instrumental programs discussed here cannot achieve their full
potential.
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2. Ground-Based Facilities

The role of space observations in solar physics should reach
full maturity as an equal partner with ground-based techniques
during the 1980's; consequently, the majority of the major new
initiatives that we have identified involve space observations.
Nevertheless, ground-based solar astronomy remains scientifi-
cally vital and technologically innovative. Collaborative
observational programs between spacecraft instruments and
ground-based instruments such as the Very Large Array (VLA) and
vector magnetographs, together with innovative ground-based
programs such as the study of the solar oscillations, neutrino
observations, and the study of stellar chromospheres and
activity cycles, are central to the scientific strategy that we
have developed. We summarize the major new ground-based
initiatives that we have identified below:

(a) We strongly support the 71Ga solar-neutrino exper i-
ment and urge that it be implemented as soon as possible. We
further urge that 7Li and 115In experiments be implemented
during the coming decade.

(b) We strongly support a vigorous program of solar research
at the National Astronomy Centers. The Centers at which solar
research is carried out--Sacramento Peak Observatory (SPO),
Kitt Peak National Observatory (KPNO), and the High Altitude
Observatory (HAO)--all enjoy strong and active support and
participation by the solar-physics community. Although there
are no staff members at NRAO who are currently active in solar
research, a strong visitors' program of solar research
utilizing the VLA has developed.

We also wish to stress the importance of university-operated
solar radio and optical observatories and of independent obser-
vatories such as Mount Wilson to solar-physics research during
the next decade. The research carried out at these observa-
tories is innovative and frequently of a pioneering nature, and
such institutions play a unique role in the training of young
scientists. :

We believe that the major development programs that we have
identified can be accomplished within the continuing National
Astronomy Centers and Grants Programs of the NSF; however, we
are concerned that the present levels of support for instru-
mentation and detectors development and for technical support
of observatory operations are inadequate in both the Centers
and Grants Programs.

Among the major development programs for solar instrumenta-

tion discussed by the Working Group, we wish specifically to
endorse the following, which are listed in order of priority:
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(i) Ultra-high-resolution tachometers for observations of
the velocity field of the Sun, with applications to studies of
large-scale circulation, differential rotation, and the various
solar oscillation modes.

(ii) Instrumentation that utilizes active optical elements
and image-restoration techniques to obtain diffraction-limited
resolution for studies of solar structure and motions.

(iii) One or more vector magnetographs for the study of the
electric-current patterns associated with solar activity.

(iv) Improvements in the VLA to enhance its capabilities
for solar observations.

(v) An extreme-limb photometer to study large-scale photo-
spheric brightness variations and their influence on measure-
ments of the shape of the Sun, as well as to study solar
oscillations.

(vi) Development of a capability to make full spatially
resolved polarization measurements at radio wavelengths at a
suitable facility.

(vii) Instrumentation that can achieve improved sensitivity
for the study of stellar magnetic fields.

(viii) The development of instrumentation for direct
measurements of solar electric fields through observations of
the Stark effect.

(c) Ground-based observations have been in the vanguard of
the expanded interest of astronomers in stellar activity and
stellar cycles; however, the unique requirements of long-term
observational programs that this type of study imposes have
made it difficult to accommodate such programs within the
existing resources of the astronomical community. We believe
that two measures should be taken to alleviate this problem:

(1) The construction of a dedicated stellar telescope of
moderate aperture (about 2.5 m) for synoptic observations of
stars, to be operated in conjunction with the solar programs of
the National Astronomy Centers.

(ii) Observations with the Mount Wilson 1.5-m telescope
have provided much of our present results on stellar chromo-
spheres and stellar activity. The continued operation of this
facility is now in doubt because of financial pressures on the
private foundation that operates the Mount Wilson Observatory.
We urge the relevant funding agencies to weigh carefully the
various alternatives by which they could help assure the
continued operation of this unique and important facility.

3. Space Facilities

(a) The Working Group concludes that the space program of
highest priority for solar physics in the coming decade is the
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evolutionary development of an ensemble of Shuttleborne instru-
ments in both the facility and Principal Investigator classes
that may be operated together to form a Solar Shuttle Observa-
tory, and that will be capable of simu