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PREFACE

This volume, together with its two companion volumes, originated in a study commis-
sioned by the United States National Academy of Sciences on behalf of the National
Aeronautics and Space Administration. A committee composed of Tom Holzer, Dimitri
Mihalas, Roger Ulrich and myself was asked to prepare a comprehensive review of current
knowledge concerning the physics of the sun. We were fortunate in being able to persuade
many distinguished scientists to gather their forces for the preparation of 21 separate
chapters covering not only .solar physics but also relevant areas of astrophysics and
solar-terrestrial relations.

In proved necessary to divide the chapters into three separate volumes that cover
three different aspects of solar physics. Volumes I and I1I are concerned with “The Solar
Interior” and with “Astrophysics and Solar-Terrestrial Relations.” This volume, devoted
to “The Solar Atmosphere,” covers not only the chromosphere and corona but also
the principal phenomena usually referred to as ‘“solar activity.” The empbhasis is on
identifying and analyzing the relevant physical processes, but each chapter also contains
a great deal of descriptive material.

In preparing our material, the authors and editors benefited greatly from the efforts
of a number of scientists who generously agreed to review individual chapters. I wish
therefore to take this opportunity to thank the the following individuals for this valuable
contribution to our work: S. K. Antiochos, E. H. Avrett, J. N. Bahcall, C. A. Barnes,
G. Bicknell, D. Black, M. L. Blake, P. Bodenheimer, F. H. Busse, R. C. Canfield, T. R.
Carson, J. 1. Castro, J. Christensen-Dalsgaard, E. C. Chupp, A. N. Cox, L. E. Cram,
P. R. Demarque, L. Fisk, W. A. Fowler, D. O. Gough, L. W. Hartmann, J. W. Harvey,
R. F. Howard, P. Hoyng, H. S. Hudson, G. J. Hurford, C. F. Kennel, R. A. Kopp, A.
Krueger, R. M. Kulsrud, R. B. Larson, H. Leinbach, R. E. Lingenfelter, J. L. Linsky,
D. B. Melrose, M. J. Mitchell, A. G. Newkirk, F. W. Perkins, R. Roble, R. T. Rood,
R. Rosner, B. F. Rozsynai, S. Schneider, E. C. Shoub, B. Sonnerup, H. Spruit, R. F.
Stein, M. Stix, J. Tassoul, G. Van Hoven, G. S. Vaiana, A. H. Vaughan, S. P. Worden,
R. A. Wolf, and J. B. Zirker.

On behalf of the editors of this monograph, I wish to thank Dr. Richard C. Hart of
the National Academy of Sciences, Dr. David Larner of Reidel Publishing Company,
and Mrs. Louise Meyers of Stanford University, for the efficient and good-natured
support that we received from them at various stages of the preparation of this volume.

Stanford University, June, 1985 P. A. STURROCK
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CHAPTER 8
RADIATION OUTPUT

R. G. ATHAY

1. Introduction

The following discussion of the Sun’s radiation output is more in the nature of an essay
than a review. Among the reasons for adopting such an approach are: (1) a balanced
review would require more discussion than is appropriate for this volume; (2) the desired
goal of the chapter is to focus attention on the nature and importance of the problems
rather than describe the attempts to solve particular problems; and (3) current and rather
extensive reviews already exist in such volumes as The Solar Output and its Variations
(ed. O. R. White, 1977). The Sun as a Star (ed. S. Jordan, 1981), Solar Flares (ed. P. A.
Sturrock, 1980), and Solar Active Regions (ed. F. Q. Orrall, 1981).

The topic of radiation output has many aspects ranging from the formalism of radia-
tive transfer and diagnostic methods to the structure and energy balance of the solar
atmosphere itself. The radiation not only carries in its spectral signature the information
by which we diagnose the physical properties of the atmosphere but also a major role
in determining certain of those physical properties. This chapter selects from the broad
set of problems a subset that is representative of the problems currently undergoing
active development. Because the selected topics are undergoing development, there are
differences of opinion as to the methods and directions of development and as to the
level of progress achieved.

The essay that follows is biased towards the author’s point of view. Such bias is
reflected in both the choice of topics and in the methods chosen to illustrate the nature
of the problems.

Much work of current interest and many important historical developments are
omitted from the following discussion. This is a regrettable but unavoidable restraint
imposed by the conditions mentioned in the first paragraph.

Viewed from the perspective of the past 30 years, solar physics appears to be evolving
from an essentially ‘discovery mode’ to what is better described as an ‘understanding
mode’. The discovery mode was characterized by exploratory observations in new regions
of the spectrum and with new instrumental techniques for observing motions and mag-
netic fields. Virtually each new observing technique and each new spectral region revealed
new phenomena and new aspects of previously known phenomena.

Most of the accessible spectrum has now been explored, and the rate of discovery of
new phenomena appears to be slowing down. The rapid discovery of new phenomena over
the past 30 years has impacted solar physics in many ways. Two of the more important

Peter A. Sturrock (ed.), Physics of the Sun, Vol. H, pp. 1-50.
© 1986 by D. Reidel Publishing Company.



2 R. G. ATHAY

impacts are represented on the one hand by the inescapable conclusion that the Sun is
more complex than we had previously allowed ourselves to believe and, on the other
hand, and perhaps more importantly, the growing conviction that we now have the
potential to understand the physical processes involved in solar phenomena. These
seemingly contradictory conclusions result from a newly recognized degree of order
and correlation among solar phenomena that both restricts the range of plausible models
and, in some cases, even suggests the nature of the model itself. It is the quest for under-
standing the basic physical processes and the attempts to build physical models that
shape and motivate most of today’s efforts in solar physics.

The effort to understand the physical processes involved in the diverse phenomena of
the solar atmosphere requires that we determine the cospatial thermodynamic, velocity,
and magnetic field structures together with their temporal evolution. In addition, we must
be able to identify and quantify the major energy and momentum processes. Experience
indicates that such a goal cannot be accomplished without a combination of precise
observations coupled with careful diagnostics based on realistic physical models. For
the most part, solar physics has outgrown its heyday when crude observations and zeroth-
order interpretation could produce worthwhile new results.

One of the major current limitations in the study of solar phenomena is the lack of
adequate spatial resolution. Abundant evidence indicates that many solar phenomena
have spatial scales considerably smaller than the best resolution currently attainable. In
XUV regions of the spectrum we are further limited by insufficient spectral and temporal
resolution. These are engineering and resource problems and can be improved upon with
new ground and space facilities such as the Solar Optical Telescope (SOT).

Increased precision in spectroscopic data must be accompanied, of course, by refined
diagnostic techniques. Such refinement often requires more realistic physical models,
which, in turn, are mostly likely to come from better and more complete observations.
Thus, the prospect for improved diagnostics is closely coupled to the prospect for im-
proved observations.

The diagnostic methods discussed in this chapter are based on plane-parallel models.
However, considerable work has been done in multidimensional radiative transfer (cf.
review by Jones and Skumanich, 1980; Rybicki, 1967; Avery and House, 1968; Jones
and Skumanich, 1973; Cannon, 1973; Stenholm, 1977), but more remains to be done,
particularly in the case of diagnostics for application to data with high spatial resolution.
Many of the important features of the solar atmosphere, such as magnetic flux tubes,
granules, intergranular lanes, spicules and fibrils, have characteristic dimensions of an
arcsec (725 km), or less. In all such features, the multidimensional structure plays an
important role in determining their interaction with and their contributions to the
emergent radiation field.

Parametric studies of multidimensional geometries (cf. review by Jones and Skumanich,
1980) demonstrate that photon transfer is governed primarily by the nearest ‘border’
(defined by optical distance). In a plane-parallel atmosphere, the nearest border is always
in the vertical direction. However, in multidimensional media a discrete structure may
have ‘borders’ in the horizontal directions that are much nearer than the borders in the
vertical direction. In addition, a discrete structure may be irradiated by other nearby
structures of quite different radiation properties. Thus the ‘incident’ radiation becomes
an important factor in the problem.
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Spectral diagnostics is a rather subtle art even for plane-parallel geometries. Additional
and important complexities arise in multidimensional cases, and reliable diagnostics
become even more subtle. The changes that occur, however, are more quantitative than
qualitative. The following discussion of diagnostics for plane-paralle]l geometries should
be regarded, therefore, as illustrative of the qualitative effects. Accurate, quantitative
diagnostics of high-resolution data will very probably require the development of suitable
diagnostics for multidimensional media.

One of the primary strengths of solar physics is the ability to resolve many of the
structural features of the solar atmosphere. From our present perspective, it is clear
that many important physical phenomena occur on scales that are a tiny fraction of the
solar radius. In fact, the solar chromosphere and corona, as well as important phenomena
of the photosphere, exhibit many aspects of highly localized gas dynamic and MHD
phenomena, which, in turn, appear to play a fundamental, and perhaps controlling, role
in determining even the large-scale physical properties of the atmosphere. This leaves
solar physicists with no alternative but to attempt to achieve spatial resolution com-
mensurate with the scale of the hydrodynamic and MHD phenomena.

The need in solar physics to pursue detailed, precise observations and to seek refined
diagnostic methods beyond those normally used in astrophysics may appear to those
uninitiated in solar physics as perhaps a loss of perspective or as a hindrance to rapid
progress. However, without such details much of solar physics would merely stagnate
on a shaky framework of unanswered questions, unsolved problems, and uncertain
conclusions. It was the pursuit of unexplained details in line profiles by a number of
workers following the pioneering work of Jeffries and Thomas (1958) that led to a
workable formulation of non-LTE methods in radiative transfer. Subsequent refinements
and additions to non-LTE diagnostics and their applications to solar and stellar problems
have profoundly altered the conclusions derived from analysis of line profiles.

Similarly, it was the pursuit of details in solar magnetograph data by several workers
that led finally to the conclusion that solar magnetic fields are mostly confined to small
flux tubes with diameters of a fraction of an arcsecond, which is much below the resolu-
tion limit of the magnetographs. This surprising conclusion has totally reshaped the
interpretation of solar magnetic field phenomena.

These are but two of many examples in solar physics where careful observations and
careful attention to theoretical detail have overturned previous concepts and replaced
them with radically new ones. The process is by no means complete. We are still forced
to rely heavily on primitive concepts that are known to be inadequate or incorrect,
but which represent the best we can do at the time. Diagnostic methods for velocity and
magnetic fields are particular cases in point.

In the following discussion, it is necessary to omit much of the detail referred to
above. The reader should bear in mind, however, that it is just these details in both
observation and theory that provide the basis for progress.

Section 2 deals with some concepts and definitions in radiative transfer that are useful
for subsequent discussion. Those already familiar with radiative transfer theory may
wish to skip this rather elementary discussion. Section 3 discusses diagnostic methods
and associated problems. Section 4 considers the role of radiation in determining the
thermodynamic properties of the atmosphere. Sections 5 and 6 deal briefly with certain
aspects of the nonradial structure of the atmosphere and the temporal fluctuations of
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the radiation output. These topics are discussed in broader context in other chapters
of this volume. Finally, Section 7 contains some comments on future expectations
and needs in solar physics.

2. Basic Concepts and Definitions

2.1. FORMATION OF SPECTRA

With but few exceptions, quantitative studies of the Sun are dependent upon the inter-
pretation of spectroscopic data. Whether such data are collected at radio, visual, or X-ray
wavelengths, their interpretation rests upon our ability, first, to identify the process by
which the radiation is produced, second, to interpret the radiation in terms of local
plasma conditions at the place of origin, and, third, to organize the different plasma
regimes observed at different wavelengths in proper relationship to each other.

To illustrate the problems involved in each of these steps, we consider a spectrum
giving specific intensity /, as a function of wavelength. We represent the functional
dependence of the spectrum in the symbolic form:

Ik(ri’ Sia Yais Kois Azla A>\> Ao, At)s

where r; denotes the different radiation processes (usually two or more, such as line and
continuum), S; denotes the source function for photons of species #, p,; is the absorption
profile, ko; is the absorption coefficient, Az; denotes the spread in the line-of-sight
distance within which the observed radiation originates and AX, A6, and Ar, respectively,
are spectral, spatial, and temporal resolution. The latter three quantities are instrumental
parameters and, within limitations, are set by the observer. On the other hand, the five
quantities r;, Si, Koi, ¥ai, and Az; are determined by the solar atmosphere, and these
are the five quantities that convey most of the information about the atmosphere.

Even under optimum conditions for Af and AA, the radiation intensity /) at a given
value of X\ arises from a spread in distance that is often larger than the characteristic
lengths for changes in thermodynamic, fluid dynamic, and magnetic field variables. This
has the consequence that a given [, cannot be unambiguously associated with specific
values of such variables as temperature, fluid velocity, and magnetic fidle strength.
Instead, one must interpret I, in terms of a model atmosphere in which both the local
plasma parameters and their gradients are given. To accomplish this, it is necessary to
consider values of I over a number of different wavelengths with different representative
values of Az.

A further consequence of the inability to assign a unique value of z to [, is that the
average value, (z), may depend upon the particular parameter extracted from /. For
example, there is no a priori reason for the value of (z) associated with a temperature
inferred from the source function to correspond to that value of (z) associated with a
fluid velocity inferred from g¢,. Also, the value of (z) associated with a fluid velocity
may be quite different from the (z) associated with a magnetic field intensity, even
though both are inferred from ¢, .

The preceding comments illustrate the inherent difficulty of properly organizing the
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plasma variables in terms of relative values of z. This, however, is only part of the prob-
lem. An equally, and perhaps more, difficult problem is in the complicated transport of
photons through the atmosphere and the consequent complexity of the information
content in 7). Although all of the photons in 7, can be represented as being emitted
within the range Az, it does not follow that the photon energy in / is extracted from
the interval energy within Az, In fact, much, and perhaps most, of the photon energy
within Az may simply be a result of photons diffusing through the atmosphere, i.e.
scattering. Scattering photons often react passively with the local plasma with no essential
communication between the photon and the internal energy of the plasma. An electron
raised to a higher level through absorption of a photon merely returns to its original
level and re-emits the photon.

In addition to photons diffusing in depth, they diffuse in wavelength. Thus, photon
energy at wavelength X\ contributing to /, may have originated at a depth far removed
from Az and at a wavelength quite different from A. What this means in a practical sense
is that of the total photons in [, only a fraction, say, p/, are produced within the depth
internal Az and it is only this fraction that is strongly coupled to the thermodynamic
state of the plasma within Az. In many cases of interest in solar physics, p is very small
and must be determined carefully. This requires accurate solutions of the radiative
transfer equations.

As difficult as it is to diagnose properly the solar spectrum, such diagnoses provide the
primary means of probing the physical state of the atmosphere. It is essential, therefore,
that we understand the complexities of the problem in order that we treat it with proper
care.

Studies of the Sun, of course, often utilize the resolved structure on the solar disk
and at the limb to aid in dctermining the relative locations of different solar features
and different plasma regimes. Features that are high in the atmosphere, for example, are
usually more readily visible at the limb whereas features that are low in the atmosphere
tend to be obscured at the limb. Similarly, limb brightening or darkening gives a relatively
unambiguous indication of the sign of the intensity gradient. Even such rudimentary
knowledge provides a strong and useful supplement to the spectroscopic data.

2.2. ENERGY BALANCE

Radiation from the Sun not only provides the primary means for diagnosing the solar
atmosphere; it plays a major role in determining the physical state of the atmosphere.
In the photosphere, radiation provides both the main source of energy and the main loss
of energy. Higher in the atmosphere, in the chromosphere and corona, the plasma is
heated to high temperature by nonradiative sources and, in turn, eventually loses almost
all of this energy as radiation. The fraction lost in the solar wind and in energetic particles
may dominate in the outer corona and in such places as coronal holes, but, as a global
average, the radiation losses dominate.

The problem of ascertaining the magnitude of the radiation terms in the local energy
balance is no different, in essence, from that of performing the diagnostics for the
thermodynamic variables. In both cases one needs to determine from the total photon
ensemble the fraction of the energy that is produced locally. However, whereas the
diagnostics might be performed with only a small subset of the spectrum, the energy
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balance requires an examination of all relevant parts of the spectrum. In some cases, it is
not clear a priori just which spectral features are most relevant. For this reason, relatively
less progress has been made with the energy balance problem. In the photosphere and
low chromosphere, we still rely on approximate treatments of questionable validity even
though the thermodynamic structure in these layers is known better than in the higher
layers. The techniques for solving these problems with higher accuracy are known, but
the sheer magnitude of the problem is intimidating.

2.3. NOTATION

Extended discussions of spectral diagnostics are given in such texts as Thomas (1965),
Jeffries (1968), Athay (1972), and Mihalas (1978). Here we review only certain aspects of
the problems that are particularly germane to the present discussion. For the most part,
the emphasis will be on concepts rather than the formal mathematics of the problem,
which are beyond the intended scope of this chapter. This may tend to convey a false
illusion of simplicity since we will avoid the harsh reality of dealing with quantitative
solutions. '

We assume that the reader is familiar with the definitions of the customary parameters
of radiative transfer, including the following:

I, = specific intensity

J, = mean intensity over angle

H, =net outward flux

u =cos 0,0 measured from the normal

7, = optical depth

&, = absorption profile normalized so that f_: ®,dv=1

¢, =M,®, = absorption profile normalized to unity at » = v,
¥, = emission profile normalized so that f_°° LY, dv=1

S, = source function

B, =Planck function.

In addition, we wish to make use of a number of concepts that are best discussed in terms
of other quantities, which we now define.

2.4. ESCAPE PROBABILITY AND SCATTERING DEPTH

We define the single-step escape probability, P., for a photon ensemble at depth 7,
(v =,) and between frequencies »; and », as

14 1
P, = fz ﬁ ¥, exp(—7,/u) du dv, 2.1
JV1

i.e. escape means the arrival of a photon at 7 = 0. Since ¥, is normalized such that
f:; W, dv = 1, P, is the average probability that a photon is emitted in the interval

v, to v, and reaches the surface 7o = O without interacting with the gas by scattering or
absorption.
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The context in which we shall use P, is illustrated through the integral form of the
transfer equation. The specific intensity at the surface 74 = O due to radiation between
7o = 0 and a finite value 7, is given by

70 dr
1,(0)= L Sy exp(~T,/1) 71—” . 22)
After multiplying by u and averaging over u, we obtain
T 1
H,(0)= /0 0 S,M, ]0 d, exp(—7,/u) du dr. 2.3)

We next integrate over frequency, assuming S, ®, = S¥,, where S is independent of
frequency, and obtain

H(O) = f70 SPgMO dTo. (24)
0

Thus, P,M,S gives the contribution to H(0) of photons emitted in the optical depth
interval between 7¢ and 7¢ + d7y.

Note that P, is a function only of 74, ¥, and ¢, and can be evaluated as a function
of 1o without solving the transfer equation. Near the surface in an optically thick atmo-
sphere P, approaches 1/2.

Since P, is defined as the average probability of reaching 74 = 0 in a single step, we
define a scattering depth, V, by setting

NP, = 1/2. (2.5)

Note that NV approaches unity at the surface 74 = 0. The dependence of N on 7, varies
with the form of ®, and ¥,. For ¥, = ®, = const, N « E,(7,), where E, is the second
exponential integral, and for a Gaussian ®,, N @ 7,(in7,)*/%. As defined, N is the average
number of photon emissions required in order for one photon at 7, to reach the surface
70 = 0 by direct flight. In the following, we will sometimes use /N rather than 7, as a
depth variable as a matter of convenience.

2.5. ESCAPE COEFFICIENT

We now define an escape coefficient (sometimes called the net radiative bracket, Thomas

(1961)) that is different from the escape probability and therefore useful in a different
context. The equation of radiative transfer

3 I,- 8, (2.6)
v
can be averaged over angle to give

dA,
dT: =JV - SV (27)




