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OUTFLOWING ATMOSPHERES ACROSS THE HR DIAGRAM
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Abstract

The principal factors governing the modelling of stellar atmospheres are reviewed., and it is

d .

noted that modern observations, which span wavelengths from 1000 A to several mm, feveal parts of
stars which are not included in the classical models. The evidence across the HR diagram shows
that four components may be present in addition to the photosphere, namely a hot chromo-

sphere/corona, a cool extended atmosphere of atoms and ions, dust, and an escaping wind.

Some

suggestions are made concerning the direction future research might take in orcer to solve the problems
that are not handled successfully by classical methods of modelling stellar atmasphere.

I. INTRODUCTION

The only thing that reaches us from stars is radiation.
Until recently we were restricted to observing only the
radiation which reaches the surface of the Farth and our
appreciation of that was, and is, severely modified by the
types of detectors and dispersing devices available to us.
Most of what will be reviewed here is concerned with
interpreting spectroscopic observations of stars in wave-

lIengths from about 1000 A to a few millimeters.

Information obtained from ground-based telescopes
is still our prime source of information, but observations
made from space have been decisive in making us aware
that the classical models of the stars and the interstellar
medium, which were developed to interpret observations
obtained in the limited visible wavelength range, are no
longer adequate. Now that we can detect parts of stars
that 30 years ago were invisible to us, it is appropriate
that we review the modelling process which is the basis
of our understanding of stars. Our intention is to obtain
a sharp and deep understanding of stars, their formation
and their evolution. Stars are the building blocks of the
wuniverse and. their study is absorbing.

One starting definition is in order. By photosphere,
I mean the moderately dense layer which, in visible wave-

lengths (4000 to 7000 A), is seen to be opaque and to
define the limb of a star or the Sun. Itis the deepest layer
which. we can. observe directly from the surface of
Earth. Parts of the outer atmospheres around the various
types of star which we shall mention have been given diffe-
rent names. We shall speak of chromospheres and coronas,
meaning structures somewhat like those known for the
Sun. Their temperatures are higher than the effective
temperature of the star. We shall speak of shells around
Bstarsand around some M-type supergiants. The planet-
ary nebulae and the circular gaseous nebulae which sur-
round a few Wolf-Rayet stars can be considered to be
extreme examples of shells. A typical characteristic
of a shell is that the electron temperature there is cooler
than the effective temperature of the central star.

There are two factors which strongly influence the
character of all models of stars. The first is the need for
simplicity if the details are to te worked out, and the
second is the character of the body of observational data
which is available at the time the models are defined.
The first constraint has been loosened greatly in recent
years owing to the capability of modern computers to
handle complex problems of large extent. However, it
is still areal constraint. The second factor has been com-
pletely changed by the present availability of spectro-
scopic observations of stars and of nebulae over practi-
cally all of the electromagnetic spectrum,

The classical model of a star postulates a sphere of
gas in hydrostatic equilibrium under the attraction of
gravity due to the mass of the star. A flux of radiation,
generated by nuclear reactions in the center of the star,
traverses the model atmosphere and emerges as a spec-
trum. The usual geometry for model atmospheres is
plane parallel layers. Usually there are no sources of
energy in the model atmosphere except the radiation field,
but a few models take energy carried by convection into
account in a simplified way. The model star is situated
In empty space. Interaction with the surrounding inter-
stellar medium is not taken into account when specifying

the boundary conditions for classical models of stellar
atmospheres.

Improved model atmospheres should be constructed
to describe the physical state of the outer layers of a
stellar - atmosphere starting from the full forms for the
equations describing the conservation of mass, momen-
tum and energy in the stellar atmosphere, taking care
to eliminate only the least essential terms. These equations
are discussed in the Appendix. First let us see what
patterns of physical structure are suggested by spectro-
scopic observatioqs of stars in all parts of the HR dia-
gram. The classical equations for model atmospheres
result fro;n ignoring all terms in the conservation equa-
tions which describe changes in time and which take
account of a flow velocity and its rate of change.



II. STRUCTURES BETWEEN THE PHOTO-
SPHERE AND THE INTERSTELLAR
MEDIUM '

In the center of a star, where the energy is generat-
e, the temperature and densivy are high. As cne moves
outwards in thestar, the temperatureand density decrease
until one veaches the photosphere, which comprises
those layers seen in visible light. We now know that
more or less extensive, rather low density gaseous layers
exist outside the photospheres of most stars. Rough
spectroscopic diagnostic analysis permits us to recog-
nize five outer parts of the star: the photosphere,a
hot chromcsphere/corona, a cool extended atmosphere
of atoms and ions, a ve.y cool extended atmosphere
containing dust, and 2n ¢scaping wind. The relative linear
sizes of the various components and their densities are
probably quite d'fferent for stais of different spectral
types, but most likely tic order outwards from the photo-
sphere is the same for all stars.  The orcer given above is
plausible and we will adopt it. The wind may origin.ze
in the hot chromosphere/corona; it may be defected at
any pert of the extended atmcsphere, detection depend-
ing on the availability of a sensitive indicator in the avai-
lable part of the stellar spectrum. The relative sizes of the
various structures are controlled by the heating and cool-
ing mechanisms which are active and the mechanisms
which control the input of outward directed momentum.

It may bc a major problem to detecz any or all of
the above components for any given star, but we spall
work from the hypothesis that each ccomponent exists.
Once we have noted what we know to exist, we shall
consider the constraints present cbservations place on
any model for the star and its interaction with its environ-
ment.

An overview of the known outer structures of stars
follows with an indication of typical tcmperatures and
densitics in some of the above regions. Most of ty_e
temperatures have been estimated from the shape of tie
continuous spectrum, from the tota.l flux _recelved. from
the star, or from the relative intensities of lings from two
or three stages of ionization of a‘pundan} elements. 1It
is more difficult to estimate densitics. They are usually
found by interpreting line shapes and strengths by means
of theoretical modgls for the atmosphere. The pre-
sence of forbidden lines, usually in emussion, mdxcateg
an ionized plasma having a number density less than 16
em™ . The break off of the Balmer series flcgr B-ty%e she_lé
spectra suggests donsitics of the order of 10~ to 10 mim
for shells, whilc for B-type supergiant atmosplllfres Ese
densily in thc photosphere seems to be about 10 .cmt_ .
For carly-type main-sequence sters the density in the

-3

photospherc is of the order of 10 em™ . T%c-se v?alufrs
may be compared with those for the Sun of 10 cm m
thc photosphere, about 10'* in the low chromosphere

and about 10° at the base of the corona.

‘ lly- are

The outer structures around stars genera
considered to be spherical in shape. I—Io?vever,‘rﬁiiizlic;
B-type stars with shells are known to bhﬁ)W ;bserve <
polarization. This fact, together with the ;
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shapes of the emission lines of H and Fe II strongly
suggests that the outer atmospheres of these stars are
disc-like. The extent of the material and its density in
the equatorial plane perpendicular to the axis of rotation
of the star are believed to be significantly greater than in
the direction parallel to the axis of rotation of the star.
The amount of material in these outer Structures and the
radial-velocity pattern shown by this material is known
to change in intervals from days to years for many Be
and shell stars. However, scme B stars seem to have
been cssentially constant in their bekaviour for the 50
to 100 years over which they kave been observed.

A search for spectroscopic changes which occur in
minutes to hours has becn made for only a few stars'
Too little information is at present available on the rapid
changes seen in some stellar spectra to make any genera-
lizations at this time. The line profiles for scme stars
definitely do change in minutes. Thus the observation
of a grossly constant spectrum should not be interpreted
to mean that the atmospheres of the stars are quiescent.
Most of the sta~s which show emissicn lines in their
spectra are irregular light variables of small range. Not
all light-variable stars, however, are known to have emis-
sion lines in their spectra.

Wolf-Rayet, O and Of stars : The photospheres
of Wolf-Rayet stars arc difficult to observe; they are
considered to furnish a continuous spectrum corres-
ponding to an effcctive temperature near 30,0C0 K on
which. the emission lincs are seen. A few particular emis-
sion lines are associated with a shortward displaced
absorption componcnt (sce Undeshill  1968). The
physical state of the photospheres of O and Of stars of
all spectral types and luminosity clatscs from sublumi-
nous stars to supergiants are deduced frcm the strengths
of the absorption lines of He T and HeIl. The effective
temperatures range from about 30,000 to 50,000 K. Heap
(1977a,b) and Pottasch e al. (1978) have shown Shat the
offective temperatures of some central stars of planetary
nebulae may be as high as about 70,000 K; the values of
log g for the central stars with O-type spectra are about
the same as those for normal, galactic O stais.

The evidence for hot chromcspl}ercslcoronas around
O-type stars comes from the ultrawplet spectrum where
shortward displaced strong absorpticn lines qf 0 VI,
N V and other high ions atc found, see, for instance,
the Teview by Snow and Morton (1976). The hot gas is
seen to be moving with velocities exceeding the velocity
of escape; the flow velocity 18 well above thermal velo-
cities, whatever choice one makes for the electren tom-
perature in the hot gas. Bcth Wolf-Rayet stars (Coben,
Barlow, and Kuhi 1975) and O stars (Barlow and Coten,

1977) have infrared excesses mdicating4 the pres;n::c of
a cool extended region with Te v~ 100 K, and some
WC9 stars are known to show a cool dust-containing

b1

he electron temperature may be near 10”7 K.
%féls:vlg:;a:er;al winds from Wolf-Rayet stats are con-
spicuous and may be detected by the visible line spectrum.f
Those of the O stars, including some central stars o
planetary nebulae which show Wolf-Rayet-type em_xs.?on
lines, are also fairly conspicuous Several criteria pt:ln ing
towz;rd.s the presence of an escapng wx?d6 are ncs) re-
cognized in the visible spectral region of O-type pectra.
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B-type stars. The photospheres of these stars are
readily studied for all subtypes by means of the absorp-
tion-line spectrum of the visible region. The effective
temperatures run from about 10,000 K at type B9.5 V
to about 31,000 K at type BO V, see Underhill e a/.
(1978). A hot chromospheric/coronal region may be
inferred from the presence of absorption lines from
high ions in the ultraviolet spectra of many BS and eaclier
main-sequence and supergiant stars, see Snow and Mor-
ton (1976) and Lamers and Snow (1978). Underhill
et al. (1978) have demonstrated that the visible absorp-
tion-line spectra of the B-type supergiants indicate the
presence of a hot chromospheric/coronal layer in super-
giants. The B-type supergiants are known to have infra-
rad excesses (Barlow and Cohen 1977) which indicate
the presence of extended cool outer atmospheres for
these stars. The spectroscopic phenomena attributed to
the shells of Be and shell stars, as well as the known
strong emission in Ha and various hydrogen continua,
give ample evidence that a large, cool extended atmos-
phere may exist at times around main-sequence and near
main-sequence B stars. There are no visible observations
suggesting that the material in this cool structure is
flowing from these stars at escape velocities. Some of the
flow velocities seen, for instance, in Balmer pro-
gressions of active shells, exceed typical thermal velo-

cities which are of the order of 10 kms™ . The lifetimes
of extended shells can be days to years. Snow and Marl-
borough (1976) and Marlborough (1977) have found
evidence in the ultraviolet spectra of a few Be stars for
a modest rate of mass loss.

Escaping winds are readily detected for B-type
super giants; they are not conspicuous for main-sequence
‘and near main-sequence B stars. There is evidence for
irregularities in the flow, see, for instance, York e 4/,
(1977) and Snow (1977).

The [BQ]stars forma special group of Be stars which
are enmeshed in a presumably very large envelope.
The density of this envelope is sufficiently low that
Jorbidden lines of Fe ILand other ions are seen. ~ The com-
position of the emission-line spectrum usually suggests
electron temperatures in the range 8,000—10,000 K. in
this extended structure. Some of the [BQ] stars are known
to have a cool, dust-containing envelope where the tem-

perature may not exceed about 10° K. The spectra of
the [BQ] stars frequently are variable, which suggests
that the extended envelopes are not static.

A group of Ae/Be stars lying in obscured regions
and illuminating nebulosities has been observed quite
extensively. These may be very young stars. They seam
to fall into two groups : (1) a group which has emission
lines ‘with P-Cygni character indicative of outflow velo-
cities of the order of 15010200 kms™ and (2) a group
which shows emission lines of hydrogen plus absorption
lines attributable to a cool ove:lying shell as for & con-
ventional Be star. High-resolution observations of the
Hu_lines of these objects and polarization studies, see,
for instance, Garrison and Anderson (1977, 1978) show
that changes occur in fairly short intervals and that
these stars are clearly surrounded by dynamic, cool
extended atmospheres. They are associated with dust
clouds, are irregularly variable and have infrared ex-
cesses and are associated with molelcular line emission.
The outer layers of these stars seem to be interacting
_with the surrounding interstellar medivm. - :

Supergiant and main-sequence A stars; Ap, Am stars:

The photospheres of the A stars have temperatures in
the range from about 8,000 to 10,000 K. There is evidence
for outflow at escape velocity for 2 Cyg, A2 la, see,
for instance, Lamers, Stalio and Kondo (1978).  The
observations tabulated by Rosendhal (1973) of variable
Ha profiles for a number of A-type supergiants may be
interpreted in terms  of outflow. Freire «/ o/ (1977)
have searched the spectrum of a Lyr, A0 V, from the
ultraviolet to the near infrared for evidence of outflow
or of a hot chromospheric/coronal layer and bave found
none. However, Johnson and Wisniewski (1978) have
observed that the Ca Il and O I lines in the infrared
spectrum of & Lyr have small shortward shifted emission
satellites, which suggest that Vega has a relatively thin
extended atmosphere which may be expanding at about

50 km s . Other main-sequence A stars  observed by
Johnson and Wisniewski do not show the Ca Hand O
lines in  emission. However, other observers, for in-
stance, Griffen (1978) and Freive ¢/ of. (1978), have not
been able to confirm the observations of Johnson and
Wisniewski. The Am and Ap stars are known for
their stable spectea, although cyclic changes., sometimes
attributed to the rotation of spots, are known for the
Ap stars. Among the A stars, only the supergiunt x Cyg
is surely known to havean escaping atmosphere. Bevause
some of the A stars arc relatively nearby, lack of detection
of outer structures for these stars indicates that if such
structures exist for A stars, the amount of material in
the structures is much less than for a typical B star. A
few A-type stars are known to have shells like those of
Be stars, for instance, 14 Comae. The temperatures in
such shells are cool, around 7000 K.

Supergiant, giant and main~sequence ¥ and G stars

The effective temperatures of these stars lie in the range
5000 to 8000 K. A chromosphere and corona are known
for the Sun (rather casily observed because of the near-
ness of the Sun); the fact that the spectra of most of these
stars contain emission lines of Ca TI, see, for instance,
Dravins (1976), for a brief summary of recent ohserva-
tions, is usually taken to mean that a chromosphere is
present. The Delta Cephei varviables bave particularly
strong emission lines of Ca I, so presumubly they buve
substantial chremospheres.  The dominant  emissicen-
line character of the spectra of some T Tauri stars leads to
the inferred presence of significant chromasphres/
coronas for these stars also. A possible indiciator of the
presence of a corona is the presence of the He I 10830

A lineinabsorption or emission in lute-type stars, Obser-
vations of He I 10830 in 198 stars of many spectral types
have been summarized by Zirin (1976). who concludes
that the intensity of He T 10830 must be more or less
proportional to the amount of energy deposited in stellar
chromospheres/coronas by non-thermal  precesses.
Reimers (1977) has summarized  information on the
existence of winds from a few G supergiants, A low
density wind is known to be escaping from the Sun. but
a wind of this tenuous character cannot be detected for
stars with our present techniques. There is a little obser-
vational evidence for a large cool envelope surrounding
the F and G supergiants 89 Her and p Cas. Clearly,a
cool envelope must exist around all F and G stars with
coronas, for a high-temperature coronal regime will
extend only as far from the stellar photosphere as the



rate of energy input is sufficiently great to maintain a
high electron temperature. At large distances from the
photosphere, the gas will cool by radiation. Eventually
its temperature will approach that of the surrounding
interstellar medium. It is a difficult observational
problem to detect such a cool extended envelope.

Sopergiant, giant and main-sequence K and M stars:
The effective temperatures of these stars lie in the range
2500 to 5000 K. Ultraviolet spectra. have furnished
evidence for the presence of emission lines formed in the
hot chromcspheres of o Beco and other K giants; the
presence of chromospheres in most of these stars is infer-
red, as for the F and G stars, from the occurrence of emis-
sion lines of Ca II. Also for thesc stars, according to

-]
Zirin, the He T 10830 A line may indicate the presence
o_f a corona. Substantial hot flare regions occur on the
discs of dMe variables. There is a large body of data,
reviewed by Reimers (1975), which demonstrates the
presence of cxtensive, cool circumstellar atmospheres
surrounding M giants and supergiants. Some shells
contain dust. Velocity gradients are known to occur in
these circumstellar shells and the escape velocity is
superthermal. The observation of broadened emission-
profiles from microwave lines of SiO and HC 5 N attests
to the fact that an optically thick sphere of gasisexpanding
uniformly from some M-type and other red supergiants

at about 20 km s~ , see, for instance, Morris and Alcock
(1977), McGee e ¢/. (1977).  The cool shells surround-
ing M supcigiants are very large and they may be traced
to more than 500 stellar radii (Bernat 1977 ; Bernat ¢# /.
1978). It has long been known that large superthermal
velocities arc seen deep in the chromcsphere of 31 Cyg,
K1 Ib, during the partial phages of the cclipse (Me-
Kellar e al. 1959). Reimers (1977) gives evidence for
variations in the flow velccities shown by the circum-

stellar lines around a number of K stars. Quite clearly,
the oxtended, cool atmosphercs around the late-lype .

stars are not static structurcs. Hagen (1978) has shown
that the ratio of dust to gas varies from star to star and
she notes that the mechanism causing mass loss in the
M giants and supcrgiants may be something other than
racliation pressurc on grains.

III. PROBLEMS REQUIRING STUDY

A. Significant characteristics of outer atmospheres :
The most significant thing about the outer atmospheres
of stars is that the statc variables, (electron temperature,
density, state of motion) of the gas, detected by means of
spectral lines, frequently change in rather short intervals
of time. For instance, weak satellite components
duc possibly to non-radjal pulsation, occur next
to the mnormal photcspheiic absorption _ lires of
sharp-lined O and B stars (Smith 1977; Smith and

Karp 1978) and their displacements change n a few

hours; the dsplacement of H o and the relative s'trengths
of its emission and absorption components in 0, !

and A supergiants are known to change irregularly in
days to months; the velocity fields seen in some Be and
shell stars and the strengths of the absorptiont lines usually
change slowly, but systematically in times of the order 9f
6 to 10 years, although significant changes can ‘occur in
a few weeks. In other stars, particularly in binary stars

67

where one is seeing the material flowi

ing between the
two stars, changes are known to occur in days. Owur
observations are still too incomplete to document fully

the rates of change which occur and the sizes of the
changes.

- Three facts are certain: (1) conspicuous changes can
occur in minutes in the outer atmospheres of stars, @
luminous stars and some main-sequence stars continuoOus~
1y produce modest changes in their atmospheres in
times from a few days to a few months, and (3) the Be
and/or shell phenomenon is more varied in its temporal
characteristics than the changes seen in supergiants OF
in non-radially or radially pulsating stars.

We infer that the state variables change because the
shape, intensity and displacement of the lines, which
reveal the outer atmosphere, change. It is by no means
clear whether the observed spectroscopic changes are
primarily due to changes in electron temperature, in
density or in line-of-sight motion. Probably all three
factors are interlocked. What causes the changes is un-
known. They may be accompanied by changes in the
brightness of the star.

A second important generalization about the outer
atmospheres of stars is that winds moving at escape
velocity are usually more easily visible at any given spec-
tral type for supergiants than they are for main-sequence
stars. Winds are known to occur for scme low-lumino-
sity stars, the Sun, for instance, and. for scme central
stars of planetary nebulae. It is intercsting that tte
visible spectra of Be and shell stars do not give eviCence
for a wind escaping from the star, although there is evi-
dence for outward and inward directed motion which
changes slowly, and sometimes for velocity gradients in
the observed part of the outer atmcsphere. ‘The escaping
outer atmospheres of B-type supcrgiants can usually be
seen in H ¢ and sometimes in other strong lines acceszible
from the surface of Earth.

An analysis of the shapes of tteultraviolet lines of
O and B stars with winds suggests that tte acccleration
to escape velocity takes place close to the photosphere.
In the case of 31 Cyg, K1 Ib, sharp Ca Il lines with large
line-of-sight velocities are sometimes scen on lines of
sight which pass close t0 the photcsptere, (f.c. at
times near second and third contact), suggesting that the
propulsion force is particularly strcng near the photo-
sphere. Van Blerkom (1978), however, hgs interpreted
the shapes of the hydrogen lincs of P Cygni to mean that
in this star the acceleraticn to ¢scape velocity cccurs
slowly. He thinks two types of wind occur : one which
is accelerated to escape velocity rapidly near the photo-

sphere, and one which reccives acceleration to escape
velocily over a long path length.

A third significant fact about the outer atmospheres
of stass is. that the spectra of practically all stais, when
looked at carefully, give evidence for the presence of a
hot chromosphere/corona lying outside the photcsphere.
The real difficulty is to find appropriate spectrescopic
features to reveal the, perl.aps, small amount of material
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which is at a high temperature. When appropriate indi-
cators of chromospheric/coronal conditions can be
observed, often in the ultraviolet, a hot layer is usually
detected.

B. Propalsicn forces ; Since the rate of flow in outer
atmospheres and the densities and temperatures which
occur change, sometimes quite rapidly, it is clear that the
propulsion mechanism, which accelerates stellar winds,
is not some global force such as radiation pressure or
the centrifugal force resulting from the rotation of the
star. In fact, some of the observations of flow in outer
stellar  atmosphercs are suggestive of motion in jets.
Global fosces such as radiation pressure or centrifugal
force may facilitate the outward propulsion of material
by partially annulling the effects of gravity, but forces
of this type cannot change rapidly and coherently over the
disc of the star.

An attractive source of propulsion, which could be
variable, is offered by magnctic fields. In the case of the
Sun, eruptive prominences are seen from time to time.
These are suggestive of the type of phenomenon which
might be considered. However, the theory of such pro-
pulsion has not been worked out satisfactorily even for
the Sun. There is no evidence for the presence of magnetic
fields in the atmospheres of B-type supergiants, but on
the other hand, it is not possible at this time to prove
that magnetic fields are not present. To prove whether
appropriate magnetic fields exist for stars with variable
winds is a problem that will require high-resolution
spectroscopy for its solution.

It is a question for speculation whether the pro-
pulsion mechanism is the same or different for young
stars and for old stars. Certainly both types of star have
winds. A clue might be obtained by examining the tem-
poral behavieur of winds from young and from old
stars and seeing whether it is the same or different.

C. Kinetic energy carried away by a wind : If the
wind is spherically symmetric and material is conserved
in spherical shells, then it is casy to show that the frac-
- tion of the stellar luminosity which is carried away as
kinetic energy of the escaping particles is 0.0082Mv//,
where M is the rate of mass loss in units of 107 solar
masses per year, V is the observed velocity of the wind
in units of 10* km s , and / is the luminosity of
the star in units of IO‘LG. For stars with bolometric

absolute magnitudes near - 5.0, flow velocities of 1000
kms', and M = 10® solar masses per year, about
one'per cent of the luminosity is _lost as kinetic energy-
Presently available estimates of M, v and / for stars in
all parts of the HR diagram indicate that the loss of
energy in the form of kinetic energy of the escaping
particles is small relative to the energy being radiated by
the stars.

Studies of .the evolution of massive stars with mass
loss (see, for instance, Chiosi e al, 1978), show that

by the time a star has lost 10 per cent of ?ts mass, its
position in the HR diagram is significantly diffcrent frem
where it would have been had evolution without mass
loss occurred. The calculated evolution of massive
model stars with mass loss shows that most mass is lost
while the star is in the main-sequence band. O_nce the
star starts hyd-ogen skell burning, it moves quickly to
the red-giant regime and loses little more mass. The
evolution of low-mass stars with mass loss has not been

studied.

D. Heating of outer atmaspheres: There is grow-
ing observational evidence that hot chro:nospl'geres/
coronas exist outside the photospheres of all stars in all
parts of the HR diagram. The sizes of these hot regions,
their extent and density, are not known and the esti-
mates of typical electron temperatures are very uncertain.
This is because appropiiate diagnostic methods for
inferring the state variables when flow occurs are at
present rudimentary. It is, however, clear that energy
is deposited in the outer layers of stars from a source,
or sources, in addition to the radiation field flowing from
the star (see, for instance, Hearn 1975).

The heating of the solar chromosphere and corona
is not yet fully understood. Until this problem is solved,
it seems unlikely that a satisfactory theory for the heat-
ing processes in the cuter atmospheres of stars will be
found. One can think of two sources of energy : mecha-
nical energy, such as that carried in convection clements
and in acoustic waves, and the energy contained in a
magnetic field, or in Alfvén waves. A problem in physics
which requires solution is how, under the density and
flow conditions believed to exist in the outer layers of
stars, to transfer the stored mechanical/magnetic encrgy
available in the interior of the star to the gas of the outer
atmosphere so that it shows up as internal energy of the
gas and in the form of line radiation.

The problem of understanding the physics of stellar
atmospheres in which the flow of matter occurs and of
finding how the flow affects the state variables, in particu-
lar the temperature, has been studied by Cannon and
Thomas (1977). They emphasise that the mass fow
which is observed must originate from small outward
directed motions in the subatmosphere and they show
that the part of the atmosphere near the critical point,
where the flow velocity is approaching the local thermal

velocity, is unstable against the production of acoustic
waves.

Another approach has been taken by Cassinelli and
his colleagues (see Cassinelli 1978), who have shown
that X-rays from a small, low lying, very hot region can
account for the numbers of high ions of the light elements
which are inferred to be present in the winds from hot
stars, and yet not violate the observed upper limits pre-
sently existing on the amount of X-rays produced by
h_ot stars. The X rays must originate from some mecha-
sm, probably one associated with the acceleration of

particles.  This facet of the problem has not
worked out in detail. P not yet been
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APPENDIX: THE CONSERVATION
EQUATIONS AND THEIR USE

m The equations which govern the construction of
st a?tcéels for the atmospheres of stars are the equation of

Pg = NKT =pa? NG

Where N is the particle density per unit volumm, p is
the mass density per unit volume, and a is the thermal
velocity which is equal to (kT/m):. Here m is the mass
of a typical particle. In the conservation equations,
We  have substituted pa® for the gas pressure, Pg,
which is seen in some formulations of these equations.
There 1 represents a three-dimensional flow velocity,

The conservation of mass from shell to shell during
the flow requires that :

Y -
— + V.Pu= 0; : 2
ot -

the conservation of momentum requires that

3 1 2
—-+u.vy =—-v(r)+ E+ £; @
ot P

and the conservation of encrgy (energy exchange) re-
quires that

'bEg Y 71 1
+u. Eg+fa?—( - )+rau .v(-) =G-L. (@)
LR 2t \P * \p

In eq. (3), Eis the total body force per unit mass acting
on the fluid while { is the total boundary force per unit
mass acting on a fluid element; it is usually put equal to
zero. Ineq. (4, Eg is the internal energy of the gas

Per unit mass while G is the rate of energy gain per unit
mass of the gasand L is the rate of energy loss.

" Usually steady-state situations are considered ; thus
the partial derivatives with respect to time are put equal
to zero and only the spatial variations of the state vari-
ables are considered. The components of E should include
the attraction due to gravity from the mass of the star
itself as well as any perturbations resulting from the
presence of a companion, the force on a fluid element due
to radiation pressure on atoms, ions and dust and the
Y orentz force, if a magnetic field is present. If viscous
forces are significant, they sould be included in this term.
‘The rates G and L, as well as the internal energy Eg,

depend on the radiative processes which occur in the
‘outer atmosphere, on the energy exchange involving mo-
tion such as convection, collisions of atoms, ions and
electrons, and interactions with acoustic waves or Alfvén
waves. Energy exchanges resulting from. the interaction
of a magnetic field with the electrons and ionized parti-
cles of the outer atmosphere should also be included.
The conduction of heat has to be considered in some
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density-temperature-velocity regimes. In so-called LTE
model atmospheres, the distribution of atoms, ions and
electrons over their possible states: of ionization and
excitation is calculated by means of the Boltzmenn and
Saha laws; in non-LTE models, these distributions are
calculated using the equations of statistical equilibrium.

All presently published theories of stellar winds
‘assume a variation of temperature and pressure (density)
with the spatial coordinates which is given by previous
knowledge. The authors then work from egs. (1), (2)
and (3) to find the resulting velocity field. The effects
of radiation pressure in hot stars have been discussed, for
instance, by Lucy and Solomon (1970), Cassinelli and
Castor (1973), Thomas (1973) and- by Castor, Abbott
and Klein (1975). The conclusions obtained are de-
pendent on the functional form which is assumed for the
acceleration due to radiation pressure and on the assum-
ed temperature Jaw. The only other force actingis gravity.
The achievement of Castor, Abbott, and Klein in being
able to support a large rate of mass loss for hot stars
by radiation pressure due to resonance lines results pri-
marily from the ad-hoc formula they adopt for &rad’

which among other assumptions, assumes the presence
of a large velocity gradient and a strong continsum
of radiation near the wavelengths of the ultraviolet
resonance lines of the ions of the light elements. Since
the photospheres of most stars are observed to be effec-
tively in hydrostatic equilibrium, thus u (photosphere )
= (0, yet winds originating in the outer atmosphere are

‘observed at supersonic velocity, u (shell ) >> a (shell),

it is clear that an acceleration through the critical point
in the flow where u = a must occur. To solve this pro-

blem in a physically consistent manner will require use of

‘eq. (4) as well as egs. (1), (2) and (3).

A useful rule of thumb regarding the retention of
the terms containing u and Vu in egs. (2), (3) and (4)
is that when u is less tnan about 0.3a, these terms may be
neglected. When u exceeds about 0.3a, their affect on
the physical state of the model atmosphere may become
significant. One well known procedure for taking this
point into consideration is the introduction of a term
representing the rate of change of ““turbulent pressure’’
into eq. (3) when models of supergiant atmospheres
are constructed. :
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ANNOUNCEMENT

The tweaty second COSPAR meeting will be held at Bangal i
] ore, India, bet .
Jume 9, 1979.  Among other things, the following symposia a%e plannreldl:a between-May 29 to

). Vikram Sarabhai Symposium on Space and Development.

2. Symposium on Gamma Rays.
3. Symposiom on Equatorial Aeronémy.

4. Symposium on Formation and Evolution of the Solar System.

In addition, discussions

the Working Grs on the following special topics will also be held during Open Meetings of

1. TInformal sasmmmion and discussion of
2 Snmh. for extra-terrestrial intelligence.
3. Organic mokcules in space.

4. Vemus and the outer planets.

Farther details can be obiained by writing to :

P. D. Bhavsar

Tecent results and prospects on Space Research in

, Indian National i ‘
r' '@mgcntre Committee for Space Research: (INCOSPAR)



