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ABSTRACT 
A reanalysis of the physical structure of the circumstellar gas shells of four bright M super

giants, Betelgeuse, Antares, a: Herculis, and µ, Cephei, has been undertaken. The observational 
data include old Hale Observatories plates, recent McDonald Struve telescope plates, and 
McDonald 2. 7 m photoelectric scans. These data are analyzed in the full expanding spherical 
geometry formulation of the radiative transfer equation. 

The results of the present analysis indicate that column densities in the gas shells must be 
revised downward compared with the previous plane-parallel results. However, the physical 
extents of the shells are considerably larger than previously assumed. These extents are inferred 
through ionization modeling, Weymann's Ca II technique, and direct observation. Also inferred 
are schematic wavelength-dependent chromospheric color temperatures. These results lead to 
much larger mass loss rates (in the range 6.7 x 10-7 to 4.2 x 10- 4 M 0 yr- 2) than previously 
inferred. The influence of these large rates of mass loss on the evolution of both stars and the 
Galaxy is briefly discussed. 
Subject headings: stars : circumstellar shells - stars : mass loss - stars : supergiants 

I. INTRODUCTION 

The first observational evidence that gas shells 
surround the M supergiant stars was obtained by 
Adams and Maccormack (1935). They noticed that 
the resonance lines and lines arising from low-lying 
levels were asymmetric and were systematically violet
shifted compared with the other lines of the spectrum. 

The first indication that these gas shells were vastly 
extended was presented by Deutsch (1956), who 
observed such lines not only in the M supergiant a:1 

Her but also in its GO III companion a:2 Her. Since 
such lines have never been observed in G stars, he was 
able to conclude that the same matter that gave rise to 
these lines in the spectrum of the M supergiant ex
tended to at least 170 stellar radii-truly a circum
stellar shell. This result also demonstrated that the 
matter in the shell was being lost from the system, 
since the 10 km s - 1 velocity of the matter was greater 
than the escape velocity at 170 stellar radii, although 
much less than the escape velocity at the surface of the 
M supergiant. Deutsch (1960) and Weymann (1963) 
present summaries of the observations and interpreta
tions of these shells in a number of red giants. Their 
work was based on the assumption of a plane-parallel 
curve of growth, clearly highly suspect for such vastly 
extended shells. 

More recent work is due to Reimers (1975) and 
Sanner (1976). Reimers continues to use the plane
parallel assumption coupled with a velocity model 
extrapolated from the observed line minima. As will 
be shown in § III, both assumptions are invalid. 
Sanner surveyed the red-giant region of the H-R 
diagram and analyzed his observations with a spheri
cally symmetric solution of the radiative transfer 
equation and a point source. The basic techniques used 
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are those developed for interstellar medium analysis, 
since Sanner's emphasis was on calculating mass loss 
rates for a large number of stars rather than on in
vestigating several shells in detail. Some of these 
techniques are of questionable validity when applied 
to these circumstellar shells. 

The work presented in this paper undertakes a more 
detailed analysis of four circumstellar shells (Betel
geuse M2 la-lb, Antares Ml.5 lab plus visual com
panion B4 V, a: Her MS lb--11 plus visual companion 
GO 11-111 +A 3V?, and µ, Cep M2 la). Additional 
details and trial solutions are given in Bernat (1976) or 
are available from the author. 

Section II presents the observational data used,§ III 
the method of solution of the radiative transfer equa
tion and the extraction of column densities from the 
observations, § IV the results of modeling of the 
circumstellar shells, § V the mass loss rates determined 
from the shell models, and § VI a brief discussion of 
some consequences of the calculated mass loss rates. 

II. OBSERVATIONAL DATA 

The observational data consist of both photoelectric 
and photographic data. The photographic data consist 
of 3 A mm - 1 McDonald Observatory 2.04 m Struve 
telescope plates obtained during 1974 and Hale 
Observatories plates taken with the 5 m and 2.5 m 
telescopes at dispersions ranging from 3 to 4.5 A mm - 1 

and nonuniformly covering the period from 1940 to 
1968. The general spectral region covered is from 3200 
to beyond 5000 A. The plates were traced on the 
KPNO PDS microdensitometer and reduced in the 
usual way. 

The McDonald 2.7 m telescope and Tull coude 
scanner were used to obtain profiles of the K 1 )i.7699 
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FOUR M SUPERGIANTS 757 
and Ca II infrared triplet lines and the K 1 ..\7664 line, 
when it was not blended with telluric 0 2 • Additional 
direct observations of the KI ..\7699 line emission from 
the circumstellar shell surrounding Betelgeuse were 
obtained and have already been discussed (Bernat and 
Lambert 1975, 1976b, hereafter BLl and BL2, 
respectively). 

Further data for the far-ultraviolet region of 
Betelgeuse and Antares, obtained with the Copernicus 
satellite, were presented in Bernat and Lambert (1976a). 

III. SOLUTION OF THE RADIATIVE TRANSFER EQUATION 
AND INFERENCE OF SHELL COLUMN DENSITIES 

a) Solution of the Equation of Transfer 

In order to accurately model the transfer of radiation 
in the gas shell, one must choose an appropriate 
formulation of the equation of transfer. Two im
portant observational constraints must be satisfied: 
the matter is vastly extended in space, and the matter 
is expanding with velocity v, which may be a function 
of radius. The first observational fact requires the use 
of spherical rather than plane-parallel geometry; the 
second requires the inclusion of velocity effects. 

Measurements of the expansion velocities inferred 
from various lines, except Ca II H and K, show no 
dependence upon optical depth, excitation potential, 
or ionization stage within the measurement errors. 
This strongly implies a constant velocity for the 
matter in the shell. The Ca II lines, which do not appear 
to show the same expansion velocity, include major 
effects due to the chromosphere and large optical 
depths. They are thus not simply interpreted as being 
formed in the circumstellar shells. 

A constant velocity of expansion for the matter in 
the shell would give only a trivial line shift in plane
parallel geometry. However, the combination of con
stant expansion plus extension gives rise to a net 
velocity gradient of 2 v along the line of sight. For the 
basic model, then, we choose an inner opaque, 
emitting core (the stellar photosphere) with radius re 
surrounded by a concentric spherically symmetric 
cloud of inner radius r; and outer radius r0 • Here r; is 
not necessarily equal to re, and we set re = 1 to define 
the distance scale. From evidence presented in BL2, 
the circumstellar shells are not spherically symmetric. 
Such an approximation is necessary to make the 
problem of radiative transfer tractable, however. 

Our solution of this equation will follow the treat
ment of Kunasz and Hummer (1974; see also Kunasz 
1974). The major difference is the change from a 
transparent core to an opaque, emitting core. The only 
mathematical change is then in the manner of treating 
rays striking the core. In the Kunasz and Hummer 
version, these rays were treated identically to rays 
which do not strike the core, since a hollow core is not 
a boundary in the mathematical sense. In our solution, 
rays beginning from the far side of the shell which 
strike the opaque core terminate there, and the inner 
boundary condition becomes the requirement that the 
outflowing radiation field at the inner boundary re be 

equal to the (assumed) photospheric radiation field at 
re. For details see Bernat (1976). 

Although it is not the intent of this paper to discuss 
the transfer of photons within the circumstellar shells, 
a sample result will suffice to demonstrate the im
portance of the full spherically expanding solution of 
the radiative transfer equation. Figure 1 compares 
emergent profiles computed according to three 
alternative formulations: (1) an extended but static 
solution; (2) a plane-parallel Schuster-Schwarzschild 
pure-scattering formulation (as used by Weymann 
1962); and (3) the present technique. The shell model 
used extended from 31 to 100 stellar radii, density 
falling off as r- 2 , (constant) expansion velocity v twice 
Doppler (typical for these shells), and pure scattering. 
In all cases, the photospheric profile (which is the 
inner boundary condition) is assumed independent of 
wavelength, a point which is discussed further below. 
The P Cygni nature of the profiles computed for the 
expanding extended shell is apparent, as is the 
necessity of allowing for both extension and expansion. 

b) Determination of the Shell Profile 
Two points of the above model must be expanded 

upon. First, calculations of the relative radiative and 
collisional rates involved imply that radiative proc
esses dominate as both population and depopulation 
mechanisms. Second, the velocities in the shell must be 
determined from an analysis of the line profiles. 
Unfortunately, the analysis of these profiles is greatly 
complicated by our lack of knowledge about the 
underlying photospheric line profiles, as will be dis
cussed shortly. Suffice it to say that all the observa
tions obtained as part of this work are consistent with 
a constant velocity for the matter in the shell for each 
star, within the admittedly large errors. If a constant 
velocity is assumed, i.e., v(r) = constant, then it is 
possible to self-consistently determine both the line
center optical depth and shell velocity for each line, 
using (see Fig. 2), the width of the absorption com
ponent of the shell line width at half-maximum 
(WHM), the shift of the minimum of the shell line
absorption component from photospheric line center 
v., and the depth of the absorption component. 

As mentioned previously, important to the inference 
of shell properties from line profiles is a knowledge of 
the underlying photospheric profile. Ideally, these 
profiles would be determined from a fine analysis of a 
model atmosphere for the stellar photosphere. This is 
the approach used by Goldberg et al. (1975). Un
fortunately, available model atmospheres simply do 
not describe these late-type supergiants well enough to 
make this approach accurate. The problem is com
plicated by the fact that we are interested in strong 
lines from low-lying levels which are formed far out in 
the atmosphere, where the model uncertainties are 
greatest. The exact nature of the temperature reversal 
and chromosphere, extension of the atmosphere, 
deviations from the assumption of local thermo
dynamic equilibrium (L TE), all enter directly-and all 
are unknown. As an example, the profile calculated by 
Goldberg et al. for Betelgeuse is radically different 
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Fm. 1.-The importance of the radiative transfer solution. Compared are full spherically expanding results, static spherical 

results, and plane-parallel results according to the Schuster-Schwarzschild model. Line center optical depth is 1.0, and the two static 
solutions have been adjusted to allow for a velocity shift; xis the standard frequency parameter in Doppler units. Other details are 
in the text. 
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F10. 2.-The determination of the shell line profile: (a) the original profile; (b) the flip assuming both line wings are purely photo
spheric; (c) the drawn-in smooth photospheric profile; and (d) the resultant shell line profile. 
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FOUR M SUPERGIANTS 759 
from the one that seems appropriate to Antares, where 
the shell is weaker and hence masks the photospheric 
profile less. 

The method used here is an empirical one. The 
results of BLl and BL2 are consistent with the belief 
that the circumstellar gas shells studied here are vastly 
larger than the photospheres of the stars, except for 
Antares, where the inner shell radius is only a few 
stellar radii. Results of radiative transfer calculations, 
and photon conservation, require that the equivalent 
width of the shell line, taken over both absorption and 
emission components, should be zero, assuming that 
all lines are treated in the two-level atom approxima
tion (deviations have been allowed for). Second, we 
assume that the photospheric line profile is symmetric 
about its center; blends are neglected. Referring to 
Figure 2, we reflect the observed line profile about its 
center, which is determined as that wavelength about 
which the far wings of the line profile match. The 
regions that are symmetric are assumed to be purely 
photospheric, since the shell profiles are highly 
asymmetric. A smooth profile was then chosen which 
merged smoothly onto the symmetric part and which 
gave an equivalent width of zero for the shell feature. 
This technique is neither ideal nor unique, but the 
resultant shell optical depths are not overly sensitive 
to the exact profile chosen. However, it is possible 
that much valuable information is being discarded by 
the use of this technique, particularly with regard to 
deviations within the shell from constant velocity 
and/or spherical symmetry. 

It is important to note that the combination of the 
P Cygni shell profile with the underlying photospheric 
profile complicates any attempted inferences from line 
minima, as tried by Reimers {1975). Such minima 
depend not only upon the shell velocity but also upon 
the strength and broadening of the shell and photo
spheric lines. 

c) Column Abundances 

Determinations of the line-center optical depths give 
the column densities along the line of sight that are 
presented in Table 1. (Oscillator strengths are well 
determined for these strong lines; see Bernat 1976 for 
the values used.) The indicated errors are determined 
both through variations within a given plate and from 
plate-to-plate variations. In only one case, ascribable 
to plate-calibration problems, were plate-to-plate 
variations substantially larger than the variations 
within a single plate. Also given in Table 1 are the 
results of model calculations (see§ IVb), the expansion 
velocity v., and microscopic Doppler velocity vn. 

In interpreting the line profiles for a 2 Her, we used 
the Stromgren {1948) curve of growth. Use of this 
curve assumes the presence of a cloud along the line of 
sight to the star; there is no contribution from other 
regions. Clearly the transfer of line photons from a 2 

Her through the expanding · circumstellar cloud is 
more complicated than this, but a more complete 
treatment is not warranted. To enter the curve of 
growth and to convert from optical depth to column 

abundance, we used the value of the Doppler width 
found in the corresponding a 1 Her plate. 

The spectrum of a 2 Seo was searched for lines 
similar to those found in a 2 Her. Deutsch is quoted by 
Struve and Zebergs {1962) as having found lines of 
Ti II and Ca II. However, in this study no such lines, 
other than likely interstellar components, were found. 
The noise level of the plates is most likely too high. 
Also, there is apparently some contamination of the B 
star spectrum from the M star. 

IV. MODELING OF THE SHELLS 

a) The Ionization State 

To relate the column densities determined in the 
previous section to the total abundances, we must 
determine the relative abundances in the different 
ionization stages. Several of the observable species, 
e.g., K 1, constitute only 10- 4 of the total abundance 
of the element; while for others, e.g., Sr II, we observe 
the dominant form. Only for Ca and Ti are we able to 
observe more than one stage of ionization. However, 
the interpretation of the Ca II H and K profiles is 
enormously complicated owing to chromospheric 
effects and the large optical depths in these lines; also, 
the Ti II lines lie near 3300 A and are extremely 
difficult to observe at the required high resolution in 
these very red stars. 

As part of these calculations, we require photo
ionization cross sections a., recombination coefficients 
a(T.), electron temperatures T., mean intensities of the 
ionizing radiation field J., and the physical dimensions 
of the shells. We first discuss these various quantities 
and then conclude with the models thus determined. 

As was shown by Weymann {1962), the circum
stellar shells of Betelgeuse and a Her are H 1 regions. 
Thus we consider only ionization stages which require 
less than 13.6 eV; also we consider the ionizing 
radiation to cut off at 912 A. We will assume that the 
shell is optically thin for all wavelengths above 912 A 
and make no allowance for the ionizing effects of line 
radiation. These last two assumptions are sufficiently 
accurate for our purposes. 

Whenever possible, high-quality experimental data 
were used for the photoionization cross sections. For 
species with autoionizing features, such as Ca I, simple 
triangular fits were made to the autoionizing lines. 
When such data were not available, theoretical cal
culations, which run from high to low quality, were 
used. For details, see Bernat (1976). For photoioniza
tions, only the ground states need be considered. 

In the case of recombination coefficients a(T.), 
however, the recombination rate to excited levels is 
generally greater than to the ground state, and we 
require cross sections to a large number of levels. Such 
cross sections are not available for most species, so 
hydrogenic approximations were used on the assump
tion that the deviations will be small enough. Again, 
details are given in Bernat (1976). 

To determine the rates of photoionization, we 
require the mean intensity of the incident radiation 
field J as a function of frequency and position in the 
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TABLE 1 
OBSERVED AND PREDICTED LINE-OF-SIGHT CoLUMN DENSITIES 

Ion 
No. 

Lines 
N(cm- 2) 

Observed 

Betelgeuse 

N(cm- 11) 

Model 

(v. km s- 1 11.5 ± 1.6; vn km s- 1 5.1 ± 1.1) 

Cr 1. ••• • • . . . • • . • . • • • • . . . 9 
MnI.................... 6 
Sr u.................... 4 
Ca 1.................... 2 
Al 1.................... 4 
Bau.................... 3 
Cu 1.................... 2 
Nat.................... 2 
KI..................... 1 
Ti I..................... 3 
Tiu.................... 7 

Weighted mean 1.3 ± 0.7(22) 

4.1 ± 1.5(13)t 
2.4 ± o.~13) 
8.3 ± 2. 12) 
1.4 13) 
4.4 ± 1.7 13) 
1.0 ± 0.1(12) 
5.8 ± 4.2(12) 
5.0 ± 4.6(13) 
4.0 (12) 
6.2 (12) 
1.0 (14) 

Antares 

2.6(13) 
6.0(13) 
8.2~12) 
3.5 14) 
2.0 13) 
8.1(11) 
1.5(13) 
1.9(14) 
6.5(12) 
1.3(13) 
1.6(15) 

(v.kms- 1 17.3 ± 3.4;vnkms- 1 8.0 ± 1.7) 

Cr1..................... 6 
Mn1.................... 3 
Sr u.................... 2 
Ca 1.................... 1 
Al I.................... 1 
K 1..................... 1 
Ti I..................... 3 
Tiu. . . . . . . . . . . . . . . . . . . . 3 

Weighted mean 1.9 ± 0.7(22) 

2.6 ± 0.7(12) 
3.5 ± 2.1(12) 
4.5 ± 1.3(11) 
1.6 (11) 
1.1 (12) 
1.1 (12) 
1.0 (12) 
1.0 (15) 

a 1 Herculis 

1.5(12) 
4.2(12) 
4.6(11) 
6.9(12) 
1.4(12) 
6.3(11) 
6.5(11) 
2.0(15) 

(v. km s- 1 11.2 ± 4.5; Vn km s- 1 6.0 ± 1.3) 

Cr 1.................... 6 
Mn1.................... 3 
Sr u.................... 2 
Ca 1.................... 1 
Al 1.................... 4 
K1...... .. . . . . . . . . . . . . . 2 
Ti I..................... 1 
Ti II.................... 8 

Weighted mean 6.6 ± 3.0(21) 

Cr 1.................... 4 
Mn1.... ............... 3 
Sr II.................... 2 
Cai.................... 2 
Al 1... .. . . . . .. . . . . . . . . . 6 
Bau.................... 1 
Ti I..................... 1 
Ti II.................... 2 

Weighted mean 3.0 ± 0.5(20) 

1.4 ± 0.8(13) 
1.4 ± 0.3(13) 
6.7 ± 2.0(12) 
2.7 (12) 
1.6 ± 0.5(13) 
3.5 ± 0.6(12) 
1.5 (13) 
2.0 (14) 

all Herculis 

3.6 ± 1.6(11) 
7.1 ± 4.9(11) 
1.9 ± 1.5(11) 
8.0 ± 3.0(11) 
1.1 ± 0.5(12) 
2.0 (10) 
1.0 (11) 
1.2 (12) 

,.. Cepheit 

2.6(13) 
5.7(13) 
6.7(12) 
3.2(14) 
1.7(13) 
5.5(12) 
1.2(13) 
1.3(15) 

4.2~11) 
9.2 11) 
1.9 11) 
4.1(12) 
1.6(11) 
1.9(10) 
1.3(11) 
3.9(13) 

(v. km s- 1 15.7 ± 3.0; vn km s- 1 4,9 ± 0.8) 

Cr 1.................... 6 
Mn1.................... 6 
Sr II.................... 3 
Ca 1.................... 1 
Al 1.................... 1 
Ba 11................... 2 
K 1..................... 1 
Ti I..................... 3 

Weighted mean 7.3 ± 5.2(21) 

6.1 ± 2.7(13) 
8.6 ± 2.1(13) 
3.6 ± 1.9(12) 
3.0 (12) 
5.5 (13) 
1.4 ± 1.1(12) 
1.8 (12) 
1.8 (13) 

4.4(13) 
9.7(13) 
3.4(12) 
5.1(14) 
3.6(13) 
4.1(11) 
9.4(12) 
2.1(13) 

3.1(-3) 
2.0(-2) 
9.8(-1) 
1.5(-2) 
6.8(-4) 
7.6(-1) 
3.9(-2) 
8.9(-3) 
6.1(-3) 
7.8(-3) 
9.9(-1) 

1.4(-4) 
1.1(-3) 
4.4(-2) 
2.3(-4) 
3.7(-5) 
4.7~-4) 
3.2 -4) 
9.8 -1) 

3.8(-3) 
2.3(-2) 
9.8(-1) 
1.6(-2) 
7.2(-4) 
6.3(-3) 
8.9(-3) 
9.8(-1) 

2.0(-3) 
1.3(-2) 
9.3(-1) 
7.1(-3) 
2.2(-4) 
7.4(-1) 
3.2(-3) 
9.9(-1) 

l.2!-2) 7.6 -1) 
9.6 -1) 
5.1 -2) 

2.9!-3) 9.0 -1) 
2.1 -2) 
3.1 -2) 

• Xis the fraction of the total element abundance in the indicated ionization stage. 
t Notation is x ± y(z) = xto• ± ylO•. 
; Likely contamination by interstellar(?) blends in all lines except K 1. 

1.9(22) 
4.8(21) 
1.2(22) 
4.7(20) 
2.6(22) 
1.5~22) 
4.7 21) 
3.2 21) 
7.4(21) 
5.9(21) 
7.5(20) 

2.6(22) 
1.3(22) 
1.4(22) 
3.5(20) 
1.2(22) 
2.6(22) 
2.3(22) 
7.6(21) 

5.2(21) 
2.3(21) 
9.7(21) 
8.5(19) 
9.1(21) 
6.2(21) 
1.2(22) 
1.5(21) 

2.5(20) 
2.2(20) 
2.9(20) 
5.6(19) 
2.0(21) 
3.0(20) 
2.3(20) 
9.0(18) 

7.2(21) 
5.3(21) 
5.3(21) 
2.9(19) 
7.7(21) 
1.7(22) 
9.6(20) 
4.3(21) 
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FOUR M SUPERGIANTS 761 

shell. We concentrate here on Betelgeuse, the star for 
which we have the most data. There are five pieces of 
observational information: (1) the blackbody tem
perature of the star from the bolometric magnitude 
(the approach taken by Weymann 1962); (2) OA0-2 
broad-band photometry which extends to about 
1900 A; (3) work by Lambert and Snell (1975) involv
ing determination of the amount of free-free emission 
seen at visible and infrared wavelengths; (4) the use of 
the Mg II lines observed with Copernicus to determine 
a temperature corresponding to the region of forma
tion of the h- and k-peaks; and (5) use of the Ca 1 
intercombination line at 6572 A. We look at each of 
these in turn. 

Blackbody temperature.-Since the visual is severely 
depressed below the blackbody curve, it does not 
appear that this method is of any utility. 

OA0-2 photometry.-Doherty (1972) reports broad
band photometry of Betelgeuse obtained with the 
OA0-2 satellite. In using these data, it is necessary to 
allow for the change of the effective wavelength of each 
filter with spectral type, which for these stars causes a 
shift of up to 100 A. The best blackbody fit is given by 
T = 3300 ± 100 K. 

Free-free modeling.-Lambert and Snell (1975) have 
determined that the chromosphere of Betelgeuse must 
have a blackbody temperature somewhat less than 
5000 K based upon the amount of excess radiation 
observed at 12.5 to 14.5 micrometers (excess relative 
to a model atmosphere plus dust grains). 

Mg II h- and k-lines.-Observations have been 
presented by Bernat and Lambert (1976a) of the Mg II 
h- and k-lines at 2800 A using the Copernicus satellite. 
If we assume that a two-level atom representation is 
accurate for Mg II near the region of formation of the 
peaks of the h- and k-lines and use the absolute 
calibration given by Bernat and Lambert, allowing for 
the (negligible) effects of dust, we have T (Betelgeuse) 
= 3550 ± 120 Kand T (Antares) = 3750 ± 140 K. 

Ca I /...6572 line.-Since this transition is an inter
combination transition, the assumption is that it is 
well described by LTE. If the further assumption is 
made that its region of formation extends to the 
boundary of the star, one may calculate a boundary 
temperature from an absolute flux measurement of the 
line core. This second assumption seems reasonable, 
owing to the large abundance of Ca 1 which is cut off 
by the onset of the temperature rise leading to the 
stellar chromosphere. Using a photoelectric scan taken 
with the 2. 7 m telescope and Tull coude scanner plus 
the absolute calibration of Fay and Johnson (1973), 
we find that the result for Betelgeuse is a boundary 
temperature of 2700 ± 100 K. This result is close to 
the value used by Weymann in his study. 

The reasonable assumption is made that the ionizing 
flux for Betelgeuse lies in the range from the boundary 
temperature determined through Ca 1 '>..6572 to the 
much hotter chromospheric temperature determined 
through Mg II h and k or free-free modeling. For 
example, the lower temperature would be valid if the 
chromospheric regions are optically thin in the 
photoionization wavelengths. These blackbody tern-

peratures are only a crude representation of the actual 
fluxes and are allowed to vary with wavelength in the 
models. 

For the other stars, the results for Betelgeuse are 
scaled by effective temperature where required. For 
Antares and a Her, we need to include the ionizing 
radiation from the companions. These radiation fields 
were determined through the known spectral types, 
estimated luminosities, and the model atmosphere 
grids of Carbon and Gingerich (1969) and Kurucz, 
Peytremann, and Avrett (1974). The unknown loca
tion of these companions along the line of sight is a 
free parameter for the modeling process. Last, the 
(negligible) interstellar radiation field of Gondhalekar 
and Wilson (1975) is included. 

If we assume that the gas in the circumstellar shells 
is in steady-state balance, then we have 

x 1K+1 riK ... K+1 

N. X1K = IXtK+l ... K (T.)' (1) 

where X 1K is the fractional abundance of ionization 
stage K of element i, the photoionization rate r;K ... K+l 

is a function of the cross sections a. and ionizing 
radiation field J., and the electron density N. is 
determined through iteration. However, by comparing 
the time scale for radiative recombination 

,...., 1 ,...., 1 ,...., 109 s-1 
T N.a "' 103 x 10- 12 "' 

with the distance that the gas would flow = V· T ~ 
1015 cm ~ 10 R*, we find that the gas can flow a 
significant distance before recombination, as pre
viously suggested by Weymann (1962). If the gas 
density falls off as r - 2 and the matter is initially not in 
equilibrium, recombination might be prevented due to 
the rapid decrease in N •. Thus we must consider the 
dynamic ionization of the gas. This problem is readily 
solved using techniques similar to those developed for 
nuclear reaction networks in stellar interiors (Arnett 
and Truran 1969). The net result is that variations of at 
least a factor of 2 in total shell abundances are readily 
obtained. Of crucial importance is the exact nature of 
the inner boundary condition to be applied to the 
dynamical ionization models, i.e., chromospheric, 
wherein all elements are at least singly ionized, or 
perhaps coronal with high ionization and high 
velocities. Since these conditions are unknown and 
would add a large degree of freedom to the models, the 
steady state described by equation (1) is assumed for 
the rest of this paper. 

b) The Shell Models 

The models to be presented have several approxima
tions and assumptions inherent in them. No account is 
taken of the presence of molecules or dust; in par
ticular, the formation and destruction of dust grains 
and molecules are not included. This approximation 
(in conjunction with the observed constancy of ex
pansion velocity with optical depth, excitation level, 
and ionization potential, plus the equation of mass 
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conservation) implies that the gas density falls off as 
r - 2 ; furthermore, this decrease with r - 2 applies 
individually to each element, since the possibility that 
the element may be tied up in molecules or grains is 
neglected. For the temperatures within the shell, 
which ultimately must be determined theoretically 
through the balance of the heating and cooling 
mechanisms, we choose an adiabatic law T8(r) = 
T6(r1)(ri/r)418, where we choose T8(r1) = 100 K so that 
the temperature goes to the typical interstellar value 
of 10-50 K near the outer boundary of the shell. It 
should be emphasized that this law is not necessarily 
consistent with the other shell conditions. However, 
the results are only weakly dependent on this choice 
for T8(r). Additionally, cosmic abundance ratios 
(Allen 1973) are assumed in the modeling. No sys
tematic deviations were detected. It should be men
tioned, however, that the present results cannot rule 
out the possibility that all the observable species are 
systematically underabundant, much as is found for 
the interstellar medium (e.g., Morton 1974). 

There is a question of the uniqueness of the models 
to be presented. Clearly, there are a wealth of assump
tions and approximations which argue against unique
ness. It is possible to vary such quantities as electron 
temperature and inner shell radius together in a 
prescribed manner (Te(r1)ri5'3 = constant) and the 
column densities would not be changed. The chromo
spheric radiation fields of the stars are also easily 
varied, but here we are somewhat constrained owing 
to the different wavelength dependences of the various 
photoionization cross sections. For the two binary 
systems, we have an additional degree of freedom in 
the placement of the companions along the line of 
sight. For the a Her system, since we observe shell 
absorption in lines in the companion, we have a 
number of additional constraints on the model to go 
with the new degree of freedom. 

The shell column densities presented previously are 
an excellent source of information concerning the 
amount of matter along the line of sight to the stars, 
but give little information about where this matter is 
located. In this respect, the results of direct observa
tions as presented by BLl and BL2 are of major 
importance. The Ca II infrared triplet method de
veloped by Weymann (1962) and updated in BLl is 
able to present some information about the "mean 
radius of formation" or at least lower limits to such a 

TABLE 2 
INNER SHELL RADII DETERMINED THROUGH 

ANALYSIS OF THE Ca II 8542 A LINE 

Equivalent 
Width Dilution 

Star (mA) Factor 

Betelgeuse ....... >5 < 8.5 x 10- 5 

Antares ......... 108 1.5 x 10- 2 

a Herculis ....... < 50 < 6.7 x 10- 4 

p. Cephei. ....... <50 < 3.4 x 10- 4 

Inner 
Radius 

(R.) 

>77 
4 

>27 
>38 

radius of the Ca II infrared triplet cores, but the 
technique tells us little about the extent over which 
matter exists in the circumstellar shells. This analysis 
is ultimately based upon the mean intensities in the 
optically very thick Ca II H and K lines, which are 
highly coupled to the details of the physical conditions 
within the circumstellar shells; these fine details are 
unknown. Observations of the Ca II 8542 A line are 
presented in Figure 3 and the resultant inferred shell 
radii, or lower limits, are given in Table 2. 

Details of the circumstellar shell models adopted 
may be found in Table 1 (the predicted column 
densities); Table 3 (the shell parameters); and Figure 4 
(the chromospheric color temperatures). A few com
ments on each model are in order. For Betelgeuse, the 
large values of r1 and r 0 are dictated by the KI observa
tions of BLl and BL2. Then the chromospheric 
temperatures were adjusted to give the observed 
column densities. These temperatures are considered 
only indicative, since possible emission lines, absorp
tion edges, etc., are ignored. However, the indicated 
trends are necessary to explain the relative column 
densities. 

The small value of r1 for Antares was also dictated 
by the results of BLl. The ionizing radiation field is 
dominated by the B star, and little information can be 
obtained about either the location of the B star along 
the line of sight or the outer radius of the shell. 

The chromospheric temperatures for a Her were 
scaled according to effective temperature from those 
of Betelgeuse. The companions to a Her must be 
located approximately 1400 AU farther along the line 
of sight in order to decrease their ionizing fluxes in the 
outer regions of the shell. No model with companions 
nearer than the M supergiant was successful. The 
increase of the neutral species with radius due to the 

TABLE 3 
THE ADOPTED CIRCUMSTELLAR GAS SHELL MODELS 

Star R• r, (cm) R• r.• (cm) 

Betelgeuse .......... 50 4.9 x 1Q15 500 4.9 x 1016 

Antarest ........... 2 8.0 x 1013 100 4.0 x 1015 

a Herculis t ......... 7 2.1 x 1014 500 1.5 x 1015 

p.Cephei§ .......... 300 2.7 x 1Q16 500 4.5 x 1016 

• Outer radii poorly determined, since the density drops off rapidly with radius. 
t Companion at the same distance. 

na(r1) 

2.7 x 106 

2.4 x 108 

3.1 x 107 

2.7 x 105 

t Companions 1400 AU farther along the line of sight (twice the separation in the plane of the sky). 
§ Large upper limits due to severe blending problems with likely interstellar components. 

Na n.(r,) 

1.3 x 1022 8.3 x 102 

1.9 x 1022 1.8 x 105 
6.6 x 1021 6.4 x 103 
7.3 x 1021 3.4 x 102 
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Fm. 4.-The adopted chromospheric temperatures. These 
are blackbody temperatures; the chromospheric flux is the 
corresponding Planck function. 

falloff of T. is required to match the observations of 
the absorption lines in the G star. 

For µ, Cep, the large values of the neutral species 
column abundances required the adoption of a larger 
inner radius for the shell in order to obtain a suf
ficiently low level of ionization. The µ, Cep profiles are 
extremely complicated, showing several likely inter
stellar components, and it is possible that these 
components are blended into the adopted column 
densities. In such a case, the inner radius for the shell 
would be substantially reduced. 

One particularly interesting feature of the models 
arises through the adoption of the adiabatic tempera
ture gradient. The outer regions of the shells are thus 
less highly ionized through the influence of T. on the 
recombination coefficients. This may be illustrated 
through the K 1/K and Sr 11/Sr ratios for Betelgeuse. 
We have 

K 1/K ~ 6.8 x 10- 3 } 

Sr 11/Sr ~ 9.6 x 10-1 for r = 150 R*' 

K 1/K ~ 2.2 x 10- 2 } 

Sr II/Sr ~ 9.2 x 10-1 for r = 500 R*. 

These ratios translate directly into column abundances; 
thus 75% of the total column abundance of Sr II is 
present by r = 150 R*, but only 50% of the total K 1 
column abundance is present at that radius. The Sr II 
density falls off more rapidly than r - 2 , while the K 1 
density falls off less rapidly. This result is in accord 
with the direct observations of BLl and BL2, and with 
the present observations of a 2 Her. 

A critical assumption made in the present work is 
that the shell extent inferred from the BLl and BL2 
K 1 reemission observations applies to other species 

and particularly that the ionized species which con
stitute the bulk of the matter in the shells and the 
neutral species occupy the same regions in space. This 
is certainly the case when molecule and dust forma
tion and/or existence is ignored. It may not be true, for 
example, if dust absorbs the stellar ultraviolet radia
tion or if complex dynamical processes are important. 
If the bulk of the ionized matter is inside the bulk of 
the neutral matter, the mass loss rates will be reduced. 
It is of critical importance to obtain reemission 
observations for an ionized species; Sr II is the most 
favorable case. 

V. THE RATE OF MASS LOSS 

The rate of mass loss from the shells falls directly 
out of the models (under the assumptions inherent in 
the models). Using the equation 

dM 
(jj' = 47rr 2 p(r )v(r) 

~ 47rr 2na(r)(l + 0.36)1.7 x 10-24v(r) 

~ 1.5 x 10- 66rvNa(r) (cgs) (2) 

and choosing the inner boundary r1 as the point of 
calculation, we have the results presented in Table 4, 
where the present determined rates are compared with 
previous values. Of paramount importance is the form 
of equation (2), 

d: oc: (expansion velocity) (column density) 

(inner radius). (3) 

The column densities determined in this study disagree 
with the determinations by Weymann for Betelgeuse 
(1962) and Deutsch (1956) for a Her. This difference is 
easily ascribed to their use of plane-parallel curves of 
growth and consequent neglect of the redward 
frequency migration of photons. The present column 
densities agree, where they overlap, with those of 
Sanner (1976), who allows for extension and expansion 
of the shell. The expansion velocities agree. The chief 
cause of the larger mass loss rates determined in this 
study arises through the third factor in equation (3), 
the inner shell radius. For this radius, Deutsch used 
r1 = R*, Weymann used r; = 10 R*, and Sanner used 
values in the range r1 = 1-10 R*. These radii may be 
determined through three techniques, the Ca II infrared 
method devised by Weymann, the direct observations 
of the K 1 redward scattered light reemission (BLl and 
BL2), and the ionization structure calculations. 
Deutsch's value is by assumption, while both Wey
mann and Sanner use the Ca II method. The possible 
deficiencies of this method have already been outlined. 
In addition, Sanner's values for ri. determined solely 
through the Ca II IR triplet lines, do not agree with the 
Ca II determinations of this study as given in Table 2. 
Sanner comments that he finds redshifted as well as 
blueshifted absorption cores. Such redshifted features 
were not found in the present study and are difficult to 
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A COMPARISON OF MASS Loss RATES 

Star This Study Deutsch* Weymannt Gehrz and Woolft Reimers§ Sanner II 

Betelgeuse .............. 3.4 X 10-5 5.0 X 10-e 7.0 x 10- 7 4.6 x 10-e 1.7 x 10- 7 

Antares ................ 2.2 x 10-e 3.1 x 10-e 1.0 x 10- 7 

a Herculis .............. 6.7 x 10- 7 3.0 x 10-e 9.0 x 10-e 8.4 x 10- 7 8.2 X 10-e 
µ.Cephei# .............. 4.2 x 10- 4 1.0 X 10- 5 2.9 X 10-e 1.0 X 10-e 

• 1956; Ca II + Ca 1, r1 = R. by assumption. 
t 1962; several species, Ca II IR triplet: r1 = 10 R,.. 
t 1971; IR dust observations plus assumption of complete condensation of gas into dust. 
§ 1975; Ca II plus ad hoc velocity and ionization model. 
II 1976; Sr II and/or Ba II, Ca II IR triplet; r1 in range 1-10 R •. 
# Large upper limit due to likely interstellar blending. 

explain theoretically as arising in the circumstellar 
shells. We suggest that the Ca 11 IR triplet features 
used by Sanner are possibly due to noise in the cores 
of these strong lines. Such small inner shell radii are 
not compatible with the present determinations: for 
example, no K 1 reemission would be observed, con
trary to the results presented in BLl and BL2. 

In the earlier portions of this paper, we argued that 
Reimers's (1975) results were based on several mis
interpretations and large oversimplifications of the 
complicated radiative transfer effects in the circum
stellar shells. Thus any close agreement between his 
results and the present determinations is considered 
coincidental. 

Assigning quantitative errors to the derived mass 
loss rates is a difficult task. The models are essentially 
based on the observed large extent of K 1 emission 
coupled with ionization calculations to fit the observed 
column densities. These column densities have typical 
internal errors of 50%. A major feature of the present 
models is the self-consistent derivation of the ioniza
tion state of the gas and chromospheric temperatures 
of the central stars. However, the accuracy of the 
ionization calculations rests on the validity of neglect
ing dynamical processes. The derived mass loss rates 
are thus internally accurate to within a factor of about 
2, but the external accuracy is somewhat less. 

One standard picture of the method of gas ejection 
from these stars is the transfer of momentum from 
dust grains (assumed to form in the cool stellar 
photosphere) to the gas and its subsequent distribution 
among the gas particles by collisions within the gas 
particle pool. According to schematic calculations by 
Gilman (1972), the following relation must hold for 
this process to be effective : 

NH~ 2 x 1019 cm- 2 , 

which is determined through the drag force on the 
grains due to collisions with the gas. This relation 
holds easily for all of the shells. A model is available 
for the dust shell surrounding Betelgeuse. Dyck and 
Simon (1975) find a column density of dust equal to 
1.1 x 10-"' g cm- 2 • Thus the gas-to-dust ratio for the 
Betelgeuse shell is 2.7 x 10-2/1.1 x 10-"', or 250, the 
value expected if there is complete condensation of 
silicates into grains. 

VI. DISCUSSION OF THE DERIVED MASS LOSS RATES 

A star undergoing hydrogen burning generates 
-6 x 1018 ergs g- 1 ; for helium burning this value is 
-6 x 1017 ergs g- 1 (Cox and Giuli 1968). For the 
loss of mass to compete with these rates we must have 

d: ~ 2 x 10-5 Me yr- 1 Betelgeuse, 

~ 1 x 10-7 Me yr- 1 a Her. 

It is clear that the derived mass loss rates exceed this 
amount; hence mass loss by these red supergiants is a 
dominant process at their present stage of evolution. 

We may briefly explore several other consequences: 
1. The most obvious consequence is that stars will 

not remain on an evolutionary track calculated for a 
constant mass star, but will continually slip toward 
tracks for lower mass stars. Forbes (1968) has found, 
for the particular case he considers, that details of 
such migrations depend upon the form of the mass 
loss rate. 

2. The masses of Cepheids inferred from the pulsa
tion constants and from the pulsational period ratios 
are roughly 30% smaller than the masses inferred from 
evolutionary theory (Carson and Stothers 1976). The 
"missing mass" might easily be the mass loss observed 
in this study. 

3. The large rates of mass loss resulting from this 
study have significance for the evolution of galaxies as 
well as for individual stars. Using the estimates for the 
numbers of red giants and supergiants determined by 
Deutsch (1960), we may calculate a return of mass 
from these red stars to the interstellar medium of 
,..,4 x 10-10 Me pc2 yr-1, which is quite close to the 
recycling rate determined by Schmidt (1963) of 
-6 x 10- 10 Me pc- 2 yr- 1 and 2-4 times the mass 
return rate from planetary nebulae (Alloin, Cruz
Gonzalez, and Peimbert 1976). These results are 
essentially based on a Her, since the more luminous 
stars are much rarer. Thus red stars dominate mass 
return to the Galaxy. 

4. An interesting point arises in the composition of 
this gas. Since there are various nuclear processing 
mechanisms operating in the interiors of these stars, 
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then, if this matter is mixed to the surface, the abun
dances returned to the interstellar medium are not 
identical to those from which the star formed. The 
question of the degree of mixing is far beyond the 
scope of this study; see, for example, Scalo and 
Ulrich (1973). Two examples have recently been dis
cussed in the literature: 7Li (Scalo 1976) and 3 He 
(Rood, Steigman, and Tinsley 1976). Additional likely 
candidates ares-process elements, 13C, 14N, and 170; 
also possible are 12C and 180. Both papers explore the 
possibility that these isotopes are quickly mixed to the 
surface and lost by some mass loss process. The values 
for mass loss derived in this study are easily large 
enough, if they are applicable to the types of stars 
discussed in the papers. If these rates do apply to 
carbon and S stars, then major effects would occur in 
the abundance ratios in the interstellar medium. 

VII. SUMMARY 

It is encouraging to find that spherically symmetric, 
equilibrium models are able to reproduce the major 
observed features of the circumstellar gas shells. Such 
models, coupled with direct observations of the vast 
extents of these shells, predict mass loss rates which 
are of major consequence for both stellar and galactic 

evolution. The presence of dust and/or molecules 
within the shells has not been accounted for and might 
cause substantial deviations; but, within the set of 
approximations and assumptions presented in this 
paper, it is difficult to escape the large mass loss rates 
determined. Indeed, tying up matter in dust and 
molecules, assuming no other major effects, only in
creases the mass loss rates. 

It is a pleasure to acknowledge the contribution of a 
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science and readability of the text. Paul Kunasz 
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