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ABSTRACT 

We examine the temperature stratification of the wind of the hybrid atmosphere star a TrA (K4 
II) by means of high-dispersion spectra taken with the International Ultraviolet Explorer satellite. 
C iv emission is shown to have a line width ~ 150-200 km s_l, with Si m and C m exhibiting 100 
km s_1 widths. Thus the “transition region” line emission in this hybrid star arises under conditions 
substantially different from the solar transition region. We suggest that the line widths reflect wind 
expansion, with C iv formed in an extended region flowing near the wind terminal velocity of 85 km 
s ~1. At large distances from the star, the wind cools and recombines to form a circumstellar shell 
visible in Mg n absorption. 

We apply the stellar wind theory of Hartmann and MacGregor, in which the schematic dissipation 
of Alfvén waves drives the outflow in addition to heating the wind. It is shown that the stratification 
of temperature with velocity predicted by this theory can account for the observed line widths. 

These observations of the warm, expanding corona in a TrA suggest a continuous progression 
between the high-temperature, low-mass-flux solar wind and the winds of luminous cool stars. 

Subject headings: stars: chromospheres — stars: coronae — stars: late-type — stars: mass loss — 
ultraviolet: spectra 

I. INTRODUCTION 

Mass loss from late-type stars has been viewed in the 
past mainly from the perspective of the coolest, most 
luminous objects. Those stars which have the largest 
mass loss rates possess cold circumstellar shells expand- 
ing at velocities much less than the surface escape 
velocity. The contrast of these winds to the solar wind 
has led naturally to the supposition that the two types of 
mass loss have nothing to do with each other. However, 
recent ultraviolet observations (Hartmann, Dupree, and 
Raymond 1980) have shown that stars with “hybrid” 
winds exist. Such stars exhibit solar transition region 
Unes such as N v and C iv, indicating gas of tempera- 
tures up to 2X105 K, with roughly solar emission 
measures fNe2dh\ at the same time, Mg n and Ca n 
observations show the presence of cold circumstellar 
shells at moderately fast velocities ~ 50-100 km s-1. 
The combination of solar type and supergiant type gas 
temperatures, with expansion velocities intermediate be- 
tween that of the solar wind and cool luminous stellar 
winds, suggests a closer connection between the two 
types of mass loss than previously thought. 

’Guest Investigator with the International Ultraviolet Explorer 
satellite, which is sponsored and operated by the National 
Aeronautics and Space Administration, by the Science Research 
Council of the United Kingdom, and by the European Space 
Agency. 

In this paper we discuss ultraviolet spectra of the 
hybrid atmosphere star a TrA ( = HD 150798; K4 II) 
first observed by Carpenter and Wing (1979) with IUE. 
Our purpose is to analyze the temperature stratification 
of the wind by investigating the velocity shifts of the 
emission Unes obtained at high dispersion, and to ex- 
amine the implications of such temperature structures 
for theories of mass loss and coronal formation. 

II. OBSERVATIONS 

IUE observations of a TrA were obtained on 1980 
April 13. Details of the instrument may be found in 
Boggess et al. (1978). Spectra were obtained in the large 
aperture using both short and long wavelength cameras. 
The low dispersion spectrum between 1200 and 1900 A 
shown in Figure 1 is very similar to the spectrum 
reported by Carpenter and Wing (1979) and to the 
spectra of a Aqr and ß Aqr previously reported by 
Hartmann, Dupree, and Raymond (1980). Both low- 
temperature ions, such as S i, and high-temperature ions 
like N v, C iv, and Si iv are present. Line fluxes 
obtained from the low-dispersion spectrum are given in 
Table 1. 

The Mg il h and k observations made at high disper- 
sion are shown in Figure 2. The profile shows two 
absorption components whose minima are shifted by 
—13 km s_1 and — 84 km s_1 relative to the star; we 
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Fig. 1.—Low dispersion spectrum of a TrA, SWP 8570. Prom- 
inent emission features are marked. Note the asymmetry of the 
O i XI300 line showing the presence of S i emission, confirmed by 
the high dispersion spectrum. 

interpret the second of these as the terminal velocity of 
the stellar wind. The long wavelength spectrum and the 
low-dispersion, short-wavelength spectrum exhibited are 
similar to those measured earlier by Carpenter and 
Wing (1979) and indicate no fundamental change be- 
tween 1979 February and 1980 April. 

Fig. 2.—High dispersion Mg u spectra of a TrA. Two absorp- 
tion components can be seen, one shifted by — 13 km s ~1 relative 
to the star, the other shifted by — 84 km s“ 

Figure 3 and Table 2 list information obtained from 
an 8 hour, high-dispersion exposure, taken just before 
the low-dispersion short-wavelength spectrum. In Figure 
3<z both O i and S i emission Unes are seen. The S i lines 
are resonantly pumped by O i XI302 emission. The 
indicated S i line which is missing (XI303.11) is that 
member of the multiplet which cannot be resonantly 
pumped by fluorescence with O i. This confirms the 
suggested identification of S i at low dispersion by 

TABLE 1 
a Trianguli Australis Line Fluxes, Low Dispersion, SWP 8570 

\(À) Ident. 

1237   
1303   
1333   
1352   
1391, 1399 
1468   
1482   
1545   
1639 ...... 
1656   
1750 ...... 
1795-1827 
1892    
1900   
1909   
1914e   

N v 
Oi + S] 

C ii 
Oi 

Si iv 
Si 
Si 

Civ 
He II, O i, 

Ci 

Si ii 4- S i 
Si in 
Si 

Cm 
Si 

Si 

~2.9 
>68 

2.5 
3.1 
3.7 
3.0 
2.6 
4.7 
1.9 
4.3 
2.4 

13.9 
2.9 
1.0 
2.3 
1.5 

3.3 + 2 
>7.6 + 3 

2.8 + 2 
3.5 + 2 
4.1+2 
3.4 + 2 
2.9 + 2 
5.3 + 2 
2.1+2 
4.8 + 2 
2.7 + 2 
1.55 + 3 
3.3 + 2 
1.1+2 
2.6 + 2 
1.7 + 2 

0.4 
>1.9 

0.06 
1.0 
0.16 

0.09 
0.16 
0.09 

0.10 

aFluxes observed at Earth in 10 ~13 ergs cm -2 s_1. 
bStellar surface fluxes in ergs cm“2 s"1. 
c Estimated from high dispersion spectrum. 
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hIG- 3c Fig 3i/ 
Fig. 3. High dispersion spectra of a TrA in the short wavelength region. N is used to mark radiation noise spikes, and R is used for 

camera reseau marks, (a) Portion of the high-dispersion spectrum showing O i X1302.17, M304.86, M306.03, and S i M295.65, A1296.17, 
A1302.34, A1302.86, and A1305.88. The S i member of multiplet 9 at X1303.ll is not present because its upper level is not resonantly 
fluorescent with O i (Brown and Jordan 1980). (b) Spectrum showing Si n A1808.01, A1816.93 (apparently centrally reversed), A1817.45, and 
S i XI820.34, and possibly also A1807.31. (c) High dispersion Si ni X1892.03 profile. (¿/) High dispersion C ni X1908 73 and S i X19¡4 70 
profiles. 

Hartmann, Dupree, and Raymond (1980) and the 
suggestion of resonance fluorescence by Brown and 
Jordan (1980). O i itself is resonantly pumped by Lß 
(Haisch et al. 1977). 

The velocity widths and velocity shifts are given in 
Table 2 for each line. The derivation of these quantities 
deserves some comment. Because the exposure was taken 
in the large aperture, there is the possibility of a zero- 
point shift in the wavelength scale, depending upon 
where the object was centered in the aperture. We have 
adopted a zero-point shift defined by the mean of the 

Si, Si ii, Si in, and C m Unes. The standard deviation 
about the mean of the 10 Unes is 6 km s_1, which is a 
reasonable error given the resolution of about 30 km 
s1 in the large aperture and signal-to-noise ratios for 
the individual line profiles. 

This adopted zero-point shift results in an apparent 
redshift of 45 km s_1 for O i (Fig. 3a). However, this 
redshift is probably not real. Recall that the Mg n line 
has strong absorption components at —13 and —84 km 
s“1. These components are so strong that it is likely that 
similar absorption components exist in O i, given the 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8l

A
pJ

. 
. .

24
6.

 .
19

3H
 

196 HARTMANN, DUPREE, AND RAYMOND Vol. 246 

TABLE 2 
High Dispersion Results, SWP 8569 

Ion X(A) FWa(kms“') FWHM(kms_1) (K—F*) (km s“ ) 

Oi.. 

Si .. 

Si ii. 

Si in 
C hi 
Civ. 

Mg ii k 

1304.86 
1306.03 
1295.65 
1296.17 
1302.86 
1900.29 
1914.70 
1808.01 
1816.92 
1817.20 
1892.03 
1908.73 
1549.19 
1550.77 

2795 

122 
122 
74 

102 
71 
66 
72 
96 

150 
132 

71 
62 
51 
51 
51 
32 
30 
73 

97 
94 

150-200d 

+ 45b 

+ 47b 

0 
-3 

0 
+ 2 

-13 
+ 7 
+ 6 
-1 
-5 
+ 8 

-84,-13 

a Measured at “base of line.” 
b See discussion in text; apparent redshift most probably caused by absorption. 
cTrue widlh obscured by radiation noise spike. 
dSee text. 

similar ionization potentials and relative abundances of 
these two ions. The presence of blue shifted absorption 
is made more plausible from inspection of the asymme- 
tries shown in Figure 3a. The extent of the absorption is 
much more difficult to observe in O i than in Mg n, due 
to the relative narrowness of the O i emission compo- 
nent. 

The derivation of the C iv line widths was difficult 
because these lines are extremely underexposed (Fig. 4 
[PI. 3]). The standard data reduction procedure does 
not clearly exhibit these lines, owing to problems such as 
radiation noise spikes being averaged into the interorder 
background. We have attempted to estimate the line 
width in two ways. One is to make an estimate from the 
two-dimensional image. The faintness of the lines pro- 
hibits an accurate determination of the line centers; 
however, we find that the emission is centered at the 
correct wavelengths for C i\^%> better than 0.3 À. The 
other method uses the C iv flux observed in the 1 hour 
low-dispersion exposure which immediately followed the 
high-dispersion spectrum. We assume that the line flux 
did not change between exposures; this seems reasona- 
ble since the flux also agrees well with the spectrum 
taken about 1 year earlier by Carpenter and Wing 
(1979). By identifying the maximum excursion in the 
flux given by the standard Goddard data reduction at 
the appropriate wavelengths as an upper limit, and 
comparing this with the known line fluxes, one may 
derive a lower limit to the FWHM of the lines. In this 
we have used the calibration between low-dispersion 
and high-dispersion sensitivity derived by Cassatella, 
Ponz, and Selvelli (1980). The first method yields an 

4^ 

estimated FWHM of 200 km s l; the second yields a 
FWHM >150 km s'1. 

The La profile clearly exhibits blueshifted absorption. 
This line is not well exposed in our spectrum, so we 
defer a careful analysis for a subsequent paper in which 
we shall add spectra to improve the signal-to-noise ratio. 
For present purposes we simply note that the velocity 
shift of the absorption is 85±:20 km s_1, with a 
column density ~2X1019 cm'2. Some of this absorp- 
tion may be interstellar, but the large velocity shift 
suggests that it arises mostly from the wind. 

The line widths derived for C iv and for C m XI909 
and Si m XI892 clearly indicate a situation far removed 
from solar transition region conditions. Very large 
turbulent velocities would be required to account for 
these widths and would dominate the gas pressure. 
However, the correspondence of the half-widths of the 
Civ Unes with the wind terminal velocity indicated by 
the Mg ii lines suggests that the broadening of C iv 
reflects wind expansion. While alternative explanations 
of the line widths which invoke “turbulence” cannot be 
ruled out, we prefer the wind hypothesis for simplicity. 
It is known that late type stars of very low gravity, with 
slow winds, exhibit expansion in chromospheric lines 
formed below ~ 1X104 K (Goldberg 1979). It therefore 
seems reasonable to suppose that stars of somewhat 
higher gravity, with wind speeds intermediate between 
the slow supergiant flows and the solar wind, exhibit 
expansion in lines formed at intermediate (~105 K) 
temperatures. 

We interpret the results of Table 2 to yield the 
following picture of the wind of a TrA. The O i and S I 
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emission is formed near the star at low velocities. The 
XI300 Unes of S i may be broadened slightly by optical 
depth (Brown and Jordan 1980). The XI900 S i lines are 
nearly as narrow as the expected instrumental width for 
large aperture exposures. Mg n absorption continues out 
to a velocity of ~ —15 km s“ at which point it ionizes 
due to the temperature rise (r>lX104 K). (We attri- 
bute the low-velocity absorption to stellar rather than 
interstellar components since — 20 km s ~1 components 
are seen in several different stars; cf. Hartmann, Dupree, 
and Raymond 1980.) Assuming the Si ni, C in, and C iv 
Unes are not very optically thick, we infer expansion 
velocities from the line half-widths of V~45 km s_1 at 
temperatures ~4-6X104 K, and K~100 km s_1 at 
temperatures ~ 1 to 2 X105 K. At large distances from 
the star, the gas cools sufficiently that Mg n once again 
becomes the dominant stage of ionization; this accounts 
for the second absorption component at —84 km s_1, 
with a similar velocity in La. 

in. DISCUSSION 

a) Nature of the a TrA Corona 

These results clearly show that the ultraviolet “transi- 
tion region” lines observed in a TrA, and by implication 
in the other hybrid atmosphere stars, are formed under 
physical conditions greatly different from those in the 
Sun. The suggested expansion of 105 K gas at nearly 
terminal velocity indicates something more like a cool 
version of the solar corona. However, an explanation of 
the mass loss in terms of Parker-type thermal wind 
would require gas temperatures T>4.6X 105 K near the 
stellar surface (cf. Parker 1963). The interpretation of Si 
In and C in Une widths indicates that expansion is well 
under way at much lower temperatures. The low-velocity 
Mg n component at 13 km s-1 suggests that expansion 
begins in the chromosphere, as observed in other stars 
with circumstellar shells (Goldberg 1979). It appears 
that the wind cannot be dominated by thermal expan- 
sion. 

The circumstellar shell absorption in Mg n shows that 
the wind density is sufficiently large that the gas ulti- 
mately cools and recombines, in contrast to the solar 
wind. This suggests that solar-type coronal heating is 
present, but that the enhancement of radiative cooling at 
high densities prevents very high temperatures from 
being achieved—at least with a large emission measure. 
Although we have no direct measurement of gas at 
temperatures greater than 2 X105 K, the XI640 emission 
from He n can be used to place an upper limit on the 
high temperature (> 106 K) emission measure, assuming 
that this line arises from recombination following X-ray 
photoionization (cf. Hartmann, Dupree, and Raymond 
1980). We can derive only an upper limit to the He n 
flux from the low-dispersion spectrum. Brown and 
Jordan (1980) have shown that a narrow emission line 
occurs near X1641.3 in a cool giant star; they suggest 
that this accounts for most of the XI640 flux at low 
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dispersion, and tentatively identify the Une with either S 
i or O I. We find a similar result, although we are unable 
to rule out the possibility of a broad He n XI640 
component (FWHM ~ 1(5^ km s1 or greater) with less 
than 30% of the total low dispersion flux. This yields an 
emission measure limit n2

eh<\Q26 cm-5 according to the 
prescriptions of Hartmann, Dupree, and Raymond 
(1980), which is only about 3 times larger than the N v 
emission measure. 

From inspection of Table 1, we see that the line 
surface fluxes are generally about 10-1 of solar values, 
except for N v, which is enhanced in its ratio to the 
solar N v emission by a factor of 4 relative to the other 
Unes. This relative behavior of N v is similar to the 
situation in the other hybrid stars a Aqr and ß Aqr 
(Hartmann, Dupree, and Raymond 1980), and suggests 
that the emission measure distribution may be peaking 
at a few times 105 K. Similarly, the upper limit to the 
106 K gas from the He n XI640 upper limit indicates a 
slower rise in emission measure with increasing tempera- 
ture than in the Sun. These indications, coupled with the 
observation of C iv-emitting gas expanding near the 
wind terminal velocity, may mean that the peak coronal 
temperature for a TrA is less than 106 K; such low- 
temperature coronae for low-gravity stars have been 
suggested by Weymann (1962) and Parker (1963). The 
column densities of cool gas overlying a possible corona 
are <1020 cm-2 (see the wind models below), so that 
X-ray emission from a possible hot corona at energies 
greater than \ keV will not be appreciably absorbed. 
X-ray observations should therefore provide an unam- 
biguous test for hot coronal meterial. 

The short cooling times of the wind material (esti- 
mated below) clearly point to a continuing supply of 
mechanical energy which keeps the gas at ~105 K at 
large distances from the stellar surface. This again is 
much different from the solar situation, where many 
authors have emphasized that the bulk of solar coronal 
emission occurs in regions of closed magnetic fields (cf. 
Rosner, Tucker, and Vaiana 1978). We infer that the 
“coronal” heating in hybrid stars like a TrA probably 
occurs in magnetically open regions because of the large 
expansion velocities detected. Such behavior does have a 
solar precedent. It has been known that some source of 
energy and/or momentum must be added to the solar 
wind at distances of several solar radii (Munro and 
Jackson 1977); Alfvén waves have been suggested to be 
the responsible agent (Hollweg 1973; Jacques 1977, 
1978). It is also known that conduction is not sufficient 
to balance the energy losses in coronal hole transition 
regions, so that some heating mechanism must be pre- 
sent (Munro and Withbroe 1972). 

h) The Connection between Coronal Heating and 
Momentum Deposition 

The presence of coronal heating in regions where 
significant wind acceleration is taking place suggests 

CORONA-MASS LOSS RELATION 
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that the two effects are related, even if the wind is 
not driven by thermal expansion. Hartmann and 
MacGregor (1980) have developed a theory of mass loss 
in late-type stars in which the Alfvén waves thought to 
be important in the acceleration of the solar wind are 
invoked to drive the outflows of luminous cool stars as 
well. The crucial point is that the waves must be dis- 
sipated over a distance comparable to a stellar radius in 
order to achieve terminal velocities comparable to those 
observed. The theory is schematic in that the dissipation 
(e-folding) length scale LD is parametrized as LD=Rif 

because of the very great uncertainties in calculating the 
damping rates. Similarly, the actual wave fluxes and 
stellar surface magnetic fields are unknown. The strength 
of the theory is that, for a given mass loss rate M 
controlled by the wave flux F, and for a given terminal 
velocity controlled by LD, the local heating rate 
F/Ld is specified. With an estimate of the radiative 
cooling law, the temperature structure predicted to 
accompany a given wind model can be computed. 

c) Wind Model Calculations 

We are now able to compare our observations with 
sample wind models calculated using the Alfvén wave- 
driven wind theory of Hartmann and MacGregor (1980). 
A full description of the wind equations is given in that 
paper; here we simply sketch the principal assumptions 
made in calculating the winds. The wind theory in its 
present crude state assumes an isothermal, low- 
temperature wind for calculating the velocity profile. 
This assumption does not affect the wind structure 
significantly unless the temperature implied by the heat- 
ing approaches the thermal wind temperature Tw = 
GM/2Rr, where R is the gas constant. In general 
Hartmann and MacGregor found this condition to be 
satisfied for their models with low stellar gravities. Mod- 
els for K-M supergiants indicated heating resulting in 
warm chromospheres at temperatures ~ 5000-10,000 
K, extending over a few stellar radii from the surface. 
However, the temperatures in the extended heating re- 
gion increase with increasing stellar surface gravity. For 
log g>2, wave energy dissipation over LD~R+ does 
not result in cool, low-velocity winds, but in high- 
temperature (>105 K) coronae. Since the hybrid stars 
are found near the supersonic transition locus (STL) 
(Mullan 1978), the locus in the H-R diagram where 
optical circumstellar lines first make their appearance 
(Reimers 1977), and where log g~ 1-2, it is possible to 
use the Hartmann and MacGregor theory to construct 
wind models which have gas at temperatures ~ 1X105 

K in their expanding winds. 
In order to calculate a wind model we need to define 

appropriate stellar parameters. This is somewhat dif- 
ficult because of the confusion in spectral type. 
Carpenter and Wing (1979) point out that the kx width 
of Mg ii is much wider than is consistent with the 
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assignment of luminosity class III, and that the star 
should be reclassified as II oroIb. We measure a full 
width of approximately 3.15 À for Mg n; using the 
relation in Dupree (1976) between Mv and line widths 
through a Wilson-Bappu effect, Mv ~3.1. This results in 
a distance of 100 pc. From the Bames-Evans (1976) 
relation for F—F and the angular diameter, we derive a 
radius ~260 R0. Alternatively, the trigonometric paral- 
lax distance of 42 pc yields a radius ~ 110 RQ from the 
angular diameter. 

Because of the uncertainty in luminosity class the 
surface gravity is not well known. Hartmann and 
MacGregor (1980) showed that observed stellar wind 
terminal velocities are consistent with models in which 
the waves have a damping length of about one stellar 
radius. Adopting these values for LD results in terminal 
velocities ~80 km s-1 for (M/MoX#*/^)'1 ~0.1. 
Such a ratio is consistent with a K4 II spectral type. 
Models with constant M/R+ and constant surface 
parameters have the same velocity distributions as a 
function of r/R+. 

Setting M/R~0.1(Mo/Ro)> we ^ave models with 
terminal velocities ~80 km s -1. Choosing an initial 
wave flux and reference level density then permits us to 
calculate an isothermal wind model. We can show from 
a posteriori inspection of the terms in the energy equa- 
tion that wave dissipation heating and radiative cooling 
are the dominant terms in the energy equation, except at 
very large distances from the star. Thus, a local gas 
temperature can be estimated by balancing heating with 
radiative cooling, 

F/LD~A(T)NeNH, (1) 

where F is the local wave flux at r, Ne and NH are the 
electron and hydrogen number densities, and A(T) is a 
radiative cooling law which is formally only a function 
of 7, but in reality must include optical depth effects. 
We use the results of Hartmann and MacGregor (1980) 
to compute A(T) in the range 8000 K<77<23,000 K. 
At higher temperatures we use the optically thin cooling 
law of Raymond as parametrized by Rosner, Tucker, 
and Vaiana (1978). 

The models calculated in such a way are schematic. 
No provision is made for the undoubted nonradial 
character of the magnetic fields. Similarly, the dissipa- 
tion processes are parameterized crudely by the damp- 
ing length fixed to equal the stellar radius. The wave 
fluxes and magnetic fields are unknown, chosen to match 
observational quantities such as the wind emission mea- 
sure. Our purpose in constructing such models is simply 
to investigate in a quantitive way the possible connec- 
tion between the energy deposition mechanism which 
heats the wind and the momentum deposition mecha- 
nism which drives the outflow. 

In addition to the schematic nature of the calcula- 
tions, we point out some simplifying approximations 
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which do not always strictly hold. One is the assumption 
that the velocity structure can be calculated by initially 
assuming a cold, isothermal flow, in this case at 104 K. 
The approximation is good as long as the gas tempera- 
ture is much less than Tw. This condition is satisfied in 
the present models except in the region ~2.5-4 R+. 
This far from the star the wind is at nearly terminal 
velocity, and by keeping the wind temperature below Tw 

we do not expect major changes in the velocity profile. 
The other important approximation is the neglect of 

certain terms in the energy equation. At large distances 
the expansion terms are not negligible when compared 
with the radiative cooling law; and the cooling law for 
temperatures < 1X 104 K is more appropriate for high- 
density, optically thick chromospheric regions. More 
serious is the neglect of conduction. The N v emission 
clearly indicates the presence of gas at temperatures 
greater than 8X104 K. However, with the radiative 
cooling law from Rosner, Tucker, and Vaiana (1978), 
one cannot determine a stable temperature greater than 
this in the absence of conduction. As Rosner and Vaiana 
(1977) have shown, the calculation of coronal-type heat- 
ing in an expanding atmosphere, including conductive 
flux, is a complicated problem, difficult to solve in any 
but the simplest geometries and physical conditions, and 
is beyond the scope of the present discussion. We simply 
limit ourselves to a crude estimate of the amount of 
coronal emission that might arise from regions at T>8 
X104 K. 

Despite these approximations, these wind models are 
quantitatively useful, for they enable us to calculate 
emission measures for all but the hightest excitation 
Unes, and to predict the velocity widths in the Unes of 
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the observed ions. This is sufficient for a preliminary 
exploration, given the limited amount of information 
available from the data on the physical conditions in the 
wind. 

d) Comparison of Models with Observations 

In Tables 3 and 4 we list two wind models computed 
under the assumptions detailed above. The models have 
similar velocity and temperature structures, differing 
primarily in their mass loss rates and emission measures. 
Model A matches the line fluxes of the hybrid star ß 
Aqr best; model B, with smaller emission measures, is 
closer to the low surface fluxes of a TrA. The tempera- 
ture structures have been carefully adjusted to avoid 
temperatures 8X104 to 2 X105 K. Otherwise, as noted 
above, one would have to include the conductive flux, 
and the neglect of thermal expansion would be more 
serious. 

The line fluxes have been computed using emissivity 
calculations for NeT= 1012 using the ionization balance 
calculations of Raymond and Doyle (1980). The gener- 
ally small temperature gradients in the models indicate 
that ionization equilibrium is a good approximation. 
The temperature of formation of Si in is uncertain, 
owing to charge exchange (Bahúnas and Butler 1980); 
we adopt a very rough estimate of Tmax ~4X 104 K. 
Similarly, on the basis of radiative transfer calculations, 
we adopt a temperature ~ 8000-9000 K for the disap- 
pearance of Mg ii absorption (Bahúnas and Avrett, 
private communication). 

With this information, we can make the following 
comparisons between the models and observations hsted 
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TABLE 3 
Wind Model Aa 

V 
(km s~ 

Nt 
(cm 3) (ergs cm 2 s ^ log A(T) 7yi03K 

1.00 . 
1.20 . 
1.50 
1.73 
2.02 
2.32 
2.62 
2.92 
3.22 
3.52 
4.12 
4.72 
5.62 
6.52 
8.02 

10.12 
11.92 

1.04 
14.5 
39.9 
55.6 
71.0 
82.6 
91.0 
96.9 

101 
104 
106 
106 
105 
102 
98.3 
94.0 
91.4 

1.67 + 9 
8.32 + 7 
1.93 + 7 
1.04 + 7 
5.99 + 6 
3.91+6 
2.78 + 6 
2.10 + 6 
1.66 + 6 
1.35 + 6 
9.65 + 5 
7.33 + 5 
5.25 + 5 
3.99 + 5 
2.75 + 5 
1.80 + 5 
1.34 + 5 

5.11+5 
2.75 + 5 
1.25 + 5 
7.22+4 
3.79 + 4 
2.04+4 
1.14 + 4 
6.55 + 3 
3.85 + 3 
2.31+3 
8.69 + 2 
3.44+2 
9.11 + 1 
2.56+1 
3.38 
2.25-1 
2.40-2 

-25.14 
-22.80 
-21.88 
-21.58 
-21.38 
-21.28 
-21.23 
-21.23 
-21.21 
-21.26 
-21.43 
-21.60 
-21.88 
-22.08 
-22.75 
-23.56 
-24.27 

<7 
15 
41 
55 
68 
72 
76 
76 
78 
74 
62 
54 
41 
28 
16 
11 
7.8 

a Model A parameters: M=15.7 M0, R+- 157 R , 2.7 gauss, LD- 
X 105 ergs cm-2 s-1, A/=4.3X 10-9 A/0 yr“\ =81.4 km s“Vx¡= V(Z=\50). 

TV. = 5.11 
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TABLE 4 
Wind Model Ba 

V 
(km s ~1 ) 

NT 
(cm“3) (ergs cm log A(T) 7/T03K 

1.00 . 
1.12 . 
1.27 . 
1.57 . 
1.79 . 
2.09 . 
2.39 . 
2.69 . 
2.99 
3.29 
3.59 
4.19 
4.79 
5.67 
6.59 
8.09 

10.04 
11.99 

5.82 
16.5 
30.4 
53.5 
66.7 
79.9 
89.0 
95.1 
99.1 
102 
103 
103 
102 
99.4 
96.3 
91.8 
87.4 
84.3 

1.00 + 8 
2.81+7 
1.19 + 7 
4.41+6 
2.77 + 6 
1.67 + 6 
1.14 + 6 
8.46 + 5 
6.57 + 5 
5.27 + 5 
4.38 + 5 
3.22 + 5 
2.49 + 5 
1.82 + 5 
1.39 + 5 
9.69 + 4 
6.60 + 4 
4.80 + 4 

9.53+4 
6.59+4 
4.29 + 4 
1.98 + 4 
1.19 + 4 
6.21+3 
3.40 + 3 
1.92 + 3 
1.12 + 3 
6.69 + 2 
4.05 + 2 
1.55 + 2 
6.23+1 
1.72+1 
4.88 
6.66-1 
5.60-2 
5.13-3 

-23.66 
-22.70 
-22.16 
-21.63 
-21.44 
-21.29 
-21.23 
-21.21 
-21.23 
-21.26 
-21.32 
-21.47 
-21.64 
-21.93 
-22.24 
-22.79 
-23.53 
-24.29 

9.6 
16 
25 
51 
62 
72 
76 
78 
76 
74 
71 
60 
50 
36 
23 
15 
10.7 
7.7 

Model B parameters; M=21J A/0, Æ*=277 R0, 5o=0.8 gauss, LD=Rit 
F0 =9.53X 10 ergs cm M—4.16X 10Mq yr' = 73.5 km s 

in Tables 5 and 6. The line widths are given in two ways. 
The first value given is the Une width due solely to 
expansion; the second value, listed in parentheses, in- 
cludes the rms radial velocity amplitude of the propagat- 
ing Alfvén waves, which is ~ 50 km s “1 in model B for 
the region of interest. In either case we find reasonable 
agreement between the model emission Une widths and 
the observations. 

Brown and Jordan (1980) have shown that values of 
the ratio of À1914.68 to X1900.27 less than 3.5 to 1.0 
suggest that the lines are optically thick, so fN(S i)dl~ 
1016 cm-2; this condition appears to apply to a TrA. If 
we estimate the density length scale as the isothermal, 
hydrostatic density scale height for model B, then we 
find Nh ~ 1010 cm-3 where the S i lines are formed. 
Given the wave flux and magnetic field adopted for 
model B, we predict an rms Alfvén wave amplitude^ 
± 10 km s _ 1 ; this is small enough to be compatible with 
the observations. If the density where S i is formed is 

much lower, the wave amplitudes would be much larger, 
so there would be difficulty in reconciling the observed 
Une widths with the predicted wave amplitudes. 

It is clear that the Alfvén wave-driven wind models 
can account for the general temperature stratification 
with velocity in the wind of a TrA. The biggest de- 
ficiencies of model B are the lack of N v-emitting gas, 
and that the emission measures are too large. These 
problems are in fact related. It was not hard to find 
parameters such that the winds had smaller emission 
measures. However, reducing the wind density also 
tended to drive the heating rate above the plateau in the 
optically thin cooling law at 8X104 to 2.5 X105 K, so 
that the model was not self-consistent in terms of the 
assumptions adopted here. In reality there is no reason 
why regions with temperatures greater than 8X104 K 
cannot occur in these winds at /*~2-3 Æ*, in which the 
divergence of the conductive flux balances the other 
terms in the energy equation. We argue that there is but 

TABLE 5 
Comparison of Wind Model Emission with Observations 

Model A Model B 
Parameter C ii C iv C ii Cm C iv 

Fa  1.3X104 1.7 X104 3.5X103 9.4X103 3.2X103 

F/Fj°  4.1 2.5 13 34 6 

aF=Lem/4'nRir 
2 in units of ergs cm 2 s l, where Lem is the total line luminosity. 

hF/F* = F/F(ß Aqr) for model A; F/F* = F/F(a TrA) for model B. 
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TABLE 6 
Velocity Comparisons between Model B and Observations of 

a Trianguli Australis 

Feature Model Ba Observed 

Mg il CS velocities (km s 1 ) 
S i FWHM  
SimFWHM   
Cm FWHM   
Civ FWHM   

-4, -74 
(20) 

-80 (~ 120) 
66(115) 

170(194) 

-13, -84 
<20b 

97 
94 

150-200 
a Values in parentheses include turbulent broadening due to the 

propagating waves. 
b Assuming instrumental resolution 1.2X 104. 

201 

a short step between model B and the actual situation in 
the wind of a TrA, in which a scaled emission measure 
(fNe

2dV)/ 
The Mg ii circumstellar equivalent widths are difficult 

to match for two reasons. First, the turbulent broad- 
ening is unknown. Observations of a Aqr (Dupree and 
Bahúnas 1979) have shown changes in the CS equivalent 
widths over time scales of less than a year. This suggests 
that a large fraction of the line width may be due to 
variations in the wind terminal velocity. Second, the 
“inner shell” radius where Mg n recombines is not well 
defined in the models, both because neglect of expan- 
sion terms in the energy equation is no longer valid, and 
because our cooling law, derived for optically thick, 
dense chromospheric conditions, is probably not appli- 
cable. 

We may make a crude comparison in the following 
way. The width of ~=b40 km s-1 and depth of the Mg 
k circumstellar absorption component implies a mini- 
mum total hydrogen column density of ~1018 cm-2. 
Assuming the inner shell radius of model B is ~ 12 R+, 
the total column density would be ~1019 cm-2. Thus 
model B is compatible with observation in this regard, 
pending more accurate values of the turbulent velocity 
and cooling rates. 

The model winds presented here are only schematic 
and do not satisfy all the observational constraints. 
However, they are able to explain the observed stratifi- 
cation of temperature and expansion velocity in the 
wind of a TrA, and make plausible the suggestion that 
coronal heating and mass loss may arise from the same 
mechanism. This should encourage further work on hy- 
brid wind models which include a full energy equation, 
including thermal conduction. 

IV. CONCLUSIONS 

The hybrid atmosphere star a TrA exhibits broad C 
iv emission which we interpret as arising from a region 

expanding at nearly the terminal velocity of the wind. 
The emission measure of very high-temperature gas (» 
105 K) is likely to be relatively small. We interpret this 
result not as a weakening of solar coronal type heating, 
but rather as the cooling effect of enhanced wind densi- 
ties for mass loss rates much greater than that of the 
Sun. This interpretation can be tested by observations of 
X-ray emission from hybrid stars and by searches for a 
correlation between ultraviolet line widths and cir- 
cumstellar shell velocities. 

The high-dispersion observations of a TrA indicate 
the presence of a mechanism which continuously heats 
gas at appreciable distances from the star, in regions 
where the magnetic field configuration is probably open. 
This suggests that propagating waves are necessary to 
account for such heating. The possibility that the 
momentum carried by the waves can drive the outflow 
naturally arises. Using the wind theory of Hartmann 
and MacGregor (1980), we are able to demonstrate the 
plausibility of the Alfvén wave-driven wind hypothesis 
in an approximate but fairly quantitative fashion. 

The Alfvén wave-driven wind theory was originally 
developed in order to account for mass loss from cool 
supergiants and the associated extended, warm chromo- 
spheres about such stars from the action of wave modes 
known to exist in the solar wind. Thus the hybrid 
atmosphere stars provide a crucial link between the 
activity of cool, luminous stars and solar behavior. The 
extended, expanding 105 K wind region falls in a natu- 
ral sequence between the solar corona and extended 
chromospheres, with a continuous progression of de- 
creasing “coronal” temperatures with decreasing stellar 
gravity. 

We gratefully acknowledge the assistance of the /(/B 
Observatory staff in the acquisition and reduction of 
these data. This work was supported by NASA grant 
NAG 5-87. 
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PLATE 3 

Fig. 4.—Image of SWP 8569, with broad C iv emission indicated 

Hartmann, Dupree, and Raymond (see page 196) 
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