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ABSTRACT

CCD echelle spectra of the Ha line at 6563 A have been obtained for a sample of 30 G and K supergiants
with a spectral resolution of about 0.24 A. The data clearly indicate that the observed Ha profile is a deep
absorption, implying large optical depths in the chromosphere. Also, the line cores are blueshifted in all the
stars which suggests the chromospheres are expanding outward. Detailed radiative transfer calculations of Ho
have been carried out in a spherically symmetric atmosphere with outward-positive velocity and temperature
gradients, including explicitly the effects of ionization. The Ha line profiles have been computed for a wide
range of parameters in order to reproduce the observed features of the line. In particular, the role of various
dynamical processes has been demonstrated in conjunction with opacity in determining the Ho widths.
Reasonably good theoretical fits with the observed profiles yield Ha optical depths in the range 3-20 and
outward linear velocity gradients on the order 20 km s~!. Within the framework of our model, the calcu-
lations reinforce the idea that the nonthermal velocities have to be as large as 25-30 km s~ ! to explain the
large widths of the observed profiles. The rates of mass outflow have been calculated to lie in the range 1078

to 107° Mg yr~ L

Subject headings: line: formation — stars: chromospheres — stars: late-type — stars: mass loss — supergiants

1. INTRODUCTION

Observations of asymmetric cores of strong metal lines of

low excitation in late-type giants and supergiants have con-
firmed the presence of mass outflows in these stars (Deutsch
1960; Reimers 1977, 1981). The shift of the line core to the blue
has been used to determine the terminal velocity reached in the
outer layers of these stars (Sanner 1976; Bernat 1977, 1982;
Boesgaard & Hagen 1979). It is also evident from several
studies in the past that these winds are characterized by large
mass fluxes with small speeds and are most likely accelerated in
the chromospheres (Goldberg 1979; Stencel & Mullan 1980;
Hartmann 1983; Dupree 1986). Although the Ca 1 H and K
lines and the Mg 11 h and k lines have been the most extensively
used spectral features in chromospheric studies, it is rather
difficult to obtain deep exposures at high resolution of these
ultraviolet lines in cool stars.

The Hu line at 6563 A is observed to have a very strong
absorption in late-type giants and supergiants (Mallik 1982;
Zarro & Rodgers 1984; Cram & Mullan 1985). It is easily
accessible and lies in a region of the spectrum where the bulk of
the stellar continuum is radiated. From detailed plane-parallel
model atmosphere calculations, Cram & Mullan (1985) have
shown that the photosphere contributes little to the strength of
this line and that most of the absorption forms in the chromo-
sphere. This line is also seen to be asymmetric in the sense that
the core is shifted to the blue with respect to the line center,
lending further support to the premise that the chromosphere
must be expanding. Ha is not an easy line to interpret because
of its subordinate nature. Also since the Ha source function is
photoionization-dominated, the line does not relate to the spe-
cific distribution of density and temperature in the chromo-
sphere. However, Cram & Mullan (1985) have demonstrated
that the formation of Ha does depend upon the physical condi-
tions in the chromosphere in a way different from the collision-
dominated lines.

The aim of the present study is to investigate the scope of the
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Ho line as a chromospheric diagnostic in the light of the new
CCD spectra of Hx that we have obtained in a sample of G and
K supergiants. To interpret these observations, we have per-
formed detailed transfer calculations explicitly including the
statistical equilibrium equations for a model H atom with three
levels. We have explored several parameters that are crucial to
Ho formation in cool supergiants and within the framework of
our model have been able to restrict the range of these param-
eters by comparison with the observed characteristics of the
line in our sample. We have tried to show that Ha does provide
clues to the optical depths and velocity flows prevailing in the
chromospheres. Section 2 contains the observations. Section 3
describes the theoretical framework for the analysis of the line
profiles. Implications of the results and conclusions are dis-
cussed in § 4.

2. OBSERVATIONS

About 30 late G and K supergiants brighter thanm, = +7.0
have been sampled from the Bright Star Catalog (Hoffleit
1982). The Ha spectra of these stars were obtained on a total of
6 nights during 1989 January—March with the coudé echelle
spectrograph at the 102 cm Zeiss telescope of the Vainu Bappu
Observatory at Kavalur, India using a Thomson CCD detec-
tor with the format 384 x 576 pixels, each pixel being 23 um
square in size. A 79 | mm ~! echelle grating blazed at 6746 A in
the 34th order where Ha lies and a 300 | mm ™ cross disperser
grating blazed at 6400 A in the first order were used in con-
junction with a 25 cm camera covering the spectral region
between 5700 and 7800 A. This configuration yielded a disper-
sion of 7 A mm ™!, or in other words, 0.16 A pixel ~! which with
the slit width used for the observations gave a spectral
resolution of 0.24 A. Most of the stars observed are bright and
the fluxes of the continuum in the CCD images of these stars
are quite high giving S/N ratios of 300 or greater. A good
number of bias, comparison (thorium-argon) and flat-field
(xenon) frames were taken well spaced out in time each night.
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The reduction of the data was carried out with the spectro-
scopic software package “RESPECT” due to Prabhu &
Anupama (1991) where each order of interest in the echelle
spectrum can be chosen interactively. The bias and the thermal
background are subtracted from the raw spectrum. The pixel-
to-pixel sensitivity difference, i.e., the flat-field variation, is also
corrected for. The one-dimensional spectrum is then extracted
from the two-dimensional image based on the algorithm devel-
oped by Horne (1986, 1988). The wavelength calibration of the
Ha spectrum was done in two steps. First, the comparison
spectrum identified from the atlas of D’Odorico et al. (1984)
was used to locate the stellar features in the neighborhood of
Hoa. Once they were identified, lines of photospheric origin
(with lower excitation potential >2 eV) were chosen to cali-
brate the stellar spectrum once again. This was done to facili-
tate the determination of the relative shift of the chromospheric
Ha with respect to the photosphere. By measuring the relative
shift of the chromospheric Ha with respect to the photosphere,
we fix only the gradient, not the zero point of the velocity. The
continuum was determined by choosing as many points as
possible on the spectrum by visual inspection and then fitting
by spline interpolation. Finally, the normalized spectrum was
obtained by dividing the observed spectrum by the estimated
continuum.

Figure 1 shows the Ha profiles with the adjacent continuum
from the reduced spectra of a few representative stars. Two
characteristics stand out in these spectra. First, the Ho line is
strong with a core as deep as or deeper than 0.2 in all the 30
stars. This implies fairly large optical depths. Also the blow-up
profiles in Figure 2 show that they are skewed to the right, i.e.,
are asymmetric in the sense that the cores are shifted toward
blue with respect to the line center. Table 1 gives the list of
stars with the measured equivalent widths (EW) in A and the
full widths at half-maximum (FWHM) in A and km s~ !. The
EWs lie in the range 1.3-1.8 A. The FWHMs are between 1.45
and 2.0 A which translate to velocities in the range 65-100 km
s~1. A higher EW is generally accompanied by a larger
FWHM. The shift of the line minimum to the blue has been
measured for all the stars. These shortward shifts of the
core are also listed in Table 1. They lie in the range of —5 to
—15 km s~ !. The accuracy of the wavelength calibration is
0.05 A =2 km s~ 1. So the positions of the line core minimum
have been determined with fairly good accuracy. Velocities are
small as found in the earlier studies of the chromosphere.

3. THEORY

To interpret the above characteristics, we treat the radiative
transfer problem in spherically symmetric, expanding, non-
LTE atmospheres including explicitly the temperature rise of
the chromosphere and the effects of ionization of hydrogen.
We have suitably modified the comoving frame radiative trans-
fer code of Peraiah (1981) for our purpose. The chromosphere
is divided into a number of shells starting from R, the stellar
radius, up to an R,,,,. Observational evidences (White, Kreidl,
& Goldberg 1982; Goldberg et al. 1982; Carpenter et al. 1985)
suggest that R, is of the order of a few R,’s. The chromo-
sphere is described by a velocity distribution v(r), a density
distribution p(r), a temperature distribution T(r), and a non-
thermal velocity parameter &,. A straightforward way to repro-
duce the observed blue shift of the core is to assume that the
velocity is increasing outward. For the sake of simplicity, we
adopt a linear velocity gradient. For a mass conservative flow
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TABLE 1
OBSERVATIONAL DATA
EW FWHM FWHM Shift
Star Sp Type  (A) A) kms™') (kms™Y)

aPup ...l K3 Ib 1.61 1.60 73 —-6.9
AVel ..ol K4 Ib 1.52 1.60 73 —6.4
HR 5089 .......... G9Ib 1.72 1.96 90

HR 6578 .......... K2.5Ib 1.24 1.56 71

HR 2269 .......... K3 1b 1.28 1.48 68 —46
HR 4050 .......... K3 III 1.60 1.76 81 -50
HR 3692 .......... K3 Ib 1.45 1.65 75

ECYg i K4.51b-11 1.61 1.79 82 —8.7
oCMa ............ K7 Iab 1.59 1.56 72 —11.0
YAur ............. K5 Iab 1.48 1.46 67

HR 3612 .......... G7 Ib-11 1.61 1.81 83

HR 3225 .......... K3 Ib 1.49 1.69 77 —-55
HR2993 .......... K3 Ib 1.44 1.52 70 -50
HR 2764 .......... K3 Iab 2.18 2.19 100 —233
HR 5742 .......... K4 111 1.54 1.63 75 —18.7
nPer .............. K3 Ib 1.71 1.85 85 —12.8
eGem............. G8 Ib 1.70 1.72 79 —14.6
BPYX .oiiinnl G7 Ib-11 1.42 1.68 77 —4.6
BAra.............. K3Ib-Ila 1.72 1.89 87 —6.4
63CYyg .oovnnnnn K4 1b 1.62 1.82 83 -13
47Cyg covennnnnnnn K2 Ib 1.80 1.88 83 —-119
41Gem ........... K3 1b 1.45 1.51 69 —133
ePeg .............. K2 Ib 1.61 1.74 80 —-9.6
33Sgr.coiiinnnen. K1 Ib 1.55 1.77 81 -5.0
o'CMa........... K2 lab 1.53 1.49 68 -50
HR 7759 .......... K3.5 Ilab 1.47 1.63 75 -50
HR 7083 .......... K2 Ib 1.52 1.75 80 -50
12Peg ............ KO Ib 223 2.85 130 —183
(Cep.ueninnnnnnn. K1 1Ib 1.65 1.73 79 —11.9

in spherical symmetry, the rate of mass outflow is given by
M = 4ar?p(riv(r) . 1)

We use M as a free parameter. The density distribution is then
determined in accordance with the above equation of contin-
uity. T(r) is adopted from the work of Dupree et al. (1984). The
adopted temperature profile shows a steep rise from 4000 K at
R, to 8000 K within the first few shells followed by a very slow
upward gradient over the rest of the line forming region, with
the maximum of 8500 K reaching at R,,,. Supergiants are
known to have low rotation. Therefore we assume in our
model that rotation contributes little to the Ha width. Col-
lisional broadening is also negligible owing to the low den-
sities. We assume therefore that Doppler broadening
dominates the shape of the Ha line profile. The profile function
is of the form

1
P(x, 0) = —= e ¥, V)
ENC:
where
Y~V
= Avp
and
5= AVD('f') )
Avy

Avp(r) is the depth-dependent Doppler width given by

Avg(r) = % / 2’%@ e, 3)

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


http://adsabs.harvard.edu/abs/1993ApJ...402..303M

J. T C4027 Z303MO

o]

3A

rt

No. 1, 1993 Ho LINE IN LATE G AND K SUPERGIANTS 305
1.00} . ' ) ' ’
1.00 | n 4
0.8 . ' lj]\’\
0.00} i ]
0.60 | J
Fx 0.60 |- 4
Fe iy
o.40 | e FC ol |
o CMa '
020} ; CCep
0.20 - -
emse .0 860 .0 6870.0 6880.0 A L . .
0.0 €860.0 €570.0 €890.0
1.00 4
1.00} A/l\/\ i
0.80} 4
Aol | L2
F F,
FC ‘ c 0.60 4
o.60 | ]
oo i 0.40 | .
€ Peg € Gem
o.20} i 0.20 |
0.0 @e0.0 ,  68%.0 €80.0 0.0 €860 .0 6570.0 €880.0
A(A) AA)

F16. 1.—CCD spectra of Ha and the adjacent continuum of a few representative stars

AVES® refers to the value at R_,,. The underlying photospheric
radiation field is introduced as a lower boundary condition
represented by a Planck function of radiation temperature
Tr = 4000 K.

In the earlier calculations (Mallik & Mallik 1988), we
assumed that the population in the n = 2 level of H is predomi-
nantly determined by the balance between photoionizations
from level 2 to the continuum and recombinations to that level.
This was then used to set up the optical depth scale for Ha in
calculating the Ha source function. Also we presupposed that
the Ha line source function parametrized for a two-level atom
is of the form

Sr=>1- e)fd)v.lv dv + €B,, 4)
the total source function being equal to
50 =29 50+ L~ 5.0 0
B+ o(x) B+ ¢x)

S, is the continuum source function assumed to be a Planckian

with the depth dependence defined by a dilution factor
W(r) =0.5[1 — (1 —r~2)17]. 6)

€ is the collisional deexcitation parameter, and § is the ratio of
the continuum to the line opacity. € and § were taken to be
depth-independent. The statistical equilibrium equations were
not explicitly included in the formalism. .

In the present work we have performed calculations includ-
ing statistical equilibrium equations for the following cases: (1)
H atom, levels 2 and 3 plus the continuum; and (2) H atom,
levels 1, 2, and 3 plus the continuum. The equations are solved
simultaneously with the equation of radiative transfer to
obtain self-consistent solutions of the Ha source functions and
level populations. An equivalent two-level atom approach as
described in Mihalas (1978) is appropriate here. In both the
cases, the line source function can be expressed in the form

SI=YJ¢vJvdv+€Bv’ (7)

where y and € denote the various collisional and radiative
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Fi1G. 2—Blow-up of the Ha profiles of a few stars

processes that describe the creation and destruction of
photons. y and € are explicitly calculated as a function of the
depth.

3.1. Two-Level Atom Model

The statistical equilibrium equations give for the population
of level 2

2 [23(R3; + C35 + 2R3 + C35 + R3]
P(Ry3R;3. + C33R3. + Ry Ry, + Ry C3; + Ry R3)

®)
where Rs and Cs denote the radiative and collisional tran-
sitions, respectively. We assume that the populations in the
levels 1 and 2 are collisionally coupled. Then with the aid of the
conservation equation, we obtain n, through the solution of a
quadratic equation.
The Ha source function may be written as

¢, J,dv+€B,+0

n2=n

S 9
3= 14+€ 47 ©)
where
Cs, -
€ === (1 —e hv3z/kT) ,
Asy
- Ry 05 — (92/93)R 523
Asp(oy + a3) ’
2hv* g, Ry a4

0= .
¢ g3 Ass(og + a3)
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3.2. Three-Level Atom Model

In this case, the statistical equilibrium equations for the
levels 1, 2, and 3 are simultaneously solved along with the
conservation equation to obtain n,, n,, n;, and n, in terms of
the departure coefficients b’s, their ratios, and the total hydro-
gen density ny. n, in particular is of the form

Ny
n, = ,
27 1+ (ba/by)na/ny)* + (ba/by)na/ny)* + (1/b Xny/ny)*]
(10)
where n; = n¥(b,/b¥). Radiative detailed balance is assumed in

Lyman lines and the Lyman continuum.
The Ha source function is once more of the form

[ ¢,J,dv + (€ + 6)BT)
1+€+1n

, (1n

SZ3 =
where
Cs,
—h kT
€ =—=(1— e MakT),
32
" =

Rsc(" o+ ”1C12 —n,Cyy)— (gz/gs)ch(" a3+n,Ci3—ny C31)
Asz(" % +n 0‘3)

"2 Ry (n2 4+ n;Ci3 —n3Cyy)

0 — (1 e—hvzg/kT)
n% Asy(nla, +n 0‘3)

As is apparent from these expressions, the populations
require an a priori knowledge of the radiation field and the
latter in turn depends upon the populations. The solution is
obtained iteratively where an initial guess of the populations is
made to calculate the Ha source function and the radiation
fields R, and R;, which are then used to calculate the b ratios,
b’s, and the new populations. The radiation fields are then
recomputed and used to recalculate new populations. The
process is carried until convergence is achieved in both the
radiation field and populations. About five to six iterations
were adequate to achieve convergence. Before obtaining the
final solutions, we checked our program for flux conservation
in the pure scattering case. With the converged n, solutions,
Hua optical depth scales were set up. In order to fit the observed
characteristics of the Ha line, theoretical line profiles were
computed for both the two-level and the three-level atom
models for mass-loss rate M in the range 107° to 1078 M
Y7L Voar = 5-25 km s™%, R, = 2R, and 5R,, and ¢ =
20-40kms~ !,

4. RESULTS AND CONCLUSIONS

The sensitivity of the profiles to the various parameters has
been explored and the following trends have been observed for
both the models.

1. For a given M, the computed line profiles are extremely
sensitive to V,,,,; the higher the V_,,, the shallower is the proﬁle
in conformity with the equation of contmulty as shown in
Figure 3a. For a glven R,..,, for various combinations of M
and V,,, that result in the same optical depth, the correspond-
ing profiles have roughly the same EW and the same depth in
the core. Thus it is the optical depth that uniquely determines
the shape and the strength of the Ha profile.

2. For the same M and V,,,,, the prohles are much deeper
for a higher R,,,, (Fig. 3b). This is not entirely an optical depth
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effect as is evident from a comparison of two profiles with
similar optical depths but different R,,,,,’s (Fig. 3c). The larger
extent produces a stronger absorption. As a result a lower M
and a lower ny are required with a higher R_,, to produce a
reasonable fit with observations.

3. The computed profiles become successively deeper for
lower turbulence parameter &, for a given choice of M and ¥, Venax
as displayed in Figure 3d. Even though the optical depth is
higher, EW is lower because of the lower Doppler width. So a
higher M is required to fit the observed profile when a lower ¢,
is used.

Figure 4 shows the observed profiles for six stars with the
superposed theoretical profiles. For a better fit, one or more
parameters could be tuned in more finely. However, the
emphasis has been on matching the gross characteristics like
the FWHM, the depth, the EW, and the blue asymmetry of the
line core. In particular, the observed profile of € Gem has a
good fit in the case of the three level atom model with R,,,, =
2R,, M =7x107° Mg yr 4, ,m—20 kms™!, and £ = 30
km s ™!, With a higher C, of 40 kms~!, alower M of 5 x 107°
Mg yr~* fits thc observed shape better Also with R, ., = 5R,,
M =4 x 107° M yr~* fits the observed profile quite well.

All the computed profiles have a small red emission to the
right of the absorption lying above the continuum. This is a
consequence of the model chosen. With a spherically sym-
metric, radially and slowly accelerating envelope of the extent
of the order of the stellar radius surrounding the star, the
material in front of the stellar disk gives rise to the absorption
and the material in the envelope to the sides of the disk gives a
small emission. In reality, small emission components have
also been detected in some of our program stars lying either to
the right or to the left of the strong Ha absorption, thus indi-

6562 6563 6564 6565 6566 6560 6561

6562 6563 6564 6565
A(A)
=15kms ¢ =30 kms™ .

max

cating both upflows and downflows. Similar observations have
been reported by several authors in the past (Cohen 1976;
Mallia & Pagel 1978; Cacciari & Freeman 1981). Since we
have not incorporated complicated velocity flows in our
model, the present study has only tried to simulate the absorp-
tion profile of Ha and uses it to probe the physical conditions
of the accelerating layers of the cool chromospheres.

The chromospheric optical depths, the total hydrogen den-
sities at R, and the expansion velocities at R, obtained from
our analysis are displayed in Table 2 and Table 3 for 22 stars
for each of the two models for a given set of parameters. We
conclude the following:

1. The total hydrogen densities at R,, and the optical depths
in the chromosphere that match the observed equivalent
widths are respectlvely in the range of ny(R,) =1 x 10°-3.6

x 10° ecm ™3 and 1y, = 3-20. For the model atom with three
levels, the densities and the optical depths are lower than for
the case with two levels. Also the present values are much
lower (almost by an order of magnitude) than those obtained
from our earlier transfer calculations. The rates of mass
outflow that fit the observed characteristics of Ha lie in the
range of 2 x 107° to 1.4 x 1078 M yr~! and are listed in
Tables 2 and 3. These are much lower than the previously
estimated values (Mallik & Mallik 1988) which were in the
range of 1077 to 1078 M yr~!. Few specific estimates exist
for mass-loss in G and K supergiants. Certainly none exist with
Ha as the diagnostic. Instead, the blue-displaced absorption
components in the Mg 11 and Ca 11 resonance lines have been
exploited much more to determine the outflow velocities and
mass-loss rates. Relmers (1975) obtained M in the range of
1078t02 x 1077 M, yr~ ! for several G and K Ib supergiants
determined by circumstellar line modeling. According to
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F1G. 4—Superposition of the computed profiles over the observed Ha profile. The solid line denotes the observed line profile; the dotted line, computed profile
for a three-level atom model; the dashed line, the computed profile for a two level atom model. R =2R,and &, = 30kms™ 1.

Drake (1986), radio continuum techniques provide the most
reliable method of estimating M for these stars. From radio
continuum measurements, Drake & Linsky (1985) inferred
upper limits to M ~ 2 x 107° Mg yr™! for G and K super-
giants, which is much lower than Reimers’s results. The dis-
crepancy is primarily attributed to the uncertainties in the
ionization level of the winds. The mass outflow estimates
obtained in the present study are lower than those estimated
by Reimers and are quite close to the radio results.

Since there is only a marginal difference in the results of the
three-level atom model from those of the two-level atom, our
conclusions may not change by increasing the number of levels
further. Since the photoionization edges for levels 2 and 3 lie
very close to where the bulk of the radiation in these stars is,
the processes we have considered are the most predominant
ones and control the n, population. We therefore believe that a
three-level atom model adequately describes the Ho formation.
However, it would be important to see how a relaxation of the

~assumption of radiative detailed balance in the Lyman contin-

uum and Lyman lines affects the n, population and hence the

Ha optical depth. We had treated this problem separately by
considering levels 1 and 2 and the continuum and solved for
transfer in the Lyman-continuum including explicitly the
effects of Lya escape (Mallik, Mallik, & Rao 1991). Our calcu-
lations showed that there was a drastic decrease in the hydro-
gen ionization and a highly overpopulated n, resulted with
only a moderately increased n, relative to the case of radiative
detailed balance. Luttermoser & Johnson (1992) in their model
atmosphere calculations of red giant stars have also obtained
similar results when the condition of radiative detailed balance
is relaxed. The current calculations already indicate a much
higher n,, and we hope a further moderate increase due to the
relaxation of the condition of radiative detailed balance will
change the result only marginally.

2. Apart from opacity effects, it is also worth exploring the
extent to which various dynamical processes govern the behav-
ior of the Ha line profile. Because of the temperature rise in the
chromosphere, the thermal broadening term in the profile
function is not negligible; it varies from ~8 to ~12 km s~ ?
across the chromosphere. But it is far from enough to match
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TABLE 2 TABLE 3
CHROMOSPHERIC DENSITIES, OPTICAL DEPTHS, VELOCITIES, CHROMOSPHERIC DENSITIES, OPTICAL DEPTHS, VELOCITIES,
AND MaAss OUTFLOW RATES: Two-LEVEL AToM MODEL: AND MAss OUTFLOW RATES: THREE-LEVEL ATOM MODEL:
Ruex =2R,, £, =30km s™* Ruax =2R,, £, =30kms™*
ny(R *) ‘max M/Mo ny(R *) ‘max M/MO

Star (10°cm™3)  (kms™?) T 10~ %yr Y Star (10°cm™3)  (kms™!) T 10 %yr Y
nPup ... 19 12.5 6.8 55 nPup ............. 1.6 11.75 6.7 435
AVel ..o 1.7 12.0 5.3 4.85 AVel oo 14 11.25 5.8 3.80
HR 2269 .......... 1.8 9.0 5.7 3.7 HR 2269 .......... 14 8.5 3.8 28
HR 4050 .......... 24 9.5 10.2 5.4 HR 4050 .......... 1.7 9.0 5.9 36
ECYE woiiininnn 24 140 - 9.3 79 ECYE wevininnnn. 1.5 143 59 5.0
oCMa............ 1.9 17.75 6.1 7.7 oCMa ............ 1.5 17.5 6.3 6.1
HR3225 .......... 19 104 6.1 - 4.65 HR 3225 .......... 14 10.0 5.1 33
HR2993 .......... 2.0 9.5 7.6 44 HR2993 .......... 1.5 9.25 4.6 3.15
HR5742 .......... 1.8 30.0 7.1 12.3 HRS5742 .......... 1.4 25.0 54 8.45
nPer .............. 24 21.75 9.4 11.95 nPer .............. 1.7 20.7 72 8.0
eGem............. 2.7 23.0 11.2 14.5 eGem............. 1.6 23.75 6.8 9.1
BPyx ...l 2.0 9.0 9.3 4.3 BPyx ..ol 1.6 8.5 4.5 31
BAra.............. 3.6 11.0 20.0 9.2 BAra.............. 1.7 11.25 7.7 445
63Cyg .eeunnnnnn. 1.8 13.0 7.5 5.6 63Cyg ..viueennn 1.6 12.5 6.6 4.55
47Cyg .evininnnnn 29 20.0 12.5 134 47Cyg o 1.8 19.5 8.1 83
41Gem ........... 1.7 22.5 47 8.75 41Gem ........... 14 21.75 48 6.9
ePeg.............. 22 15.25 7.8 79 ePeg .............. 1.5 15.5 6.2 55
33Sgr .cvvennnnnn. 2.3 9.5 8.9 5.0 338gr .ceviiinnnn. 1.6 9.0 715 345
o'CMa ........... 22 9.5 8.7 49 o'!CMa........... 1.6 9.0 74 34
HR 7759 .......... 2.1 9.5 8.0 4.55 HR 7759 .......... 1.5 9.25 7.3 32
HR 7083 .......... 22 9.5 8.6 485 HR 7083 .......... 1.6 9.25 79 34
{Cep.vuniiinnnnnn. 2.4 20.0 89 11.1 (Cepovvnninnnnnnn. 1.6 20.0 6.1 7.35

the observed width. Velocity gradients giving rise to the asym-
metric shape of the profile also increase the width; every 10 km
s~ lincrease in V,,, increases the FWHM by 2-4 km s~ *. Since
the observed core displacements restrict ¥, to 20 km s~! or
less, as the present models show, the outward expansion does
not explain the large widths either. As pointed out earlier, there
is a linear correlation between the EW and the FWHM, imply-
ing a microturbulent origin of the widths rather than a macro-
turbulent one. We used the &, term in the profile function as a
free parameter and several runs with different values suggested
that &, as large as 25-30 km s~! is needed to explain the
widths. A higher optical depth makes the profiles wider but
also much deeper, and still not wide enough to match the
observed widths for a given EW. Increasing the number of
levels also makes the line slightly deeper, not wider. Our calcu-
lations have thus reinforced the idea that for a simultaneous
good fit of the width, EW, and asymmetry, nonthermal fields as
large as 25-30 km s~ ! are required.

There are some indications that turbulence increases with
height in the chromospheres of giants and supergiants
(Fosbury 1973). Hartmann & Avrett (1984) in their chromo-
spheric model of o Ori used a variable turbulent parameter
with a value of 3 km s~ ! at the base of the chromosphere to 11
km s~! at about 2R,, declining to 4 km s~ ' at 6R,. Their
results, however, indicated that the turbulent velocities used in
the model were too low, and better fits could be obtained if the

values were increased by a factor of 2. A detailed information
of the depth dependence of various physical parameters across
the chromosphere could be derived from the study of eclipses
in the { Aur systems (Che, Hempe, & Reimers 1983; Reimers &
Schroder 1983; Che & Reimers 1983; Griffin et al. 1990). These
systems consist of a K supergiant and a main-sequence B star.
As the B star goes behind the K supergiant, its bright ultravi-
olet radiation seen through the chromosphere of the K super-
giant at different depths gives clues to the variation of the
physical conditions across the chromosphere. Extensive IUE
observations of { Aur systems at different phases of the second-
ary eclipse have indicated that nonthermal velocities in the
primary K supergiant chromosphere increase with height
(Schréder 1985). Such studies in future should further aid the
understanding of the physical phenomena in the outer atmo-
spheres of cool stars.
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