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SUMMARY

A spectroscopic survey in the red has been
one to investigate the properties of expanding
:hromospheres of late G and K supergiants. Spectra
£ 23 stars brighter than my = 640 have been
btained at dispersions of 4~10A mm™ | using the coudé
nd the echellé spectrograph on the 40" telescope at
lavalur Observatory. In particular, the Hy line and
the Cal] A 6573 line have been studied. It is found
chat the Ha( line profiles are all asymmetric in the
ijense that the absorption core is shifted to the blue
)y an emount ranging between =4 and =24 kms ', The
3aI] absorption cores are also displaced to the blue
mt by a smaller amount. No clear dependence of the
1y and the Ca@]line core displacements upon the
spectral type has been found. Unlike the case of the
;a 11 K line, the Hq equivalent widths are found to
e uncorrelated to the corresponding line core displacements.
lowever, the H, and the CaI] 1line core displacements

ire linearly correlated.

H0< line profiles have been theoretically computed
1sing a proper radiative transfer formulation in
ipherically symmetric expanding atmospheres. Different
jets of density and velocity distributions in the model
mvelope have been tried to obtain profiles that fit
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best the observed characteristics of the line in the
programme stars. Each theoretical profile is charac-
terised by an optical depth, mmk a turbulent velocity

and an expansion velocity.

The analysis shows that the Hy line though
unsaturated is of moderate optical thickness and is
formed in a region of small geometrical extent with an
increasing velocity gradient. The computed equivalent
widths and the line core displaecements have been
matches with the observed to obtained hydrogen column
densities and expansion velocities. These have been
used to calculate thermte of mass loss in these stars.
The derived values are in the range of 10~0.10"7 Mg /7 =
a little higher than what Reimers' {1975) mass~loss

rate formula implies.



CHAPTER I

Introductiog

The study of the outer layers of supergiant stars
is complicated by sewveral factors. Firstly because of
their vast extent, the classical plane-parallel atmos-
pheres theory is not applicable to them. OCnly in the
last few years, the theory of radiative transfer in
extended and expanding atmospheres has become widely
available. Therefore, until recently it was not possi-
ble to properly interpret the observational data relating
to these supergient atmospheres. Secondly, in the
case of sun, the hydrogen convection zone is thought to
give rise to the non~radiative flux through the
photosphere. Since all stars cooler than spectral
type ¥5 have deep convective zonese where the radiative
temperature gradient becomes steeper than the adiebatic
temperature gradient, they should have a significant non=-
radiative flux at their photospheres. 4s a result,
late-type supergients are most likely to have chromos-
pheres end coronae. Ca II H and K emission which is
chromospheric in origin has been observed for a large
seample of G, K and M gients and supergilants (Wilson and
Bappu 1957, Wilson 1976}. MgII h and k and Fell emis=

sion on the ultraviolet have also been detected confirming
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chromospheric activity in these stars (MsClintock,
Henry, Moos and Linsky 1975, Dupree 1976). Over the
past couple of decades, enough observations have
accumulated to also suggest that a steady outflow of
mass 18 taking place from these stars. This adds a
new dimension to the problem of supergiant atmospheres.
Knowledge of the phenomenon of mass~loss is important
for several reasons. From the point of view of stellar
evolution the course of a star's life may drastically
change if significant mass loss occurs. Even otherwise
the process of mass eJection reveals the layers under-
lying the very outer layers of a star to the observers'
view and provides a way of testing the theory of
stellar evolution and studying the consequences of
nuclear processing followed by extensive mixing. The
matter ejected forms & circumstellar (88) envelope

around the star,

The first observational evidence of the existence
of CS envelepes fgme from the work of Adams and
McCormack (19%5). They obtained spectra of the bright
stars o Ori, Q@ Ori, o Cyg, ofSeo, ofHer, (@ Peg
and € Peg at high dispersion at the coude focus of
the 100" telescope. They noticed that the eores of
several stromg resonsnce lines and lines arising frem
low=lying levels in these stars were shifted te the
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blue with respect to the other lines in their spectra.
The NaI D lines were found to be displaced with respect
to the normal stellar lines by about 5 km/sec to the
bluees The H and K lines of Call and the lines of Al
at AA3944, 3961 also showed the same amount of
displacement. However, the SiIl lines were displaced
by a slightly lesser amount. The interstellar origin
of these displaced lines was ruled out on the basis
that all the displacements were larger than what is
expected, were the lines of such origin,

Adams and McCormach explained these shifts as due
to the absorption of radlation from the star by a slowly
expanding gaseous envelope surrounding the star.
However, their discussion did not go beyond this to the
suggestion of a steady outflow of mass. HNothing very
significant was added in the intervening years until
Deutsch (19%6) rediscovered similar asymmetries on the
spectrum of the spectroscopic binary o Her obtained
st a dispersion of h.5&?nm at the 200* telescope. He
observed that the lines of Nal at “A5890, 5896,

CalIl H and K, KI WA 7665, 7698 and a few other metal
lines were shifted to the veilet mot only in the spectrum
of the M supergiant but alse in the spectrum of its
GOIII eompanien « Z Mer. BSince physical conditiens in
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the atmospheres of G glants are not suitable for the
production of these lines, Deutsch suggested that the
primary had an extremely extended outer envelope which
also engulfed the GOIII companion. Deutsch demonstra=-
ted that the circumstellar envelope surrounding o Her
extended to a8 many as a few hundreds of stellar radii.
For the spectrophotometric study of circumstellar (CS)
lines, Deutsch isclated the contour of the CS line from
the underlying photospheric profile by referring to
this underlying radiation as the effective continuume.
‘he equivelent widthe were determined end the curve-of-
growth technique was used for determining the physical
parsmeters partaining to the CS envelope. He found
that the envelope expands at a moderate velocity of
~10 ¥m/sec. He concluded that since the 10 kms™
velocity of matter was greater than the escape velocity
at the edge of the envelope, the system was ejecting
mass, The mass-l10ss rate was found to be 1070 M,/year.
Later Deutsch (1960) made a high dispersion survey of
the red-gient region of the HR diagram and found that
the strongest CS lines always happened to be Call H end
K and they were present im the spectra of giants and
supergiants of type MO and later and also in many G and
K superghémts. Other C5 lines observed were Cal ') 4227,
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SvII A4078, Crl NAL254, 4275, ALI D)3944, 3962,
MnINM030, 4033, 4034, Fel Z)\3824, 3860, 4216. Deutsch
found that the strength of the lines increased with
later spectral types and with luminositye. He also
found a correlation between the velocities determined
from the blue shifts of the CS H and K lines and the
spectral type in the sense that these expansion velocis
ties increased as one approached the earlier spectral
types. There was also a definite trend of velocity
shifts decreasing with the strength of the CS lines.,

He suggested that the amount of matter in the envelope
and/or the state of ionizatlon of Ca largely determine

the above correlationse.

A very detailed analysis of CS lines in the M
supergiant of Ori was undertaken by Weymann (1962)¢
The spectra were obtained at the 100" teleseope‘éover~
ing the range ) 31504900, The dispersions varied
between 1 and 3£/ﬁm. These spectra together with the
older ones taken by Adams end by Struve at 2.84/mm
were snalysed for the circumstellar studies of o Ori.
The position of the line center of the photospheric
component was located by measuring with respect to the
neighbouring photospheric lines. The red half of the
photospheric profile was them reflected around the
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line center and was used as the effective continuum

for the CS core component. The CS lines were next
analysed with the help of the curve of growth technique.
Since the densities and the level of excitation in the
envelope seemed to be low, Weymann used the methods
normally applied to the studies of gaseous nebulae.

He assumed a constant velocity of outflow of the gas

in the shell and hence the density veried as -}2 Py

He also assumed that the envelope is detached from the
star in the sense that no contribution to the strength
of the lines came from below a certain point, a few
times the stellar radius. The expansion of the envelope
relative to the photosphere turned out to be ~ 10 km/sec.
He also obtained a density of 18 10° particles/cm3 , 80
electron density of 10"/ cm> and a kinetic temperature
of the order of 1000 K in the CS shell. He found that
the CS components in the spectrum of ¢ Ori did net

show the radial velocity variations of the underlying
photospheric lines and, therefore, confirmed that the
CS shell was detached from the star, His analysis gave
a mass loss rate of & x 10”® M, /yr. based on By =643 x
1013 em, v = 10%cu/see, N = 10°%/cn® gnd the distance

= 10R, = extemt of the shell. This rate is crucially
dependent upon how meny stellar radil away the CS limes

are formed,



Both Deutsch (1956, 1960) end Weymann (1962)
based their curve of growth analysis on a plane=parallel
pure scattering atmosphere. Although nothing better
could be done at that time, it does seem unrealistic
now to use plane-parallel atmospheres for the study

of expanding CS envelopes.

Reimers (1975) using Wilson's and Deutsch's plate
collections found CS gbsorption features in the spectra
of more than 120 M type giants, bright K giants and G,
K amd M supergiants. From this large sample of stars,
Reimers confirmed the increase of the absorption width
of the CS Call H and K lines with earlier spectral
types and also the dependence of the width on the
measured velocity shift of the line center. Moreover,
he found that in a few early M giants the CS H and K
lines are variable in velocity and strengthe The
shortward edge, according to him remains stationary
whereas the red edge changes with time. Reilmers also
reported the existence of velocity gradiemts in the CS
envelopes of G and K superglants., He found H and K
lines systematically shifted to the blue in glamnts and
to the red in supergiants, relative to the other C8
lines and attributed this phenomenom to the formatlion
of the Call H and K limes further eut in the shell
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where the matter has been accelerated to a terminal

velocity plateau.

Later Reimers (1977) in his search for CS lines

in stars earlier than type MO found that all stars
cooler end brighter than a line in the HR diagram
defined by (K5, M, = 0.0), (K4, = 1.0), (K2, =1,8) and
(G5, =4) show Call H end K CS lines. This limit owed
mainly to the second ionization of Ca. Throughout the
analysis, Relmers, used plane parallel atmospheres.
More recently, Semner (1976), Bernat (1977) and Hagen
(1978) have studied in detail the CS mmm envelopes of M
supergiants. They used radiative transfer in expanding
spherically spmmetric¢ atmospheres to produce the CS
line profiles to be fitted with their observations. In
the above three pieces of work, the observed line
asyumetries were treated as the modification of the
underlying symmetric photespheric profile by the C3
envelopes Assuming the C5 envelope te be detached from
the star, the observed C8 line profiles were isolated
from the composite lime profiles uszing Weymamm's
technique, A series of theeretical CS line profiles
were then computed for vearious line center eptical depths,
expansion velocities amd turbuleat velocities and
these were matched with the ebserved profiles te
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obtain column densities. Various physicel conditions
in the CS envelopes including their kinegétics, state
of ionization, dust content and mass loss rates were

inferred from the analysise.

Senner (1976) in his study of 13 M glants end
supergiants found that the inner shell radii of giants
ranged from 2 to 4 stellar radil wheress the shells of
supergiants extended to about 5 stellar radii. The
hydrogen densities at the inner radius of the shells
varied between 5 x 10° ca™ end 10 ca™>, The expan-
sion velocities were found to be in the range 5«15
kmesec. The mass loss rates calculeted were of the
order 1077 M, /yr. He found that the level of ionization
did not very much over the rsnge of the spectral types

and luminosities considered.

Bernat (1977) in a very deteiled work on the
circumsteller shells of four M supergients, showed that
the physical dimensions of the C3 shells were very much
more extended ( 2 10 R*)o As a comsequence, his mass
loss rates turned outto be higher, e.g., 1n the range
(6.7 x 1077 = 442 x 10™*)M /yr.

Hagen (1978) studled nine M giants superglants
both in the optical emd in the infrared region te
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investigate how the presence of dust among other things
might affect the physical situation in the shells. Her
expansion velocities were of the same order as obtained
before and particle densities of 107=10% cm™> at the
inner edges of the envelopes were inferred. The mass
loss rates were in the renge 10™/=10"3 Mg /yr. = more
like Ssnner than Bernat. These values depend critically
upon the value of the inner shell redius used in the
calculations. Both Samner and Hagen took a smaller

value for this radius than Bermat.

With the exceptions of Senner (1976) and Bernat
(1977) who used apart from metal lines Call infrered
triplet lines at AA 8498, 8542, 8662, Nal D lines at
PN\5890, 5896 and KI lines at Y)\7665, 7699 most of the
analyses so far have been based on observations in the
blue, This has been so primarily because most of the
circumstellar lines of the ebundaent metals are located
in the blue~-vioclet part of the spectrum. However,
these codl glants and supergiesnts are rather faint in
the blue which restricts the observations to the very
bright stars. The circumstellar cores usually fall
within the wings of the underlying photospheric line.
Therefore, heavily exposed spectrograms are required to
reach the CS cores. This requirement further llmits

the selection of the éebJects. Unllke The U3 enve.iopes
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in M supergiants which are comparatively well studied,
the observational data relating to those of late G and
K supergiants are rather scanty. It may be that very
few CS lines were found in the blue in G end K super-
glants. Owing to the lack of knowledge of the level of
Ca ionization, the Call H and K lines are unsuitable
for the accurate determination of the mass loss rates
in these stars. Therefore, there is a pressing need to
explore the CS lines in the red in these stars. Weymann
(1962) had noticed during the course of his study of the
CS spectrum of « Ori, a distinct asymmetry in the
profiles of the first twe Balmer lines of hydrogen. The
asymmetry was much more apparent in H A then in H@ .
He suspected that these lines are formed in a messive
expanding chromosphere surrounding the star. Kraft et al
(1964) in their study of H, core widths also observed
that in most of the K supergiants, the H“ line weas
asymmetric in the sense thet the deepest part of the
line was shifted to the shortward edge. They also found
that a few of them had small emission components lying
above the level of the continuum on the blue slde; for
12 Peg, the ﬁn:!.ssion was observed to be on the red emd,
The H emission compoments superposed on the chromose
pheric absorption cores preobably origimate in the 08
shells. Cokhem (1976) had ‘Peported the dhlicovery ox



weak emlssion components of H in red gients in
globular clusters. She interpreted these as emissions
from the circumstellar shedls formed by ejection of
matter from these gilants. Mallia and Pagel (1978)
confirmed the presence of these small emission features
in red giants in a few more globular clusters. The
emissions are detected either on the blue edge or on
the red edge or on both the edges of the H profiles.
According to them, the blue shifts of the H, sebsorpe
tion core coupled with the presence of weak emission
components are highly suggestive of mass loss. Very
recently, Boesgaard and Hagen (1979) have also detected
small asymmetries in the H, absorption lines in
several M glantse. They obtained high dispersion specira
of 61 M gilents to investigate the behaviour of Call

H and K, NaI D end H 1lines in the C5 envelope. The
H, line was found to be asymmetric in 50 per cent of
the stars. The displacements from the line center
measured forthe CalIl H and K lines were much larger
than for the Hy lines. Boesgaard and Hagen also
suggested that the Hy asymmetry srises most probably
in the chromosphere and that the lime forming region
extends over a small geemetric distemce, They confirmed
that the strength ef the Call K component imcreesed
with the spectral types amd the velocity shifts
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decreased. On the other hand, the H, core strengths
and the displacements did not vary much with the
spectral type.

Since Hx 1is a strong line in late type superw
giants where the bulk of the stellar continuum is in
the neighbourhood of H, , it should be a powerful tool
for the analysis of expanding chromospheres and envelopes
of these stars. Because of its intrinsic strength, a
larger domain of stars to falnter limits can also be
studied.

The present work 1is undektaken te investigate
physical conditions in the very outer layers of middle
G to early K Supergiants with the H, 1line as a probe.
The process of mass ejection and the physics of expand®
ing shells of these stars are studied.

We have obtained coudé spectrograms and
echellogrsms at high to moderately high dispersions of
22 stars ranging in spectral type from G8 to K7. The
observations are designed to study the neighbourhood
of the H,, line and includes in partieular the BallA6572.

Series of Hy 1lime profiles are computed with
varying physical perameters to match the observed
profiles. For the lime profile computatiens, a
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radiative transfer code for spherically symmetric
expanding atmospheres (developed by Dr. A. Peraish)

has been used. From the fits to the observed profiles
we have obtained data on the densities, velocities and
physical extent of the Hy forming layers as also the
mass eJection rates of these stars implied by the
observed asymmetries in the Hy line and the weak
emission components flanking the cantral absorption.

We have also tested if the Cal]A6573 could be used as
an effective probe of the chromospheres and CS envelopes

of these starse

We discuss the observations and the methods of
reduction in detail in Chapter Il. In Chapter III the
theoretical framework for the analysis of the line
profiles is explained. In Chnptef IV, we describe
the results and discuss their implicetioms. Conclusions
and the future directions of work in this fileld are
given in Chapter V.
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CHAPTER II

Observations

ae The Programme
From the Bright Star Catalogue (Dorrit Hoffleit,

1964) and the list of supergisnts givem by Humphreys
(1970), late G end K supergiants were sampled keeping
in mind their observebility from Kavalur Observatery
which is at a latitude of 12 and the limitations
imposed on their brightness by the duration of the
exposure required at the coude and the Echelle spectro-
graphs of the 40% telescope. Stars with declinetions
as low as =64 could be observed under conditions of
good seeing and trensparency. Since the Echellt
spectrograph was used in conjunction with am uncooled
single stage Varo image tube the exposure times were
further limited by the smbient temperature resulting in a
high background of the image tube. The observations
were thus restricted to objects brighter thsn My, = 6.0
covering a range of spectral types namely G7 Ib through
K7 Ib. Although Hymphreys (1970) and Hoffleit (1964)
assigned a spectral type K5 I to HD216946 thus forcing
it on the present list, Wilson®s (1976) list of K~-line
emission stars with premounced chromespheres indiceted
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that HD 216946 may actually belong to a somewhat later
spectral type nemely MO I, However, this star was even
then observed. The list consisted of about 35 starse
Because of unfavourable skies during the monsoon months
(from April till July), not all the stars on the list
could be observed. In all, we have obtained spectra
of 23 stars. Baslic data for the program stars are given
in Table 1. <The first three columns in this table give
the HR number, the HD number and the name of the star.
The fourth column indicates the spectral type of the
star obtained from Wilson (1976) for the stars studied
by him and for the rest of the stars from the Catalogue
of Bright Stars (Hoffleit 1964). Visual magnlitudes and
the (B~V) colours are given in the fith and sixth
columns respectively. These were taken from Humphreys
(1970)s In the seventh column My, are listed. 14

out of the 23 stars have chromospheric Call H and K
emission. For 12 of them, the absolute magnitudes are
taken from Wilson (1976) obtainmed from his study of
Call H and K chromospheric emission, <They are marked
with asteriskse My,s for HD 89388 end (3 Ara are
obtained from Warner (1969).M, for HD 62576 is obiained
from Luck (1977)e

For studying the outer layers of the atmospheres
including the chromespheres amd the C3 shells, it 1s
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Zable 1
Star . Spectral -
HR HD Name type v B~V My Mo1
237 4817 K5 Ib 6607 1.74 1
834 17506 7‘1 Per K3 Iv 3076 1 069 -3 ,8% 4‘03
861 17958 K3 Ib 6451
2473 48329 € Gem G8 Ib 308 1.40 wly o 5% -l o7

2580 50877 0'CMa K3 3478 1,73 ~4,.T* =542

2615 52005 41Gem K3 Ib 5e62 1466 w341* =36
2646 52877 rCMa K7 346 1.7h  =he2% 5,3

)
o

&

2764 56577 K3 Ib Lo83 1071 b i® b6
2993 62576 K3 Ib 4,58 1463  ~he3% 4,8
3225 68553 K3 Ib Lobbh 1462
3612 77912 G?Ié;n 4,60 1404 =2,2% w24
3634 78647 AVel K5 2¢30 1,70 w3.,8% 4,9
3692 80108 K3 Lb 5¢11  1.66
4050 89388 X5 Ib 3.39  1.54 w3,7 -l o8
4120 91056 K3 Ib 5.26 1.86
57Th2 137709 K5 Ib 5.25 1.75
6461 157244 Cara K3 Ib 2,84 “ly 0 wiy o5
7114 174947 33 Xegr K1 Ib 5.75 1.18
8079 200905 4Cyg X5 Ib 3,72 1,66 =2,0% «3,9
8308 206778 EPeg X2 Ib 2642 1,58  hoi* w45
8465 210745 ¥ Cep K1 Ib 2.35 1458 =hyaT% 5,0
8726 216946 MO Tb 98 1,80 L% #5,6

¥

iy e W W - Wm0 n TR N o o - <y i ‘ s
- W T - as - \ -‘.ﬁm-b-“&




important to know the actual geometrical extent of the
starse The inner radius of the shell and its thickness
are two important parameters in determining the physical
conditions in the envelopes This radius together with
the escape velocity at that radius determine whether
mass ejection is taking place ang€ also the rate at
which it is taking place if at all. Few direct deter=
minations of radif of these stars exist. 4 common
indirect method is to use the relation L = AOTchT Tﬁff
to obtain R, the radius provided the luminosity L and
the effective temperature Tefr are already known from
other data.

Unfortunately the effective temperatures are
avallable for only 9 program stars while the luminositles
are known for 16 of them. Table 2 lists the stars for
which the effective temperatures and luminosities
are known. These have been adopted from Luck (1977,
1979). Then the absolute bolometric magnitudes were
calculated using the belometric corrections due te
Johnson (1966). Beceuse of the intrinsic dispersion
of about 00«5 in the absolute magnitudes (quﬁ%n 1978),
the radii obtained for these stars are only good to a
factor of 2 or 50s The radil obtaimed for the stars
renging in spectral type (G8+K5) are of tke order of
16”3 ca, For the amelysis of lime profiles, we have
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assumed the radius to be 1013 cm, for all the stars.

b. Coude spectrogramg of )\ Vel, 7 Per and o CMa
were obtained on Kodak 098-02 emulsion using the coudée
spectrograph on the 40% telescope. Useful spectra for
these stars were mostly obtained in December 1977 and
January 1978. The Coude spectrograph is comprised of
collimator mirror of 8" agperture, a camera mirror of
16" aperture and a hooymm grating blezed at SOOOi in
the second order giving a dispersion of 4.23/mm in the
second order. The reduction factor (collimator focuﬁ/
camers focus) was 2 for the coude spectrograph. The
Blit width wes fixed at SO-SO/A such that the projected
s8lit width on the photographic plate was 25-30 4 . The
resolution on the plate was thus 00123&. The stellar
spectra were taken in the second order. <The Kedak
filter OGI was inserted in the beam of light passing
through the slit to cut off light from the overlapping
orders. The spectral range covered was )\)6200«56800,
The exposure times for obtaining unwidened spectra or
these stars varied between 2 and 5 hours depending upon
sky conditions. Becuase of such large exposure times,

it was not possible to widen the spectrum.
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Echellé spectrograms were obtained for all the
23 program stars with the Echelle spectrograph at the
coudé focus of the 40" telescope using en uncooled
single stage image tube (Varo type) and a 7" cemera.
The Echellé spectrograph has a 79[ /mm echelle grating
blazed at 67463 in the 34th order where the Hy
line lies. The cross dispersion grating used is a
300 L /mn grating blazed at 6400i. The collimator mirror
has sn aperture of 6" and a focus of 60", With the
camera mirror of 7% focus, the reduction factor becomes
8.5« The dispersion is approximately 10.53/nm at and
eround H, « The comparison spectrum was of neon.
Stellar spectra were obtained for a few stars on (98«02
plates and for the rest on 103e~F films. In all 56
usable spectra have been obtained for the preseat study,
two each of the stars ¢ Gem, Cep, ‘% Cyg, ¢ Peg,
HD 62576, HD 77912, four for 0'CSa, sevem for 3 Ara
and one each of the stars 33 Sgr, HD 4817, HD 80108,
HD 89388, HD 91056, HD 196093 and HD 17958. 3ix
spectrograms out of all these were marginally undere
exposede For 10 stars, spectra widened to about .2mm
were obtained. For the rest, we had to take reccurse
to untrailed spectra because of the upper limlt on the
exposure time with the image tubes
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Calibrations for the plates snd films were obtained
from a quartz prism calibration spectrograph and a
rotating sector providing a calibration spectrum in steps
of known intensity ratios., The spectre of a few of the
stars are shown in Figure 1, Both the plates and films
along with the calibrations were traced on the micro=

densitometers,

The spectrum ranges from 58003 to 78003. As
pointed out by Chaffee and Schroeder (1976), the analysis
of an echellé spectrogram differs from the normal
procedure, Firstly each order in the echellogram is
tilted with respect to the direction of the echelle
dispersion. It is a serious handicap 1f one needs +to
snalyse a large spectridl range. The second effect ias
the variation of the intensity aléng each order. The
density tracings clearly show that the continuum falls
quite rapidly towards the two ends of a single order.
The analysis of lines present in the falling continuum
is possible only if the spectrum corrected for the
change in efficlemcy of the echelles. In order to avoid
these complications, we adjusted the echelle grating
and the cross disperser such that on each echellogram
the H, line wes in tke middle of the atrip. The conti=
nuum in the §iFinity of H, is fairly waifors. The
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H, profiles of the program stars hardly have any
wings, so the line extends over a relatively narrow
widthe Therefore, the problem of the wings merging
into the falling continnqm does not arises. The Nal D
lines were present three orders away from the H,
towards blue (upwerds) where the exposures had already
become too faelnt to show the cores in these lines.
Xlso these lines fall on one edge of the order where
further anslysis is likely to be dubious. Therefore,
the observations once designed for Hy could not be
used for anslysing the Nel D lines., Similarly the

KI ) 7665, 7695 lines were exposed lightly. They were
three orders away on the red side of H, (downwards).

Therefore, they were left unexplored toos

The only ussble line other then Hjy in these
spectra is the intercombination line of Cal at
65724781, arising from the tremsition (482)' s, =
(43 4P)> Pye Saite (1973) had observed Cal [A€573
in ¥ aur end hed traced its origin to the circum~
stellar envelope of this well known spectroscoplic binary
system (K4 Ib + BV Ib). The Cal line is present in the
seme order as Hy end 1s rightly exposeds So this line
was also studied alemgwith H to get additionel infore

; around these starse
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Ce Ihe Reduction Procedure

The density tracings in the neighbourhood of H,
for a few of the trailed stellar spectra are shown
in Figure 2¢ It is clearly noticeable from these
density tracings that the Hy line profiles inm all
these stars have cores displaced to the blue with
respect to the line center., It is hard to place the
deepest part of the line on the plate itself because
the H, line is quite broad and the line minimum could
easily be mistakene Instead of measuring the position
of the core of the line on the comparator, we deter=-
mined 1t on the density tracing itself of each star.
The procedure followed is detaliled belowe

Since the dispersion was found to be non-linear
along a single order, independent measurement of
positions of a series of comperison lines of thorium
present In a single order showed that second degree
polynomial fits well the wavelength-distance scale.

To determine the scale on the density tracings, we
used lines in the stellar spectrum instead of those in
the comperison spectrum. Lines were chosen from the
ssme order in which the Hy line appears emd net far
from Hy which reduces the other adverse effects aris=

ing from an echelle speectrum as described earliers
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Lines of high excitation potential were selécted
because they are most likely of photospheric origin.
For each density tracing, the constants of the poly-
nominal satisfying the scale were determined. Using the
resultant scale, the position of the core of the Hy
line was determined using three photospheric Fel

lines at AN 6546,.248, 6574.238, 6581,220,

It is a common practice in studies of stellar
atmospheres to express line core displacements in terms
of velocities, These displacements are presumably
Doppler in origin in the sense that the absorption
core is formed in a column of material moving with
respect to the star giving a Doppler shift of the line
center in the start's rest frame., In this case the dis-
placements measured in terms of wavelengths can be
expressed in units of velocity with the help of the

relation ANV

™ C
where ﬁ)\ig the wavelength shift from the line center
at %o and v is the velocity shift,

In the analysis of theoretical line profiles,
these shifts in wavelength/frequency and velocity are
more commonly expressed in units of Doppler width and
thermal velocity respectively. The thermal velocity

is defined by (sz/m)% where T is the excitation
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temperature of the line under consideration and m is
the mass of the hydrogen atom. If the average excita=
tion temperature for the Hy 1line in the programme
stars is assumed to be AOOO.K, then one thermal unit
is equivalent to 8.13 kw/secs The Doppler width in
frequency units is given by % <-°3-,‘:;-§ )’lﬁ and in
wavelength units by 2& (%—E }Vl ¢ For H A » the
unit Doppler width equivalent of wavelength is 0.1783.

The displacement of the line core cen now be
expressed in terms of velocity shiftse The velocity
shifts obtained for the programme stars vary between 4
and 20 km/secs is.es from about half a Doppler width to
gbout 3 Doppler widths. 4in exceptiomally high velocity
shift was obtained for HD 68553 (about =35 km/sec).
The velocity shifts of all the stars are givem in
Table 3+ For the six stars with underexpesed spectra,
the displacements are not very accurate. The accuracy
of the measurement is abeut 1 km/sec, as determined
from the error involved in measuring the pesitiom of
the Hy ocore. The displacements obtained with respect
to the three photospheric lines differ by less than
1 km/sece Hemce the internal sccuracy ¢f the measure=

ments iz S 1 km/secs
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For locating the continuum, use was made of the
Arcturus Atlas (Griffins, 1968).  Boo, being a K
giants has a spectrum similar to that of the K super-
giants in the present study. The spectral regions
free of lines in the density tracings of these stars
were marked with the help of the corresponding clear
regions in the tracing of (f Boo where the signal/
noise ratio is very high. Then a smooth continuum was

drawn by Jjoining these several points.

In 13 out of the 23 stars, weask emission is
detected above the level of the continuum, for 10 stars
to the blue and for the remaining 3 stars to the red
side. Eguivalent wildths of these small emission compo=~
nents were measured -~ they range from @.053 to 0.153.
The amount of emission cruclally dep;hds upon the chosen
level of the continuum. The emount of shift of these
emission components to the blue or the red in terms of
wavelengths are shown in Table.3. On the density
tracings of many of the untraliled spectra, it was
difficult to detect the weak emissior feature at the
edges, for it could be easily mistakem with the noise
in the continuume

In each case the density profile was comverted
into intensity profile using the calibration specirum
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for that star. These observed line profiles were
corrected for instrumental broadening by the method of
Burger and Van Cittert as modified by de Jager and
Neven (1966), According to this method, the following
integral equation is solved by an iterative procedure

TN = T () + RO - I:T,,__,Cx) Alr-2)d 2

where T.()is the true profile, R(’)the recorded

profile and A(})is the instrumental or the apparatus
profile. For the first iteration 7T,/)) - @(A>
Then T, (D) = &@C))—-f:;&(x)/’s()»tvalx « The
iteration is carried on until / Tal 2 = Tnoy ( 9‘)/ <€
where ¢ = o001,

The instrumentel profile was chosen to be theat
of a very faint neon line obtained from the neon+
discharge tube using the same Instrumental setup.

A computer program was written to obtain the finel
profiles corrected for instrumental broadening. Three
iterations were enough to give a proper convergence of
the corrected profile, The representative corrected

profiles of the 23 stars are shown in Figure 3.

Equivalent widths were measured from these

normalised intemsity profiles ef the program stars. The
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equivelent widths determined from various plates and/
or films of the same star agree quite well, The
equivalent widths of these Hy absorption profiles
along with those of the H x« emlssion components are
listed in Table 3+ Equivalent widths as well as the
velocity shifts of the Cal] A 6573 were also measured.
These velocity shifts are much smaller than the Hy
velocity shifts. Both the equivalent widihs and the
velocity shifts are listed for Cal in Table 3.

Table 4 givem the H, velocity shifts and the equivalent
widths for the three stars ) Vel, 0'CMa and 7 Per

observed at the coudé spectrograph.
d. Correlations

For a preliminary analysis, correlations were
sought between the various quentities determined observa-
tionally. A plot made between the eqquivalent widths
and the velocity shifts of the Hy absorption is displafyed
in Figure 4, The scatter is too large to show any
definite relation between the two. A plot was also
made between the ratio of the wldTth ©I # x liime 1n
the continuum to its depth and the veloeity shifts of
the absorption core of Hxx and is shown in Figure 5.
This plet indicates the mature of the velocity fileld
of the line forming regioa. A)though the scatter is
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Shift of the EQW of H

Star sz;;:al Hx line core abs rp‘l;iog
(km/sec) (ﬁ)
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O 'CMa K3 Tab LY 1.35
A\ Vel K5 Ib «1042 1.72
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otes The H equivalent widths measured from
the Coudé spectrograms are systematically
lower than the ones obtained from the
Echellogrems, This is because the
former are not corrected for instrumental
broadening.



a bit too large, there is a definite trend in the
sense that for increasing core displacements the
ratio becomes smaller, No clear dependence of the
equivalent widths or the velocity shifts upon the
spectral type were found (see Figure 6 and Figure 7).
A plot was made between the Hy and the Callvelocity
shifts, There is a linear correlation between the
two (Figure 8). MAnother plot between the Callequivae
lent widths and Hyx velocity shifts is displayed in
Figure 9 These two quantities also seem to be
linearly related. The significance of all the above
correlations will be discussed in a later Chapter.
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CHAPTER III

THEORETICAL COMPUTATION OF THE Hy LINE

To extract from the observed Hy 1line information
pertaining to the physical conditions in the line formw
ing region of the atmosphere, we need to compute theore=
tical line profiles by using a proper formulatiom of the
radiative transfer problem and vary the input para=
meters such as optical depth, turbulent velocity and
expansion velocity in this problem te reproduce the
observed festures of the line in guestion in the
absence of a consistent model. The best fit to the
observed profile then determines the physical properties

of the particular line forming regione

Since supergiant atmospheres sre extended, the
assumption of a plane~parsllel geometry to describe the
radiative transfer in these atmospheres 1s not propere
A spherically symmetric formulation of the transfer
préblem is the first requirement to obtain meaningful
insights inte the physical situstion. Moreover, since
the observed line profiles are ell asymmetric in the
sense that the absorption ceres are displaced to the
blue with respect to the lime cemtre in the observer®s
frome, there is a stromg imdication of seme kimd oI
motion, most likely s met etiwsrd metlen 1n these



atmospheres. To interpret the profiles. therefore. one
needs to extend the theoreticael treatment further to
include velocity fields. The basic theory of fﬁaiative
transfer in spherically symmetric expanding atmospheres
has been developed over the last decades and discussed
extensively by various authors in ghumber of astrophy-
sical contexts. The theory is outlined in some detail
in the text by Mihalas (1978).

Since we are concerned with line formation and as
the line forming region for H, may extend from the
photogphere to the very outer layers of the atmosphere
where the medlum is tenuous and the radiation field weak,
significant departures from LTE are expected to occur,
Hence a non<lTE approach is needed. To obtain a self=
consistent solution to the line-transfer problem, one
should solve the equation of radietive tramnsfer and the
equation of stetistical equilibrium simaltaneously.

According to Athay and Thomas (1958) bulk of the
absorption in the Hy 1line In stars like the sun arlses
in the lewer chromospheres, Weymenn (1962) alsc has
suggested that the H‘?( line iz X Ori originates in am
enormously extended chromesphere surrounding the stare
The lower chremospheres ¢f these stara have large

optical depths in the Lyman limes. The implies



a detailed balance in the Lymen~line transitions. The

H o line them behaves in a fashion similar to resonance
lines. As in the case of xmxEm resonance lines, the statis~
tical equilidbrium equation for a two level atom (levels

2 and 3) is thus sdequate for the study of Hy .

For the level n = 2 this may be written as

ﬂagﬁagf%%o@” +Cas ) = 1y (Asa *63-"j%‘77’£v (51)
* ca.ﬁ)

where 1323 and 332 and A32 are the Einstein A and B
coefficients for the transition 2-—3 in He The first
term on the right hend side denotes radiative absorptions
per unit volume per sec and the secomnd, collisional
pxcitations per unit volume per sec. On the left hand
side, the first two terms define the spontaneocus and

the induced emissions per unit volume per sec
respectively. The 3rd term gives the collisgional

deexcltations per unit volume per secs

The equation of radiative transfer in a moving
atmosphere can be formuleted either im the star's rest
frame Known as the observerfs frame or in the comoving

freme. I the first esse, the observer is at rest and
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views the stellar material flowing out while in the
second case the transfer problem is treated in a frame
in motion with the matter. The comoving frame formula=-
tion is particularly suited to handle large scale
velocity fields and rapid atmospheric expansion wile
the observerfs frame method is only restricted to
velocities of a few Doppler widiths., Since the velocis
ties involved in the present problem are of the order
of a few Doppler widths, one could choose either the

observer®s frame or the comoving frames

The equation of radlative transfer for a spherically
symmetric exp%nding atmosphere and its solution are
adopted from the work of Peralah (197%9). Although
designed to treat the line tramsfer in repidly moving
atmospheres, this formulation is equally valid for the
low velocity regime we are interested in.

According to Peraish {1979) the equation in the
comoving frame 1s given by

o] (op) 1222 3T ()

oY Y 3/)' ‘
: XL[_@J« 4>(_'x,/,t,~r)] ["Séx,lu,f)-l(x,/k, Y) ]
ALY 7T (% /,L,*r)
* [U"”)‘Y“q}‘?’ i rads @;o

oe (3.2)
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and for the oppositely directed beam,
iy oT(% 7Y 4-p2 3T (X,
oY Y DM
- ) o
ks & (2, 7)) [ SOy ) ~T(x, 1]

- v EI( 17 ’Y')
+ LC,-#'L} \/(;‘2 LR d €>] ";x/'"
ov (343)

Here I ( %,M,Y ) is the specific intensity at an angle
cos™ M at a radial point 7 in the atmosphere and
frequency X = (7-V) / A'Vao- where AVaU is the
Doppler width, The total source function $( ,:t,bt,wr)
is defined as the ratio of emissivity to opacity and is
given by Peraiah (1978).

r)= C#(“’i#’osl&":tﬂﬂ)+@5¢:(’r>
‘b(zzi%,“o +@

S(nytp

ose (3.8)

where 3/ denotes the lime seurce function amd OS¢
thet in the continuum.

The line source fumotien is expressed in detell
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‘sl, (-‘2’ /u T) d’(’l :t,LL,Y> (a(ix. gfﬂcx yEM, % 9/"’) I(Z >9(/u'

+eR(v),
o (3.5)
e - G’/(Hé’)
e/ - ¢, (- éW/M}/ Ay
eo (346)

€ ,represents photons that are destroyed by collisional
deexcitation following a photeexecitation, £ is ch/ X 1
the ratio of opacity in the coatinuum to that in the
line ¢ (x,tpv) and R(x,tu; */, p') are the
profile and redistribution functions respectively.
V (r) defines the velocity field in the moving
atmospher:

In the solution of equations (3«2) =~ (3.5)
Peraiah (1979) assumed the followlng!

a) the profile funectiem ¢ was takem to correspend te
the pure Doppler case givea by

~N
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o o
(a,40V) = ¢ Cxtp) /g
xL i 3 U
b L, SR os (37)
where the frequency x-> %tV in the rest frame of
the observer and V = vgas/V£hermalthe ratio of the gas
velocity to the thermal velocity; § was put equal to

one,
, /
b)  the redistribution function R (%,tM, "’/9/“‘ )

was angle-averaged in 4 directions and is given by Riwa
(Hummer 1962, Peraiah 1978)

c)é=0and @ =0; the case of a scattering medium,

and

d) the outer velocity in the stmosphere was taken to be
10 thermal units,

The line source function SLC Y )at the radial
points obtained from the solution is shown in Figure 10+

For the study of the H, line, the above theoretical

analysis seems adequate ré)r the following reesomns

(1) the Hx line im lete G amd K supergiants is well
represented by a pure Doppler prefile (Kraft et al 1964),
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{(11) for a Doppler profile where the width is not
very large, the assumption of complete redistribution

of photons over the line profile is quite valid,

(iii)Since the Hy line forms in the lower chromos-
pheres of these stars where the opticel depth in the
continuum is very low while the opacity in the line
center of H, is very large, the ratio X / Xp ~0

(iv) Since the excitation of the H, line requires
more than 10eV of energy and the local kinetic tempera=
tures in the line forming regions of these stars are
low, collisions are not effective in forming the line;
at the same time the photolonization edge of the level
A =2 falls in a region of the spectrum where the
stellar radiation field is rather strong. Hence the
line belongs to the category.of photoionization
dominated lines (Thomas, 1957, 1965) and appropriately

the source function has £:0,

(v) although normally the source function is a fumctiom
of V (r), in an extended atmosphere with a chromospheric
temperature rise, it is only weekly affected by the
velocity field (Groth snd Wellman, 1970) Therefore,
the source function displeyed im Figure 10 is deemed
adequate even for the smaller velecities encountered in

the present probleme.
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The observational work on expanding atmospheres
(Sanner 1976, Bernat 1977, Hagen 1978 and Boesgaard
and Hagen 1979) have so far been only confined to the
circumstellar envelopes. In these studies the photos~
pheric contribution to the line profile has always been
assumed to be symmetric and subtracted from the
composite line profiles. Only the shell contribution
to the line has been analysed., The problem of line
formation is too complicated to warrant such a separa=
tion of the shell profile from the photospheric profile.
This is especially true for the Hy line since the CS
contribution to the absorption in the line is only a

fraction of the total. In the present work,
therefore, a continuous distribution of matter is
assumed to exist from the photosphere to a meximum

extent of 2=3% times the stellar radius,

Using the line source function displayed in
Figure 10 in conjunction with appropriate density and
velocity distributions (to be described later), the
flux in the Hy line as a function of freguency has
been computed with the help of a subroutine to the
main trapsfer code also provided by Dr. Peralsh. T«
do this the following geometry was sssumed for the
Hy forming regions.
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We assume that there is a reasonably well defined
photosphere of radius Rin surrounded by a spherically
symmetric, radially expanding envelope with anm outer
radius Rout° The extent of the envelope is, therefore,
AR =R . = Ry (see Figure 11). The envelope is
divided into a number of shells. Since the velocity
distribution V (r), the demsity distribution f{%)
and the source function SLC%btained after solving M
equations (3.2) and (3.3), are specified at each subw
shell, the computation of the linme flux follows in a
fairly straight-forward manner.

The flux F_/is calculated in the line of sight
of the observer at each frequency. The material behind
the star is hidden from the observer (occulted region
in Figure 11) and that in front gives rise to the
absorption.

As the observer views the emission lobes on either
s8ide of the star the various radial directions contrie
bute differently to the line-of-sight emisslon depending
upon the cos# facter involved, The intensities are
calculated at equally spaced radial points in the line~
of-sight and integrated ever the thickness eI the
envelope to yield the tetal flux in the emissien lobeBe
If I (b) denotes the line-of~sight imtensity, the flux
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from each emission lobe is given by
0294,\!,‘
£, - Mf TR hdh
..

The total flux at each frequency then is 7Cy « B+ & F
the factor 2 erising due to the 2 emission lobes.

The results of the line profile computations and
the appropriate fits to the observed Hy line profiles

are discussed in the next Chaptere



- b4l -

CHAPTER IV

a) Characteristics of the Observed Profiles

The principal characteristics of the Hy line
in the G and K supergilants observed arem the following:

(i) The line is in deep sbsorption and reaches a
level of (0005«0.15) of the continuum. The
width of the line at the continuum is reoughly 3:&.

(11) There is a distinct shift of the absorption core
to the blue giving rise to an asymmetric appearance.
This shift in terms of velocity is in the range
or=4¥3% im/sec.

(11i)The equivalent widths are in the range of 1.5=2.3A.
The line 1ls unsatursted end has almost a core-like
guality as iz seen on all micrephotometer tracings.

(iv) Weak emission components are present on the red
edge for 4 stars and on the blue edge for 9 sters.
The strength of the emission 1s in the range of
0.05-0.152\. Emission within the velocity range
of the absorption profile is of merginel detecta=
bility.

b) - fo I
The observed Hy line im G and K sypergisnts 1s



much too strong for the prevailing physical conditions
in these atmospheres, The level n = 2 of hydrogen has
to be over.populated by a significant amount with
respect to the LTE value to produce the observed
strength of the line. Moreover the asymmetry of the
line most certainly indicates e net expansion of the
layers where this line is formed. Although the problem
of formation of this line has not been solved in detail,
its observed characteristics are highly suggestive of
a chromoaspheric origin. The asymmetry of the line in
that case implies that the chromospheres around these

stars ere expanding.

¢) Analysis of line profiles,

For a complete analysis, one needs te know both
the characteristics of the undeflying steller continuumg
as also the physical properties of the envelope where
the line is formed. In other words, one would have to
assume a model of the chromosphere for these stars

where the bulk of the H, absorptlon occurs.

Given the properties of a star and its appropriate
chromospheric model, the preblem of Hy =line trensfer
needs to be solved to gemerate the theoretical H ,
profiles. If such profiles were obtained, a detailed
point to peint matching of these with the ebserved
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profiles would lead to further improvement in the
knowledge of the chromosphere eand a vindication of the
chromospheric model assumed. Due to the lack of data
relating to the chromospheres of these stars, it is

not possible to do such en snelysis very satisfactorily
for each individual star. Also this would involve a
prohibitive amount of computing. Moreover, the quality
of observations does not warrant such an approach.
However, the properties of the envelope can still be
determined by comparison\of the groass chracteristics

of the observed and theoretically computed profiles.
For example, the equivelent width of the line is a
neasure of the total absorption aand a function of the
column density of the line forming atoms. The displace~
ment of the absorption core indlcates the departure
from the static nature of the atmosphere. The width

at the continuum and the helf-width of the line are
both dependent upon the turbulemce and the velocity
structure in the atmosphere. Based on the analysis
given in the previous Chapter and the geomeiry described
in Figure 11, theoretical prefiles have been generated
and compared with the observed to determine co lumn
densities and veloecity fields im the outer atmespheres

of the program Bstars.
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(1)

The equivalent width (EQW) is a measure of the
strength of the line and is defined by

Aot AA
Ny - f(l-—_?_.)alh
/Ao__Ak < ') (4.1)

where Fj is the flux in the line at a wavelength ) »
F; the flux in the continuum, ), the wavelength st

the line center snd 2 AN the width of the line in the
continuum,

The optical depth at the center of the Hy line is
given by

/Z; : M f N ‘““/L‘"‘ os (4.2)
e .A'V’o
. N e (b3)

where N is the column density of the line forming atoms,
T the oscillator stremgth amd Jvj;the Doppler widthe

In an atmosphere with a density grediemt, the number
density of hydrogen in lsvel & = 2 (ny) depends upon

the total demsity at eny peint as also upon the vhysical
conditions that control the level pepuleatien. The latter
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is determined by the equation of statistical equilim
briume The column density

Ryt R gk
N = \( 7, dv = ,( | @ oA~
Rim R.. oo (bob)

where n is the total number density of hydrogen and

{ denotes the fraction in n = 2. @ involves a
Bo{tzndn factory end a departure coefficient. In the
absence of a consistent model of the chromospheric
region, the varietion of (@ with depth could not be
incorporated. To simulate an over-population inn = 2
wlth respect to its LIE value a temperature slightly
higher than Texc wes used instead of the LTIE Boltzmen
factorye The factor (J was them absorbed in the constant
O of equation (4.3)s The f-value for the H,line
was taken from Wiese, Smith and Glennon (1966). It is
equal to 0,6407. The Doppler width defined in Chepter II
included only the thermal term. In real stellar
atmospheres the widths of the metal lines cammot be
explained solely on the basis of thermal motion and
microturbulence is normelly imveked (Mihalas 1978).

If §,denotes the root mean square turbulemce,
then the expressien fer the Deppler width is modified a3
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Ya
VW RT a
By = ¢ ( meu + % > ve (445)

According to Kuhi (1973), %: may be as large as
20 km/sec in superglant atmospheres. The high value

may partly be due to the exclusion of non-LTE effects
in model atmosphere analysis and partly due to the
presence of velocity gré‘,ﬁlents in these atmospheres.
Since the width of the line in the continuum and hence
the equivalent widih are dependent upon the value or‘ét,
Hgt was used as & free parameter in the line
profile computations. Table 5 gives 4¥jand & for
various values of %, for a given excitation tempera=

ture. The velocity parameter

/2
Vf : (&k’l}_w + L‘gf;I) oo (446)

o

corresponds to a Tkin defined by

kTki 2R T 2 er (be
AR TR exe + £, (447)
. .

Tyin is also given in Table 5.
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Iable - 5

°
Texc = 4000 K

gy S s i S, -l

4y v Tyin A AXp
-1 -1 ’ 10__.=1) « e
(km_sec”’) (hm osecT’) _ _ (K)(10"%ec”t ()
0 813 5000 1.239 1.38(~21)0.178
5 g .54 5512 1,455 1.17(=21)0.209
10 12,89 10050 1.965 8.69(=22)0.282

15 17406 17610 2.601 6.56(=22)0.384

S S et g A s DU e ohs M e T SRS i P g SO O Y ) W gl S g S SO Nt 1 g e st g st il S W S s o I
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1i) Density and Velocity Distribution

A priori the density end velocity distributions in
the Hy line forming region are not known. Various
possible combinations of density and velocity distriete
butions, each set satisfying the equation of continuity,
vere tried in the hope that we could choose a set
which best reproduce the chracteristics of the observed

profiles. The four cases studied in detail are i+

A Density n(r) = constant and
Velocity V(r) 1/v°

B Demsity n(r) o 1/r® and
Velocity V(r) = constent ,

C  Dengity n(r) &¢1/r and
Velocity V(r) X1/r

D  Density n(r) K 1/r and
Velocity V(r)*r .

The first three cases satisfy the equation of
continuity corresponding to spherical flow while the
last case 18 appropriate for a pleme-parallel flow.
In a highly extended atmosphere, it 1s only proper to
use spherical flow. However, the Ho( 1ine forming
region in the supergiants is mogtly confined to the



chromosphere whose thickness is only a fraction of the
stellar radius. Therefore, it is not wrong to try

solutions for a plane~parallel flow,

In the line flux computation code used here the
density and velocity distributions were not written
explicitly in terms of the radial coordinste. The
discretised coordinate used in the program was the shell
number which varied from 1 to 90 over the extent of the
envelope. In terms of this coordinate, therefore, a
linear decrease in density amounts to a total variation
of almost two orders of maegnitude between the inner
and the outer radius. The velocity distribution also
given in terms of the discretised coordinate was always
consistent end satisfied the¢guation of comtinuity.

In the chromospheres where the density drop is very
rapld the representation in terms of the discretised

coordinate seems to be rather convenlent.

Each computer run of a set of theoretical profiles
is characterised by a density ny and a velocity at the
tnnver redius V_, & turbulent velocity %: end the
extension of the envelope AR, Each profile in the set
is characterised by a perticular value of the velocity VZ

-or
at the out/radius.



In the absence of a velocity gradient (Case B)
the inner and outer velocities have the same value
and the atmosphere strictly expands with a constant
velocity. When a velccity gradient is present, such
a clear definition of the velocity of expansion is not
obtained. Since the velocity is only a function of
the radial co-ordinate r, an average expansion

velocity may still be defined as

y 5 Ve d
aor - foﬂv o (4.8)

Some representative line profiles for the various cases

are shown in Figure 12 The computed line profiles

are seen to have the following characteristics =

1 The BQN increases with the opticel depth at the

line center.

2. The width of the line in the comtinuum and, there-
fore, the EQW increesesz with increasing velocity
gradient,

3. The line core displacément imcreases linearly with
the cuter velocity.

4., The turbulence incresses the width of the line in
the continuum. As a result, the EQW ls dependent
upon. the turbulent velecity.



\.mq ) ree )N TN WY luu\fm

“gren arybdogy

DZi-Old
(swun sepddog ) Ayd0M0A

o
Gkl

goq T i

3&%& g 77

ol

0

0

T4

Apsusiut MDY



el <2 xef pied WQE?S ¢ 27

g21-91d
{suun sajddoq) A32018p

74



sprn sorphlag o ovpe Y by pegeyey v rophed geoparpg

ﬂ.g»\wﬁ&@@ at = v oLlh 74 ng é\_z %&a D 1YY
221 *9Id
(suun Jopddog) Auodojep

] 8 9 Y 4 0 Z- ]
T T v \\\tv}i I T 1 0
([~ -1 -0
e\
{
: ’- - 9.0
///.O
AN

1

@O

[ ]
AJsualul JA1DIDY

l
-2
o




., preeyp v o o el g smhleg
7 =Y = :
a0 g bt aod erfod g g vy
(suun iajddoq) A)o0)ap
oL 8 9 ¥

[4

1 7 7 \\ : 7 T o
4
7T ‘
L] - Z-0
il -1 %0 x
T 3
Z
\ +490°
i\ 5
“ 3
| g
\ -1 8:0<
. q ot




~
o

-
S
Aj1suajul aAiDjaYy

<o
<

80




grom bl o Y by e 0 o o
grem sphag 01 Y e e <2 2 wphed  popdhas @ ary

qelold
(shun Jajddog) Amdojap

ol g 9 7 z 0 4 K4
l T T \ =¥ | T I 0
g— 1Z0
/.n./q
AW - a
70
5
W.
- 1
5:0g
-
180
- O-F




%\%ég_wg?é w\ée\)@g‘w\ié
A e R e ) 70 fo wpereo)

(syun i3)ddoq ) Aid0)9A
ot g 0 Z- ) A 9 -

T j T I

!~ DO
J
o™
o

o)
>
1
w
o

AJIsuaiul aAlDIB Y

1
™~
o

Y 4
=7 q t




- 54 w

Apart from the basic fact that a comstant density
in the envelope is highly unlikely, the computed line
profiles for case A show that even for a relatively
small optical depth, the line core is saturated. Since
noﬁe of the observed lines are ssturated, it was felt
that this case may not represent the true physical

situation.

Case B where n(r) o(‘l/r2 and V(r) = constant has
been widely used by verious workers in the study of CS
envelopes. In the present analysis, this case was
tried for various combinations of ny and AR giving a
wide coversge in integrated optical depth. In all
cases, there is emission on the red side. The magni-
tude of the emission increases with higher optical
depths. Although the bulk of the absorption occurﬁ
near the inner edge of the envelope, the total absorp=
tion of the line is low because of the rapid fall of
density. With larger opticel depth, the emission on the
red side increasses markedly but the EQvef the absorp=
tion line incresses only marginally. Since the observed
Hy EQW!s are quite high and no stréng red side emission

is seen, this case was found unsuitable.

In the ceses C amd D, the density linearly decreases
with redius. In the plemesparailel flew, veloclty
increases with radius while in the spherical case,




it decreases.

Since the inner weloeity in case C is always
higher than the outer velocity and since most of the
absorbing material is located near the inmer edge, the
line core displacements are rather high. Further, it
is found that to obtain EQW in the range of the
observed EQW's, the velocity gradient has to be
. sufficiently large which in turn implies a large value
of the inner velocity. However, Figure 4 shows mo
correlation between the observed EQW's and the line core
displacements. Thus for no observed profile both the EQW
and the line core displacement could be simultaneously

matched with the computed series for this case.

The only choice then left was case D. Since in
this case the inner velocity is alweys less than the
outer velocity, the line core diaplacaménts‘are never
very large. Moreover by increasing the integrated
optical depth and choosing a suitable Vi, the EQW and

the line core displacement could be matched.

It is to be emphesized that the sense of the
velocity gredient is of crueipl importance jm ebtaining
this matsh. In a parallel study of the fi, lime in M
giants, Boesgaard and Hagen [3879) hewe coneluded that
the Hy line forms in a rathér narrew reégien ¢f
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increasing velocity gradient. The present computer
analysis of the line profile for various density and

velocity distribution has led us to the same conclusion.,

In Table 6, the complete series of runs for case D
are given. Also tabulated are the values of the line
core displacement and the EQW's determined from the

-computed profiles.

To obtain the optical depth in the Hy line and the
velocity field in the line forming regions of these
stars, the following procedure was adopted.

It was found that the limne core displacement for a
given ‘ﬁt and V, was Independent of the integrated
optical depth and was linear fupction of Vb‘ From
this correlation the outér velocity for a star can be

determined from the observed line core displacement.

The EQW on the other hand was found to be a
function of the optical depth and Vs. For a given EQW,
a higher V, corresponds to a lower integreted optical
depth in the line. A plot was mede of the computed
EQW?s as a function of integrated opticel depth for a
series of outer velocities for a givem lmmer velocity and
turbulence. Since the observed line core displacements
fix the outer velocity indepemdent of the optical depth,



Table 6

A V = 0,0

a
S - ) P . %: ————————————————— el D S D S SR W U WA S D NEE A S GED GED GED GED GED fut GED Gmy SR Gl Gt BER VRS GED w0 S NN BN @R = - e
Rouh (km/ ~ Demsity ( b (AV EQw
(lg) seco (en3) U mal km/sec) (8)
units
101 5 9.4x10'% 6 8.0 -10.5 0.95
700 -806 0594
6.0 - 9,5 0.87
5.0 - 736 0077
hoo - 9o5 0.78
3.0 "‘607 0073
200 bd 5.7 0065
1.0 - 27 0.62
101 1.9x10"" 12 7.0 ~14.3 1.19
6.0 ~-13.4 1.11
5.0 -12.4 1,08
4.0 —11n5 0193
3.0 - 905 0.87
200 - 7.6 0076
100 - h.s 0.69
105 9.4x1010 31 9:0 -2806 1;80
8.0 -2806 1.69
7.0 -25.8 1.587
600 "‘"23.9 1052
5.0 “2309 1t28
k,0 172 117
3,0 14,3 1.07
2+0 - 7.6 0.96
1.0 - 4,8 0.86
To1. 7.1x101' &7 6,0 -28.6 1o41
5,0 ~22.9 1.32
h.@ '17-2 1.18
3.@ “16-2 1065
2.0 - 9.5 0.96
1.0 - 9‘3 0-8V
1o1 9.4x10'! 62 6.0 -28.6 1.50
5.0 -22.9 1038
4,0 -19,1 1.27
3.9 ~12.4 1.13
2,0 - 9.5 1,02

140 - 1,8 0.97
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Table 6 continued

Density Vb
(in” ther-
(c:EB) ‘Z mal units)
1,310 6 8.0
T.0
6.0
5.0
4,0
3.0
2.0
1,0
11
2,6x10 12 7.0
6.0
50
4.0
3.0
2.0
1.0
1.3x1077 91 9.0
899
7«0
600
5.0
haO
349
2.0
1.0
9.8x10"" w7y 6.0
540
k.0
3.0
2.@
1.0
1.311012 62 6.0
%40
£.0
3.0
2.9
1.0

i i il ol A -Gl ke i

av EQW

(km/sec) (K)

- e - - e =

-14.2 1.28
-11,.6 1.26
-12.9 1.17
-10.3 1.07
-1209 1.05
- 900 0:98
- Te7 0.88
= 39 0~83
-19.3 1.61
-1800 1.50
-16|8 1.“-6
=~15,5 125
-12.9 1;17
~10.3 1402
- 60# 0093
-38,7 2.43
-3807 2028
-34,8 211
“3202 2.05
-32.2 1472
-23.2 1458
-14,3 144
-10,3 1.30
- 6.4 1.16
~-38.7 1.91
-30.9 1079
-2342 1.59
—21-9 1.&1
~12.9 1.29
- 502 1.18
'3307 2093
-30.9 1086
-25.8 171
-16l8 1‘52
‘1809 1!37

fad 60“ 1i3@
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Table 6 continued

Rout (kmﬁec.) Density Vb AV EQW
(1013 {Z (in ther=- (km/sec) (X)
cm) (cm‘3) mal units)
101 15 1.7x10' 6 8.0 -18.8 1,75
700 -15«;& 1.72
600 -1701 1.60
500 —13.7 1.1"6
4.0 =171 1.40
3.0 -11.9 1.34
200 "'1002 1020
1.0 - 5¢1 1,14
101 3.xi0'! 12 7.0 -25.6 2.19
6,0 -23.9 2.0k
500 =-22.2 1-99
4,0 -20,5 1.70
3.0 "17.1 1.59
2,0 ~13.7 139
1.0 - 8.5 1.26
1.5 1.7x10'! 31 9.0 ~51.2  3.31
800 "5102 3.10
7-0 """6.1 2.88
6.0 -ll»2.7 2.79
5.0 -h27 235
k.0 -30,7 2.15
3.0 -2506 1.96
2-” "'13.7 1.77
1.0 s 8.5 1.58
1ol 1.3x1012 7 6.0 -31.2 2,60
5n@ —h0.9 2.43
4,0 ~30.7 2,16
3.0 -39.0 1092
2.0 «17s1 1.76
1.0 Lol 608 1:61
Tal ‘!.7x1012 62 6.0 -51.2 2.76
500 -‘1-0.9 2.53
4,0 ~38,7T 2.3%
3.0 wld,e 2,07
RO =171 1.8%
1.9 o 8#5 1.78

p -
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Table 6 continued

B 1 V = 1e0
a

]
i

N ot I Sy YO o iy s N S S W

R £t Density v AV B
out (xm/ b QW
13 (in” therw (km/sec ©
gx}\ sec.) H fA mal units) /oee) (&)
S €00 N -
10
1.1 5 9o4x10 6 900 -19c1 1000
8,0 ~17+2 0.92
7.0 -18.1 0.89
600 ‘17.2 0082
5.0 -14,3 0.78
hoo -14.3 0070
3.0 -13.4 0.67
2.0 - 9.5 0.59
1,0 - 6.7 0.58
h.7x1011 31 6.0 -28.6 1.26
500 -23-9 1&13
ueo -19.1 1.05
3.0 ~-16,2 0.96
2-0 —12.h 0-37
1.0 - 607 0085
9.kx10'! 62 6.0 ~30.5 1.33
5.0 -23.9 1.28
k.ﬁ -2100 1.08
3.0 ‘15.3 0.98
210 —11.5 0.89
1.0 - 9.5 0.91
10 1.3x1011 6 9.0 “25.8 1.35
8.0 -23.2 te2k
7.0 ‘2&.5 1.20
6'0 -2303 1m11
5.0 «19+3
M.O ”1903
3.0 -1890
200 "1209
1.0 Ll 930
6.5x10'1 31 6.0 -38,7 1.70
5.0 -32,2 1.52
&.Q “2508 1.&1
3&0 ‘2109 1-30
2.3 ‘16.8 1.1$
106 - 900



Table 6 continued

R £ Density A A QW
out t b _
; (xm/ oy (in ther- (Km/sec.) (&)
(10 3 sec.) (om=3 T mal units)
Cm) cm )
12
101 10 1.3x10 62 6.0 -lit1,2 1.80
5.0 ~32.2 173
L,0 -28.4 1.46
3.0 -20.6 133
2,0 -15.5 1.19
100 "'12.9
8.0 -30,7 1.69
7.0 -32.“’ 1.66
6.0 -30.7 1.51
5.0 -25.6 194&-
l'i'to "2506 1029
3.0 =-23.9 1.23
2.0 -17e 1 1.09
1;0 -11.9 1006
8..5::1011 31 6.0 -51.2 2.31
5.0 42,7 2.07
k.0 -3k ,1 1.92
390 -29-0 1.77
2.0 -22.2 1.61
1.0 =1169
1(.')'::1012 62 6.0 54,6 2.45
5.0 —‘1»2.7 2035
th "37‘5 2000
3.0 -27.3 1081
2.0 -20.5 1.63
1.0 -1701
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the EQW=- 7correlation for that outer velocity was used
to determine T corresponding to the observed EQW.
Since the outer velocity in the computer runs were
changed in steps of a Doppler unit, the fractional
value of Vb determined from the first plot was rounded
off to the nearest Iinteger. The error involved in the
optical depth s0 determined is minimal.

For very small optical deptha (7 < 10), the line
core displacement outer velecity plot deviated signie
ficantly from the linear relation depicted in Figure 15,
For these optical depths, the same line core displacement
yields a very high outer velocity. Moreover, if this
outer velocity were sdopted, the observed EQE would give
a much higher value of the optical depth them is implied
by the first plot. Becsuse of this inconsistency,

deviations from the linear relatioﬁ were lgnored.

As shown in Table 6, the inner velocity was varied
to obtain different series of computed profiles. With
a higher inner velocity for the ssme outer velocity, the
line core displacement is higher and the eguivalent width
is lower. This effect is enhenced with increasing imner
velocity. Since many of the observed profiles shewed
high EQW for low line core displacements, the mateh
with the above set of profiles was mxkmmmXy extremely poer.
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Only for three of stars HD 196093, HD 62576, amd

JD 68553, having high line core displacements and
relatively low EQW, a reasonable match was obtained.
For these stars, the optical depths determined from
this set of theoretical EQWw~7 plot sgreed reasonably
well with the values determined from the Vl = 0 case.

d) Optical Depth d Densities
In Teble 7, 7 the optical depth at the line center

of Ha( and vex the expansion velocity for each star

P

derived from the above procedure for a givem &, and V_

are shovns The hydrogen ¢olumn demsities rolblow from
(3) omel (6

equation (4e3) and are given in columma in Table 7. The

optical depths obtained are rather low (10-150) and

consistent with the observation thet the Ho( line is

unsaturated in these stars.

e) The Rete of Mass losg

The rate of mass outflow from the atmosphere can
be calculated from the steady state flow conditiom
assuming spherical symmetry.

Using the equatiom

% - Lfm("zJOCY) \/(Y) an (449)
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the mass=loss rate in the present model can be written

as

0 0 g (14 ) Ve N

ae (4.10)

VWhere Wy is the mass of the hydrogen atom, 7Lthe relative
ebundence by welght of the elements heavier than hydrogen,
N the hydrogen column density end R/, the imner radius of
the model envelope. The value of 7] was adopted from
Bell, Eriksson, Gustafssom and Nordlund (1976) and put
equal to 0.42,

Using the values of column densities and expansion
velocities from Tesble 7 in equation (4410) M in Mg Yr™"
was determined for all the progremmes stars. Since the
assumption of a?articular value of 4, affects the
value 0of the column density derived the mass-loss rate
is slightly different in the two cases with %, = 10
and 15 kmsec™ ', Since the Doppler unit of velocity is
also dependent upon the choice of £, there iz a small
dispersion (less than 2 knsac“) in the derived vslues of
vexp‘ The mass loss rate ﬁ was plotted‘ as a functlon of
Mbol for the sixteen out of the twenty~three stars for
which Hbol is avsilable. Due te the small spread in
M, o1 for the stars chosen, there exista a parrow range

in M.
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The values of M derived in the present work are a
bit higher than what Reimers' (1975) empirical magss<loss
relation impl%;/. However, this relation is highly
uncertain for G and K supergiants being based solely
on Ca II data which display time varisbility. In most
of the work on mass-l0ss so far hydrogen column densities
were inferred rather than observed. This precedure has
en Inherent uncertainty, since the abundance of the
metals in a particular star is not known a priori. In
the present case the hydrogen column densities are
directly obtained from the observations. Hence any
uncertainty in the metsl sbundences does not affect the

mass=loss rates.
£) 8si

For a number of stars small emission components
were observed on the blue end red sides of the main
absorption line. The blue emission was found to be
more common than the emission in the red. For the
computed profiles emiszsion components on the red side
are present whenever spherical flow is assumed. This
is a direct consequence of redistive tramsfer calcula=
tions. However, the emissiem in the blue could never
be reproduced with emy of the essumed density and
velocity distributions. This 1s left as an open

question.
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g) CaII A 6573 line

Although a detailed enalysis of the CaI] line has
not been performed, the line profile computations do
suggest an explanation for the strong correlation
found between the line core displacements of Caﬂ and
Hy o Since the CaI] line is expected to be of low
optical depth, a medium expanding with the velocity
implied by the Hy velocity shift would give a much
lower line core displacement for this line. Although
not conclusive, the correlation then indicates a

co-extension of the Cal and Ho(' reglons.

The conelusions are discussed in the last

Chapter,
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CHAPTER V

Conclusions

The main conclusions of the present study are

the following

1.

2.

e

4

The observed asymmetry in the H, line is a
consequence of a net outward motion of the very

outer layers ¢f the atmosphere.

The present analysis confirms the origin of this
line in a relatively small extent of the atmosgphere
with a fairly high density (10'1¢10'2 &™), more
characteristic of chromospheres than of CS

envelopes,

The H, line is of moderate optical thickness and

is formed in a reglon of increasing velocity
gradient. The column densitlies inferred are in the
range of 10°2«1022cn™2,

The sbsence of correlstien betweem the Hy EQW and
the velocity shifts implies that the physical state
of hydrogen is insemnsitive to the velecity fleld in
the line forming reglem. On the other hand, the
strength of the Ca II K line isn well correlated to
the corresponding veleocity shift., This introduces



Se

6.
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an additional uncertainty in the interpretation of
Ca 1II observations because the dependence of the
ionization state of Ca on the velocity field is not
known. Therefore, the Hy line could be used as a
more effective probe for the physical conditions of

the lower chromosphere,

The rate of mass=-l0ss derived from the column
densities and expansion velocities of the observed
G and K supergiants ranges between 1«11x10"7 Hgyr'1.
The only other determination of mass~loas, in these
stars iz made on the basis of the shift of the
chromospheric Ca II K emission. The derived rates

are on fhe same order as obtalined here.

The results obtained here are somewhet sensitive to
the choice of the tubulent velocity ¥ e In a
detailed chromospheric model of (¢ Boo (Ayres and
Linsky 1975), a value of %, = 12.5 kus™' was found
to fit the observations. There is mo reascn why G
end K supergilents should have a lower?; . The
actual value of % in the H, forming regions is
difficult to obtain. However, within a reasonable
range of values for £, the derived masseloss

rates differ by less than 50 per cemt,



Although the Hy line has been studied in some
detail, further improvement in the analysis may be
achleved by solving the radiative transfer problem in a
more elaborate fashion. In particular, since H,y in
late~type stars is a photoplectrically controlled line,
the effect of a continuum should be included in a full
discussion of the line formation problem. Also the
assumption of a 2+«level atom model for the statistical
equilibrium has to be verified by studying the Lyman=-
line formation in these atmosbheres. The blue edge
emission seen in a number of programme stars is yet to

L
be explained by a reggorous theory.

On the observational side, higher resolution
apectra of Hy would yleld more detalled information
on the expanding chromospheres of supergisntse. The
profile may then be studied.

The full potential of the spectra in the red has
not yet been explored. In particular, the Nal D lines
and the resonance lines of KIX)A 7665, 7699 should be
investigated as probes for the exitended emvelopes of
these starse Sanner (1976) im his study of CS emvelopes
of M superglents, used these lines to derive their
physical propertiess
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A more detailed study of the Cal] line mj65733.
end the comparison with the Call data is needed to

obtain information on the state of Ca ionization.

Since the expansion velocities derived in the
present study are in the range of »5 to =30 kmsec"1,
and since the velocity of escape from a supergiant
(log g = 140) of 15M, is on the order of 15 msec™,
mass ejection is certainly taking place through the
expanding chromospheres of maeny of these stars. However,
what drives the mass~loss is not fully known although
several theories have been proposed. Detalled studies
of the kind described in the present work would help
towards the elucidation of this problem.
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