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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 0 Spectra 

If 23 stars brighter than mV c 6.0 have been 

~bta1ned at dispersions of 4-10A mm-1 using the coud~ 

~d the echel1e spectrograph on the 40" telescope at 

Cavalur Observatory. In particular, the HO( line and 

;he Cal] A 6573 line have been studied. It is found 

;hat the H~ line profiles are all asymmetric in the 

lense that the absorption core is shifted to the blue 

)y an amount ranging between -4 and -24 kIDs -1. The 

=aIJ absorption cores are also displaced to the blue 

)ut by a smaller amount. No clear dependence of the 

io( and the CalJline core displacements upon the 

Ipectral type has been found. Unlike the case of the 

;a II K line, the H~ equivalent widths are found to 

)e uncorrelated to the corresponding line core displacements. 

iowever, the He( and the Cal J line core displacements 

~e linearly correlated. 

H~ line profiles have been theoretically computed 

lSing a proper radiative transfer formulation in 

&pber1oally symmetriC expanding atmospheres. Different 

lets of density and velocity distributions in the model 

~nvelope 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, BHt a turbulent velocity 

and an expansion velocity. 

The analys is shows that the Hoc' 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 displacements have been 

matches with the observed to obtained hydrogen column 

densities and expansion velocities. These have been 

used to calculate the mte of mass loss in these stars. 

The derived values are in the range of 10--6"'10"'7 Me;» /yr. 

a little higher than what Reimers' (1975) mass"'loss 

rate formula implies. 



CHAPTER I 

Introduction 

The study of the outer layers of supergiant stars 

is complicated by several factors. Firstly because of 

their vast extent, the classical plane-parallel atmos­

pheres theory is not applicable to them. Only 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 observat~onal data relating 

to these supergiant 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 F5 have deep convective zones where the radiative 

temperature gradient beoomes steeper than the adiabatic 

temperature gradient, they should have a significant non­

radiative flux· at their photospheres. As a result, 

late-type supergiants are most likely to have chromos­

pheres and coronae. Cs II H and K emission which is 

chromospheric in origin has been observed for a large 

sample of G, K and M giants and supergiants (Wilson and 

Bappu 1957, Wilson 1976). Mgll h and k and Fell emiS­

sion on the ultraViolet have also been detected eoniireing 



chromospheric activity in these stars (MsCltntock, 

Henry, Moos and Linsky 1975, Dupree 1976). Over the 

past couple of decades, enough observations have 

accUJDulated to also suggest that a steady outflow of 

mass is taking place from theae stars. This adds a. 

new d1aens1on to the problem of supergiant ataospherese 

howladS_ of the phenomenon of .as.-los. is iJaportmt 

for several reasons. From the point of view of stellar 

evolution the course of a starts life may drastioally 

change if 8igDit1cant maS8 1088 occurs. Even otherwise 

the process of mass e~eetion reveala the layers UDder­

lyiDI the very outer layers of a star to the observers' 

view and provides a way of testing the theory of 

.tellar evolutioD and studying the consequence. of 

nuolear proces.ing followed by extenaive m1x1rJC. !he 

matter ejected forms. c1rouastellar (IS) envelope 

aroUJlld the star. 

The first ob •• rvational evidence of the existence 

of CS .. Yau,.. • .. e .froa the work of .Ad... anci 

MoCormack (19"). they o'tatned .pectra of the br1&kt 

stare 0( CJr1, c.; Or1, 0< Cyg, 0( Soc, 0< Her, fJ 'e, 
and e Pel at high d1.pers1oa at tbe c0ude foeua .% 

the 100· tele.cope. !My aoUet4 tl\at the .. re. of 

s.Ter .... 8"tireas resolla.. 11M. ... lbea ar1a1ac ~ 

low-l"lac leT818 1a tJa.e.e .-tel"'a are 8~ te .. 



blue with respect to the other lines in their spectra. 

The Nal D lines were found to be displaoed with respect 

to the normal stellar lines by about 5 Jtaa/ sec to the 

blue. The H and K lines of Call and the l.ines ot Al.l 

at 'A'A3944, 3961 also showed the same amount ot 

displacement. However, the Sill lines were displaced 

by a slightly l.esser amount. The interstellar origin 

ot these displaced lines was ruled out on the basis 

that all the displacements were larger than what 1s 

expected, were the lines ot such origin • 

.Adams and McCormack exple.1Ded these shi,tts .. due 

to tbe absorption of rad1ation frO. the star by a alowl.y 

expandins ,ueoua envelope aUl'roundiq the star. 

However, their di.ouasion did Dot 10 beyond this to the 

aua,eatiolt ot a steady outtlow ot aas.. lIoth1nc Tery 

significant was added 1n the totervea1ns year. until 

Deutaoh (19'6) redisoOTerea s:blil.ar .. ,...tries on the 

spectruaa of the spectroscopic biller,. rX Her obtained 

at a diapersion of 4.''''_ at the 200. tel..soope. He 

obsernd that the l.1n.s of Nal at "~5890, 5896, 

Call H and X, 1tI 'X'A "665_ 7698 and a few other •• tal 

11ne. were alaift.ed to the "tOilet .t only in the speetra. 

of the M superliant .. t alae 1a the spectrua of 1t. 

GOl11 ... pei.. 0( Z .r. S1I10e P78,1oal eeD41:t1eu ia 
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the atmospheres of G giants are not suitable for the 

production of these lines, DeutsCh suggested that the 

prlJllary had an extremely extended outer envelope which 

also engulfed the GOIlI companion. Deutsch demonstra­

ted that the circWDstellar envelope surround1n& C>( Her 

extended to as many as a tew hundreds of stellar radii. 

For the spectrophotometric study ot clrcuastellar (CS) 

lines, Deutsch isolated the contour of the CS liDe from 

the underlytnl photospheric profile hy referring to 

this underly1ng radiation as tbe effective conttnuua. 

~he equivalent widtba were deterained ea. the curve-of­

growth technique was used for detera1nins the physical 

paraetars perta1n1n& to the CS _velope. He found 

that the envelope expands at a .oderate velocity of 

,..., 10 lral sec. He concluded that .inoe the 10 ku-1 

velocity of matter was sreater the the .seape ... eloclty 

at the edge of tlte eDyelope, the syatea w .. e3ecting 

mass. The aasa-l08. rate was .tOWld to he 10-8 Me/year. 

Later Deutsch (1960) a84. a hlP Cl1sperSl0n surTey or 

the red-Ciant rectoa of the Hi dlaaraa sad found that 

the stroZlCest OS 11D.es .1.,.. ha:p))Q" ",0 be Call II ... 

K and they were present ~.the apeotra of gianta aad 

superl1anta ef type MQ end l.ater .. ala. 1a ... ,. Q ... 

I super.lia<ta. other CS liaes eNer'ved were Cal "11.221, 
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Sy II A4078, CrI ~4254. 4275, All 1\/\3944. 3962, 

MnIIV4030, 4033, 4034, FeI ).').3824, 3860, 4216. Deutsch 

found that the strength of the lines increased with 

later spectral types and with luminosity. He also 

found a correlation between the velocities determined 

from the blue shifts of the CS H and X lines and the 

spectral type in the sense that these expansion veloci. 

ties increased as one approaehed the earlier spectral 

types. There was also a definite trend of velocity 

shifts decreasing with the streng:th of the CS lines. 

He suggested that the amount of matter in the envelope 

and/or the state of ionization o~ Ca largely determine 

the above correlations • 

• very detailed analysis of CS lines in the H 

supergi81lt 0( Or! was Ul1dertakel'l by Weym&nn (1962) • . . 
The spectra were obtalBed at the 100· telescope cover-

1n& the range "315~900. The .diaper.ions varied . ' 

between 1 and 3W-. TaBse spectra together with the 
• older ones taken by Ad... and by Struve at 2.1lI_ 

Were analysed tor tae eireuastellar studies ot 0( Or!. 

!be poa1t1en of the line oenter of the photospAerie 

component was located by meaaurhi with respeet to the 

•• igAbour1Jl& photospher 10 li:aes. 'file red hal.t of the 

pho'te"p)t.erl0 protile ... thea reflected. arGUBd tlu 
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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 ~ • 

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 

relat! va to the photosphere turned out to be tV 10 D/ sec. 

He also oDtained a deElsity ot d 108 part1.cles/ca3, an 

electron density of 104/ca3 and a kinetic temperature 

• of the order of 1000 J( 1D. the CS shell. He fotm<i that 

the CS components in the spectrum of 0( Or! did Bot 

sbow the radial velocity variations of the UDderlytDg 

photospherio lines and, therefere, co:af1rJDed that the 

es shell Was detached from the star. His analysis gave 

a .ass 108S rate of 4 x 10-' X$ /yr. }»ased OD a.. -6.3 x 

1013 cat T • 106ca/see, •• 1022/_2 aJild the distance 

• 1OR. • extent of the sheU. rus rate is crueia1l.y 

dependat upon bow _allY stellar ra411 away tile CS liB •• 

are 1'oraed. 



Both Deutsch (1956, 1960) and Weymann (1962) 

based their curve of growth analysis on a piane-parallel 

pure scattering atmosphere. A1 though nothing better 

cou~d be done at that time, it does seem unreU1stic 

now to use plane-parallel atmospheres for the study 

of expanding CS envelopes. 

Reimers (1975) ustog Wilson's and Deutsch's plate 

collections found CS absorption features in the speotra 

of more than 120 M type gi8Dts, bright K ,iants and G. 

K 8Bd M supergiants. From this large sample of 'stars, 

Ret.ers contir..ed the increase of the absorption width 

of the CS Call H ad K 1m •• with earlier spectral 

types and also the dependence of the width on the 

ae8Sured velooi t1 shift ot the liae center. JiIoreGTer, 

he found. that 1a a tew early K giata the CS H ad I: 

lines are var1able 1D velocity aae! streagtll. ftLe 

shortwar4 edge, accord1mg to )Wa r_a1D.a atat1_aJ'7 

Whereas the red e4ge chaages with time. Retaers ale. 

reported the ex1stence of yeloe1 ty srad1-.ts in the CS 

envelopes of G and IC superg181lta. Be f.uncl H ad 1C 

lues Byat.aatieall,. shifted to the blue in g1aats .d 

to the red 11'l su.perslats, relative t. the etber CS 

lta.. ... attributed this p.enoa .. oa to the faraati •• 

of the Call H ad J: 11-.e8 flather ht 1a 'tlle alle11 
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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 Me found. that all stars 

cooler and brighter than a line ia the HR diqr811 

defined by (K,5, My • 0.0), (14, - 1.0), (1(2, -1.a) and 

(G5 t -4) ahow Call H and K CS l1aes. This 11a1t owed 

aa1:nly to the second ionization of Ca. TbroUShout the 

lW&J.y.~8, Re1aers, used plane parallel atllo.pherea. 

More recently, Sanner (197i), Beruat (1971) and Helen 

(1978) b.ave studied 18 detail the ca _ anTelopes Qf M 

supergiant.. ~y ue. radiatl .... tr ... ter ill expand1al 

spherically .... etr1. atao.phares to produee the CS 

l1n. profiles to be t1tted with their ouenationa. Ia 

the above three pleoes of work, the ob.ened 11De 

asJlUBetrle. were treated as the aodlf1eatioR of 'the 

underly1n& .,.aetric paot •• pheric prefile _y the as 
e.velope. .Aasuail'lg the CS enYelope teD ... detachecl fr. 

the star. the 0 baarTe' CS liaa prot!l.. Were 1s01ate4 

fro. tile coaposit. 11ae profile. us1q We,. .. 's 

teeha1que. J. aeries at theeretical. CS line pro!'11 •• 

were 'tAG co-pat.. ~.r 'Yer1ol18 l1ae oater ep-t1eal •• pt», 

-._10. 'ftlec1t1e8 aM. 'ttlrln:1leat .,..loclt1 •• aM. 

thea. were ... t .... w1' ...... e.ern4 prGt:nlea te 



obtain column densities. Various physical conditions 
WI-in the CS envelopes 1ncluding their kinefaties, state 

Of ionization, dust content and mass loss rates were 

inferred from the analysis. 

Sanner (1976) in his study of 13 M giants and 

supergiants found that the inner shell radii of giants 

ranged from 2 to 4 stellar radii Whereas the shells of 

supergiants extended to about 5 stellar radii. !he 

hydrogen densities at the inner radius of the shells 

varied between' x 106 ca-' and 109 ca-3• the expan­

sion velocities were found to lae in the ran,. 5-1; 

kla-sec. The aass loss rates calculated were of tb.e 

order 10-7 M Q /yr. Be found that the level of lonizatlOl\ 

dlt not vary .uch over the rSDge of the apeotral t" •• 
and luainoait1es considered. 

:Bernat (1971) 1n a very aetailed work Oil the 

clreuastellar shells of four M sllper&iants, showed that 

the physical d11llensions of the as shells were very 1I1uch 

aore extended ( ? 10 R..). As a consequence, his a&ss 

loss rate. turne4 out 10 be higher, •• g., Ul the raqe 

(6.7 :x 1'1"1 .. It.2 x 10"")Me /yr. 

Hea- (1911) st_i •• D.1ne 11 siaats auper,1aats 

Doth in the optical ... h t.e 1llfX'are4 1'811 •• to 
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investigate how the presence of dust ~ong other things 

might affect the physical situation in the shells. Her 

expansion velocities were o~ the same order as obtained 

before and particle densities of 107_108 em-' at the 

inner edges of the envelopes were interred. The masa 

loss rates were in the range 10-7_10.8 Me;> /yr ... more 

like Sanner than Bernat. These values depend crItically 

upon the value of the inner shell radius used in the 

oalculations. Both S8lll1er and Hagen took a smaller 

value for this radius than Ber.aat. 

With the exceptions ot Sanner (1976) and Bernat 

(1977) who used apart :trom metal lines CaII infrared 

triplet lines at AI.. 8498, .,42, 8662. Mal D laes at 

i\A5890, 5896 and D: l1l1e. at ')A766,. 7699 aost of the 

analyses so far have been based on observations in tbe 

blue. This haa been 80 pr1aar11y because .ost of the 

c1rOUJllstellar lines of the abundat a.tala are looated 

1a the blue-Tiolet part of the speotra. However, 

theae eot1 giants and 8uperl1aata are rather fa1Dt 1n 

the blue which restricts the observations to the Y8ry 

bri&kt stars. lb. c1rowastellar cores usually fall 

wi th1D the wiD.gs of tae uaderly1ag photospheric lia •• 

rherefore. Jlea'f'ily expo." specrtregr ... are reqv.1re4 ~ 

reach tlae CS sores. 1fJa.1..e r.~_ .. t ~ lillite 

the selection 0% the .b~eot.. ~a. ~ ua .. ve ..... 
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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 and K super­

giants. Owing to the lack of knowledge of the level ot 

Ca ionization, the Call H and K lines are unsuitable 

for the accurate determination of the aass loss rates 

in these stars. Therefore, there is a pressing need to 

explore the CS Itnes in the red in these stars. Weyaann 

(1962) had n.oticed during the course of bis study of the 

CS spectrum. of 0( Or!, a distinct asyaetry in the 

profiles of the first two :Bahler liDea of hydrogen. The 

asyaaetry was auch lIore apparent in HO( thaD 1n HfD • 

He suspected that these lines are toraed in a aassive 

expanding chroaosphere surrounding the star. Kratt et al 

(1964) in their study ot HO( core widths also obsen-ed 

that 1n most Q:t the K supergiants, t.b.e ilt'( llne 'Was 

•• ,.aetric in the sense that the d •• pest part of the 

line was sh.1!ted to the ahortward edge. They also found 

that a tew ot the had •• -.1l _188101\ coaponeats lyhg 

above the level of th.e .oatia_ oa tlae lD1ue side, 10r 

12 Pel. the ~la8ion was oll.erYe4 W be Oil the r ...... 

~h. 80( _18.1 •• cu.p.a .... RPerpo-se4 ... the ~ 

plaeric ab •• rpt1oa. cores )4'e'».--J.y oriCmate :s. - ... 
shells. c.Jt._ (1,-,6) .... ~rt .. the ........ , ex 
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weak emission components o~ H 0< in red. giants in. 

globular clusters. She interpreted these as emissions 

from the circumstellar sheils formed by ejection of 

matter from these giants. Mallia and Pagel (1978) 

confirmed the presence o~ 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 0<. profiles. 

According to them, the b~ue shifts of the H 0< absorpt't 

tion core coupled with the presence of weak emission 

components are highly suggestive of aass loss. Very 

recently t :Boesgaard and Hagen (1919) have also detected 

small asymmetries 10 the B~ absorption lines tc 

several M giants. 'hey obtained high dispersion spectra 

of 61 M iients to investigate the bebaviour of Call 

H and K, XaI D aDd H 11r1es in the CS eDve1ope. The 

11 0( line was :found to 'be as~etr1c ia 50 per cent of 

the stars. The diap1acea.ata fro. the 1me center 

aeasured forthe Call H sa4 I lloe8 were suoh larger 

thall for the 11 ()( linea. Boe.saard and Hagen also 

suggested that tbe H ~ a8yuetry aris.. .ost Pri)hbly 

in tbe cDrGa.ephere .ad that the ltae foraing regie. 

extads over a saall a_.etrio distance. Taey eonf1naeci. 

that the streJllStb. ef the Call: :r GOIIPoaelllt uereasecl 

with. tbe spectral types'" tlae Telac1t., 4bJ.f'ts 
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decreased. On the other hand, the Ho< core strengths 

and the displacements did not vary much with the 

spectral type. 

Since H ~ is a strong line in late type super,. 

giants where the bulk of the stellar continuum is in 

the neighbourhood of Ho( • it should be a powertul tool 

for the analysis of expanding ehromospheres and envelopes 

of these stars. Because of its intrinsic streBgth, a 

larger domain of stars to fainter limits can also be 

studied. 

The present work 18 unde~taken to investigate 

physical conditions in the very outer layers of middle 

G to early It supergiants with the H ~ l1ne as a probe. 

The process of aass e~ect1on aDd the physles Qf expane. 

ing shells of these stars are studied. 

We have obtained coude speotrograms aad 

eobellograaa at high to moderately high dispersions of 

22 stars T8D&b.& in spectral type tr.. GS to rr. The 

observations are deals.ad to study the neighllourhood 

of the Hoi liD. and mel.des 1Ja particular the laI]A6512. 

Serles of HO( liae profiles are co.puted. vita 

varyag pllysieal par.et ... to a.ten the C)1s.eryecI 

profiles. For the 11ae pl'Of11e ... tat1 ..... a 
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radiative transfer code for spherically symmetric 

expanding atmospheres (developed by Dr. A. Peraiab) 

has been used. From the fits to the observed profiles 

we have obtained data on the densities, velocities and 

physical extent of the H~ forming layers as also the 

mass ejection rates of these stars implied by the 

observed asymmetries in the H~ line and the weak 

emission components flanking the cantral absorption. 

We have also tested i£ the Cal] ~6573 could be used as 

an effective probe of the chromospheres and CS envelopes 

of these stars. 

We discuss the observations aad the aethods of 

reduction in detail 1a Chapter II. La ,Chapter III the 

theoretical fraaework :lor the analJ81& of the 11&e 

profiles is exp1alned. In Chapter IV, we describe 

the results and discuss their iap11cat1QDs. Conclusions 

and the tu.ture directions of work in this f1eld are 

given in Chapter V. 



- 15 .. 

CHAl?TER II 

qbservat10Rs 

a. The Prosr!!,!e 

From the Bright Star Catalogue (Dorrit HO~fleitl 

1964) and the list of supergiants glveD by HUmphreys 

(1970). late G and K supergiants were sampled keeptDg 

in mind their observabI11ty fro. Xavalur Observatory 
• which is at a latitude of 12 and the limitations 

imposed on tbeir brightness by the duration of the 

exposure required at the coude and the Behelle spectro­

graphs ot the 40· telescope. Stars with declinations 
• as low as -64 could be observed under condition. of 

good see1ng and transparency. Since the Echell' 

spectrograph was used in conjunction with .. Unoooled 

siDgle stage Varo iJaace tube the expc>sure taes were 

further It.lted by the .. bleat t •• perature resu~t1ng ~ a 

high background of the !aqa tube. The observatiou 

were thws restricted to o"~eots lIrishter than Xv • 6.0 

coTeriq a range of spectral tn>es n.ely G7 n through 

1.1 n. AltboUCh Hyaplare:ya (1970) dd Boftl8it (1~) 

asslcned a spectral type 15 I to XD21~6 thus forctag 

it on the preseat list, W1lsea·'. (1976) llat of It-lllle 

•• 1881oa ataz-s with pr_06d ~ ... pJler .. 1Ud.e«t:ecl 
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that HD 216946 may actually belong to a somewhat later 

spectral type namely MO I. However, this star was even 

then observed. The list consisted o~ about 35 stars. 

Because of unfavourable skies during the monsoon months 

(from April till July), not all the stars on the l1st 

could be observed. In all. we have obtained spectra 

of 23 stars. Bas1c data for the program stars are g1ven 

in Table 1. '.the first three columns in this table give 

the HR number. the HD number end the name of the star. 

The fourth column indicates the spectral type ot the 

star obtained £roa W1lson (1976) for the stars studied 

by him and for the rest o£ the stars trom the Catalogue 

of Br1,ht Stars (Hoffle1t 1964). Visual aa&nitudes .and 

the (B-V) colours are given in the tith and sixth 

columns respectively. Theae Were taken fro. uu.phreys 

(1970). In the sev-.th oolua:n My_. are listed. 14-

out ot the 23 stars have CJrrOiloaph.er1c Call H aDd lC 

elliS8101'1. For 12 ef thea. tae absolute Ilagaitud.s are 

taken trOll Wilson (1976) obtaiaed. :t.rOB his study Qf 

Call H and K chroaospberic emission. ~hey are .arke' 

with asterisks. .V's for :aD 19388 ad (j Ara are 

obtaiaed !rom Waraer (196,).JIy for BD 62.576 ia obtaiaetl 

!r0. Lack (1977). 

For studying the, •• t .. 1..,.%"8 8t tlae a ... ,a.r •• 

ucl\1d1a& tlle c::aroa •• p..... $B. tile C$ aha),] s, it 18 
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Table 1 

-~---~-~---~~~~-----~~-~----------~---~~--------~-~--~-~-Star __________ .. __________ Spectral 

HR HD Name type V B-V MV ~ol 
--------------.----~~---~~----~---------~---~--~-----------

237 4817 IGIb 6.07 1.74 -834 17506 1} Per IGIb 3.76 1.69 -3.8* -4.3 
861 17958 1(3 Ib 6.51 

2473 48329 e Gem GSIb 3.08 1.40 -4.5* -'+.7 
2580 50877 O'eMa K3 lab 3.78 1.73 -4.7* -.5.2 
2615 52005 4-1 aell K3lb 5.62 1.66 -3.1* -3.6 2646 52817 (lCMa K7Ib 3.46 1.14 -4.2* -5.3 
2764 56577 K3lb 408' 1.11 ..... 1* .... 6 
2993 62516 IGIb 4.58 1.63 -4.3* -4.8 
3225 68553 K3 Ib 4." 1.62 

3612 77912 ib1;II 4.60 1.04 -2.2* -2.4' 
3634 78647 A Vel 2.30 1.70 -3.8* -4.9 
3692 80108 K.3 Lb 5.11 1.66 
4050 89388 lG~ 3.39 1.,4 -3.1 -4.8 
4120 9105' en '.2i 1.86 

5742 137709 
&~. 

I:5Ib ,.25 1.15 
6461 157244 eIb 2.84 ...... 0 Nt.., 
711_ 174947 33 r Xi n 5.15 1.11 
7866 19609' 47 Cyg X2Ib 4.72 1.61 
8079 200905 '! eyg KSIb 3.72 1.60 -2.'- ·3.1 

8308 206178 e Pes :l2Ib 2.42 1.54- -4.1* "'.5 81.6, 210745 I( Cep X1 Ib i·" 1." -4.7* .,.0 
8726 216946 MO Ib _,8 1.10 -4.4* '*5.6 

~~~-~~-~--------.. ---- ~ - ..::::::===---~-------~-------~-.----
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important to know the actual geometrical extent of the 

stars. The inner radius of the shell and its thiclaless 

are two important parameters tn determining the physical 

conditions in the envelope. This radius together with 

the escape velocity at that radius determine wbether 

mass ejection is taktns plaoe and also the rate at 

which it is tak1ne; place if at all. Few direct deter­

minations of radii of these stars exist. A cOIDIlon 

indirect method is to use the relation L • 4o'1t R2 (J' ~ft 
to obtain R, the radius provided the lUJIinosi ty L and 

the effective tellPerature 1'ef:t are already known from 

other data. 

Unfortunately the effectiYe temperature. are 

available for oDl.y 9 prop"- .tars wh1le the luaiaGa1t1es 

are known. for 16 of thea. Table 2 1.1sta the .tars tor 

whlCb t •• effective t •• peratur.. and lu.iaosltles 

are known. Th ••• have been aclopted. tr. wek (1977, 

1979). !ben the absolute bolom.trio magnitud •• were 

oa.loulated usb, the bGl ••• tr10 correC't1ona Clue te 

JobD.son (1966). Becawse of the 1ntr1u1c dispers10n 

of about rf., in the ab •• lute .api tu4l.. (x.e,t. 1971). 

the ra411 obtained for the ••• tan are 0111,. &Qod 'to • 

faotor of 2 or 80. The rad11 0"_1». .. tor the atara 

rag1n& 1B. spectral tyPe (aa,.Q) .r. ot tlle ~rd.ar et 

101' _. rer the aa.e.lye,la ot Uae ,roBles, .. a be:va 
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assumed the radius to be 1013 em, for all the stars. 

b. Coude spectrograJllf of ?\ Vel, ?t Per and 
I 

f!) CMa 

were obtained on Kodak 098-02 emulsion using the coude 

spectrograph on the 40. telescope. Useful spectra for 

these stars were mostly obtained in December 1977 and 

January 1978. '1h,t. Coude spectrograph 18 comprised of 

collimator mirror of 8" aperture, a CaDlera mirror of 

16" aperture and a 400~mm. grati:ng blazed at 50001. in 

• the second order giving a dispersion of 4.2l/mm in the 

second order. The reduction factor (collimator fOCU,t 

camera fOcus) was 2 for the coude spectrograph. The 

slit width was fixed at 50-60~ such that the projected 

slit width on the photographic plate was 2S-30~. ~he 

• resolution on the plate was thUs O.12SA. The stellar 

spectra were taken in the second order. The Ke4ak 

filter OGl was tnserted tD the beam of light p&ssiac 

through the slit to cut off light fro. the overlapping 

orders. fhe spectral range covered was All 6200-6800. 

The exposure times for obtainiDg uuwidened spectra of 

these stars varied between 2 and , hours depending upon 

sky oonditions. Becuase of s\lch large exposure tilles, 

it was not possible to widen the spectrum. 
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Echelle spectrograms were obtained for all the 

23 program stars with the Eehelle spectrograph at the 

coude focus of the 40" telescope using an uneooled 

single stage image tube (Varo type) and a 7- cuera. 

The Echelle spectrograph has a' 79 t 1_ echelle grating 
o 

blazed at 67461.. in the 34th order where the He?( 

line lies. The cross dispersion grating used is a 

300 t /ram grating blazed at 64001. The coll:1mator mirror 

has an aperture of 6- and a focus of 60·. With the 

camera mirror of 7- fo~s. the reduction tactor becomes 
• B.!5. rhe dispersion i. approximately 10.5W. at and 

around H 0( • The comparison spectl"WD was of aeOD. 

Stellar speotra were obtained for a few stars OB 098-02 

plates ad for the rest OD 103a"" f1las. In all 56 

usable spectra have been obtained for the pre.eat stQdy. 

two each of the stars e G •• , ~ Cep, ~ CyS, G Pel, 

liD 62576. HD 71912, four tor O'CSa, sev~ for ~ Ara 

ad one each of the stars 33 Sar, J:ID ~e17. HD 10108, 

liD 89388, :aD 91056, liD 196093 ad liD 17958. SU 

spectrograms out of all tRes.' were aarg1aally UDder­

exposed. For 10 stars, spectra widened to .bout .2D 

were e'bta1Bed. Fer the :rest. we bad to take recourse 

to UIltrailed spectra Hea\l.Se .t .lIe \1PJ*" 1:1a1t en 'tiN 

exposure t1ae wi tb. t.. iaage t ... 
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Calibrations for the plates and films were obtained 

from a quartz prism calibration spectrograph and a 

rotating sector providing a calibration spectrum in steps 

of known intensity ratios. The spectra of 8 few of the 

stars are shown in Figure 1. Both the plates and .t1JJas 

along with the cal1brations were traced on the micro­

densitometer. 

• • The spectrum ranges from ,BOOA to 7S00A. As 

pointed out by Chaffee and Schroeder (1916), the analysis 

of an echelle spectrogram differs from the normal 

prooedure. Firstly each order in the echellosraa 1s 

t1lted with respect to the direction o~ the echelle 

dispersioD. It i8 a serious handicap 1t one n •• ds to 

analyse a large spectral range. !he seoond eftect 1. 

the variation of the intens1ty alIna .ach order. The 

dens1ty trao1Pgs clearly show that the oontinuum falls 

quite rapidly towards tbe two ends of a single order. 

The analysis of linea pre.at in the falling continuUll 

is possible only if the spectrua corrected tor the 

change in efficiency of tbe eohelle. lQ order to avoid 

these complications, we adjusted the schelle gratins 

and the cross disperser such that on each eohellocr .. 

the ~ 1m. was in tile atddle of t •• atr1p. Tile coati­

DUum :La tbe ~1;1iD1t:r et JIM 1. tak-lr _1tom. !'be 
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H ()( profiles of the program stars hardly have any 

wings, so the line extends over a relatively narrow 

width. Therefore, the problem of the wings merging 

into the falling continuum does not arise. The Nal D 

lines were present three orders away irom. the Hc;l( 

towards blue (upwards) where the exposures had already 

become too faint to show the cores in these lines. 

Ilao these lines fallon one edge of the order where 

further analysis is likely to be dubious. Therefore, 

the observations once desianed for H« could not be 

used tor analysing the BaI D linea •. Similarly the 

JCI 'A) 1665, 7695 l:1nes were exposed lightly. They were 

three orders away on the red side of Ho( (downwards). 

~herefore, they were left unexplore4 too. 

The only usable line other than H rJ in. theae 

spectra is the 1ntercoab:1nation 11».. of Cal at 
2) 1 ~ 6572.781, arising £rem the traasition (45 51 -

<_5 4P)' '2- Saite (1973) had observed. CaI]>-6573 

1». ~ AU%' aad had traced its or1iin to the e1rCWll­

stellar avelope Qf this 'Well lalow.n spectroscopic b1D.ary 

system (14 113 + BV Ib). !he Cal line is present D tbe 

saae orelaI' all St( aM is .r1gktly exposed.. Ie tllis line 

waS also atU1ed alC)qw1tA XO( to get addlt1o ... 1 1DtoNl 

I around tllese star •• 
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c. the 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 trom these 

density tracings that the H~ line profiles in 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 0( line is quite broad and the line m1n1ll1um could 

easily be mistaken. Instead of measuring the position 

ot the core of the line on the ceaparator. we deter­

mined it on tbe density tracing itself of each star. 

The procedure followed is detailed below. 

Since the dispersion was found to be non-ltnear 

along a single order, independent aeasureaent of 

positions of a series of compari.on 118e8 of thorium 

present in a single order showed that second degree 

polynomial fits well the wavelength-distance scale. 

To determine the seale Gtl the density tracings, we 

used l1&e8 in the stellar speotrua iB8tead of those in 

the comperisoD spectrum. L1ae$ were chosen from the 

su.. order 1n 'Which the Ho( liBe appears 81IlG %lot :tar 

fro. H ~ which reduceS the other adverse effeet. aris-

1a& fro. an .chelle spe~ as described ear11er. 
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Lines of high excitation potential were selected 

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 o£ the oore of the H~ 

line was determined using three photospheric FeI 

lines at A). 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 

oore is formed in a column of material moving wi~h 

respect to the star giving a Doppler shift of the line 

center in the starts 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 llA ?t 
)\ :: C 

where 6A is the wavelength shift from the line oenter 

at 1\0 and v is the velocity shift. 

In the analysis of theoretioal line prOfiles, 

these shifts in wavelength/frequenoy and velooity are 

more oommonly expressed in units or Doppler width and 

thermal velooity respeotively. The thermal velocity 

ie defined by (2kT/a)* where ~ is the exoitation 
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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 H 0( line in the prograam.e 
• stars is assUDled to be 4000 X, then one theraal unit 

is equivalent to 8.13 kalaec. ~he Doppler width in 

frequency units is 81 ven by ~ (ti*f ) ~ and in 

wavelength units by ~ ( ~ ) Yol • For H /),. t the 

• unit Doppler width eqUivalent of wavelength is O.11SA. 

The displacement of the l1:D.e cere can llOW be 

expressed in teras of velooity shifts. !he velOCity 

shifts obtained fOr the programme stars vary between 4 

and 20 kalsec. 1.e. from. about half a Doppler width to 

about 3 Doppler widths. Aa exceptio.ally Aigh velocity 

shift was obta±Red for ED 615" (about -'5 kalaec). 

The velocity shifts of all the stars are given 1a 

Table 3. For the 8ix star. with UDder..,. •• d spectra, 

the diaplaceaeata are not very accurate. The accuracy 

of the aeasur_ent is abwt 1 D/ sec, u detera1ned 

froa the error involvecl 1D aeaaur1D.& the pcas1tioll of 

the lor oore. fAe cU.splaoeae:a.t •• _taJ,aed w1th respect 

to the three pla.otospherie :t1..nea dUfer b7 less thaa 

1 kaI.... Beace tbe ~t~al •• -.racy at the •• asure • 

• eats is "1 ka/ .eo. 
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For locating the continuum, use was made ot the 

Arcturus Atlas (Gr1ffins, 1966). rx Boo, being a X 

giants has a spectrum similar to that of the K super­

giants in the present study. The spectral regions 

free of lines in the dens1ty tracings ot these stars 

were marked w1th the •• lp of the corresponding clear 

regions in the tracing of ()( Boo where the signall 

noise ratio 1s very high. Then a smooth cont1Duua was 

drawn by joining these several points. 

In 13 out of the 23 stars, weak _iasioD is 

detected above the level of the cont1nuUIl, for 10 stars 

to the blue and for the remaining 3 stars to the red 

side. Equivalent widths of t~ese .sal1 .. 1ss1on compo-
• • nents were measured - they range from G.O,A to O.15A. 

" The amount of emission crucially d.~dB upon the chose. 

level of the oontiDuua. The Dcnat of sbift of these 

e.ission coaponents to the blue or the red in tara. of 

wavelengths are shown in Table.'. all the d .. st ty 

tracings of .any of the untra11ed spectra, it was 

diff1cult to detect the weak .. 1 •• 10. feature at the 

edses, for it could be ••• :117 ai.tall .. with th.e noise 

in the continuua. 

In eaoh ease the d_lt,. pref1la 'Wall •• nerted 

into at .. 1 ty profile ua1q the caltbrat1.. apeotrta 
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for that star. These observed line profiles were 

corrected for 1nstruaental broadening by the method of 

Burger and Van Cittert as .odified by de Jager and 

Heven (1966), Aocording to this method, the following 

integral equation is solved by an iterative procedure 
e() 

T1\,CA) " T?t._1 LA} +(R{),) - i T7L_ 1 (~) ALA-a) d;t. 
-0:00 

where 71'1.&-"Y1s the true protile, G?(I\)the recorded 

prof1le and A (?) is the instrumental or the appara$Us 

profile. For the first iteratiOD T,() '). 0:<(:).) 
Then 7;.()):: ~Gi<CA)- J;R(~)AL)..;--J.,)J.X. • The 

1 teration is carried on until I T?'\ C).) - T ')\._1 (),) I ~ ~ 
where e • .001. 

fhe :in.trull_tal prof!le Was choseD to be that 

of a very faint neon line obtamed !rca the aeon. 

discharge tube 1lI.8hg the SUle i».atruaental setup_ 

A computer prograa was wri ttea to obtain the final 

profiles corrected tor inatruaental bread_1ftg. !hree 

1teratio.na were enouaa to give a proper convergeace of 

the corrected protile. !he represeatatiT. corrected 

profiles ot tlIe 23 stars are abon 1D Figure ,_ 

Iqu1valeat widths were .easared frO. these 

lloraal1sed int •• it,. profil •• et the Pl'8ll'd stars. !1a.. 
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equivalent widths determined from various plates and/ 

or films of the same star agree quite well. The 

equivalent widths of these H ()( absorption profiles 

along with those of the H p( emission components are 

1isted in Table 3. Equivalent widths as well as the 

velocity shifts of the Cal] A 6513 were also .assured. 

These velocity shifts are Bueh smaller than the II cr 
velocity shifts. Both the equivalent widths and the 

velocity shifts are listed for Cal in Table 3. 

Table 4 giva the H~ velocity shifts ad the equivalent 

widths :tor the three stars A Vel, O'eMa and 'lPer 

observed at the coude speotrograph. 

d. Correlat1iR! 

For a pre11llinary analysis, correlatiolls were 

sought between the various quantities determined observa­

tionally. A plot .ade Deweea the ~.ll1valent w1dths 

and the velocity shifts of the Ii IX al!asorpt1oD. is dis plated 

in Figure 4. The .scatter 18 too large' to snow any 

definite relation between the two. A p~ot was ~so 

.ade between the ratl0 0:[ 'the W1Ct'tJl. 0% II ()( .una Ul 

the cont~ tG its depth and the Velocity shifts of 

the absorption. core .t B ex and 1$ _bewn in Figure ,. 

This plot tad1catea the .ature e! the yeloc1ty iield 

of the 11n.. ;f'ora1ag rel1._~' ~tJl~ til •• catter 18 
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Table 4 

------~-----~-.~~-----------~~~-~---~-----------
Star Spectral 

type 
Shift ot the EQW of H~ 
H &JI. line core absQ:rPtion 

(km/sec) (1) 
---~---~~---~-----~~----~~~---------~-------~ 
'1. Per 

O'eMa 

A Vel 
_____ -_-_________ - ___ - __ - __ - ______ I(l00_:1 .... , 

NotesJ 

r _ 

!rhe HeX equi valet widths aeasured fro. 
thtt Coude spectrovau are systematically 
lower than the on.. obtatDed from the 
Echellocras. This is beca .. e the 
foraer are not corrected tor instruaeatal 
broadenina • 
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a bit too large, there is a definite trend in the 

sense that for increasing core displacements the 

ratio becoaes 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 H~ and the CaI]veloc1ty 

shifts. There is a linear correlation between the 

two (Figure 8). Another plot between the CaI]equiva. 

lent widths and H~velocity shifts is displayed in 

Figure 9. ~hese two quantities also seem to be 

linearly related. the significance of all the above 

correlations will be discussed in a later Chapter. 



• 

2.2 

e 
• %.1 

\':)GJ • • e 
z.o • 

t 
e • 

e 

-~ -
~ 

1.& ct. 
11.1 

.g • 
2: 

1.1 

+ 
e$ 

1.6 
$ • • 

1.5 
0 -4 -8 -12 -16 -20 -24 

H CIt YELOCITY SHIFT (km SIC) ----

FIG. "-

E t u.kl/ ~ v.n:.lft.. \(5. V~ ~4a. ~ 
+Iu. A4-t;..... 



-

,.,... 
s:. .. 
t -.... -o~ -E 
:2 
::J c :;: 
c 
0 v 

! -.s 
.-: 
;; 
i 
tl 
l: ......., 
~ 

'5 

0 
40 

<:> 
35 0 

0 

30 (;) 
0 0 

0 
25 

0 

20 
0 0 a a 

<:> 
e <:) 

e a 
<:> E) 

15 a 

10 

5 

°O~~~~~~~~~~_~I~I~~I~LI~I~~'~IL-~t-­
-'0 "12 ~14 .. 16 "18 -20 -22 -2'''26 ... 28 -30. 

Hot. V.loclty shift (lem/.tt) 

FIG. , 



.. i &-
eo i ¥ 

V3 

I ~ • ~ 

cge$. 
~ ~ ... 

~ .... '" .., . ~ Cf)f) 
(1)_ e .,_ 

~ 
C!) -.... 

~ 6) 'S ~ 
.... 
.~ 

C!) CD 
.~ . .,. 

0 

~ 
M: 

$ 
> 
.~ 

... tS 
C!) ., ., 

~ .... V'lI ... • • N - ... 
............ (.'f) Mea toM 



t -: 
........ 
E 
oX -l-
La.. -:J: 
f/J 
>-... -u 
0 ..... 
&II 
> 

t 
:z:: 

-24 

-20 

-16 

-12 

-I 

-4 

o 
G1 

• 
• 

• • • 
• 

• 
• I • 

e 
$ 

• • 

SPECTRAl TYPE 

FIG. 1 

-r 

• 

• 

vs 



~ , 

; t 
• -~ !. 

J • • -"',.. -. .... 

• i • 
• N i: --IU • 

,CIt 

~ -" • 
•• 

CIO _ 

'Z • 
• 

+ .. 
I 

~ 0 • • ~ N 0 
I i I t I I 
-- (_/"',) '",IINS A.1IJ01JA IO!) 



~ 
:.1 

-.it 
to 

N 

• r \oJ 

2 -
@ I .;s. 

-
<!> E .;;: 

U) .. 
4) 

...... --.. 
I . 

!!:: ~ 
:J: 
lJ) 

(!> 0 
N 0, ~ - >-

® 
!:: d 
(.) - .~ 

® e 
&L ., 0 

• ..... 
f" cD tal 

e :>0 

1 Ci) l t9 ., 
.~ 

~ 
.... 

~ 
C..!J 

~ 
0 H 

d ~ 

(.Y) Mel I "l 



... 33 .. 

CHAPTER III 

THEORETICAL COMPUTATION OF THE H~ LINE 

To extract from the Observed H~ line intoraation 

pertaining to the physical conditions in the line torm. 

ing region of the atmosphere, we need to compute theore­

tical line profiles by using a proper formulation of the 

radiative transfer problem and vary the input para­

aeters such as optical depth, turbulent velocity and 

expansion velocity 1n this problea to reproduce the 

observed features of the 118e in question in the 

absenoe of a consistent model. The beet tit to the 

observed prorl~e then determ1nes the physiCal properties 

of the particular liDe for.a1ng region. 

Since supers1ut a'taOaphares are extended, the 

assumption of a plane-parallel ,a ••• try to describe the 

r.d1ative transfer in these ataospheres 1$ aot ~roper • 

• spherically symmetrio fo~lat1on of the transfer 

preblem is the first require.eat to obtain .eaD1agra~ 

tn8ishts 1ato the physical 81tuat1oa. Moreover, ataca 

the observed line protil.. are all as~etr10 in the 

se •• e that the abaorptio.a ..r.. are d1splaced to the 

blue with respect 'to t&\. aJ.ae .-.tr. b t)ae olJs.rver-. 

traae, there 1s a .~ 1aCibatS. •• o~ 89M JtaCl or 

aot101l, .. at likely • a.I' ~artI ~l" lla tJaese 
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atmospheres. To interpret the profiles. therefore. one 

needs to extend the theoretioal treatment further to 

include velocity fields. the bas1c theory of r)tdiative 

transfer 1n spherically symmetric expanding atmospheres 

has been developed over the last decades and discussed 

extensively by various authors in ~uaber of astrophy­

sical contexts. !he theory 1s outlined 1n some deta1l 

in the text by M1halas (1978). 

Since we are concerned with line formation and as 

the line forming region for H 0< a.y extend froa the 

photosphere to the very outer layers ot the ataosphere 

where the •• dium 1s tenuous and the radiation field weak, 

significant departure. from LT.E are expected, to occur. 

Henoe a non-LTE approach i8 needed. fo obtain a self­

consistent solution to the line-transter problea, ODe 

should solve the equation of radiatIve troaa.fer and the 

equation of statistical equllibr1ua siaultaneolaly. 

According to Athey and 1'ho ... (195IJ bulk of the 

absorption in the BO( line 111. tatara l1ke the 88 arises 

iD the lower chrQJlospher... W.,.enn ,19(2) also has 

suggested that the H ~ liae:La X Orl erichatea 1n 8Il 

eD.OrIIOualy extend e4 ehr'GIlOs:pbere nrre.d1lla the star. 

The lower ~o.pber.. .~ ~.. .~ar8 aave Large 

optical dept.. 1rI. the L.,.,... liua. fM 1ap11.a 
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a detailed balance "tn the Lyman-line transitions. The 

Hoc line then behaves in a £eshion silliler to resonance 

lines. As in the case o~ ~. resonance lines, the statis­

tical equilibrium equation for a two level atom (levels 

2 and 3) is thuB adequate ~or the st\ldy of H fX • 

For the level n • 2 this may be written as 

where B23 and B32 and -'32 are the Blastein A and B 

coefficients for the tr&JlJB1t1on 243 in H. The first 

term on the right hand side denotes radiative absorptions 

per unit volume per sec and the seCORd, collisional 

,p:citations per unit volUlle per .eo. On the left hand 

side. the first two tens 4efhe tlle spontaneous and 

the induced emiss ions per un1 t yO lUlle 'Per sec 

respectively. The 'r4 tara gives the collis_tonal 

deexcitations per unit volga. per •• c. 

1'he • quat ion of radiatIve trans:ter :in a aoviDg 

atmosphere can be foxw.Uat •• e1ther UI. the starts rest 

:frame ImOlQ1 as 'tile om.erYer f • rr_e or 1a tJle co.ovag 

fra.. Ia the .first ........ oltsetTer 1s at rest 8Jld, 
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views the stellar aaterial flowing out while in the 

second case the transfer problem is treated in a frame 

in motion with the matter. The comov1ng frame formula­

tion is particularly suited to handle large scale 

velocity fields and rapid atmospheric expansion wile 

the observerts frame method il only restricted to 

velocities of a few Doppler widths. S1nce the veloc1· 

ties involved in the present problem are of the order 

of a few Doppler Widths, one could ~oo8e eitber tbe 

observer's frame or the coaoTtng fr.-e. 

~he equation of radiat1ve transfer tor a spherically 

s,aetr1c exp~ncl1ng ataosphere and its solution are 

adopted froa the work of Pex-uah (1979). Although 

designed to treat the line transfer in rapidly moviDs 

atmospheres, this foraulation 1. equally valid for the 

low velocity regia. we are taterestee in. 

Accord1ng to Peralala (1979) tile aquatio. 111 the 

coaov1n& trea. 1. ,iven by 

,_ (,.2) 
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and for the oppositely directed beam, 

oj ( 'A..) -)-l( '( ) 1 -~ a r ('X I -}.t I '0 
-~ 0"( - , Y ojJ-

, ':\,( [(!> ~ 4 (,,) -)L, "( J ] [ S C -.:, -fl.,"r) -1' ('I(, - fl ) "( ) J 
-c "\ V C i) ~ J vC y)] 3I C 'X, -jLf 'f) 

+ U 1-#1- ) -r -+f-~ oX 

Here I ( ?t:. If'-' 'Y ) is the specifio intensity at an angle 
-1 cos p.. at a radial point T 1rl the atmosphere and. 

frequency x..;: (7) .. Vo) I LI'V~ where tJ. 'VJJ is the 

Doppler width. The total source function S (::x.)±jJ-1 "( ) 
1s deftned as the ratio of eaissiTlty to opacity and 1s 

given by Perdah (1978). 

c{:>(?( ):±p.., Y) Sl C-x, ±f'-I 'Y) + ~ Sa (,.,. ~ 
~ ('it, :t;t; y) of ~ 

where S L denotes th. 11a- •• arce twlctie:a ad $c, 

that 1D the COBt~. 
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~ +1 

:: J-~ ) r J..~I ( fI.(x,±)l; ~~l)J{'L~/)J./ 
~(x,±f-) '( j j 

4) _I 

+ ~(dCY), 

I 

S represents photons that are destroyed by collisional 

deexcitation following. photoexo1tationt ~ is ~l-/~..t 
the ratiQ ot opac1ty 1n the ooat1r1Ula to that ill the 

line ~ eX., tf-J r) end <R C ~,±}( j ~/> pi) are the 

profile aQd redi8tr1b~t1.a fUnot1oDa respectively_ 

V (r) datu.s the velooi ty tieU in tile aov1u 

ataosph.erl 

In. the .olut!o. ot ..... '11_ <:,..2) ... (3.') 

Peraiab (1979) ass._ tU, e.UWUtct 

.) the profile tuaotia tf; ... tdb. to cone.polld 'to 

the pare Doppler .... C1 •• 'Y 
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where the frequency ?(..~ 'X.±ft-V in the rest frame of 

the observer and V • V /Vth lthe ratio of the gas gas erma 
velocity to the thermal velocity; S was put equal to 

one. 

b) the redistribution function Q<. (?<.,±f<.' ")t.J,;;./) 
was angle-averaged in 4 directions and is given by R1_A 
(Hummer 1962, Pera1ab 1978) 

c, ~:: 0 and f;:: 0: the case 01' a scattering medium. 

and 

d) the outer velocity in the atmosphere Was taken to be 

10 thermal units. 

The 11ne source function St.C y) a.t the radial 

points obtained from the solution i. shown in F1gure 10. 

For the stu.dy at the H ct lu.e, the above theoretical 
I 

ana.lysis s.ems adequate for the tollowiDa rea.o~, 

(1) the Hex liDe h late G &dIAl :t 1'I1)et'g1snts is well 

represented by a J)'Ure DoBler )Ntile (lratt at al 1964), 
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(ii) for a Doppler profile where the width 1s not 

very large. the assumption of complete redistribution 

of photons over the line profile is quite valid, 

(11i)Since the Hoc' line forms in the lower chromos­

pheres of these stars where the optical depth in the 

continuum 1s very low while the opacity in the l10e 

center of He( is very large. the ratio Xc j'X( N () 

(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 1a forming the line; 

at the same time the photo ionization edge of the level 

• • 2 talls in a region of tbe spectrum wbere the 

stellar radiation field is rather strong. HeDce the 

line belongs to the category:Gt photolonlzatlon 

dominated lines (Thomas, 1957, 1965) and appropriately 

the source :function has ~: 0 • 

(v) Although normally the .ource function is a funotion 

of V (r), ta an extended atmosphere with a ebroaospheric 

te.perature rise, it is aBly weakly affected by the 

velocity field (Groth ~ Wellaan. 1970) !herefore, 

the source function display" ill Figure 10 18 deemed 

adequate even for the .. a11.~ vele.itie. ..countered tft 

the prese~t prob~". 
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The observational work on expanding atmospheres 

(Sanner 1976, Bernat 1977, Hagen 1978 and Boesgaard 

and Hagen 1 'T/9) bave so far been only confined to the 

circumstellar envelopes. IR these studies the photos­

pheric contribution to the line prof11e has always been 

assumed to be symmetric and subtracted from the 

composite line profiles. Only the shell contribution 

to the line bas been analysed. The probl .. of line 

formation is too collplicated to warrant such a separa. 

tion of the shell profile from the photospheric profile~ 

This is especially true for tbe II ex line since the CS 

contribution to the absQrptiol1 in the line is only a 

fractloa of the total. In the preaant work. 

therefore, a oont~uou8 distribution ot .attar 18 

ass\UlLed to exist fro. the phC)tospl:1ere to a aax1.Jwa 

extent of 2-' t1Jaes the stellar radius. 

Using the line source tunct10n displayed 10 

Figure 10 in cOD~unction with apJropriate density and 

velocity distributions '(to be ••• cribed later). the 

flux in the Hot l1r1. as a f\mctioa of frequency bas 

been eoaputad wita the belp ot • aubrwt1ne to the 

aaiD. trams fer code el80 pl"$y14N "by l)r. feraish. fc 

do this the tellow1ag ~ W8I ... _ed tor tlle 

HO( toratag resioU. 
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We assume that there is a reasonably well defined 

photosphere o£ radius Rin surrounoed by a spherically 

symmetric, radially expanding envelope with an outer 

radius RoutO The extent of the envelope is, therefore, 

111< -Rout - Ru' (see Figure 11). The envelope is 

divided into a number 0:£ shells. Since the velocity 

distribution V (r), the density distribution f{Y) 
and the source function St.C-i),bta1ned after solving !( 
equations (3.2) and (3.3), are specified at each sub­

shell, the computation of the line flux follows in a 

fairly straight-forward maaaer. 

The flux F)/' 18 calculated in the line of sight 

of the observer at each frequency. !he aaterial behind 

the star 1s hidden trom the observer (occulted region 

in Figure 11) and that in frOD.t g1 ves rise to the 

absorption. 

As the observer view. the .. iaslon lobes on either 

side ot the star the vari&ua raiial directions cantrl­

but. dlffereatly tG the line-of-sight 88lasion depending 

upon the cos ~ fact.r involv$cI. rae inteBsitie' are 

ca.lculated at equally apac" ra'le.l pouts in tbe 1.1D..­

of-s1ght ad integrated .ver tll.e thleb.eas at tlle 

envelope to yield the tetal fl.x ta the .. 18s1.B lobes. 

If I (n) denote. the lh ..... t .. ight 1ateulty, the flux 
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from each emission lobe is given by 

(j( rw.1-
-- "-Tl J IClvj k.JJ. 

d<~ 

The total flux at each frequency then is f'll::: Fz, I + ~ f:'z,' 
the factor 2 arising due to the 2 emission lobes. 

The results of the line pro tile computations and 

the appropriate £its to the observed H~ line profiles 

are discussed in the next Chapter. 
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CHAPTER IV 

a' 9htracter1stics of the ObsErved Profile! 

The prinOipal characteristics o:f the H rx line 

in the G and K supergiaats oDserved ar •• the following. 

(1) The line is in deep absorption and reaches a 

level of (0.05-0.1,) Of thE oonttnuua. fhe 

• width of the line at the cont1D.ua 1s r~a&hly 'A. 

(11) There 1s a distinot shift of the absorption core 

to the blue g1 ving rise to an asYJDletric appearance. 

This shift in teras of velocity is in the range 

Of~~~4 'a./ sec .. 

o 
(i1i )The .qu1'Ya~ent widths are 1m the rllnge gf 1.,-2.3A. 

The 110e is unsaturated and has almost a core-11ke 

quality a8 is seen on all a1cropboto •• t.r tracings. 

(iv) Weak emission coDl:ponents are present on the red 

edge for 4 stars and on tne blue edge for 9 stars. 

The strength of the •• issi •• 1s 1. the range Of 

• O.OS-Q.15A. Emission w1thta the velooity raage 

of the absorption profile 1s of lIarginal tJieteet.· 

bility • 

• ) Hoe'" fom!U 1'"9'1914 

Tbe observed. .Ii 0( 11ae la 0 all. X •• pvliaats ls 
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much too strong for the prevailing physical conditions 

in these atmospheres. The level n • 2 of hydrogen has 

to be over~pulated by a significant amount with 

respect to tbe LTE value to produce the observed 

strength of the line. Moreover the asymmetry' of the 

line most oertainly ind1cates a net expanSion of the 

layers where th1s line is fOI'lled. Although the problem 

of formation of this line has not been solved in detail, 

its observed characteristics are highly suggestive of 

a chromospherio origin. The dylJlJaetry of the line in 

that case iaplies that the cbroaospheres around tbese 

stars are expuding. 

c) SMIsls of line Eroll1, •• 

For a co.plete analysi8, one needs to know both 

the characteriatics of the ~deI11ta& stellar COBtinUua; 

as also the physical properties of the envelope where 

the line is formed. In other worda. ODe would haYe to 

assume a model of the chroaosphera for taese stars 

where the bulk of the Ho( abaor,tlon GCours. 

Given the propert1es of a atar Dd ita appropriate 

cbrolloapher1c .O<1e~, 'the preblAll o:t -0( -.l1ae transfer 

needs to be solved te , ........ tIM tlt.eoret1cal aO( 

profiles. It aueb pref'1le. "... ebte1aecl, a detaUecl 

po1D.t to peat •• toohl_ .1 .. Ma. w1tA the .'bserved 



.. 46 -

pro£iles would lead to turther improvement in the 

knowledge of the chromosphere and a vindication of th~ 

chromo spheric model assumed. Due to the lack of data 

relating to the chromospheres of these stars, it is 

not possible to do such an analysis 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 ean still be 

determined by eomparison ot the aross chracteristlcs 

of the observed and theoretically computed profiles. 

For exam;l., the tqu1valent w1dth ot the line is a 

measure ot the total absorption .. d fa fwaction of the 

column density of the line formini ato... The displace­

ment of the absorption oore i.adlcates the departure 

from. the static nature of tJae a"talQapbere. ~he width 

at the cont!nuu:m and the half-w1dth of tla.e line are 

both dependsat upon the turbulace ad the velocity 

structure 1n the ataoaphere. lased OR the analysis 

given in the previous Chapter end the ,semetry cescribe4 

in F1gure 11, th .. :ret1cal '"t11e. ha"e heen ge.erated 

and compared with the o~ ........ to _termine eol\Um 

densities sad velooitT ~~~ iI the o.ter ataoapheres 

of the proar- star •• 
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(i) 

fhe equivalent width (EQW) is a measure of the 

strength of the line and is def~ed by 

:\,+~~ 

W~· S ( I - ~ ) J~ 
It -hA Fe 

o 

where F~ 1s the flux in the lbe at a wavelength A • 
F G the flux 1n the cont1nuUII. Ac the wavelength at 

the line oenter and 2 1.1) the width of the line in the 

coatlnu.ua. 

fhe optical depth at the center of the H (>( line 1s 

given by 

1 •• (4.2) -
cxN 

where. i. the oolua .... ity of the l1ne f'onaing atOlls, 

t the oscillator streaath del ~"Jjtll. l)Qppler width. 

III an ataoapb.ere with a " .. ity ,ra41 .. t, tJae llWIbter 

density of hydroa. ia 1..,..1 ... 2 Caa·) de,a4_ .p0D. 

the total deuity at a,. pe1at as aJ.ao upoa tlle 'DJayaical 

conditio .. that oontrol tae l4rf91,..,.aata.. D.e latter 



is determined by the equation of statistical equili­

brium. The column dens1 ty 

([(wi 

N, S 7'1-1- J Y = 

a<~ •• (4.4) 

where n 1s the total number density of hydrogen and 

~ denotes the fraction 1n n • 2. @ inyo1ves a 

Bo£tzmtn factort' end a departure coefficient. In the 
I 

absence of • consistent model of the chromospherie 

region, the variation of ~w1th depth could not be 

incorporated. !o simulate an oyer-population in n • 2 

with respect to its LTE value a teaperature slightly 

higher than Texc was used instead of the LTE Boltzman 

factory. The factor @ was tha absorbed in the constent 

0< of equation (4.3). nte :t-valu. for the H p( liBe 

waS taken from Wiese, SIl1th and Glennon (1966). It 1s 

equal to 0.6407. ~. Doppler width defined in Chapter II 

included only the theraal terll. Iri. real stellar 

atmospheres the widths of the aetal lines cannot be 

explained solely OIl the 'as1. 'f theraal motion and 

microturbu1eace 1s l'loraall,. I,JlftDcl (B1h.alaa 1978). 

If 'e"i '.aotes the rOG'i ... .~ere 'bn-lmllDlce, 

then. the express!_ i.r tIJ.e lIMDler wUtla 111 .. d.i!1" .. 
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= 

According to Kuhi (1973), ~i may be as large as 

20 km/sec in supergiant atmospheres. The high value 

may partly be due to the exclusion of non-LTE effecta 

in model atmosphere analysis and partly due to the 
rJ. presence of velocity gr~ents in these atmospheres. 

Since the width of the line in the coatiauua and hence 

the equivalent width are depend.at upon the value ot ~t , 

~ t was used as a free pardeter in the line 

profile computations. Table.5 sives 411,a and 0( tor 

various values of ~t for a giTen exo1tation tempera­

ture. The velocity parameter 

•• (4.6) 

correspo~d. to a Tkin defined by 

-
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Table - .2 
o 

Texc • 4000 K 

~~~-----~-~--~--~----------~---~-----~--------~-~-------~ t V Tkin ~1JiJ 0( Ll ~ .0 
i!!_!!2:~l __ i.k!_!!~:~2 ____ -1:!l ___ !lQ~~!~:!! _________ (11. 

0 8.13 4000 1.239 1.38(-21)0.178 

5 9.,4 5512 1.455 1.17(-21)0.209 

10 12.89 10050 1.965 8.69(-22)0.282 

15 17.06 1761Q 2.601 6.56(-22)0.384 

.. • 
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11) Density and Velocity Distribution 

A priori the density and velocity distributions in 

the H r:t. line forming region are not known. Various 

possible combinations ot density and velocity d1stri~. 

butions, each set satisfying the equation of continuity, 

were tried in the hope that We could choose a set 

which best reproduce the cbraeteristics of the observed 

profiles. The four cases studied in. detail are •• 

A Density n(r) • constant and 

Velocity V(r) 0< 1/r2 , 

B Density n(r) f)(. 1/r2 end 

Velocity V(r) • constant ) 

c Density 11 (r) ()( 1/ r end 

Velocity V(r) 0<'1/r " 

D Dcmsity a(r) ot.1/r -

Ve10city V(r)O'r • 

The first three cases satisty the equation of 

continu1ty corresponding to spherical flow while the 

last case 18 appropriate for a ,l ... ·,arallel flow. 

In a highly extended .ta •• pJaere. it 18 only proper to 

use spherical :flow. Row.,.w; the I 0(118 foraiq 

region in the superei_ts .1* •• tly ~u1ned to tbe 
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chromosphere whose thickness 1s only a fraction of the 

stellar radius. Therefore. it 1s 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 1n terms of the radial coordinate. The 

discret1sed coordinate used in the prograa was the shell 

number which varied fro. 1 to 90 over the e.%teat of the 

envelope. In teras of this coordinate, therefore, a 

ltnear decrease in density amounts to a total variation 

of almost two orders of magnitude between the toner 

and the outer radius. The velooity distribution also 

given in t~rms of the di8cret1sed coordiDate was always 

consistent and satisfied the0luatiGn of CQ*t1aulty. 

In the chromospheres .ere th. denai ty drop 1s very 

rapid the representation 1n teras of the dlscretlsed 

coordinate se.as to be rather eonvenieat. 

Each coaputer run of a set of theoretical profiles 

is characterised by a deD8ity au «ad a velocity at tne 

1nnver radius V , • turb\ll_t .... l.citr ~t and tbe • 
extension of the envelope fj,R. koJ:l profile 1n the set 

is charaoterised by • ' .... 1etalar .,ai.e of the ...-1001 ty Vb 
-e}' 

at the outtrad1ua. 
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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 velocity gradient is present, such 

a clear definition ot the velocity of expansion is not 

obtained. Since the velocity 1s only a function of 

the radial co-ord1nate r, an average expansion 

velocity may still be defined as 

•• (4.8) 

Some representative ltne prot!le. tor tke various cases 

are ahown in Figure 12. 'l'he eoaputtKt line profiles 

are seen to have the following characteristics -

1 • The BQI' increases with the optioal depth at the 

line center. 

2. The width of the lilt. 1a tb.e ccat1aUUII 811d, there­

.tore, the EQW 1n.cre .... with mcreaa1n& velocity 

sradient. 

,. The line core dl.pl ...... t taer ..... ltaearly with 

the outer velocity. 

4. The turlNl.ace 1aer..... 'tile width et 10M line 1D. 

the cont1nula. Its a. rNU.lt, the lIQ,W 18 dependant 

upon the turbul.-t V$leo1ty. 
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Apart from the basic fact that a constant 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 

none of the observed lines are saturated, it Was felt 

that this case may not represent the true physical 

situation. 

Case B where Xl (r) 0(. 1/r2 and VCr) - constant has 

been widely used by various workers 1ft the study of CS 

envelopes. In the present analysis, this case was 

tried for various comb:.lnatioXlB of Dg amd 1:. R living a 

Wide coverage in integrated optical depth. In all 

cases, there 1s emission on the red side. The magni­

tude of the emission increases witb higher optical 

depths. Although the bulk of the absorption oceur~ 
near the inner edge of the ... velope, the total absorp­

tion of the line 1s low ieoause of tbe rapid fall of 

density. With larger optical. deJltb, the •• 1ssion 011 the 

red side increases markedly but the lQWet the absorp· 

tion line increases only aar,1nally. SiDo. the observed 

HOC EQW's are quite high IJ!l(l .0 strollS red aide .aiss1on 

1s seell, this case was to:J.m4 ~\l1"tabl •• 

In tbe oue. C .. 4 D. tiM 4eu1ty J.1Ja.e.rly decreasea 

with radius. III. the p~l ant velGc1ty 

increases with radius ~ ta tb- ~iGel case, 
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it decreases. 

Since the inner veloeity in case C is always 

higher than the outer velocity and since most of the 

absorbing material is located near the inner 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 

I sufficiently large which in turn tmplies a large value 

of the inner velocity. However, Figure 4 shows no 

correlation between the observed EQWts 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 tor this case. 

The only choice then left Was oase D. Since in 

this cale the inner velocity is always less tb$n the 

outer velocity, the line core dlsplaeeaents'ere nwver 

very large. Moreover by increasing the integrated 

optical depth and choosing a suitable V.' the EQW and 

the line core displacement could be matched. 

It is to be emphas izEMi tla,.t tbe a.a. ot tAle 

velocity gradient 1s of 0X'1I$.1.,. u"o~" 4b:t,a1p.Ul& 

this mat_. In a paralla1 .• -WJ' o't tl'JA .v,:uaa 1n H 

giants, Boes&aard ad ...... UM'JJ ..... ~ad tAat 

the HOC line .foru in • r .... ~w r •• i_ 4b: 
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increasing velocity gradient. The present computer 

analysis of the line profile tor various density and 

velocity distribution has led us to the same conclusion_ 

In Table 6, the complete series of runs tor 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 Ht( line and the 

velocity field in the line forming regions of these 

stars, the following procedure was adopted. 

It was found that the ltne core displace.ent for a 

given ~t and VI}I. was !ndependent of the !at.grated 

optical depth and was linear function of Vb. From 

this correlation the oute~ velocity for a star can be 

determined from the observed line core displace •• nt. 

The EQW 01'1 the other haad was found to be a 

function of the optioal dEPth and V ... _ For a given EQ'W. 

a higher Vb corresponds to a lower integrated optical 

depth in the line. A plot was aade of the coaputed 

EQ'W'. as • fUnction ot tntesrated optical depth for a 

series ot outer velocitIes tor a livea tmner velooity sad 

turbulence. S:1nce the o •• .".ed 11».. cere Qiaplaoeaents 

fix the outer velooity Ud •• eat of tia.e optioal depth, 
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Table 6 

v = O.G a 

~~~----~-~-~~--~-------~-~---~-~--~----~--~---~~----------------
Rout (~/ Densi. ty Vb .d V EQW 
(10)3 seco) ~".l ry (inl ther- (km/seo) (0) 

em (om-~) & rna A 
units) 

---------~-----------~~---~~--~---------~-----~~.~~~--~-~--~-----

5 9.4xl010 6 

1.1 

1.1. 

101 

8.0 
7 0 0 
6.0 
,5.0 
400 ,.0 
2.0 
1.0 

7.0 
6 0 0 
5.0 
4.0 
3.0 
2 0 0 
1.0 

9.0 
8.0 
7.0 
6.0 
.5.0 
4.0 ,.0 
2.0 
1,0 

6.0 
.5.0 
4.0 
).0 
2.0 
1.0 

6 •• ,.c. 
4 •• , .. 
a •• t.,. 

-10.5 
- 8.6 
- 9.5 
- 706 
- 9.5 
... 6.7 
... 5.7 
- 2.7 

... 14.3 
-13.4 
-12.4 -11., 
- 9.5 
- 7.6 
... 4.8 

-28.6 
-28.6 
-2,.8 
.... 23.' 
-23.' 
... 17.2 
-14., 
- 7.' 
- 4.8 

-28.e 
-22., 
-17.2 
-1'.2 ... ,., 
.. ..' 
-21.' -22., 
-1,.1 
-12.1&-- ,., 
.... 4.8 

0.95 
0.94 
0.87 
0.77 
0.78 
0.73 
0.6.5 
0.62 

1.19 
1 • 11 
1.08 
0.93 
0.87 
0.76 
0.6, 

1.80 
1.6, 
1 .. .57 
1.,52 
1.28 
1.17 
1.07 
0.96 
0.86 

1.41 
1.32 
1.18 
1.°5 
0.96 
o.s, 
1 • .50 
1.31 
1.27 
1.1, 
1.01 0.,., 

-~----~~-~---------~~-~~---~~-~-~~-~------~~-~-~~~~------~------~ 



Table 6 continued 

-~------~~-~---~~~---~-~-~-~~~--~-~-------------------------~--
R t (~I Denai ty Vb Ll V EQW 

au sec.) ~ ~ (in ther- (km/seo) (1) 
(1013 (cm-3 ) ~ mal unitR) 
em) 
-----~~-~---~---~~---~~~---~-----------------~--~-~-----~-~-~---

10 lo3x1011 6 

1 .1 

1., 

1 .1 

1 .1 

8.0 
7.0 
6.0 
5.0 
4.0 ,.0 
2.0 
1.0 

7.0 
6.0 ,.0 
4.0 ,.0 
2.0 
1.0 

!hG 
8.0 
7.0 '.0 ,.e 
4.0 ,.0 
2.0 
1.0 

6 •• ,.0 
4.0 ,.0 
2.0 
1.0 

6.0 
J.O 
.... 0 ,.0 
I.t 
1.8 

-14.2 
-11.6 
-12.9 
-10., 
-12.9 
- 9.0 
- 7.7 
- ).9 

-19.3 
-18.0 
-16.8 
... 1.5 • .5 
-12.9 
-10.3 
... 6.4 

-3S.7 
-38.7 
-34.8 
-32.2 
... ,2.2 -2,.2 
-14.3 
-10" 
... 6~4 

-38.7 ·3°., 
-23,1 -21., -12., 
- ,.2 
-3'.7 
-lO., 
-2,.1 
-1,.1 
-12., 
... 6.4 

1.28 
1.26 
1.17 
1.07 
1.05 
0.98 
0.88 
0.8) 

1.'1 
1 • .50 
1.46 
1.2.5 
1 .. 17 
1.02 
0." 
2.43 
2.28 
2.11 
2.05 
1.72 
1 • .58 
1.44 
1.,0 
1.1' 

1.91 
1.79 
1 • .59 
1.!f.l 
1.29 
1.18 

2.G3 
1 •• 6 
1.71 
1.,2 

"'7 1.)0 



Table 6 continued 

;:::----~~:ji::~)-;:::~:;----------~:--------~-~-------~~--
(101:3 ~ T.. (in ther- (kIIl/mec) (1) 

) (om-:3) mal un~t8) em 

~---~---~---~~-------~~---~----~-~---~--~--~~~-~-------~----

101 15 1.7xl0'1 6 8.0 -18.8 1.75 
7.0 -15.4 1.72 
6.0 -17.1 1.60 
.5.Q ... 13.7 1.46 
4.0 -17.1 1.40 ,.0 ... 11.9 1.,4 
2.0 -10.2 1.20 
1.0 - .5.1 1.14 

1.1 ,.4x10 11 12 7.0 -2.5.6 2.19 
6.0 -2:3.' 2.04-
.5.0 -22.2 1.9' 
4.0 -20 • .5 1.70 ,.0 -17 .. 1 1 • .59 
2.0 -".7 1.'9 
1.0 - 8 • .5 1.26 

1., 1.7x10'1 31 9.0 -.51.2 ,." 
8.0 -.51.2 ,.10 
1.0 ... 46.1 2.88 
6.0 -42.7 2.79 ,.0 ..... 2.7 2.,.5 
~.O .)0.7 2.1.5 ,.0 -2.5.6 1." 
2.0 ·".7 1.77 
1.0 ... 8., 1 • .58 

1 • 1 1.,x10'2 47 6.0 -.51.2 2.60 
.5.0 -40., 2.At., 
4.0 ... ,0.7 2.1' ,.0 -Z,.o 1.92 
1.0 ... 17.1 1.76 
1.0 ... '.8 1." 

1 • 1 1.7xl0'2 62 '.0 -.51.2 1.76 ,.0 -40., 2." , .. .' •• J I." , ... -., .. lhe? 
.'.<f .17.1 1." 
1 •• ... I". 1.,. 

~-~--~-~~------~~-~--~-~--~--.-.---~-~ ... -----~---.-~~----



Table 6 continued 

B I Va = 1.0 

;:::-----~~~----;:::~;;----------;:----------~;-------~;-
(lQ13 sec.) ~ 1- (in ther- (kin/sec) (A.) 
em) :3 mal units) _________________ i~~:_l ____________________________________ _ 

1.1 5 6 

62 

10 , 

,1 

9.0 
8.0 
7.0 
6.0 
.5.0 
4.0 ,.0 
2.0 
1.0 

6.0 ,.0 
4.0 ,.0 
2.0 
1.0 

6.0 
.5.0 
4.0 ,.0 
2.0 
1.0 

9.0 
8.0 
7.0 
6.0 ,.0 
4.0 ,.e 
2.0 
1.0 

6.0 ,.0 
4.0 , .. 
2.0 
1.G 

-19.1 
-17.2 
-18.1 
-17.2 
-14., 
-14., 
-13.4 
- 9 • .5 
- 6.7 

-28.6 
-2'.9 
.19.1 
-16.2 
-12.4 ... '.7 
-30 • .5 
-2,.9 
-21.0 

-1.5., 
-11., ... ,., 
-2.5.8 
-2:3.2 
-24., 
-2:3.1 
-19.' 
-19., 
-18.0 -12., ... ,.0 
-38.7 
-32.2 
-2!h8 
-11., 
...1(i.1 ... , .. 

1.00 
0.92 
0.89 
0.82 
0.78 
0.70 
0.67 
0 • .59 
0 • .58 

1.26 
1.1, 
1.0.5 
0.96 
C). 87 
0.8.5 

1." 
1.28 
1.08 
0.98 
0.89 
0.91 

1.,.5 
;t.24-
1.20 
10.11 

1.70 
1 • .52 
1.41 
1.,0 
1.1. 

--~~~--~~~~-------~----------~----------.--------~-------~~-~---



Table 6 continued 

--~-------~----~--~~~~-~----~~~~~---~~~------------~--------

Rout ~l Density Vb AV EQW 

(km/ ~ (in ther- (kin/sec.) (A )' 
(1013 sec. ) (cm-3) 

mal units) 
em} 

-~---~-~---~~~----~--~~--------------~~~~-----~-~~--------~~ 

1.1 10 1.3x10'2 62 6,,0 -41.2 1.89 
5.0 -32.2 1.73 
4.0 -28.4 1.46 
).0 -20.6 

1 "" 2.0 .15.' 1.19 
1.0 -12.9 

15 lo7xl0'1 6 9.0 -34.1 1.84 
8.0 .,0.7 1.69 
7.0 -,2.4 1.66 
6.0 ·)0.7 1.51 ,.0 -2.5.6 1.44 
4.0 -2,.6 1.29 ,.0 -23.9 1.23 
2.0 -17.1 1.09 
1.0 -11.9 1.06 

8.,x'O" " 6.0 ·,1.2 2.31 ,.0 -~2.7 2.07 
4.0 ·,4.1 1.92 
,.0 -29.0 1.77 
2.0 -22.2 1.61 
t.O -11.9 

1.7xl0'2 62 6.0 .,4.6 2.Jt.S ,.0 -42.7 2." 
4.0 -.37.' 2.00 ,.0 -21 • .3 1.81 
2.0 .. 20., 1.6) 
1.0 -17.1 

~-~~--~---~-----~~~--~---~---~------~------~---~----------~----
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the EQW-~corre18tion for that outer velocity was used 

to determine ?; corresponding to the observed EQW. 

Since the outer velocity in the computer runs were 

changed in steps of a Doppler un1t, the tractional 

value of Vb determined troll the first plot was rounded 

off to the nearest integer. The error involyed in the 

optical depth so deten1ned is minimal. 

For very small optical depths ('l (, 10), the line 

core displacement outer velocity plot deviated sign1. 

ficantly from the linear relation depictecd 1n Figure 15. 

For these optical depths, the s.. lin. OOre displacement 

yields • very hiah outer velocity_ Moreover, it th1a 

outer velocity were adopted, the ob.erred BQJ 'WOuld give 

a much higher value of the optical depth than 1s iaplied 

by the first plot. Because of this iaoouisteltcy, 

deviations trom the linear rel.tioa were 19nored. 

As sho\m in !a.bl. 6, the inner .. elocity waa -varied 

to obtain different serie. ot o .. put.a profiles. With 

• higher irmer Telocity for the saa. outer velocity. the 

110e core displace.ant is h18ber .-4 tbe .qu1Tal.~t width 

is lower. !his effect 18 .us .... ct ,,:1. tb. 1D.creu1q 1Imer 

velocity. SiDce .-1 of t ... , •• rYed. prof1les shew .. 

high EQW for low liD. con 4Uplao •• _ta, the .atu 

with the abeve set of prolU ..... _ i.wt, extr ... l,. poor. 
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Only for three of stars HD 196093, HD 62576. ad 

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 EQW-!plot agreed reasonably 

well with the values determined from the V •• 0 case. 

d) Optical Depth! IPd eolHmn Dsp!ititS~ . 
In Table 7, rr the optical depth at the line center 

of Hi and Vexp the expansion velocity for aaoh star 

derived fro. the above procedure fer a Siv .. ~ t and Va 

are shown. The hydrogen coluaa daa1t1es .:tollow trOll 
(J)~ U>' 

equation (4.3) and are given in CQlUl8j\1n Table 7. the , 
optical depths obtained are rather low (10-150) and 

consistent with the observation that the ~ ltne 1s 

unsaturated in these stars. 

e) ~he Rate 2' IMs LIM 

The rat. of mass outflow :rroa the atMosphere eu 

be calculat .. fro. the steady state flow condit1 •• 

assum1:1'l.g spherical syaetry. 

Ua1ng the .quat,loa 
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the mass-loss rate in the present model can be written 

as 

•• (4.10) 

Where lis 1s the mass of the hydrogen atom, 1(, the relatIve 

abundance by weight of the elements heavier than bydrogen, 

N the hydrogen colUllll dens! ty and RUn-the irm.er radius of 

the mOdel envelope. l'he value of 11 was adCl)pted !ro. 

Bell, Eriksson, Gu.tatseoa and Jiordlund (1976) and put 

equal to 0.42. 

Using the values ot colu.n densities aDd expaDSiOB 

velocities troa Table 7 111 8quat10. (4.10) Kin'" Yr-1 

was determined for all the procrUIIDel stara. Sue. the 

assumption o~ +articular value ot ~t affects tbe 

value of the colu.n density derived the •• as-10ss rate 

ia slightly dl.fterct 1J1 the two c .... with ~t. 10 

end 15 ".80-1• Since tbe Deppler unit ot velocity 1s 

also depende:nt upon the choice of 'f~ there 1. a _all 

dIspersion (18ss than 2 D •• e"') 1D. the derived ",.1\18. of 
.. 

V • The mass loas rate II ... pletted aa .. !\motion of exp , 
1\01 tor the aut ... out of the tweaty-tlar •• stars for 

whioh 1\,01 is available. .. W t!l.e _all .)re.d 11\ 

»\'01 tor the star. eboO.... ..... aiat. .. .. arrow range 
. . 

121 M. 
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The values of M derived in the present work are a 

bit higher than what Reimers' (1975) empirical mass-loss 

relation imPlifs. However, this relation is highly 

uncertain for G and K supergiants being based solely 

on Ca II data which display time variability. In most 

of the work on mass-loss so far hydrogen column densities 

were inferred rather than observed. fhis procedure has 

an inherent uncertainty, since the abundance of the 

metals in a particular star 1s not known a priori. In 

the present case the hydrogen column densities are 

directly obtained from the observationa. Hence any 

uncertainty 111 the •• tal abundance. dGes aet af,fect the 

aass-los8 rates. 

For a nuaber ot stars .. all .. 1ss10a co.po_eats 

Were observed on the blue and red sides of the lIlain 

absorption line. The blue _las10n was found to be 

more colll1on than the _iss1011 in the red. For the 

computed profile. _1881Qn co.poneDt. on the red. side 

are present whenever spherical :flow 1s' assuaed. ~is 

1s a direct consequ .. o. ot ru1a'tive transfer calcula­

tions. HowaTer, the _i •• 1_ 1». tke blu.. MUlct. •• ver 

be reproduced with _,. .: 'tile as .. " _.sity and 

velocity d1str1'butiou. ftJJI 1. lett u .. OPel! 

qu.estion. 
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g) Cal) A 6273 lipe 

Although a detailed analysis of the Cal] line has 

not been performed, the line profile computations do 

suggest an explanation tor the strong correlation 

found between the line core displacements of Cal J and 

H rX • Since the Cal J line is expected to be of low 

optical depth, a aediu. expanding with the velocity 

implied by the Hex velocity shift would give. much 

lower line core displacement for this line. Although 

not conclusive, the correlation thea indicate. a 

co-extension of the CaX and Hoc - regions. 

'fhe conclusions are di.cussed in the last 

Chapter. 
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CHAPl.'ER V - , 

CopclusioQ8 

The main conclusions of the present study are 

the followings 

1. The observed asymmetry in the Ho( line is a 

consequence of a net outward motioD. of the very 

outer layers of the atmosphere. 

2. The present analysis con:tinas the or1,1n of this 

line in a relatively .. all extent of the atmosphere 

with a fairly high density (1011.1012 am-'), aore 

characteristic of chromospheres than Qf CS 

envelopes. 

,. The Hoe line is of lIoderate optical thickness and 

is formed in a resion of 1ncreaatng velocity 

gradient. !be colUllXl deu1tles 1n.terre4. are 1. the 

range of 1022.102,=-2. 
4. The absence of correleti •• betwe •• tae H.l>( EQW ad 

the velocity .hitt. ±ap11.~ that the pbJaical state 

of hydro&ell 1s 1Dse:u1t1ve to the velooity 1'.1814 1n 

the line for.a1D.a re,1a.. Oa the other haU, the 

strenstll of the Ca II X Uae 1. well correlated to 

the eorreapend1q Tel •• 1ty shift. ftl.ls introduces 
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an additional uncertainty in the interpretation of 

Ca II observations because the dependence of the 

ionization state of Ca on the velocity field 1s not 

known. Therefore, the BO(' line could be used as a 

more effective probe for the physical conditions of 

the lower cbroaosphere. 

5. The rate of mass-loss derived from tbe column 

densities and expansion velocities Of the observed 

G and K supergiants ranges between 1-11x10"7 Meyr-1. 
the only other determtnation of a.s8-10SB, in these 

stars is made on the baai. of the shift of the 

chrODlospheric Ca II K. eai8s10lh !he derived rates 

are OD the same order as obtained here. 

6. The results obtained here are somewhat sensitlve to 

the choice of the t'llbulent 'Velocity '(b. In a 

detailed ~mo.pb..ric _odel ot (X 100 (Ayres and 

IJ.naky 1975), a value of ~t • 12., •• -1 was ;found 

to tit the observatiou. fhe;re is ao reason way G 

and K. superaiaats should have 8; lOwer ~ t. !he 

aotual value of t.(t .in the 110( foraiD, re,ions is 

difficult to obtata. BOwe~f withta a reasonable 

raaae ot .. &lu •• tor t(.f'., .. der1ve4 ..... 18 •• 

rat.. differ by 1 ••• ~ 50 per oeat. 
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Although the H 0( line has been studied in some 

detail, further improvement in the analysis may be 

achIeved by solving the radiative transfer problem in a 

more elaborate fashion. In particular, since H~ in 

late-type stars is a Photo,flectricallY controlled line, 

the effect of a cont1nuUJIl should be included in 'a full 

discussion of the line foraation proble.. 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 ataosp:neres. Ifhe blue edge 

emission seen tn a number of programme stars 1s yet to 
• 

t.. 
be explained by a r,gorous theory. 

On the observational alde, higher resolution 

spectra ot Hex would yield .ore detailed infoX'llatlon 

on the expanding chroaospherea of auper&lants. The 

profile may then be stu~1e4. 

the ful~ potential of the speotra 1». the red has 

not yet been explored. In particular, the laI D liaes 

and the resonance lines of KI)'A 756, t 7699 sbould be 

investigated as probe. for the exteaded envelopes of 

these stara. SaDDer (1976) :La hi. study of OS _velopes 

of M supereianta, used th ••• lb.es to deri .. the1r 

physical propert1 ••• 
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A more detailed study of the Cal] line cd 6573A 

and the comparison with the Call data is needed to 

obtain information on the state of Ca ionization. 

Since the expansion veloc1ties derived in the 

present study are in the r$Dge of -S to -30 kmsec·1• 

and since the velocity of escape trom a supergiant 

(log g • 1..0) of 15M(t is on the order of 15 Dsec-1, 

lIasS ejection 1s certa1nl.y taking place through the 

expanding chromospheres of Ilany of these stars. However, 

what drives the aa.as-l08s 1s not full,. known although 

several theories have been proposed. Detailed studies 

of the kind described in the present work would belp 

towards the e~c1dation of this probl ••• 
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