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ABSTRACT

In this thesis the Qpper photospheric T(Y) distributions
of six K giant stars have been derivéd using the Ca II K wing
profiles. The stars included in this sﬂudy are the normal K
giants g Gem, ¢ Cyg, o Ari and ¢ Oph, and the SMR (Super

v .
Metal Rich) K.giants g Ser and g Oph.

Observations of the K line were obtained photoelectrically
at the Coude focus of the 48 inch telescope of the University
of Western Ontario Observatory. A resolution of O.SR was used
to measure the K wing (Ax<7i), while a value of 0.23 was used
to measure the window at A§95ﬂ.83, with respect to which the
K wing was normalized. )

* The normalized profiles were interpreted to yield upfer
photospheric T(T) models, using the LTE-PCS formulation of
Ayres (1975) for the K wing formation. The abundance of Ca
used in line symthesis was selfconsistently derived by synthe-
sizing the far wing profile of the Ca II A8498 line.

A comparison of the upper photospheric T(T) models of the-
normal stars with those obtained‘;or the SMR stars¢xas reveal -

-

gdi,tﬁat the latter stars are cooler by about 180K. The extent
o;mthis differential (SMR-Normal) cooling is-in accordance
with a similar result obtgined by Peterson (1976} in a..
comfarison of the SMR prototype‘u Leo with the normal K'giants
k Oph and 1 Dra. Despite this agreement in a differential
sense, in an absolute sense our K line upper photospheric
modzls are consideeably (up to 300K) hotter than the empiri-

cal T(T) models derived by Peterson.

!
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- NOTATION

In order to aid the readability of this thesis,;it:&umma:ise

the most often encountered symbols and abbreviations below.

-

Basic temperature model
Continuous opacity enhancement factor
Van der Waals enhancement factor

Harvard-Smithsonian Reference Atmospheric model for

the Sun (Gingerich et al.,1971)

Radiative equilibrium model of the solar atmosphere

computed by K;rucz (1974)

Local thermodynamic equilibrium

Non-local thermodynamic equilibrium (Kinetic equili-
brium)

Noncoherent scattering (Complete redistribution)
Partial coherent scattering (Partial redistribution)
Spinrad § Taylor (1969)

Super Metal Rich

Temperature enhancement model

Temperature minimum |

Van Paradijs (1976)

Radiation damping width

Stark broadening width

Van der Waals broadening width

Continuum optical depth at the standard wavelength,
A = 50004 y

Continuum optical depth at any other wavelength
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CHAPTER I El
INTRODUCTION .

The Ca II H § K lines have recently been exploited to
derive the temperature structure and other physical proper-
ties of the uppér photosphere and loﬁer chromosphere regions
in late type stars. The K line wings are'especially suited:
to derive the upper photospheric temperature structure be-
cause the frequency dependence of the opacity is strongly
dependent upon the assumed temperature’structure. Ideally,
within a small frequency band the K line contains the same
amount of information as the whole.;ange of continuum flux
measurements, and is simp'ler to observe than the continuum
flux. Furthermore, LTE se;ms to QS a good approximation
for the formation of the K wings, which makes the numerical
approach simpler. Not surprisingly therefore, the analysis
of the K line has gained cénéiderable interest in recent
times. However, recent work by Milkey and his associates
(Milkey, Ayres & Shine, 1975; Shine, Milkey & Mihalas, 1;75)
has shown that partial coherency effects in the transfer
ednation become important and should be prﬁperly.taken into
account. Ayres (1975)’and Ayres § Linsky (1976) have res-
pecti@ély formulated the LTE and non-LTH versions of the K
line synthesis taking pattial coherency effects into account.
These formulations, abbreviated resp;ctively by LTE-PCS and

NLTE-PCS} are more complicaded than the simple LTE approach

but are still tractable¢. Ayres and coworkers have afplied

.
1.




these techniques to, interpret the K line profiles of the Sun

(Ayres § Linsky, 1976), Procyon (Ayres §& Linsky, 1974), Arc-
turus (Ayres § Linsky, 1975), and o Cgn A,B (Ayres et. al.,

1976).

1.1, THIS INVESTIGATION

- . . .
Encouraged by the success of the above analyses, here -

we apply the LTE-PCS formulation of Ayres (1975) to the
interpretation of the K wings in some K -giant stars to de-
rive upper photosphefic temperature models. The stars in-
cluded in <¢his program are B Gem (KO III), € Cyg (KO III),

a Ser (K2 III), B Oph (K2 III), x Oph (K2 III) and o Ari

(K2 ITII). In addition, Arcturus (K2IIIp) and the Sun (G2 V)
are also included to provide a comparison between this work
and that of Ayres and his associates. B Gem, € Cyg,«K Oph
a&d o Ari are the normal composition K giants which bracket
the %e, log g values of the highly blanketed stars o ﬁer

and B Oph (cf. Fig.1.1). a Ser and B Oph are also classified
as the SMR (Super-ﬁetél Rich) gtarsﬁaccording to Spinrad §
Tay{or's (1969) narrow band photometry; In this investigation
we compare the upper photospheric temperature sfructures

of these highly blanketed and SMR stars with the normal K

giants.

1.2, THE SMR PHENOMENON AND THE CONTEXT OF THIS INVESTIGATION

In order to place this investigation in proper context,
it is necessary to give a brief account of the "SMR Pheno-

men?p", and also the effectof line blanketing on the

-

\




) s ool T
temperature structure of the pho&osphere.lThé so called SMR
stars were discovered by Spinrad § Taylor (g§€g§'in thgir
ex£epsive photometric survey of K type stars qs\ﬁavipg metal .
abundances in excess of the Hyhdes stars. Their technique
consisted of isolating and‘measufing certain’ linefree (con-
tinuum) points and also some of the strong atomic and mole-
cular spectral features through photoelectric narrow band
photometry and relatihg‘these measurements to abundances by
a simple theory. In this/way they found many SMR stars in
the general galgctic field as well as in the old galact?c
clusters M67 and NGC188. They also argued that such spa-
cial distribution of*the SMR stars is indicative of a pri- = .
mordial enrichment of the galactic disk ratherythan the gene-
rally accepted view of a gradual enrichment.‘Tﬁis contro- .
versy focussed the attention of many investigators on these
stars, and they becamé the subject of many high dispersion
abundance analyses (Strom, Strom § Carbon, 1971; Blanc Vazi-’
aga, Cayrel § Cayrel, 1973; Oinas, 1974; Peter§on; 1976) .
However, apart from one 6r two elemeﬁté,these s;ﬁdies

failed to confirm the existence of the expected overall

metal enhancement. Of these studies, those by Strom et al.

P

and Peterson are extremely interesting insofar as they pro-

'pose a decrease in the boundary'tempegafure as the cause of

the selective enhancement of the strong line features of

the Spinrad § Taylor's narrow band photometry, hgnce that L.
of the SMR phenomenon. Peterson, in her extensive and care-

ful comparison of the normal K giant stars x Oph and 1 Dra

with the prototype SMR K giant u Leo, has provided compelling




eﬁiggéce that the‘SMR phenomen;n is caused by a temperature
drop of about 180K in the upper pRotosphere of u‘iqo coa-
pared to k Oph. This femp¢§a¢ure drop'affeatg the iéﬁfzation
. - :

equilibrium of the elements with low ionization potentials
and results in selective enhancement of the strong lime fea-
tures that form the basis for SMR classification. She‘has
also§§hown that the weak line strengths are about the same

in all the three stars, thusﬁgisproving any selective en-

the overall metal content. However, she has

2,

found that CN lines are 50% stronger in y Leo than in K Oéh,

handement in

as a result of a 200% enhapcement of Nitrogen in the former
star., The CN molecule has many absorption lines in the.near'
infrared whgre the most of the K giant.flux is emitted.
These ‘lines then cause backwarming of the deeper photosphe-
r%c»layers while cooling the shallower layers through their
bloék;ng action on the outward flow of radiation‘in the star.
Thus, accerding to Peterson, the SMR phenomenon is caused
byﬁan incréase in the Nitrogen abundance, which strengthens
the CN molecular features, which in turn cool the upper
photogphere while heating the deeper layers.‘Hdwever, the
dg;a used by Peterson are not particularly suited to derive
»the'ppper photospheTric .temperature structufe. So, it will be
ve ; interesting to use a ve;f strong absorption feature

like the K line, which is a better diagnostic for the upper

photospheric temperature structure,and quantitatively ‘com-

’ L

pare the SMR and normal K giant stars. With this goal in

m!nd, we have set out to compare the SMR stars a Ser and




B Oﬁh with évera} normal K giip{-glars. It would have been !
preferable “to ipclude the SMR proto;ype'u Leo in this in-
vestigation, but it ié too faint. o Ser is SMR insofar-as

it exhibits strong Na I D and CN~features (Spinrad § Taylor,
1969); according to Greene (1969) it also has a’high;r cJO
rati;'and higher &itrogen abuﬁéance than the Sun, which
e;plains the,enﬁanced EN gtrength. Through a curve of gfowth
analySié, Griffin (1969) has shown that o Ser has = 1.5 )

? . e

times higher metal abundance than the Sun. All these facts
point towards a lower boundary temperature for this star,.

This eXpéctation is further strengthened by Fig.1.1, taken

from van Paradijs (1976), where the lin% biogking coeffici-
‘ents of five.X2 I{I stars, including o Ser, B Oph and u Leo

are plotted. These three stars have much larger blocking
_fractions than the normal K2 giants a Ari and € Sco..What is
more‘interésting"is Fhat both a Ser and B Oph have comparable
.blocking fractions to Yy Leo. This fact leads to the conclu-
'sion that even though a Ser and B Oph are not the prototypes

of the group, they are still ;trong members of the gro;p,

hence their analysis can be expected to shed some light on

the SMR group of stars as a whole. B

Wé-shoula qualify the above statements by -mentioning

that 8 Oph was“no; explicitly classified as SMR by Spinrad

and Taylor. Nonetﬁeless,"in many physical aspects this

star appears. to he almost identical to & Ser. For exaﬁple,

both stars have yery~s£milar5pinrad § Taylpr's£§; CN indi-

ces; as shown in Fig.1.1 they also have very similar line
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Fig.1.1. Wavelength distribution of line blocking
coefficients in five K2 III stars. Notice that o
~ Sex and B Oph share the behavior of the SMR proto-
type U Leo in having higher line blocking than the
/ normal stars a Ari and € Sco. This figure has been
taken from van Paradijs (1976).
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?' . ‘ blocking fractions and as will be shown in 3hap.IV they
| ‘ have identical Te, log g values. What is evfn more inte-
resting is that they also have identical K line profiles
‘(cf. Chap.II) . So, the conclusion that B Oph is a SMR star
is inescapaéle\

.In addition to providing a comparison of the SMR and
normal‘stars, the above invéstigation can offer important
information on the late type stars {n general. For example,

the value 5f,Tmin is an important’ datum for stars with a

chromiﬁgﬁ;{&c temperature rise. Ayres et al. (1976) have
“E?;zzhtéd some‘eviéence that'in K.{yﬁe stars the Tpin/Te
ratio is close xo 0.73 ind"&s smaller than the ratio
.2 0.78 predicted by.the linebiﬁnkéted radiative equilibrium
(RE) models of‘Ca;bér; & Gingericl‘x (1969.)~. It will be inte-
réstidg to see if the same conclusion applies to our program
.stars. Alsél dn thembasisigf simple dimensional arguments,
Ayrés, Linsky a’shfﬁé (1975i-h:ze shown that the = K1 width-
luminosit; refatioq” . caﬂﬁbe understood if the continuum
optical depth {C(Tminj of)the temperature minimum is rough- -
ly indepéndéng of g in the date type stars. It will be inte-

resting to see if this assumption is applicable to our pro-

gram stars.

1.3. CHAPTER OUTLINE T -

1
¥

This thesis is structured as follows. In Chap.II we dig-
cuss the observations of the Ca II K line profiles. In Chap.

III we give a brief account of Ayres' (1975) LTE-PCS line
[ 9

)

i

-
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formation theory for the K wing and discuss some of the
practical difficulties in applying this theor% to the K
Giants. In Chap.IV we derive the continuum models by match-
ing the observed continua of the program stars with the the-
oretical éQnes, and als& derive the Ca abundance by match-.
ing Anderson's (1974) Ca ILQAB498 profiles with the theore-
tical profiles synthesized with these continuum models, In
"Chap.V we apply the theory contained in Chap.Iii to the‘Sun
and Arcturus and confirm thét our results are consistent
with those obtained b; Ayres (i975) and Ayrgg § Linsky
{1975). We then proceed to derive upper photosph;ric tempé -
rature models for the program stars, using the observations
. and the background information contained in Chaps.II & IV
ré%pectivelyl Finally, in Chap.VI we discuss the astrophy-

sical implications of the .results obtained in Chap.V ,

summarise the conclusions and make some suggestions- for

- future work.

&
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CHAPTER I1 \

OBSERVATIONS

In this chapter we describe the observation and reduction

procedures of the Ca II K line in our program stars.

2.1. SELECTION OF STARS

The selection of stars was guided by the following practi-

cal considerations:

a) They should be brighter than the third maénitude so that
a compleie scan of the XK wing and the reference window can
be obtained on a given night of 7—9'hours duration. This is
also the limiting magnitude set by the dark count rate of

the instrument. - ™

b) They should be observable in summer when the best observ-

ing we€ather prevails.

: ~
¢) They should have observed energy distributions, line block-

ing coefficients and Ca II A8498 profiles. These data are
available for many of our stars, and whenever an item or two

is missing for one or more stars, we have found a way (as will.

be described in latexr chapters) to get around this deficiency.

2.2. OBSERVING PROCEDURE

— h

All the observations were made with a photoelectric line
scanner Built by Gray (19;1) at the Coude focus of the 48'inch
telescope of the Wniversity of Western Ontario Observatory. |
The Coude system is fed by a £f/30.9 beam from the telescope

which is brought to a focus at the entrance slit outside the

9

[ 4




a4
,

-

— .
- 4
. . .

-

Coude room. A 6.96m focal lemgth mirror collimates this beam
v

while a 204X254mm two par{ mosaic grating with 600 lines/mm
1 . < a8
disperses it. It is then brought to a focus' outside the

Coud€ room by a 10.7m focal length camera, where the exit

'
slit-photomultiplier assembly is loecated. The dispersion at
the K liné is 0.954R/mm aﬁd the resolgtion~i§ set by the
sizes of the entrance and exig -slits which are matched. The
scanning is dene by ﬁoving the exit'slitlphotomultﬁpiier
assembly on a precisiQE screw table ﬁandfactured by the
Gaertner Scientific Corporation. To account for the seeing-
fluctuations, extinction etc., a second fixed photomultiﬁlief 4
monitors an adjacent portion of ;he séectrum so that the
instrument can be used in a‘ratioing mode. Hereafter, we refer
to the scanning detector assembly as the '" profile .Channel’,
and the fixed moni;or}ng assembly as the“ '"Reference Channel'. P
The photons in both channels are counted by commerc;al pulse -
amplifiers, discriminators and scalars. More speéifically,'
we employ thermoelectrically coeled ITT FW-130 phdtomu%,&pli-
ers with S-20 cathodes, SSR 1120 amplifier discriminagors
and Dana‘?OIO sca%afsx‘The method pf operation:is to count a
certain fixed n%méer of photons in the reference channel’
(usualty 104 in our cése) and record the corresponding number
in the profile chaﬁnel during this ;Q erval. The reduction is

then straightforward, the flux ratio between the two channels

being.given by the ratio of the total nupber of photons count-

ed less the dark count. The dark count rate in the‘profile

channel is 1-2 per sec.), while it is 20-70 per sec. in the

i
1

1 [ 4
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reference channei; depending upon the ambient temperature

near the cold boxes at night.

2.3. RESOLUTION DATA

'

Our measurement of a line profile consists of the K wing
[ J
in the range —ZR<A1< 7.5A, and the window centred on A3950.8.

WNe use a resolution of O.SR for the K wing and 0.2A for the
[

window. These rather low resolutions were chosen to extend
the capabilityaof the instrument to reach our {faint?) pro-
gram stars without biasing or losing the physical information
contained in the profiles. The 0.5A resolution of course
smears out the central emission peaks, but we decided to
sacrifice the chromospheric information contained in them

at the céét of extending eur observations to faint stars, as
we are only interested in the upper photospheric T(T) médels
in this thesis; As we shall show in Chap.V, the profile be-
yond K1 is unbi#sed by our low resolution and is adequate teo
deriv; the upper photospheric T(?) models. Had we restricted
ourselves to 0.1K resolution, Arcturus is the only program
star we could have measured, and then only incompletely on a

night of 8 hours duration, So, we must compromise. Because

. /
of the narrowness (0.3A) of the window and the strong absorp-

tion lines flanking it, we have chosen a highé; (0.21) reso-
lution to measure the window. This is again chosen to be
most effici;nt in photon counts wiiﬁout biasing the physical
informatien.-Usagé of different resolutions in different
parts of the profile presents the inportant.prgflen of tying

the two parts together, because the instrumental profiles



have different gbsolute areas in both cases. So, we have to
calibrate these areas, which are determined by entrance and
exit slit“settings..We decided the best way to:éo this is to
calibrate them relatively using an incandescent light source.

To this end, our procedure consisted of the following steps:

s

a) Set the entrance and exit slits at 250y and 500u respecf—
o
ively to give 0.5A resolution and obtain a scan of ‘the K

wing in the range ~2R< AA§7.SK.

b) Now, centre an incandescent light bulb fed by a constant
voltage power supply in front of the entrance slit and record
its brightness. A diffuser is placed between the light source

and slit so that the latter is illuminated uniformly.

c) Change the slits to 100p and 200u respecfively to give
0.24A resolution and remeasure the light bulb. The previous
measurement {in b) divided by this one is equivalent to the
ratio of the instrumental profile areas corresponding to 0.5A

L )
and 0.2A resolutions.

d) Remove the light bulb from the optical path and obtain a

. .
complete scan of the window with 0.2A resoclution.

The need for this galibration arises because we wish to

T
normalise the K wing profile to the window. Bécause of the
’ 4 ‘
absence of well defined continuum near the K lin¢, we norma-
lise the wing profile to the highest point in the wing itself.

This foses no problem in comparing theory with observations,

as the theoretical profiles can be similarly normalised.

’
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Fig.2.1. Instrumental profiles. Our 0.5A and 0.2A
instrumental profiles are shown by soljd lines.

Part of the blue wing of Griffin's 27mA 3rd order
instrumental profile is shown by a dashed line. The
Positions of the peaks of the ghosts in this profile
are indicated by crosses.
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Whenever a switch is made between the wing and window meas-

urements during the night a calibration is obtained. Several
such measuremengg made.in”the cour;e of the night agreed to

. better than 2%. So, 2% can be accepted as the error associ-
ated with the above calibration process.

Normalization of the profile to the window proceeds as
follows. The wing is sampled at every 0.25mm (m0.24i) and the
window at 0.1mm (NO.IR). At each of these point¥® the ratio
p between the stellar counts in the profile and reference
channels is formed. Normalization to the window then follows
by dividing all the ps by the p corre;;onding to the window
and the slit width ratio determined above. Wavelength calibra~
tion is provided either by observing Vega or locating the
centre of the window or both. When using Vega, the K line
centre §n the program star is located by applying a differen-
tial wavelength shift corresponding to the differences in
the radial velocities and components of the Earth's orbital
and axial motions in the direction of the two stars.

Tds instrumental profiles at both resolutions were measured
using the A4046K line in a 198Hg 1lamp. They are displayed

in Fig.2.1.

2.4 . ERRORS

Errors arise from two sources: ;) Photometric errors from
statistical fluctuations in the photon events; b) Systematic
~errors from the drifts in the sensitivity of the instrument
as the temperature drops during the night.First, we consider

the photometric errors. Fluctuations in the photon events
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arise from variations in the stellar photon arrival rate
and dark count rate (the sky background being negligible at
o
the Coude’ focus). If S is the stell::/yﬂoton count rate (per
second) and D is the dark count rates and t is the inteération
time so that N=St is the total number of stellar photons
counted, the'relative standard’error €p in thg measured ratio e

p 1s givén by
- (1 + D/SY 4 *
ep = cp =(1RL) (2.1

_1
If D/S<< 1, Eq.2.1 reduces to sp=N ﬁ; on the -contrary, if

D/S “1, the full expression 2.1 shQuld be considered in cal-
culating o In this case we can still reduce €5 by increasing
t or by adding many integrations together. We have followed
the latter procedure for all our star;: The inner SA\portion
of the K line is so deep that the D/S ratio is_a large frac-
tion of unity for stars fainter than Arcturus. This necessi-
tates the usage of the full expression 2.1 to evaljate €p

For simplicity,- however, we replace it by €p=1.2N‘%, which
gives an approximate estimate of €,. The values thus obtained
are in‘close agreement‘with Eq.2.1 in the inner wings, but

are sligﬁtly larger in the far wings.‘Typical values of e

o}
for Arcturus at A\ 3934.4A,3936.5A,3940.0R and 3930.8A are

* Eq.2.1 strictly applies to a single channel instrument. In
case of a dual channel ratioing system such as ours, the rela-
tive standard error €pin the measured ratio "p is given by

€p =(€; + e;)% ‘ (2.1a)

-

where €p and €p are the relative standard errors in the pro-
file and reference channels. However, for all practical pur-
poses ER<<ep, so that ep~ €p is a good approximation.
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respectively 1.5%,0.9%,0.5%, and 0.5%; corresponding values
for other stars are 3.3%,2.4%,1.5% and 1.6% at the respective®

wavglengths. So, we can expect the maximum cumulative relative

i
3
-

standard photometric errors” in the normali.zed (to window)
flux profiles to be ~1.6% in case of Arctqrgs and ~“3.5% in
other stars: As we shall see in the next section, this‘is

’the order of the internal consistency between the different’

nights' data of a single star.

-

As for the second source of error, the sensitivity of the
detectors depends upon the.ambient temperature near the cold
boxes at night. Even though the line sca;ner is a ratioing
system, the ratios may drift with time as the night cools ,
because the individual‘photomultipl%ers have different sensi<-
tivity drifts. However, this pfoblem was not felg on, many
nights. Only on four nights was the drift bothersome. In order
to trace the drift we monitor a high point in the'wing (near
13940R) every 20 minutes and plot the ratios obtained against
time. Usually this plot is a straight line parallel to the
time axis.. Wﬂen this is not the case, we fit a polynomial
through the points to obtain an analytical representation. of
the drift. All the- observed ratios will then be cozrected
using this polynomial. In ﬁractice, this procedure works quite

sétisfactorily. An example is provided by the two sets of data

obtained on 8th and 11th June, 1976 for Arcturus. The former

*When we normalize the K wing to the window, we have to consi-

der a similar expression to Eq.2.la, with €p replaced by the

p error in the P corresponding to the window. We refer to this

«#TTOT (in the normaliZed profile) as the cumulative relative
standard error. :
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set is driftfree while the latter set is a¥Xfected by one of
the largest recorded drifts™. However, good agreement (within
the photometric errors) between the two sets can be obtained

after correcting the latter set for the drift according to

the above procedure. This is illustrated in Fig.2.2g, where

the triangles and crosses represent the two sets of data.

.

2.5. DISCUSSION OF INDIVIDUAL STARS

-~

Table 2.1 lists the program gtars‘together with the dates -
of observation. On ea;h night wWwe have also listed the star to
dark count ratioc S/D at four representative points in the
profile, namely at AA3934.4A, 3936.5A, 3940.0A, and 3950.8A.
The quality of each might can be judged from these entries.
All stars fainter than Arcturus have similér errors as we
have attempted to reduce gp by addiné several imntegrations
together in cases oé low S/D. The gbservations ar; of course
more accurate for Arcturus becahse of its brightness. It was
not possible to measure the window on some nights. Normaliza-
tion of tﬂe profile on such nights was effected by means of

the window measurements obtained on other nights. We display-

ed the observations of the individual stars in Figs.2.2a-g.

A good idea of the accuracy and repeatability of the meas-

urements and reliability of the slit width calibration can be
»

had by looking at Figs.2.2a-g. It is seen that different sets

of data of a single star show good agreement. ‘This implies

* The ratio of the drift monitoring point on this night
smoothly increased by a factor of 1.06 in the course of 3.5
hours of observing time. ' -
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tha£ the repeatability is good and slit width calibration
is reliable. To throw more light on the latter, we especially
refer to Pigs.2.2b,c,f, which contain the normalised profiles
of ¢ Cyg, o Ser and g Ari. For ¢ Cyg independent calibrati?ns
were obtained on 30/7/76 (filled triangles), 10/8/76 (filled
“circles) and 29/9/76 (Frpsses); for a Ser one calibration

was obtained by Gray on 4/6/76 (triangles) and the other by~
bthe author on 3/6/76 {Eircles); fér ‘a4 Ari two independent
calibrations werélobtained on 33/9/76 (circles). and 29/9/76
(square;). It is seen that the independently calibrated and
normaiised profiles of a given star agree within ~2%, the
error associated wi%h the calibration process. However, some
\?Qints on 30/7/76 in ¢ Cyg deviate more than this amount as
that night was of poor photometric quality. Likewise, the
last three points’on 3/6/76 in a Ser (circles) deviate more,
as proper drift correction for these points could not be made.
But for these exceptions, the agreement betwéen different sets
of the independently calibrate& and normalised profiles is
very good.'Thus, the typical relative standard errors (in-
cluding calibration and phﬁtomet;y) in the normalised pro-
files .are ™"4.5% in stars fainter than Arcturus, and are V2%
in -Arcturus. These values are estimated from the internal
scatter in the data plotted in Figs.2.2a-g, and are about 1.3

times larger than the theoretical estimates obtained in §2.3.
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Fig.2.2h. Replot of Fig.2.2g on a logarithmic grid paper to

clearly show correspondence between Griffin's low resolution
uncorrected (for scattered light) profile and our observa-

tions at high
residual intensities.
dow at A3950.8A.

residual intensities, but discordance at low
Arrow locates the centre of the win-
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g;§. COMPARISON OF OUR ARCTURUS OBSERVATIONS WITH GRIFFIN'S

ARCT'URUS ATLAS PROFILE

Arcturus has been included in this program as a check on
our observational and computational procedures. So, it is in-
teresting to compare our observations with Griffin's (1968)
Arcturus atlas profile. Griffin's profile was measured with a
resolution of 27mK, which is several times higher than our
O.SA and O.ZR resolutions. So, in order to effect the compa-
rison, it is necessary to convolve Griffin's profile with our
our instrumegtal profiles shown in Fig.2.1. Accordingly, we
have digitized the relevant portions of the atlas and con-
Volved thém with these instrumental profiles. The normalized
low resolution profile thus oﬂtZined is shown by squares in
Fig.2.2g. It may be mentioned here that the broad wings of
the instrumental profiles (cf.Fig.2.1) have negligible effect
( <0.3%) on the convolved profile. This has been verified by
convolutions made with and without the inclusion of the wings
fainter than 10”3 times the peak intensity in the instrumental
profiles.

In Fig.2.2g Griffin's profile (squares) lies systematically
above ours. The fractional difference between tﬁe two pro-
files is inversely proportional to the local intensity, rang-
ing from v4% (of the local intensity in Griffin's profile)
at 13940.0R to ~26% at "A3B34.5A. This is better illustra-
ted by the logarithmic plot in Fig.2.2h, wherein the window

profiles, which show little disagreement, are also plotted.

Because there is a good agreement in the window, it is
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possible that the disagreement in the wing might arise from
errors in the slit width calibration and the window height.
In the last section we have seen that the error fram these
sources is about 2%. Even if it is greater than this (say
4%), its effect is to scale t;e whole wing up or down by the
corresponding amount. In other words, such a systematic
effect is not dependent upon the intensity, and is uniformly
the same at all points in the wing. So, it can not explain
the observed systematic difference, even though it may partly
contribute to it. On the other hand, consider what happens if
Griffin's observations were affected by ‘'scattered light" of
amoﬁnt s. If F(A) is the measured flux, Fp(A) is the true
flux (i.e., without scattered iight),.F(A) is the normalized
flux, and )g¢ is the wavelength (13950.8) of the window,

we have

__F(A) . Fe(+s  _ _ Fe(A)  _1es/Ra(d)
FOO = 5T o) = Folhse)es = " To(hee)  -i757Fe(hse)

If s/Fg(A) << 1 as in the window, ;(A)=F0(A)/F°(A;t). f.e.,

if s is small, the normalized window is not affectgd. On the
other hand, if s/Fo()\) is a large fraction of unity, as in the
core and near wings of the K line, F(A) > Fo(A)/Fo(Agt). So,

the effect of the scattered light is to introduce inverse in-

tensity dependent relative errors in the normalised flux pro-
files. This is exactly the nature of the discrepancy found
between Griffin's and our observatrions. Now, we can ask if it

is possible to remove this discrepancy by correcting Griffin's
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data for an appropriate value of s. §y trial and error we
have found that this can be achieved by assuming s=2% (of the
continuum normali;ed to 1),and very good agreement Bet;;en
the two sets of data can be obtained. This is illustrated

by circles in Fig.2.2g, which correspond to the squafes

corrected for the 2% scattered light. In view of this near

perfect agreement, we conclude that the apparent discrepancy
L

between thg two sets of data is caused by the presence of 1& 4
~2% scattered light in Griffin's data. .
Having cbncluded that Griffin's data are affected by -~2%
sc#ttered light, let us investigate the source of this stray
light. As shown by the dashed line in Fig.2.1, Griffin's .
third.order instrumental profile has broad wings, even though'
these are considerably fainter tha; the wings of our instru-
mental profiles beyond AA=2A. Griffin's instrumental pro-
file also contains several ghosts, whose intensities rise
up to 4 £imes the wing intensities of our O.SR instrumental
profile. As verified already, the broad wings have negligible
effect on the convolved profile. However, this can not be
triue of the ghostsAwhich rise several times above the wing.
They introduce stray light into the spectrum in proportion
to their total area compared to the area of the main‘peak.
Griffin estimates that ghosts contribute ~0.5% stray light in
the second order. In the third order the contribution may be

greater, as their intensities are 3.3 times higher. So, it

seems that good part of the ~2% scatgered light is contri-

buted by the ghosts.

Lo
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Thesobservations.contained in.tﬁis chapter form the main
body of the data, which when interpreted by proper theorf
yield the upper photospheric T(T) models. Obviously, the
accuracy of these mﬁdels rest; on the accuracy of tﬁkse
observatiénm. So, it is heartening to see that our observa- |

tions show good internal consistency and repeatability, which

assure their quality.

[3
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CHAPTER I1I1

THEORY

L
In this chapter we briefly describe the LTE-PCS formulation

of Ayres (1975) for the K wing formation and discuss some of
the difficulties encountered in the applZcation of this theory

—~

to K giants.

3.1. RELEVANCE OF Ca II K WING FOR THE DERIVATION

OF THE UPPER PHOTOSPHERIC T(T) DISTRIBUTION

There are three ways of deriving a stellar T(F) distribu-
tion. These are: a) Measurement of the continuum flux over a
wiée range of wavelengths; b) Measurement of limb darkening;
c) Synfhesis_of a strong line like Ca II K, which is formed
over a w}de range of continuum optical depths.

Continuum ené;gy measurements require observing and cali-~
brating a large number of spectral band passes. This proce-
dure is prone to uncertainty, especially in the extreme ultra-
violet and infrared regions, where ground based observations
are not possible; and these are just the data needed to de-
rive an ;pper photosphéric T(T) model. Interpretation of the
continuum measurements by a theoretical model requires accu-
rate atomic data for many continﬁous absorbers and proper
handling of any NLTE effects that may affect these absorption
précesses. |

Reliable limb darkening data can .enly be obtained for the

Sun, which only provides the T(T) distribution of the deeper

Photospheric layers. More specifically, limb darkening data“

33
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are capable of yielding temperatﬁres only in the optical
depth range -1.3 <lag T<0.7 (cf.Bohm,1961; Mihalas,197Q).

So, this method is unsuitable to derive the temperature model
of the upper photosphere (-4.0 <log T<-1.0), in which we are
primarily interested in this thesis.

The K line synthesis me£hod is preferabl® to the above two
methods in some resﬁects;‘As shown in Fig.3.1, takem from
Shine's (1973) thesis, the K wing is formed in the upper
photosphere, and this .makes the K wing more suitable than the
limb darkening data to derive an upper photospheric T(7T)
model. Since only a small wavelength band (10-15&) has to be
measured and calibrated, potentially better accuracy over
that of the continuum method can be expected. However, the K
line synthesis method is not without difficulties. For exam-
ple, damping constants and the stellar Ca abundance, Ag,,
must be well known. To compare observations with the theory,
absolute flux calibrations-of the observed profile in ergs cm-2
sec™! hz-1 nmust be available. This is a nontrivial problem
because it requires accurate knowledge of the stellar radius
and distance. For Proc&on and Arcturus, whose distances 3nd
radii are well known because of their proximity, Ayres, Lin-
sky & Shine (1974), and Ayres & Linsky (1975) have obtained
such calibrations with an estimated error of &30%. This error
is a cumulative effect of the'errors in the apparent f1u¥

measured at the Earth, errors in line blocking corrections

applied to this meisurement, and errors in radius and dis-

tance. For more distant stars this calibration becomes
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increasingly uncertain as the errors in distinceSx and

radii rapidly increase. Therefore, the applicability of this
calibration method is limited to a few nearby stars, whose
distances and radii are well determined.

We can avoia dependence upon the radius and distance by
turning to model atmospheres for calibration. In this case,
one predicts the flux in the window centred on A3951R from
an accurate line blanketed RE model and calibrates the rest
of the profile with respect to this window. ?hisxmethod
assumes that the T(T) distribution of the deeper optical con-
tinnum foerming layers (-1.0 <10g T<0.0) is well determined,
hence the window flux originating in these 1ayer§ is correct-,
ly estimated. This is a reasonable assumption because the
T(T) distribution of the deeper layers can be reliably fixed
by a comparison of the theoretical and ob;erved Paschen con-
tinuum slopes. Good accuracy in this procedure can be expect-
ed because the Paschen continuum slope can be measured fairly
accurately in late type stars. Once this T(T) distribution
is fixed, the K line calibration appears to be straiéhtfor—
ward. But, there are problems in practice. For example, the
observed utraviolet continuum in late type stars is sys;emati-‘
cally depressed with respect to the theoretical continuum
(cf.Figl3.6), necessitating inclusion of an "Opacity Enhance-
ment Factor", or E. for short, in computations in order :o
force agreement between the theory and observation. This
probliy will be discussed in more detail in §3.3, where we

will also consider the dependence of E. upon the adopted




T{) distribution for the deeper layers, gravity,and Aca.
It turns out that the dependence on Aca is very important,
necessitating an accurate determination of ACa‘ So, it
appears that the accuracy of the calibration based on moaql
‘atmospheres depends mainly upon the accuracy of the T(T)
distribution for the deeper-layers and of Ac,. In this thesis
we pay special attention.tégthe determ}nation of these
quantities. In Chap.IV we determine accurate TX) distribu-
tions for the deeper layers by fitting Péschsp continua
and values of -Ac, by fitting far wings of Ca II A3498 line
profiles observed by Anderson (1974) in our stars. We expec{
these dg}erminations ensure the accﬁracy of our calibration.
Two quantities that affect the K line upper photospherit
T(®) models through their effect on the line absorption co-
efficient are Acy and.damping constants. Of these, the Ac,
can be r§liab1y estimated from the A8498 line wings, while
the radiation damping constant, I'Rrs 1s well determined and
the Stark broadening is unimportant for éur Stars; On the
other hand, the van der Waals damping constant,[g, is not
well known; the classical Unsdld (1955) formula underesti-
mates this quantity considerably (Holweger,1972). Thus it is
hecesséry to derive an empirjical-'"van der Waals Enhancement
Factor", Eg, from well calibrated solar K line profiles. This
will be done in §3.2. This procedure rests on the assumption
that the solar T(%) model, Ca abundance, and absolute inten-

sity calibration are well known, so that Eg can be deter.’

»
mined by forcing agreement between observations and theory.
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- . As this Eg will be used in the K line synthesis of all

§ other program stars, the ﬁpper photospheric T(T) models .

thus derived are relative to the particular T(TY) model,

Aca, and absolute calibration used for the Sun.

»

In any case, the K line synthesis seems to be the most
canvenient way of deriving the uppexr photospheric and lower
chromospheric f(?) models for the late type stars at present.
Far infrared and far ultraviolet continuum measurements ,
which contain the same inforpation are not available for

these stars, while the limb darkening is not measureable.

So, the immediate accessibility of the K line to the ground.
based observer makes it i1ideal for the derivation of the

upper photospheric and lower chromospheric temperature models.

Tare o

3.2. FORMATION OF Ca II K WING— AYRES' LTE-PCS FORMULATION

The Ca II K line is formed over a large range of conti-

P L]

nuum optical depths, which makes it a good probe-for the
. ' physical conditions in the upper photospheres quﬂlower
" chromospheres of the late type stars. In particular, in Fhe
Sun K1 is formed at the temperature minimum (log T=-3.5), K2
in the lower chromosphere (log T~-4.5) and K3 in the inter-
mediate chrom?gfhere {log T2_5.6). ézre, following the u5u;1
« notation, Kl,kz and K3 respectively refer to the flux mini-
mum in the inner wing, the emission peak, and the central
minimum in a typically centrally reversed K line profile.
In this tﬁesis we are interested in the K wing (Ar> AAg1)

only, which is formed between the temperature minimum and

the optical continuum , forming f}yers (log ¥20.0).
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Ayres has formulated a LTE-PCS theory of the K wing forma-

tion which we briefly describe in the following.

a) ASSUMPTIONS

e

In his theory, Ayres makes several assumptions which are

outlined below:

a-1. Assume a 5 level Ca Il ion as shown in Fig.3.2. The K
line is coupled to H fhrough the ground state 42S, while it

is coupled to the infrared (IR) 18498 and A8542 lines through
the upper level 42p. We also assume that the continuum tran-
sitions (both radiative«and'cblLisional)_from these 5 levels
are in detailed balance. These continuua are located short-
ward of AM1044A, 1219A and 1420A for ionization from 425,

32D and 42p respectively. In G and K type stars these conti-

nua are thermalised well above the temperature minimum

 (Linsky,1968; Ayres,1975), hence detailed balance is a good

approximation at the K wing frequencies.

a-2. Neglect stimulated emissions. This is a goqﬂ/;bprofima-
tion as stimulated emissions play a negligible role in the

stars we are considering. =
-

a-3. K wing is formed in LTE.:This is a reasonable approxi-
mation because the line centre opticél depths at K1 are com-
parable or greater than the thermalization lenéths in the
solar type stars and K giants (Linsky,b 1988, Linsky § Ayfes,
1973). If‘le assume complete noncoherence in the scattering
proceﬁs (@CS hereafter), the line source function S, is

given by
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Fig.3.2. Energy level diagram of a 5 level Ca II atom.
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Sy = By =(2hv?/c?)e-hw/kT (3.1)

\Y

a-4. Partial coherency effects in the line scattering process
(hereafter PCS for brevity) are not negligible. This implies
that the emission profile is different from the absorption

profile, so that a LTE-PCS source function is given by

»

‘ ' - ,’ . ‘ .
X Sy =By By={2hv?/&2) ey ¢, "¢ VKT BREND

where y,, and ¢, are the emission and absorption profiles,
and B,, = wv/¢v.The essence of the problem is then to deter-

mine By because if we know R,, we know the source function.

v

Recent work by Milky § Mihalas (1974) and Shine, Milkey
& Mihalas (1975a,b) has highlighted the importance of PCS in
the formation of Mg II h § k and Ca II H § K resonance lines

in the late type stars. More specifically, inclusion of

i L S

PCS correctly reproduces the observed centre-to-limb gehavior
i of K1(k1), K2(k2) and H1(hl), H2(h2) features of the Ca II

| (Mg II) lines both in wavelength and intensity in the case

of the Sun.

In a resonance line transition, the lower level‘is ex-
tremely sharp, while the upper level is broadened by radia-
tion dnd-collision damping. In an isolated system where
collisions are absent the emission and absorption profiles
are identical in the rest frame of the atom; és complete
cohereﬁce exists between the absorbed and emitted photons.
In this case, the emission profile is a Lorentzian with the
radiation damping width T[g. When the collisions are import—

-

ant, the emission profile is still a Lorentzian -




A RE A A -4

B i aaid

4

42

with a total width of Tg+l_., where fc is the collision
damping width. Houevef, this situation is markedly differ-
ent from the previous one, because the emission  is no longer
completely coherent in the atom's frame. Collisions intro-
duce partial redistribution by shuffling the electrons in
the upper state before they radiatively decay. In fact, if
collisions dominate NCS will be realized. When transformed
to the laboratory frame, it can be shown that NC;‘prevails
in the Doppler core of the line, while PCS prevails in the
inner wings (Jefferies § White, 1960).iIn this case, in the
inner wing sufficiently away from the Doppler coré, i.e.,
for AA>10AAD, the angle averaged redistribution. function,
R(v,v'), in the observer's frame can be approximated by a
linear combination of a purely coherent part and a purely

noncoherent part, given by
R(v,v') = (1-a) §(v-v') + a dydy, ' (3.3)

where R(v,v') represents the probability that a photon of
frequency w is-emitted following the absorption of a photon
of fyequéncy v', ¢v and ¢,,* are the normalised absorption
profiles, &4(v-v') is the normalised Dirac delta function,
and a is the NCS, probability (or the complete redistribution
probability), given by

?
-

¢

a = Te/(T, + TR) = (Tg +.Ty)/ (g + Ty + Tg) (3.4)

'

o
where T¢ and T4 are the usual van der Waals and Stark broad-

ening parameters. In case.of Ca II K,4v always refers to the

K line, while Vv' cah refer either to K or to-thé:-IR-lines.
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The first term in Eq.3.3 refers toa purely coherent part,
while the second term refers toa purely noncoherent part.
In the upper photosphere where the inner wing (AX< SX)
of Ca II XK is formed, theXradiation damping dominates over
the collisional damping. Fig.3.3 illustrates‘this situation
in the case of the Sun and a log g=2.5, Te=4650K model
atmosphere, typical of the K giants considerea in this the-
sis. Because of this, the first term in Eq.3.3 far outweighs
the second term in the inner wings and the source function
becomes strongly f;;quency dependent. This can be understood
as follows. Since TR>>l., the emission is mostly cohérent
in the atom's frame. This strong c0hereﬂFy is maintained
when we transform to the laboratory frame also, because the
absorbing atoms are nearly at rest aﬁLiﬁi?Z{:&e very few
atoms with velocities large enough to have their central
absorption peak shifted to the inner wing frequencies. In
the far wings (AA> SK), however, collisions become increas-

ingly important and NCS becomes a good approximation.

a-5. All the broadening is provided by levels 4 and.s. This
implies that the damping widths for the resonance and sub- .
ordinate lines which share the common upper level are identi-
cal. This is a reasonable approximation as the metastable

lévels 2 and 3 are relatively sharp, while 1level 1 is the

ground level.
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b) DERIVATION OF gy

An expression for B, can now be derived by considering
its effect on level populations. In LTE the total population
of a level is given by thé combined Saha-Boltzmann equation.
Let n5* be the total LTE population of level 5. Now we can
sﬁbdivide this broadened level into discrete frequency sub-

states whose populations are given by

n5(v) dv = n5* ¢y dv in NCS (3.5)

n5(v) dv = n5* Bydy dv in PCS (3.6)

where nS(v) dv is the population of a frequency substate
band dv . Thus g, can be interpreted as a departure coeffici-
ent from NCS. Notice that Eqs.3.5 § 3.6 are subject to the

normalisation conditions

+ + o0
. J n(v) dv = nS*J ¢y dv = n5* (3.7)
-:00 ;oo

J nv) av = ns¥fBysy dv = ns*. (3.8)

- 00 - 00

So, it is clear that to derive B,, we must write down
substate by substate statistical equilibrium equations in«
volving levels 1-5. But before doing so, we should consider
the fact that only a fraction of the total number of nS5*
will branch out into the 5-1 (i.e., K line) transition. This
is accomplished by partitioning level 5 into sublevels 5y
(£=1,3) according to the fraction ef the excited atoms which
‘épon;aneously decay by emitting photons through a 5-L Yran-

sition. Thus we replace E§.3.6 by
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n51(v)dv = n518ydydv = n5* &51Bypydv (3.9)

where the 5+1 branching ratio, 853, is given by

§51 = AS31/T AS52 s
=1

Here A5% are the usual spontaneous emission coefficients.
Ayres writes down the statistical equilibrium equation for
n53 level population, and after some reduction obtains
‘ -1 ,
By= ——— {(1-a)J +Bla+e)+ T asi [(1-a)3%/B% + alB)
(1+a+e) " t=27 ... (3.10)
where J,, and Jﬁ represent the.mean intensities in the wings

‘of the K and IR(£=2,3) lines, and the fréquency variation of

,
the corresponding Planck functions B, and Bﬁ over the width
of the absorption profile is neglected. In addition,. a and

€ are defined by

a= ¥ AS5L/A51 , and € = I CS52&/A51
£=2, =14

where CS% _are the collisional excitation rates. The meno-

thromatic line source function Sy is then obtained by simply

substituting Eq.3.10 into Eq.3.2, which reduces to
, Sv = (l-a)Jv+ an ' (3.11)
where the modified incoher;nce fraction, Q, is given by

a = (a+a+e)/ (1l+a+e) - (3.12)

~

and the monochromatic source term Bv is given by

a+e+ L aSZ{a+(1-0)Jﬁ/B£} .

f=2,3 (3.13)

a+e+a
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which reduces to B in NCS (a=1). Eq.3.11 is in the form
A
of a simple partial coherent scattering source function, al-

though &ﬁv can substantially depart from d&B at those

[}

v differs substan=

tially from Bl . In the upper photosphere a<<1l and J£> Bz

deptﬁs where a differs from unity and J

Hénce Phe effect of the term coupling IR radiation fields
is to pump Ev r:;;ve B in the upper atmosphere.

So far we have not considered the H line, which has over-
lapping wings with the K line (AH-AK=34.81R). When we include

this and the background continuous opacities, the total mono-

chromatic source function at a given depth becomes

- ~ ~ Xt
Sv -‘(l-at)Jv + O¢ Bv (3.14)
S
where
Fra e

~ = H ~H K n.K » t
Qg (Kv at + kg a E‘Kv Ec)/Kv
~t H ~H K =K t

Bv = (Ku Bv * Ky Bv + k. B )/Kv

t H K g
K = K. + K. + K

v v v )

¢ _ ¢ c - c, ¢
Kv = % * K and €= ky/xy

H X s c s .
Here Kv,Kv,Ks’are’the H & K‘;nd continuum opacities, while kSA

c LT . . . - :
&€ o, are the pure absorption and scattering components . At
the K wing frequencies of our interest the corresponding H

wing is formed deep in the photosphere where the density is

so high that &% =1 and §g =~ B,y is a good approximation.

Computationally we proceed as follows. Given a continuum

model with a specified T(T) distribution, gas and electron

pressures and background continuous opacities, and also given
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the Ca.abundance and appropriate atomic parameters, we

solve the Ca Il ionization-excitation equilibrium in LTE

and then calculate the infrared radiation fields Jﬁ (=2,3)
which enter the Eq.3.13 for the monochromatic source term
B&. For the range of vs we are interested in here, the
corresponding IR radiation fields originate in the far wings
of the IR lines where the source function is continuum con--
trolled. In addition, Shine et al. (1975b) have shown that
PCS effects are negligible in the IR lings. Therefore; we

can assume that S§=B2, neglecting the frequency variation

of the Planck function dve; the width of the absorption
profile. Once we have made this asshmﬁtion, it is straight
forward to compute Jf using the familiar integral expression
for the mean intensity. Having thus computed JS/B2 which
enters Eq.3.13, we are in a position to obtain ﬁv, as a; £,
ana a can be obtained from the input‘continuum model. We can
then solve for d, and BS, which enFer Eq.3.14 for the total ’
source function Ssnlnvthis eguation Jy is still:unkngwn,
which can be obtained by solving the second order form of
the transfer equation by Feautrier method as described by
Mihalas (1970). In particular, we use‘up to 95 depth steps

and four angle quadrature points. Having obtained J we

\)!

know SS completely, so that the emergent central intensity

0
-

or flux can be calculated using the expressions:

L

3 .
Iv = { Sv(;v)e“TVdTv s and
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¢) MORE COMPUTATIONAL DETAILS

We take all the atomic parameters, viz. spontaneous and
collision rate coefficients and oscillator strengths from
Shine & Linsky (1973). F;om the same source we also have a
Fp=1.5E8 for K and the FR lines at A8498A and A8542A, while
for H and the IR line at A8662A we have a I'p=1.48E8. [R is
depth independent. Shine § Linsky also give.the following
expression for T'4, which is assumed to be the same for all

the 5 lines.

4 = 3.0E-6 Ng (3.15)
where No is the electron density. To calculate van der Waals
broadening we adopt from Gray (1976)

7/

10(19.6+0.410gC6(H)+1og Pg+0.7log T) (5 ;¢\

g =
where Pg is the gas pressure and T is the temperature. Ce (H)
is the van der Waals interaction constant for H, which is

given by
. Co(H) = 0.3E-30{ (I-x-xy) 2 - (I-x) %} (3.17)

where I is the ionization potential and X.is the excitation
potential of the lower level of the atom of interest. X) is
the line photon energy in electron volts. Since Eq;3.17 is
only an approximation, we derive an empirical multiplicative
correction factor to Cg(H) by synthesizing the solar K wing
profile. This correction factor is referred to as the '"van der

Waals Enhancement Factor", and hereafter will be denoted by Eg-

//k

e - 8
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The rationale.behind using the solar K line profile to
derive Eg has been explained in §83.1. The total damping

width is given *by
F=FR+I'4 +'T6. (3.18)

Knowing I' and its components and the collisional and spontane-

. ~K .
ous rates we can obtain a at each depth in the atmosphere.

at and Bt we have to know the line and continuum’

To i
derive v

opacities too. The line absorption coefficient is given by

line _ me?
Kv = oo N(Ca II)fH(a,u)/AvD (3.19)

. ] -
where e and m are  electron charge and mass, f is the oscilla-

tor strength, N(Ca II) is the number of Ca II atoms per granm
capable of absorbing the line, Avp is the Doppler width in

frequency ﬁnits, H(a,u) is the usual Voigt function with

c .

u#Av/AvD and 2a=T/4mAvp. The continuum opacities ks and o,

are calculated by our model atmosphere program and read into

-
the line synthesis program.

3.3. DETERMINATION OF Eg

As mentioned ea;liqr, it is necessary to determine Eg
using the solar K line profile. The value of E¢ thus deter-
mined is defendent upon the T(T) model, Acas anh.the absolute
intensity calibration used for the Sun. Here we deterﬁine
E@ for two spiar temperature models, namely, the LTE,line
glankefed RE model of Kurucz (1974, KREe hereafter) and tﬁe
Ha?iadeSminhsnnidh'ﬁéference Model for the Sun dérived by

Gingerich et al. (1971, abbreviated as HSRA hereafter).

?
2
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" in the derived .values of Eg-

51
We adopt an ACaz=2.14E-6 relative to H (Withbroe, 1971); the
sam;wnalue was used hy Ayres (1975), Ayres § Linsky (1976),
and Shine § Linsky (1974). We use the disc centre K line
observations of White § Suemoto (1968), supplemented by
Shine's (1973) data for AA<2A. We place these observations
on an gabsolute scale by means of Houtgast's (1970) measure -
ments in the A3954A window. The résulting intensity profile
is displayed in Figs.3.4 & 3.5 by squaéés and éifcles respect-
ively. This absolute célibration has an uncertainty of ~8%
(Houtgast, 1970). In Figs.3.4 § 3.5 we have shown the theo-
retical pr/ofiles synthesized upi;g.various‘values of E6 and
the KREe and HSRA'f(?) models respectively.It is seen that
Eg¢s of—ggz-g- 1:45 give satisfactory fits for thesg two tem-
perature models, respectively. The residual disagreement
shortward of A3938R is due to the prevalance,of the gCS
effects in the solar upper photosphere. It is interesting to
compare these values of Eg with the values derived b; Ayres
and his associates. Thus, Ayres (1975) obtains an Eg=1.1 for
KREe, while Shige § Linsky obtain an Eg=1.6 for HSRA. We feel
that our values are in good agreement with these, the small
differences being attributable to the different fbrmulations
used to calculate Tg¢ and tq small differences in the pressurxe
structures of the continuum models used to synthesize the K
line. Finafly, we note that the expected 0.1 dex uncertainty

in the solar Ca abundance gives rise to a similar uncertainty

“ -
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3.4. MISSING OPACITY

\

In late type stars there is a large discrepancy between

ﬂﬁbtheoretical and observed continuum fluxes in the ulpra—

violet. For example, Gingerich et al. (1971) note that a;
A4000R the HSRA predicts 7% higher intensity than that meas-
ured by Labs § Neckel (1962). This discrepancy iﬁéreases with
’decreaéing wavelength and decreasing effective,temperature
(cf.Fig.4.1a, where the observed continuum fluies of Arcturus
are compared with a theoretical model). A consequence of
this is that the theoretical flgxes in the far wings (AX >5K)
and the windows at AX3951K § 3954&, where the continuous opa-..
city dominates over the line opacity, are overestimated.This
behavior; illustragﬁd by dot-dashed lines im Figs.3.4 § 3.5,
was also netitced b?#SKiné'(1973). Increasing the T or Aca
will not help because the increase needed is so large that
a strong Aisagreement is caused in the inner wings "(AA< SR)
where the line opacity is gfeater than the continuous opacity.
The inference is that we are dealing with som; kind of |
"missing opacity", which affects‘thq'far wings ﬁost but has
slittle effect on the inner wings. The presence of suéh a
" nissiné“opacity was also advocated by Pitgs (1973) in a study
of the seidar Ir;n lines sﬁortward of A4070R. Lites. has simply
scaled up the overall continuou§ opacity at these wavelengths
between  20-100% to match the theoretical wing intensitfes. |
with the observations. We adopt a similar procedure and in- '

troduce an "Opacity Enhancement Fnctbr", or E. for short,

which sdalps up the total continuous opacity at the frequency
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of the window so as to force agreement between the observa-
tions and theory in the far wings. Examples of determination
of E¢ fo? the Sun using the KREe and HSRA models are gi&en
in°Figs.3.4 § 3.5 respectively. In these Figs. the dot-dash-
ed lines represent the K line profiles synthesized without
incorporating the continuous opacity enhancements (i.e., Ec¢=1).
These profiles are systematically brighter than the observa-.
tions because of the "missing opacity". éo, in order to force
agreem®nt between the bbse}vation and the theory, we intro-
duce continuous opacity enhancements (E¢s) of f.04 and 1.13
respectively in case of the LSRA and KREe models. The profiles
thus synthesized are shown by short-dashed lines in Figs.3.4
and 3.5. The E¢s for these two temperature modeis differ

“ -

because of small differences in their temperature structures.

2

Besides these differénces, the Ac, and g used in line synthe-
sis also in?Luenc; the choice of E;. Since we have held the
ACa and g fixed in our computations, the difference in ﬁcs
entirely arises from differences in the temperature structures.
For K giants we derive much larger ‘'values of E. than the Sun
(cf.Chap.V),.because of larger discrepancyFinnthe observed

k)

and computed ultraviolet continuum fluxes in these stars. Ec
plays a crucial role in comparing the observed normalised (to
window) profile- with the theory, becgause of its effect on the
theoretical window flux with respect to which the rest off the
.theoretical profile has £o be normalised.r So, it is very im-

portant to investigate how the choice of the T(T) model, A,

and g affect the choice of E.. The next three sections are
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23

devoted to this discussion.

a) DEPENDENCE OF E. ON Ac, v

For simplicity, we assume that the line is formed in
pure absorption and in LTE and neglect the frequency depend-
ence of the continuous opacity over the width of the line.

Thus we write

c - ¢ -C
K. = K= = K= : .3.20
v v = Ecky ( )
- C . .
where KS and K; are the original (unenhanced) and enhanced
continuous absorption coefficients at the frequency V¥ of

the window. If we also assume: 1) The ratio, ,n,, of the line

to continuous absorption coefficient is independent of depth;

2) the source funetion, B,, is linearly expandable on" the
continuum optical depth scale, we can approximately write

(Mihalas, 1970) ’

b/al3
Ry = (}+,T:H;— l(1+b/aj3) ' (3.21)

where‘ﬁv is the residual intensit}‘bf the line, nv=K5/K§

and a and b are constants. In our case we do not have R,),
but iv" the emergent flux normalised to the window. However,
for a qualitative discusa}on of the dependence of Fy on ny,

we~carmr still use Eq.3.21 to a #Fough approximation. Thus we

write
~ Y
- Fv.~c1+c2/(1+ny) ‘ (3.22)
where
cl=(1+b/af3) ! 8 c2=c1b/al% (3.23)

~

3
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Now, a change in Ac, affects Ev through its effect on n,.

In general w& can write

| sz dxg
dny, & —— - Ny — (3.24)
v Ko K=

Y v
A change in Ac, changes the line absorption coefficient KS
by amount dkﬁ, while lééving the continuous absorption co-
efficient kg unaffectedf‘But to.preserve Fv in case of

\Y

changing KS’ we must alter. Ké such that dnvEO. This condi-
L 4

tion gives rise to the relation .

ng = Eg dE. = dKS/nv = const. dAc, (3.25)

where dE. and dAg, are the changes in-E. and Ag Tespective-
-ly. Thus it is clear that.an overestimat"e"of'Aca leads to

a corresponding oversgtimate of E. and vice.vérsa.Eq has”’
only a small effect on the absolute fluxes of the inner
wings, 'because x§>5 Ké in thq'&nner wings (cf.Fié.S.S);

On the other hand, the normalised flux profile is'fedsitively
dependent upon E., since the effect of E. is to scale the .
entire ;v profile up or down by altering the window flux. '~._
This beﬁavior is illustrated in Fig.5.9, where we changed

Aéa but adjusted E; such that the profi1e§ agree in the faf
wings. It is therefer clear tﬁat we must know Ac, correctly,

otherwise we will introduce errors in the normalisation of

the theoreti{;l profiles, hence in the derived upper photo--

spheric temperature models.

8
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b) DEPENDENCE OF E. ON THE T(X) DISTRIBUTION OF THE

A

DEEPER LAYERS / -

SinFe the far win;} of the K line upon which the determi-
nation of E. is based are formed in the deeper optical con-
tinuum forming layers (-1.0< log T<0.0), the T(T) distribu-
tion relevant to this discussion pertains to these iayers;
This T(}) distribution is derived by comparing the observed
and computed Paschen continuum slopes and has am uncertainty
of 2% at TfSOOOF. This uncertainty in T is such that
N(Ca IIJ and Ny dre negligibly affected, while the N, is
slightly affected. Gray (1976) has derived a Pg(T) relatioﬁ
given by ’

Pe = const. eQT‘ (3.26)
where (=0.0011/deg. The temper;ture dependence of KS in the
line wings is given by

Ks = CITp + C2T0'3 (3.27)

where C1 and C2 are.constants. If T[Rg<<lg, i.e., if the

temperature dependent term in Eq.3.27 dominates, we have

[ axK/el < 0.3 at/T . (3.28)
> >

Thus, a 2%~change in T results in a 0.6% change in X

v
On the other hand, if Iy >>Tg, Ks is independent of T. The

reality lies in between, hence Eq.3.28 represents the maxi-

mum possible change in KK

v for a given change in T. The

temperature,depéndence of the H- opacity, on the other hand,

is given by
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x - = const. T Pe

H- -2.5 e8730/T e
Vv ) -

(3.29)

Replacing P, by Eq.3.26 and differentiating, we have

U 2.5 3481 *
—Y - 0.0011- —— |1+ : (3.30)
" T

aT Ky T

’

The right hand side of Eq.3.30 is positive or negative de-

pending upon whether T 24170K. Hence for a given dT (dT posi-

tive) KS increases in the layers hotter than 41708 and de-

creases in the layers cooler than 4170K. In many of our

stars the window flux originates in layers hotter than

4170K. Therefore 'Kg changes in direct proportion to dT.

Now assuming that’ Esémg , and rfewriting Eq.3.24 we have
K H-
9 kg (3.31)
dn, = ——= - n, —.
v H v H
EcKg E Ky

If we wish to preserve Ev in the case of & changing T, we

must have dn,=0. This condition gives rise to the resukt

L.

Ec = (dKS/KS)//(ng-/KgT) : 4 (3.32)

Thus, for acgiven dT/T, E¢ 21 depending upon whether

H- -
szlKS : dKG / Kg . This behavior is illustrated by the E_s

of 1.04 and 1.13 derived above for the HSRA and KREe models,
respettively. The HSRA model is about 140K hotter than KREe
in layers -1.0<log 7<0.0, where most of the window flux

originates. This enhancement in T causes fractional enhance

ments of “0.85% and ~4% in KK ang Kg respectively. Since

\Y

Kg increases faster than K:AiD this case, we have to use

to KREe model.

a smaller Ec. in HSRA compare
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c) DEPENDENCE OF E, ON g

A change in g affects the Ks mainly through the depend-
ence of Tg on Py, while it affects KS through the depend-
ence of the H™ opacity on P,. We do not consider the effect
on 'y here, because I'y<< ¢ at most depths in our stars.
Holding all the physical variables insensiti;e to a change

in g constant, we have

KS x FR-+ const. Pg; and KS « E.Pge.
Hence, ny = const.Ir/EcPeg + const. Pg/EcPe.

Now, using the Pg(g) and Po(g) relations of Gray (1976), viz.

g2/3 1/3

the relations P,« and Pg=x g , we have

4

. 1/3

ny = const.(TR/E.)g 1/3

+ const. (g )/E, (3.33)

'Therefore,nv decreases or increases with g depending upon
which of the two terms on the right hand side of Eq.3.33
dominates. It turns out that the first term dominates in
our stars, so that

Ny < c0nst.(rR/Ec)g-1/3.

Suppose that the adopted value of g differs from tke actual

(correct) value by a factor R1 such that g(adopted)=Rlg(ac-

tual). In this case, to force agreement between the observed

and computed far wing profiles, we must alter E_  such that
Ec= r1-1/3,

Thus..the gravity dependence of E. is, much weaker than the

dependence on Aca, sufficing it to know g within a factor of

2. The second term on the right-hand side of Eq.3.33 further
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weakens this dependence because of its reverse proportina-
lity to g compared to the first term. In Fig.3.6 we have
shown some numerical calculations, where we have va?ied g .
but adjusted E. such that there is agreement in the far wings.
"In these sections we have empha;ized the imﬁortance of
using the correct ?asic input data, namely the T(T) distri-
bﬁtion fqr the deeper layers, Aca’and g, to avoid errors in
E. and hence in the derived upper photospheric temperature
models. These input data will be derivea in the next chapter.
Using these data in combination with the theory putlined
in the earlier s?ctions of this chapter, we will derive the

upper photospheric T(T) models in Chap.V."

-




CHAPTER IV
e

CONTINUUM MODELS AND CALCIUM ABUNDANCES

In this chapter we derive the T(gx) distribution of the
continuum forming layers and the Ca abundance Acz for the

program stars.

4.1. MODEL ATMOSPHERES

The model atmosphere program was written b}}D.F.Gray
with the addition of a few modifications incorporated in the
opacity routines by the author. This program makes the
usual a;sumptions of a plane parallel homogeneous atmosgherg
in a steady state, hydrostatic equilibrium and LTE ionizafion
equilibrium. Since no flux constancy is impoged the T(T)
distribution is not calculated by the model, rather it is
an input datum usually taken from the literature such as
the model atmosphere tabulations of the late type stars by
Bell.et al. (1976). Given the T(T) distribution, chemical
comﬁosition and the gravity g, the'purpo§e of the program

is to calculate the emergent flux or the central intensity

through the expressions:

L od .
Fv=z;£...BV(T) Ez(ty) dty . (4.1)
. J
Iy= }Bv(T) e-TV dty “(4.2)
L]
where 1,, the optical depth at frequency v is given by
i -
ty= JxSix o) de. | (4.3)
| ]

‘where «k$ -and K, are the mass absorption coefficients at

63
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v and‘the frequency correspondiﬂg to the standard wavelgngth
A =5000A. The.essence of the problem then lies in determin-
ing Ty, because if T, is known and B, (T) is given we can
solve Eqs.4.1 and 4.2.TT0 obtain 1,, we have to know the
opacities; which depend upon the electron pressure,P,,and T.

If we can guess the run of the gas pressure Pg(T), we can

,iteratively solve the relation

?g = Pe *+ Pions * Pneutrals L (4.4)

for Pe. Now we can compute K.. Since we have only guessed
g(?), it is essential that We obtain an improved estimate
of this‘quantity by solving the hydrostatic equation in the
form .
5 . - |
Pg dPy = Py g/ky ~dT . - (4.5)

* which leads  to

re = [z e Jearecdee] | (5.6

or in terms of logarithmic optical depth

7
L]

: log T . 2/3
Pg = E/z g f {(t'\P;i)/(ch log e)ldlog t}
. -0

4
Using this improved value of Pg(?) we once againrsolvé

Eq.4.4 for Pg and therefrom.obtain a new Pg(T) relation and
repeat this process until convergence is achieved. Thus we
would establish Pg(?), Po (T) and K. (T) relgtion}q yhile the
T(T) relation is assumed to be known. We then calculate

Ty (T) and/finally obtain the flux or the central intensity

64




from Eqa.4.1 and 4.2.

Unless otherwise stated all the models use the solar
chemical-compqsition (Withbroc, 1971) given in table 4.1. -
The opacity sources include H bound free (bf) and free free
(ff) absorption,\He' ff absorption, Hy* molecular absorption
and the'ggﬁtinugﬁs absorption due to all the metals listed
in tablc"ﬂ.l. The same metal composition iswused in the
calculatron of Pe. Ea addition to the opacity sources men-
tioned apovc, we also include electron scattering and

Raylcigg scattering‘due to Hjp.

For H, Mg and Si we have used the continuous opacity
Toutines prov1ded by Carbon § Glngerlch (1969). A hydro-
geaic approximation was used for all other metals beyond-
A4000§u Below A4000X we have used the quantum defect cross
sections of either Peach (1969) or Tr;vis & Matsushima
(1968). Of rhe m;tals considered, only Fe, Mg, Si, Ca, Na
and K are significaﬁt absorbers; others are ‘included for
completencssh,ln any case, as H- absorption dominates the
orher sources by one to severaliorders of magnitude at the
visual and near iarrared waveiengtﬂ%, the wngertainties
in other opacifies have insignificant effect on the emergent
flux. For H-, He‘,and Hz * wc have used the'polynomial
approx1mat10ns of Gray (1976), who has.also provided the
expre551ons for electron and Raylelgh scatterlng An idea of
the accuracy of our opacity routines can be obtained f:om

A

the fact that we can reproduce the HSRA model 1nten51tles

(Glngerlch et al.,1971) to better han 0.6% betweon 0.36u
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w

But, this is an overestimate as the random observational
errors in individuyal points cause negative and positiVe1
shifts with equal probability, thus leaving the mean
observed energy distribution only slightly (<< 7%) altered.
Hence, Qe believe that the observational errors introduce
no more than 20K uncertainty in the derived Tgs. However,
there is a *50K uncertainty in fitting the models to the
observatiops. i.e., the theorétical models differing

by +50K in T, from the best fitting model also match the
observed Pgschen continuum slope fairly well. 53, we esti-
mate that the T,s derived above are uncertain by ~ 70K. In
view of this uncertainty, it is interesting to cempare
these value§S with with the 5thers. Table 4.2 provides such
a comparisén; where we have listed our results togefher
with the Tegs derived by Williams (1971, 1972) from R-I

colors and By Oinas (1974) from a procedure similar to ours.

The values agree within the quoted uncertainty.

.

TABLE 4.2, RESULTS

Star Spectrum Log g Te Te (W) Te(O). ACca

B.Cem KO 111 2.8 4750 4793 - 3.5E-6
~4 € Cyg KO III 2.8 4750 4672 y 2.7E-6

a Ser K2 III 2.5 4650 4521 4560 -

8 Oph K2 III 2.5 4650 4551 § 4.4E-6

k Oph . K2 III 2.3*  4600* 4553 - -

@« Ari K2 III 2.5+ 4450 4480 4500 2.2E-6

o] 1?7

Boo -.K2 III 4250 4338 4250 1.0E-6

* Adopted from Peterson (1976); TetW) § Ta(0) Tespegtively re-
fer to the Tes derived by Williams (1971,1972) & Oinas(1974).
° . . 4

"

P 4

R e




within a factor of 2.

4.4, INITIAL T(T) DISTRIBUTIONS ' .

We take all the .initial T(%) distributidns from the line
bl#nk%ted RE model tdbulations of Bell et al. t1976). Sinc?
their spacing of 500K in Te;is too coarse for our purposes,
we interpofate between their modelslat intervals of 50K.

The. gravitf dependence of the T(T) distributions is very

4

wgak, sufficing it to choose a model with a log g within 7

$0.5 of the estimated log g. ‘ . i

4.5. T(T) DISTRIBUTIONS FOR THE IND{VIDUAL STARS -
o ,

/

Aided by the theo y and the above observatiormal data,

we are 'in a position to obtain the T(T) distributions of the

deeper optical continuum forming layers for our program

stars. Below, we ‘discuss the indjvidual cases in some degtail, —

-, : J
a)’ARCRUng

- ' 4
Blackwell et al. (1975) have published good deblanketed

L] I3 . e 7

absolute flux measurements of Arcturus. Their line blocking

\

data were taken from Griffin's (1968) atlas in the rangé

0.36u to 0.825y and from Connes"(1968) infrared spectrum
B v

in the range 1y -to 2.5y . Edmonds (1973) provided the data

-~

at intermediate wavelengths. We also had access to the de-

~N -

blanketed scan of Oinas (1975), who once again used Griffin's
» . 4

atlas for deblanketing. These observations, placed on the

. '0 ,
abso‘lté system of Hays § Latham :(1975) are displayed in

Figni.la. Also drawn in this figure is the best fitting
‘ ’

b 4

theoretical model with Te=§250K and log g=1.7. The agreement

-

-




638
between the observations and theory is generally goad except
in the peak at 1.6y and below 0.45u . The peak at 1.6y cor-
respnds to the H- opacity minimum and is formed in the deep-
est (log T>0.5) photospheric layers. The discrepancy im this
peak»therefore reflects” the uncertainties in the temperaturé
of the deeper iayers in the adopted initial T(T) model of
Bell et al. (1976), These uncertainties arise from the uncer-
tainties in the treatment of convection and from the incom-
pleteness of the ultravigig};}ine blocking dat A similar
discrepancy is also found in the Sun (cf. Fi;:f:;j& 16 in
Vernazza et all, 1976). However, the uncertainty in the T(T)
distributign‘ofvthese la}ers is of little concern to the K
line problem, as thege layers contribute little flux at the
K line wavelengths. The discrepancy belaw 0.45y arises.from
the lack oea‘l continugm in a K giant spectrum at these
wavelengths (Griffin, 1968) . 'Even the hiéhest points in the
spectrym at these wavqlengths are significantly depressed
by the-crowding 6f the lines. Hence the observed points

fall systenatica!ly below the fheor al line."

\

The log g=1.7 adopted above was taken/from Ayres §& L%P' ‘
sky (1978). gn the otheé hand, Mackle et<a1.‘(1975).from
an extensive specfroscopic analysis gf Arcturus obtain a
log g=0.91’0.33 and Te=4260:50K. Ayres & Linsky have‘érgued
that this log g is too low. In any case, gbis. disctusAsi‘on
is only of academic interest to us as'we intend to use Arc--

™
turus to check the working of our line synthesis program

rather than to obtain fundamental information about it.

A

"

»
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Since we have to compare our results with those of Ayres §
Linsky (1975), it is appropriagi.that we adopt their log g.
Following Griffin § Griffin (1967), we have used 1/3
‘éolar metal abundances in our model calculafﬁons. The T(T)
distribution derived above is compared with the Mackle et

al® T(T) distribution in Fig.4.2. The agreement is good.

5)8 Gem

The narrow band Jbservations of ST, corrected for line
absorption, are compared with the best fitting theoretical
model with log g=2.8 and Te=4750K in Fig.4.1b.glThe line
blockiné data for this star are given by Rodriéuez (1969) -
But h;s values are systematically larger by #%40% than the
values obtained by VP, as judged by the data for n Cep
(KO IV'), which is common to both these observers. Incidenj
tally, Rodriguez's values for B Gem are almost identical
to those for n Cep; therefore, for the sake of homogeneity
(since we have taken all other line blocking data from VP),

we have used the VP data for n Cep to deblanket B Gem. At

. e
the wavelengths where VP did not measure n Cep, we n?ve

adopted a mean of his values for the three KO III,star;;

a Phe,® Cen and alnd. Williams gives a log g=2.8 (g=800 cm
sec-2) for B Gem, while Griffin(1976) est;mates a value
of.2.5 (g=320 cm séc-z). Griffin's value is probably too
low.because it is based on a very low mass (0.23Me) adopted
for Arcturus. Seo, we give a low weight to his value and

addpt a log g=2.§ (g=600cmsec;22. Thus the best fitting

model corresponds to'Te=4756K and log g=2.8.
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&
cJe Cyg

Fig.4.1c shows the narrow band observations of ST correc-
ted for line absorption using the line blocking coeffici-
ents of Vb. We adopt a log g=2.8 (g=600 cm sec-2) from
Williams <and derive a Te=4750K. Thus € Cyg and B Gem, which _
have the same spectral type also have the same T, and log g \\\

values.

d)a Ser

The ;arrow band observations of ST ¢orrected for line
absorptio® using the line blocking coefficients of VP and
Oinas are shown in Fig.4.1d. Williams gives a log g = 2.7
(g=500 cm sec-2) while Griffin estimates a value between
2.4 and 2.7 for this star. We have adopted a value of 2.5
(g=320 cm sec-2). The best fitting model thus derived

corresponds t§ . Tg=4650K and log g=2.5 and is drawn in

Fig.4.1d.

/

¢) 8 Oph'

The ST scan corrected for line absorption and the best
fitting model are shown in Fig.4.le. Line blocking values
are from VP; at the wavelengths where‘he did not measure
this star, a mean of his values for a Ser and u Leo was
used. Williams gives a log g=2.7 (g=400 cm 8ec-2) while
Gustafsson et al. (1974) give a vgiue of 2.4 (g=250 cm
secfz). We adopt a log g=2.5 (g=320 cm sec-2),and derive ;
Tq=4650K. These values are the same as for a Ser,.

-

Y

4
, ) . ‘ /\
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£)a Ari
2o 2ttt . . ‘

The deblanketed scan of ST together with the best fitting
model is shown in Fig.4.1f. The line blocking data are from
VP and we have adopted a log g=2.5 (g=320 cm sec-2) from

&
Williams. We derive a Tg=4450K.

g)x Oph | R ~

ST observations of xk Oph do not extend into infrared,
making the comparison between the theory and observations
rather uncertain. Also, n; line blocking measurements are
available for this star. However, this star has been the,
subjectr of extensive analysis by Peterson (1976), who de-
rived an empirical T(T) model with Te=4600K and log g=2.3.
Her model T(7T) distribution is very similar to the Bell et

‘al.'s (1976) model with Te=4550K and log g=2.25.

4.6. ERRORS

'ST, who prgyide the bulk of energy distributions, esti-
mate that ‘their data are uncertain by = 1.5%. The systematic
errors in their data should be quite small as judged from
the good agreement between their and Oinas' data for aaSer
(cf. Fig.4.1d). On the other hand, VP estimates an internal
probable error of = 3% for his line blocking measurements,'.
and mentions that kis values are systematicaily smaller than
- Qinas'.values by 2t 1% whenever there is duplication between
the two. %o, we con;lude that the overall error in the meas-

v

ured points is & 7%. At the T, and g values we are consider~ ,

’

ing, a 7% error in.flux transforms into ~ 35K error in Te.
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Fig.4.3b. Derivation of van der Waals enhancement
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. centre solar 28542 profide is shown by sguares. The
& ' theoretical profiles are labled after the enhancement
factor Eg used in the line synthesis. .Eg=1.9 gives
best fit to the observations.
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4.7. DETERMINATION OF ACa

/

In view of the discussion presented in the last chapter,
the importance of deriving a Ca abundance consist;nt with
the ‘adopted continuum model can not be dveremphasized.

Here we use Anderson's (1974) Ca II A8498 line profiles

to derive the Ca abunddnce Ac,. These line profilesVWere
measﬁred photoelectrically at a resolution of 0.28A with
the Washburn Observatory's 9dcm reflector and have a
quoted uncertainty of ™~ 3%. Because of this high precision,
they can be expected to yieli reliable values of Ag,.
ﬁoreover, the A8498 wing (Al,>0.3R) profile is entirely
determined by the temperature distribution in the deeper
layers (-1.0< logT < 0.0)’and ig independent of the upper
photospheric T(T) model adopted for the star. This situa-
tion is illustrated in Fig.4.3d , wherein the arrows locate
the T at which the contribution functions at different AAs
are peaked in a model of Arcturus. ﬁowever, }6 for this’
line is not well known, and must be determined by an empiri-
cal calibration of the solar A8498 profile, as has been '
done for the K line in the last chapter. For thiyfghépose,

we adopt the disg centre observations of de Jager § Neven

(1967) and place them on the absolute intensity scale of . .
Labs § Neckel (1968). These observations are shown by:

squares in Fig.4.3a. Also shown in this figure are the

theoretical profiles synthesized with the HSRA model

L 3

using an ACze=2.14E-6. Of the several such synthesized

profiles corresponding to various van der Waals enhancement
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{actdrs, the one with an enhancement fact%r of é.l gives
‘the»best:fit to the qﬁéervation;. The Ca II X8498 and

A8542 linesigfise from the same upper state and are expected
to have equal van der Waals enhancement factors. So, it is s
interesting to derive an enhancement factor for the 18542
line too. Fig.4.3b shows such am atté;pt. Hereagain, the
squares represent de Jager é Neven's observations of the
A8542 profile placed on the absolute intensity scale of
Labs & Neckel. Using tbe same continuum model and Acze as
above, we have'synthesized several theoretical profiles

for various van der Waals enhancement factors. It is seen
'that an enhancement facter of 1.9 gives the best fit to

the observations. This fs in good agreement with Shine's
(1973) value of 2 obtained with the same model. This is
also in éood agreement with 2.1 obtained above. Hereafter,
we addpt a mean value of 2.0. This value reproduces
Anderson's(1974) sglar relative flux profile of 18498

very well. This is shown in Fig.4.3c. '

Using the above enhancement factor in combination with
the continuum models derived in §4.%, we have varied Ac,
until we obtained goo& fits to Anderson's 18498 profiles
in our program stars. These calculations are shown in Figs.
+4.,3d—h respectively for aBoo, B Gem, € Cyg, 8 Oph and
o ATi | The values of Acg thus derived are listed in table
4.2. Unfortunately, o Ser and k Oph were not‘observed'by

Anderson, so we can not derive their Acgs in the same

manner. It is interesting to compare our values of Ap,

-
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with the ones determined from reliable curve of growth .

-

analyses. Thus, Griffin (1976), Mackle et al. (1975) and .
Oinas (1974) respectively-deri¥e Acy = 2.40.3E-6, 0.76%
0.2E-6 and 2.610.355—6 for § Gem, a Boo, « A?i. fhese

valwes are to_ be contrasted respectively with AC8=‘3.SE—6,
1.0E-6 and 2.2E-6 obtained fgr the same sté;;\Iﬁ*the pre- -
sent analysis. - |

v L
The continuum models and the Ca abundances deri

vea in

in this chapter_constitute"importanf background information
upon which our upper photospheric T(T) models will be based.
The derivation of these models forms tﬁg subject matter of

“

the next echapter.
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CHAPTER V

R TEMPERATURE.ENHANCEMENT MODELS

Using’the theory and baékgrohn? information contained in
Chaps.fII § IV we are iﬁ a position to derive the upper .
'phot05pheric T(?)omodels.‘ﬂe;e;our approach will be to
adopt theqT(?) distribution derived from the coﬂtinuuﬁ data
as the "Basic Temperature Model"™ or BTM for short, but alter
it in the upper photosphere (log‘?<—1.0) to force agreement
between the observed and computed K line inner wing profiles.
Such altered BTMs will hereafter b@\called the "Tenpéiature

‘ e :
Enhancement Models" 6r TEMs in short. An implication 6f this
approach is to assume that the BTM correttiy éharicteri:es
the T(T) distribution of the deeper layeysagibg ?43-1.0)4?
where the far®ing profile is formed, so th;; this profile
can be synthesized using the BTM in combination with the
theory outlined in Chaﬁ.III.and relevant atomic~data.
However, ;e have seen in §3.4 that such’cdmputations’
overestimate the far wing flux unles; an J;acity enhancement
factor E¢ is.incorporated. So, we include an E. in'our
Eonpétations to guarantee ;greement ip the.far;wings. Thus,
having fixed BTM, Acg and g, we att?i?ut;'all the devia-
tions %n the fﬁr‘wings to the missing opacity.dThis is a
‘reasonable procedure because other effects such as the
partial coherency have negligible influence on the far wing

formation. In summary,our approach to derive TéMs‘consists

of the following steps:
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‘as Given the BTM, Acy, and g, synthesize the K wingiadjusting

’Eqﬁdn&;r'the observed and computed far wing profiles ggree{ .

- @ A
b) Even when agreement is obtained in the far wings, the

theoretical inner wing profiles lie below the ob d ones

: - - ‘
due to the importamce of the partial coherency effects in

the upper photosphe£e, coupled with the fact that the RE ’

models (BTMs) that fit thé.optical Eontihuum data are genme-

’ =

rally cooler in these laye}s.'SO, in order to force agreement
raise the temperature in the shallower layers which gives
TEﬁ.'This TEM is then believed to.charecterise the tempe-

rature structure of the upper photosphere.

5.1. TEM FOR THE SUN .

Our intent in deriving a TEM for the Sun is to check our
. i
computer program rather than to obtain fundamental informa-

tion about the Sun. Here we use the K line observations of

”

White § Suemoto (1968). and Shine (1973) placed on the
absolute intensity scale of Houfgast (1970). These obser-
vations were described in Chap.fII, where we have also deter-
mined Eg=1.2, Eg=1.13 for KREe and Eg=1.45, Ec=1.04 for HSRA. -
Given these and Aca;=2.14E—6,'our purpose here is to derive
TEMs adopting KREe and HSRA as our BTMs, Figs.5.1 § 5.2

show such -attempts. In both figures the dashed line is

) ' i .
obtained with the BTM (i.e., with the original KREe and
HSRA T(T) models), which conspicuously deviates from the

[ .
observations for AAS3A. So, jin order to fq;ce agreement at

these AAsy we introduce the TEMs shown in Fig.5.3. These are
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-~ | ' .
obtained by ljnearly (in log T) enhancing the temperature-—

between the po{nts'Pl and. P2, where P} corresponds to the
log T at which the contribution function of the farthest
dev1at1ng AX is peaked -while P2 is usually located at

the log T -correspondlng to the Tmln(temperature minimum) ,

Above P2 the temperature is kept at T The profiles

min-
synthesized with the TEMs are in good agreement with the
observations and are shown by soli&klines in Figs.5.1 & 5.2.
Pl is located at log T = -0.83, T = 5140K in KREe, and at
log T = -1.1, T.= 5080K in HSRA,and P2 at log T = -4.0, T =
4309K in both models. These YEMs are shown by solid lines

Fig.5.3. The insert in this figure shows the TEMs at a

“higher resolution in T. The''solid line in the,ansert shows

the TEMs for both KRE® and HSRA (wh1ch are 1dent1ca1 faor’

log T(—l.l), while the dashed line represents the TEM (Tpip=

.

1300y for KREe obtained by Ayres (1975), which best fits
the inner wing in the range 0.6A <AA< 3A. We consider the
agreement between ours and Ayres"TEMs to be very good,

the d1fferences being ~20K at most. Hence, we conclude that .

our line synthesis routine can be trusted to give ac«curate
Q

results ~ However, our program stars are mére like Arcfurus

-

in Te and g than the Sun. As the partlal coherency effects

- become more pronounced at the low gravities of these stars,

it is 1mportant to conflrm'fhat our program handles these ~

effects properly. To this end we analyse ArctUﬂ}xnfnd de-

hl

'monstrate that our results are in good agreement with those

obtained by Ayres § Linsky (1975).

~
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. represent the PCS-TEM while the circles and squares denote

5.2. TEM FOR ARCTURUS | .

’ \
\ : ’ \
Since we intend to compare our results with thpose obtained
<

=

‘by Ayres § L%psky, it is worthwhile to summarise their .

’
-

results . first. Ayres § Linsky have obtained an absolute

-

flux callbrat1on of Griffin's C1968) K line proflle by
correcting thé»apparent narrow band flux measurement; of .
Willstrop (1964) in the vicinity of the K line for the effect
of the geometrical dilution factor (R*/d*)2 where R* and d*
are th; radius and distance of the star respectively. The
estimated uncertainty in this calibration is ~30%, which
arises from errors iﬁAWillstrop's photoﬁetry, line Block@ng

corrections, R* and d*. By relating the H § K wing absolute

fluxes to T through the EddingtoneBarbigr relation, Ayres §

“Linsky have derived a‘\NCS-TEM-and also a PCS-TEM after

correcting the NCS-TEM for partial coherency effects. These

i .

temperature models are shown in Fig.5.4, wherein the crosses

the NCS-TEMs obtained from-the H § K wings respectively.
Qur derivation of a PCS-TEM for Arcturus proceeds as ,
follows. Using the brightness temperature TB(AA) gi?en by

Ayres § Linsky and the relation

.

F\)(A)\) '= TTB\’(TB(AA)) R . (5.1)

where Fv(AAY denotes. the absolute flux at AXx, we place
Gfiffin's Arcturus K line profile on the absolute scale of

Ayxgs § Linsky. This profile is shown in Fig.5.5.'This cali-

. - .\ . ‘
bration gives an absolute fIux, F,=2.12E-6 ergs cm-2 sec-lhz-1 .

\
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{n-fhe window at x3950.8x. This value is gbeut 1.7,times.
smaller than Fv=375365-6.er§s cn-2 sec-1 hz-1 predicted By
BTM*(Bell et aL.,4250,;.7,6.33)‘that best fits the'coqtiﬁquﬂ
data (cf. Chap.IV). We attribute this di'screpancy to the .
missing opacity and introduce an E¢=1.96 such that the
observed-and‘cgmputea window fluxes agree. The K line profile
synthesize&gwith tﬂe-BTM incorporating this E. and Ac;=6.425~7
(same as Ayre; & Linsky's) is shown by a dashed line in
Fig.5.5. ThlS profile agrees weIINW1th the observations in
the far wing, but systenat1ca11y falls below tlie observations
in the inner wing. Similar behavior was notlced in the case
of the. Sua ( §8.1), but it is more pronounced in Arcturus
.because of its low gravity. We attribute this deviation to
cooler temperatures\in the BTM upper photosphere and intro-
duce TEMs to force agreement ;n:the inner wing. The best
fa;ting three point.(Pl,PZ,PS) TEM is .shown by ; dot-dashed
line in Fig.5.4. In this model P1, P2 and P3 are respectively
loeated at (-1.5, 3526K), (-3.5, 3275K) and (-4.0, 3160K), .
where the bracketed quantities represent log T and T at a’
‘given point Pg. Thls TEM has.to be compared with Ayres § Lin-
‘sky's PCS-TEM, shown.Py crosses in Fig.5.4. It is seen that
the agreemeet between these two models is very good in the’
range_ -3.8 <10é T<-1.5, where the inner wing is,formeg. Alsb,

the log T(Tmin)=-3.8 and Tpjn=4210K in our modee areé in geod

accord with ‘the correspondimg values of -3.72 and 4200K fn

* Hereafter we parameterise a BTM by specifying the sOurEE
of the initial T(Y) distribution, T, log g, and metal con~ _
tent relative to the Sun.




Ayres § Linsky's model. Above Tpip, our model differs from
‘ * .
theirs in not 1ncorporat1ng the chromospheric temperatuﬁe
L
rlse as wJ’do not attempt to synthe51ze the K2 emission

»

peaks. Noninclusion of this temperature rise has little .

]

effect on the derived TEMs, because as shown Iy Shine et al.

Fa

(1975a) the K1 source function becomes decoupled from the
core source function and monotoﬁical}y decreases outward
even in the presence of a chromospheric temperature rise.
In other words, the K1 sdurce function is insensitive to the
chromospheric teoperature rise. This is tllustrated in Fig.
»
'5.6,_taken from their papet.

In conclusion, our upper photo;pheric T(7) model_fo?
Arcturus is in very good agreement with a similar model
obtained by Ayrea & Linaky, hence our” line synthesis routine

\ . Sl .

can be trusted to give correct results for our program stars
/ . N

which are similar to Arcturus.

5.3. DETERMINATION OF E. FROM RELATIVE FLUX PROFILES

.

N
"

Inﬂependent absolute flux calibratione'of'the observed K
line proflles are not~avallab1e fbr our program stara *So,
we can not derjve E. by forc1ng agreement betweep the
observed and computed absolute window fluxes as done abote
Instead we have to deternlne E. by matching.the -observed
and computed far wing relatxve flux profiies. Unfortunately,

the entire far wing is not usable for this purpose as it 1s

T e B
=y

.badly cut up by numervus .intervening absorptxon lines beyond
13940.5K. So, our determimatien of E. rksts‘on the fit ob-
tained for the "usable" far wing segment between A3939-3940.24A.

”

- LY 1




’ (’SA) resolutlon of our obsérvatlons dees not introduce

- . . N - -~

Fig.5.7 shows thévdeteimination of E. for Arcturus according

to this procedure. The squares in this figure represent
- - ” » . -

-

‘ Py J - . . q

Griffin's~Arcéurus atlas K r{ne'profile convolved with ou> -
0.5A, and* 0. 2A 1nstrumenta1,proflles and. normallsed to the

window. The dashgd line represents the theoretical prqflLe
syr;thesize& wi£h the"B'I"M(ﬁell et al.,4250,1.7,0.33) together
with AC;=6.45E-7 and Eq=1i98, which gives the best fit to.the
far wing segment between A3939-3946.23..This Ec is p;acti-
cilly'identical to the value 1.96 obtained in §5.2 by

matching the absolute fluxes in the window, and this identity

completely justifies the above determination of Eg from the

: f . .

"usable" far wing segment. For completeness, we have also

shown in Fig.5.7 the relative flux profile (solid line)
synthesized with the TEM dérived in §5.2. We recall that’
this TEM was derig;d to provide good fit to the inner wing
of Griffin's higﬁ't27mX) resolution gbqolute‘flux profile
shown in Fige&:g. I; is clear from Fig.5.7 that this TEM
alsa provide{Ba good fit (excepi at kl) to the inner wing
of Griffin' 'S low (0. SA) resolution relatlve flux profile This

agreement 1mp11¢s. a) the TEMs deLfVable from our relatlve

flux approach are con51stent w1thAthose derlvod from. the .

absolute flux calxbratlons of Ayres 8 L1nsky, b) the low -

Qny systematic errors in the derived TEMs except in the Tmln

-

region where the K1 feature is formed. The low resolution

fills in the K1 minimum by the spill over flux from the -

. . . ..
adjacent regions, thus raising thQ;Xl relative flux by "N25%

-
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Fig.5.6 (Takég from Shine et al.,19753) L
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* - .
in the case of the low resolution profile of Arcturus in

\
Fig.5.7. However, this effect rapidly diminishes away from
§ pidly ,

: ¢
and at A\ = +0.17A from K1 it is only =3%. This is
A

Kli
Ayeflected in the nature of the discrepancy found between

the observed (squares) and computed (solid line) profiles

near K1 in Fig.5.7. So, in order to fit the low resolution

observations at K1, we have to enhanceé e temperatures

of the Tpin region in the abeve TEM by, ~A50K. These

temperature enhancements and the result t Kl-are
shown by small dashed lines in Figs.5.4 § 5.7 respectively.

In conclusion, therefore, our low resolution leads to an

overestimate of Tpin by 50K in case eof Arcturus.

§.4. EFFECT OF E. ON THE ABSOLUTE AND RELATIVE FLUX PROFILES

The acceptable values of E fon%soge of our program
stars are as large as 2.4. Although E. can be consistently
determined (cf.§5.3) for a given BTM ahd Ac,, it can be
erroneous if'th;se data are incorrect. So, it is important
to investigate the effect of Ec on the absolute and relative
flux frofiles. In Fig.5.8 we have plottéd the absolute flux
ratio Fy(E¢=1.0)/Fv(E.=2.38) in the K wing in a model of
Arcturus. It is seen that in the inner wing theAflux ratio
d&v1ates only sllghtly from unity, implying that an EC as
large as 2.38 has only a small éffect orn the emergent
fluxes. On the other hand, the flux ratio rapidly deviates
from unity in the far wing (i > 3939R), and in-the window
Fy(Ee=2. 38) is only 60% of t‘e Fy(E¢=1.0). This behavior

Justh1es the derivation of E. from the far wing as in §S 3.

-
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Fig.5.8. Plot of the flux ratio Fy(E¢=1.0)/Fy(E.=2.38)
in the K wing in a model of Arcturus.
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Howéver, this also makes the relative flux ﬁrofile(norma-

lised to the window) more directly dependent upon the errors

Ly

s
in-E; than the absolute flux profile. This underlines the
impoftance of determining Ec as accurately as possibie.

Despite this sensitivity of the relative flux profile,?v,

to the errors in E¢, it turns out that the TEMs derived frop

Y

this profile are no less accurate than those derived from
the inner wing ebsolute. fluxes{Fys). This can be understood

if we can attribute most of the rtainty in Ec to errors

in Aca, which is a good assumpt\ in view of the strong

dependence of E{ on Aca (cf. $.4).\ To make further progress

we must consider the ACa*Ec*?v deppndence more explicitly,

. " 4
-

which is done in the next section.

5.5. EFFECT OF ERROR IN Ac-, ON THE TEMs

If one uses absolute fluxes to derive TEMs, these are
hptter or cooler depen&ing upon whether the adopted Aca is
-smaller or greafer than the "correct" Aca. On the other
hand, if one uses relative fluxes incorporating-EC; the

situation is no longer aé’clear ds thig. In Chap.III we have

seen that both Ks and E. change in direct relation to a

change in Acgz, and these changes\determiné the rel#tive flux .
' A

profiles. In Fig.5.9, in a model .of Arcturus, we have shown

the relative flux profiles for vhrious‘ACas,and the Ecs

consistent with these Apzs. One interesting result in this

figure is thdt the relative flux profile is stronger the -

lower the Ag,, in contrast to -the absolute fliex profiles

shown in Fig.5.10 gupper). Thus, using the relative flux
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Fig.5.9.Behavior of the relative flux profileé of Ca II K
as Acy, is varied in a model of Arctuxus. In each case an

appropriate value of E

is included to force agreement

between different profiles in the "usable" far wing sekment:
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Fig.5.10. Absolute flux profiles of the K wing for various
values of Acy in- a ‘model of Arcturus.The numbers denote the
following- Acas: 1, Aca=0.25E-6; 2, ACa=0.50E-6; 3, Acg=0.75
E-6; 4, Acg=1:0E-6; 5, Aga=1.25E-6; 6, Aca=1.50E-6.The lower
panel of this figure contains the fluxiratios'Fg(ACaﬂ.DE-6)/

FQ(AC3=X)' ) -
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piofiles as prescribed here, one‘obtainsAhotter or cooler
TEMs depending upon whether .the Ac, is under or 6ver-
és;imated. This is once égaig in contrast to the case using
s wl the absolute.fluxes and can be understood as follows. In the
’ ~upper pangl of,Fig.EllO we have sho@n the absolute flux
’p;ofiles without incorporating the opacity enhancement (i.e.’,.
Ec=ijffof’various values of Acy. In the lower panel we ﬂ
have sﬁowﬁr;he flux ratios Fv(AC;¥{:OE—6)/?b(ACa=x). These
reflect tﬁe changes in the shapeg of the profiles as Ac; is
varied from Acg=1.0E-6. Suppose that the obseryed "usable"
far wing segmént is well fitted by the thgoretical profile
corre§p6ndipg to the "correct".AC;=1.0E-6Z Given £hi$, let
us exylone what happens if we'e{foneously use an Ac, diffe;-
ent from this '"correct" value.,Fi&stly, suppose:that Qeo,
have underestimated Acg, i.e., used an Aca=0.5E-6 instead of
1.0E-6 fér‘example. In this case, we have tq~ihc1ude an E.
sueﬁ that the whole profile is léwered by ;0155.'Whi1e
\\this operation fi;s the far wing\segmeﬁt very well, it also
( }Bwers~tﬁe inner wing and part of the far wing (} >39433)
ii relation to the "ecorreet” profile with Ap,=1.0E-6. This
happens because in the inner wing and iﬂ the far wing with
A> 3943A, the flux ratio Fy(Aca=1.0E-6)/Fy(Aca=0.5E-6)> 0.55.
On the other hamd, if we have overestimated Acg» i.e., used
:AC3=1.SE—6 instead of 1.0E-6 for example,'the‘reverse w%ll

happen. In this ease we have to include an Eg such that

the whole profile is raised by a factor ~1.4. While this

gives good fit to the far wing segment, this.also raises
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“the inne;-wing and part of the far wing with %> 39483, in
‘relation to théﬂcorreét profile with Ac,=1.0E-6. ThisW
h;ppens because the ratio F,,(Aca=1.0E-6)/F,(Aca=1.5E-6)<1.4
in the inner wing and in the far wing with A>39482 (cf.Fig.
SLIO). To sum up, an error in Ag, affects the absolute flux
profile through its effect on Ks, while it affects the

K
Ky and E..

rel'ative flux profile through its effect bbth on
., This underlineés the necessitf of using an accurate Ac, in

the spectrun synthesis. However, we would like to know the
tolerances on the accuracy of Ac,, and iﬂ particular if for a
‘giQen error ih Acg the relat{ve flux approagh leads to an
errof of the same‘magnituhe as the abselute flux method.
-Samplg calculationsiha shown:that both methods lead to

S

. ; . - Y
comparable errors fo A<1.5A, while for AA>1.5A the re-

. v

. . - N .
lative flux méthod 'is 'less sensitive to 'an ‘error in Acg.

This follows fnomlghe similarity of the flux ratios for
AA>1.5A (cfﬁFing.lO},,and?§lsd3?r9m the fact :;::\;?b{gver
ACa is adoptéd, we-i?Qorﬁorgzé ah E. to force agreement

with the-obsermations ne;r A}Qééi. Iﬁ all, it is heartening‘

to see that the relative flux approach is no more sensitive

. to an error in “Ac, than the absolute flux method.

5.6. TEM FOR ARCTURUS USING AN Ac,=1.DE-6

In Chap.IV we have dériVe&aan Aca=1.0E-6 for Arcturus
from the Ca II N8498 far wing profile of Anderson (;974).
On the other hand, Ayres § Liﬁ;k& (1975) have adgpted an
ACa=0.642E-6, and from an extensive curve of growth apalysis

Mackle et al. (1976) -have obtained a vglu% of 0.7520.2E-6.

L %

o«
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Ours and Ayres § Linsky's values constitute the upper and ﬁ'
lower bounds implied by the analysis of Mackle et al.,and
in this sense they are not inconsistent. In ény case, we

feel that the Acgs determined to be consistent with our

?

~adopted BTMs in Chap.IV are to be preferred to the values

available in ‘the literatu;e which are often based upon
1uﬁte different BTMs. The A84§8 line profiles of Anderson,
upon which our Acgs are based appear to be free of systema-\
tic errors as witnessed by the good agreement.between his
and Griffin's (1968) data for Arcturus (cf.Fig.4.3d). Hence,
,in this section we adopt an ACa=1.OE;6 for Arcturus and see
how the ?ﬁsulbing TEM differs from the one obfaiﬁed in §5.2.
ﬁsing this Ac, we obtain an E¢=2.35 instead of the\value .
(1.96) derived in §5.2 with Ayres & Linsky's Ac,.The TEM
that best fits Griffin's original (uncorrected for scattered
)
light) 16w ieéolutidn K line profile is shgwn by a solid
line in Fig.5.4. Thé profiles synthesized with this TEM
and the BTM are cbmpareg.wifh the observations in Fig.5.11.
In accordance with the'Qiscussion in §5.5, we derive a
cooler TEM by using Aca=1.0E-€ instead of 0.642E-6. Also,
the depth of farmatidn of the line moves outward in fhe'
atmosphere as we increase Aca (cf.86.5¢c), hencevwe obtain a3
'Tmin=3030x'ana fgLiéimin)=-4.z7ins£ead of the values 3210K
and -3.8 derived.in §5.2. Physically, an increase in Aca
results in increased line opacity, ﬁpnce in decreased con-

tribdb rom the deeper layers to the emergent flux at a

ven AA. This is why the contribution functions peak at__

J
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shallower optical dépths as we anrease Aca. More about
thlS w111 be said in the next chapter. In-c?nclu%ion, we
obtain a cooler TEM and a lower Byjn and 7T (Tpip) yy us}ng
ACca=1.0E-6 instead of Aca=0.642E-6 used by Ayres & Linsky.
In Chap.II we have seen that Griffinﬂs observations
are affected by ~2% scattered light. So, it is more mean-
ingful to derive a TEM after correcting his data for this .
effect. After this correction, his data agree very well
with our own data for Arcturus as shown in Fig.5. fa where
we have also shown the proflles synthesized with the BTM
and the hest fitting TEM. We derive an Ec=2.26 instead of
a slightly higher value (2.35) obtained above fram the un-
corrected observations. The TEM itself is shown by a dashed
-line in Fig.5.4. It is clear from a'comparison of this *TEM
with the TEM derived above from the uncorrected data that-
the ~2% scattered light leads to a systematio\gverestimate
of the upper photospheric temperature by ~65K. Thus we
derive a Tpin=2965K located at 1log ?mejn)=—4.27,instead
‘of the Tpjn=3030K located at the samg log T(Tpin) obtained
above from the uncorrected data.
. The E.s of 2.35 and 2.26 determined above are larger than
the Ec=1.:96 derived in 85.2. So, it is interesting to see

how these larger E.s affect the theoretical emergent fluxes

in the window. We have

-

Fu(k3950.8l)=1.k025-6 ergs cm-2 sec-l hz-1 for E¢=2.35,

i

and Fy()3950.BA)=1.638E-6 ergs cm-2 sec-1 hz-1_ for E¢=2.26,

’,
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while ‘Ayres § Linsky's calibration (which corresponds to an

E¢=1.96) gives

Fy (A3950.8A)=2.12+0.64E-6 ergs cm-2 sec-1 hz-1,
It is seen that tﬁe above theor;tical fluxes, predicted by
using an ACa=1.0E—61£ﬁd the associated Ecs, are consistenf
with Ayres § Li;sky's v;lue;uithin the uncertainty of
their absolute flux calibration.

5.7. TEMs FOR OTHER STARS

Having successfully_tested'du: ﬁethoddlogy on thé Sun
and Arcturus, we are now in a position to derive TEMs for
the other k giants using the BTMs and Acys determined in
the last chapter. Below, we discuss the individual,casés in

some detail.

a) B Gem § € Cyg

These two stars are described by thh:(same) BTM(Bell et
31.,4750.2.8.1.03 and haye the Acas of 3.50E-6 and 2.70E-6,
respectively. We have shggf%@his BTM together with the de-
rived TEMs in Fig.5.13. I;vth#g and in the following
figures of similar kind,\thelﬁnsert shows the TEM at a higher
magnification, so that the Qéfference between the RE and K )
wing upper photospheric'loqéls is clearly seen. The stars
B Gem §&§ € Cyg, which have ;ho same BTMs also have very simi-
lar TEMs (within Vv50K). The profiles 3ynth§size& w%th the
BTM and TEﬁs are co-pareé with the observations of B Gem §

€ Cyi‘in gigsﬁ5.14'and 5.15, respectively. The values of Eg

and the coordinates corresponding to the points Pj(i=1,3)
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between which linear temperature enhancement has been ef-

' fected along with other data are listed in table 5.1.

b) g Ser § 8 Oph

¥hese two SMR stars, which have the same T,, log g values

are dqscriéed by BTM(Bell et al., 4650, 2.5, 1.0). Also, for
g Oph we havé derived an Ac,=4.40E-6 from the Ca II A8498
profile in the last chapter. Unfortunately, no observations
of the 28498 line are available for o Ser, so we can not
obtain an Ag, in the same manner for this star. However,
the K line profile of g Ser is almost identical to that of
g Oph, implying that Ag, is identical too, as both stars
have the'same Te, log g values. Therefore, we have adopted
ACa(a’Ser)EAca(B Oph). The TEMs derived with this Ag, along
with the BTM are shown in Fig.5.16. These two stars have
identical TEMs. One striking difference between these.TEMs
and the TEMs of other stars is that these are considerably
cooler. This is a very important result which will ‘be further
discussed in the next chapter. The profiles synthesized with
these temperature models are compared with the observations
of a Ser § B Oph in Figs.5.17 § 5.18, respectively. The E.s

along with other data are listed in table 5.1.
c ATi

This is the coolest of all the stars studied in this
section. We have derived a BTM(Bell et al.,4450,2.5,1.0) and
an ACa=2.20E-6 for this star in the last chapter. It is seen

that this Apy, is practically identical to the solar value.

s




] | I 1 1 1 1
0

log Z »

Fig.5.16. Temperature enhancement models for a Ser § B Oph.
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Fig.5.19. Tenperature enhancement model for a Ari.




'

’ ‘SuoTrlEINOTES 8yl Ut pasn exe 0, 1=23 pue 9-3z z=%Jy “(o9¢¢
‘0°v- ‘8ELL°9V T-)WIL Bulsn paure3qo I[TFoId ‘(o"r‘s"zosvy’ 1B 39 11°9)NlE

fursn pwurieliqo a1130oxgd ---- -AIX08Ya 9Y3 Y3IMm SuoIileAx9asqo jo uostxedwo)l -09z°S 814
VX - - 0 .
ov k 8€ . 9¢ \M 14> A )
_ I ! _ | _ |
. - +006¢€
9/6L/6/62 = R T bk .
— . 9l6L/6/¢€L o — 1
9/6L/6/8 «x
9L6L/L/IE A
|— —— 2
* Qa
. 3
N Nlg -———- 1°
N W3l
- ! 4
o uy o v
| _
!




11%
We have shown the BTM and the TEM derived in Figﬁs.IQ and
the K line profiles synthesized with these temperature models

in Fig.5.20. The Ec and other data are listed in table §5.1.

d) x Oph

This star was also gtudied by Peterson (1976) who derived
a T{(f) model as follows. She obtained several initial T(?),
models by scaling the T,=4000K, log g=3.0 model of Carbon §
Gingerich (1969) and constrained them to satisfy the Fe I
excitation equilibrium so that the abundances derived from
a set of Fe I lines are independent of the equivalent width
and excitation potential. Of the man; initial models consi-
dered, she found that only one model with Te=4600K and vg=
1.5-2.0 km/sec, where vy is the turbulent velocity, satis- 1
fied‘this constraint. She also noted that thegfcaling
overestimated T, so that her Te=4600K model in fact corres-
.ponded to the T, =4500K model of Carbén & Gingerich. We find!

- that her T(T) model is very similar to the BTM(Bell et al.,

4550,2.25,1.0).

\

Having fixed the T(T) distribution of the deeper layers

v

by satisfyinfg the Fe I excitation equilibrium, she then
turned to the Ti I excitation equilibrium to obtain the
upper photospheric T(T) model. In practice, she modified
the above T (T) distriﬁution in the shallower layers by re-

quiring that the abundances determined from a set of Ti I

s gt e e AN e B

lines be independent of the equivalent width and excitation

potential. Ti I lines are used because the number density of
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Ti I, which is a minority species of Ti, is sensitive to

the temperature distribution of the shallow layers; The
gravity, g=200\cm sec~2 {(log g=2,3), was determined By A
satisfying the Fe II/Fe I ionization equilibfium. Using

this modeii she. n: alSo.deteimined two values of Acga, yii.
Acg=1.64E-6 § 2.64E-6, corresponding to the two values of

the turbu}ent velocity given above,

Peterson has mentigned that her procedure is capable of
yielding average temperatures in the vicinity of log %=-0.3
and -1.3 only, and for log 7<-2.0 anertaintie; as large as
120K are not ruled out.lLikewise, the temperature gradient
throughout the atmosphere is ill;defined. In any case; her
observational approach appe;rs to be less profound th;n fhe
K line method to derive the upper photospheric T (%) quelgs
So, it is inéeregting to see how the K line upper phofospheric
models compare with her model. '

We. have derivéd four TEMs for this star as follows. The
first three TEMs were obtained by using an'Aca=1.64E-6 and
the three BTMs, BTM(Petérson,4600,2.3,1.0), BTM(Bell et al.,
4550,2.3,1.0) and BTM(Bell et al.,4600,2.5,1.0). The first
two BTMs, which- are almost identical, give rise to identical
TEMs shown by a dashed line in Fig.5.21. The third BTM is
hotter and has a higher gravity and gives rise to a TEM that
is "™20K hotter than the above TEMs. This is shown by a thin
line in Fig.5.21. We hz;g included this'BTM to allow for the

\

possibility that Peterson's T(T), log g values were slightly

3

underestimated. {his possibility is indicated by the weakness

C
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of the K line in k Oph compared td.otﬁeT K giants considered’

here, which may be either due to a lower Aca, or a higher

T(?),or.a;hiéher g2, or allthese. This is why we have-prefe£~

entially used the lower of the two Ag,s given by Peterson

- in the above analyses. However, the moéifications ingroduced
in the TEM; by using this hogher Te, log g model are only

marginal. Using the same BTM but an A;,=2.64E-6, we have de-

rived the fourth TEM wh%ch is shown by .a wide line in Fig.5.21.
In accordance with the discussion in §5.5, this’highe} Aca
ieaas,to a ~65K cooler TEM. Thus the TEMs corresponding to

the lower and higher Ag,s may be considered to represent two
extreme cases, the truth lying somewhere in between: In any
case .all our TEM;,‘including*the cooler one, are considerably
hotter than.Peterson's empirical T(T) model. This is a very

X,

important result, ~the. significance of which will be dis-
cussed in the ﬁexf cbapter.
‘Einaily, let us commént upon tge E.s obtained-with the

various BTMs. Pétersbu;s and the cooler of Bell et al.'s

BTMs have very similar EJs (within 2%) as the T(T) distribu-

tions are very similar. However, the value of E.=2.35 ijitself

is quitevlarge. The hotter of Bell et al.'s BTM requires a

lower E (EC=2.19j in a§cordance with the discussion ip %34¢_

All the foregoing E.s correspond to’gﬁ Ac,=1.64E-6. If W¢ use
( an Aca=2.64E-6 instead, we obtain an E_=3.1 using the hotter

of %ekl et al.'s BTMs. Thig E. is about 1.5 times the typical

values obtained for théugiher K gianté and may be unrealistic.

This indicates that of the two values of Ac,, the lower one

-

/
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Fig.5.21. Temperature models for

+ BTM(Peterson,4600,2.3,1.0)s and circles represent BTM :
Bell et 21.,4550,2.3,1.0); dots denote BTM(Bell et al., -
4600,2.5,1.0) ¢ Dashed line represents TEM(-1.36,3850;
-4.0,3520) while the thin line represents TEM(-1.56,3842;

-4.0,3530). Finally, the thick line represents TEM(-2.16,

,3695;-4.3,3435). For ‘computational details see the text:

K Oph. Crosses denote
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preferred. Evidence for this also comes from the

of the K line in Kquh. So, it may be concluded that
obtained using the lower Acy are more realistic

TEM derived using the higher Acj,.

ynthesized profiles are compared with the observations

.22 and the Ecs and other data are listed in table 5.1.

In this chapter we have successfully tested our methodo-

logy on

the Sun and Arcturus and derived TEMs for the program

stars. This is the main body of information sought in this

thesis.

A further discussion of these results forms the topic

of the next chapter.




CHAP TER VI

INTERPRETATION AND CONCLUSIONS

The principal aim of this thesis has been to quantita-
tively investigate if the SMR K giants have cooler upper
photospheres than the normal K giants. We used the K line
to obtain this information as it is the best tool available
at present. In the last chapter we have already noticed that
the SMR stars a Ser and B Oph do have cooler upper photo-
spheres. In this chapter we elaborate upon this result and

consider its limitations.

6.1.EVIDENCE FOR COOLER UPPER PHOTOSPHERES IN o Ser § B Oph *

" Fig.6.1 is a composite diagram of the upper photospheric
T(T) models of the stars studied in the last chapterf. In
each case the solid line represents the temperature enhance-
ment model (TEM) and the arrow locates the position of Tyjg,
(temperature minimum) in 7. It is clear from this figure
that the SMR Wtars o Ser and B8 Oph have cooler upper photo-
spheres — cooler than x Oph and in parts even than qo Ari!
We must recall here that these latter two stars have res-
pectively 100K and 200K cooler effective temperatures than
t%‘ SMR stars. This is a very important result because it
not only confirms the propositions of Strom et al. (1971)
and Peterson (1976), but also proves the usefulness of the
K line in delineating the effects of line blanketing on the

- v

-

* The Sun and Arcturus for which no new information is
being sought are not included.

126
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surface temperatures of the late type stars. This result is
better understood by referring to Fig.6.2,;wherin we have
plotted several probable TEMs which the SMR stars would
have had if they behaved like the normal stars. These
probable TEMs were obtained by _scaling the T(T) distribu-
tions of the normal stars to the effective temperature

(Te = 4650K) of the SMR stars. They encompass a large range
of slopes, reflecting the differences in the T,, log g and

Aca values of these stars. Thus we believe that we have a

fair sample of normal stars bracketing the ﬁhysical para-
meters of the SMR stars, and if the SMR stars behaved like
the normal stars they wouLd.have T(T) distributions
similar to the probable TEMs defined by these normal stars.
But quite contrarily, the SMR stars have cooler TEMs — much
cooler £han the coolest probable TEM.

Now let us ask how cool is cooler? It is difficult to
answer this question precisely as none of our normal stars
is an exact twin of the SMR stars (Incidentally, Fhe two
SMR stars seem to be twins). However, we can set probable
upper and lower limits to the extent of cooling. These
are set by the two probable TEMs corresponding to the
lower (1.64E-6) and higher (2.64E-6) values of Ac, in K Oph
(cf:Fig.G.Z). The truth may lie in between these two -
extremes, and the probable TEM corresponding to a Ari
(which lies roughly midway) may be taken as the refere;ce

TEM with respect to which the cooling in the SMR stars has

to be measured. Accordingly, cooling starts at log ?=-1.5
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Fig.6.1. Compilation of the temperature enhancement
models for the program stars. Arrows locate the tem-
perature minima.
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Fig.6.2. Probable temperature enhahcement models defined -
by the normal stars (nonsolid lines) and temperature en-
hancement model for the SMR stars a Ser and 8 Oph (solid
line).
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and becomes more pronounced as log T decreases. The maximum
cooling (AT = -180K) occurs near log T = -3.0, but the effect
is smaller at other optical depths. The extent of this effect
is in general agreement with that found in p Leo by Peter-

son (1976) from a comparison of y Leo with « Oph.

6.2. HOW RELIABLE IS THIS RESULT?

L4
2

The reliability of the TEMs depends upon the accuracy of
the observations and the input parameters such as the BTM
(Basic Temperature Model) and Acg. Here we consider how
the uncertainties in these quantities affect the derived
TEMs. Some general discussion of this nature has been given
in the last chapter. Here we wish to be more specific in so
far as our discussion concerns a Ser and R Oph. In Chap.II
we have seen that the cumulative relative observational
errors are about 4.5%. A crude estimate of how this error

in the measured flux transforms into an error in T can be

obtained by writing the Eddington-Barbier relation

Fv(AA) = m B, (Tg(AX) 4 (6.1)
where Tp(AA) is the brightness temperature corresponding to
the flux heasuredAat AX\ and is taken to be equivalent to
the temperature of the s ar at the depth of formation of
AX . Neglecting stimulated emission, we have

dFy, (82) dB, [/ kv dTaa dTa ~
. e =9 (6.2)

Fy (AX) B, kTpy Tan Tax

’——//
where Tp; is the temperature at the depth of formation




of AX and (hv/kTy,) = 9 at the K line at a typical tempe-
rature of 4000K. Thus a 4.5% relative error in tﬁe observa-
tions causes only = 0.5% relative error in Tpy, or in
absolute terms AT,,=20K at Tpy=4000K.

It is important to conside} exactly how the photometric
and systematic errors affect the TEMs. The systematic errors
which arise mainly in the slit width calibration (cf.Chap.II)
cause a vertical shift in the K wing proflle normalised to
the window. The r;ndom bhotometric eTrors on the other
hand intrbduce scatter into the observations. However,
when we combine several nights' data together, the systema-
tic shifts also partly contribute to the scatter. We have
verified ;hat purely sfstematic shifts a8 large as 5% have
negligible effect on the TEMs, although they necessitate
readjustment of E. by ~ 15%. This is an important result
because it confirms that the expected ~ 2% error in the
slit width calibration does not directly affect the TEMs.

But this affects them indirectly by adding scatter to the
combined data set, thus ;ccentuating the photometric érrors.
In any case, this effect has already been included in the
4.5% cumulative relative error, so that the estimate of AT,
derived above remains unchanged. *

Now let us consider the errors arising from the input
parameters. We/expect errors of < 100K in T,, #0.3 in log g
and $25% in Ac, determined from Anderson's Ca II A8498 pro-

files. This error in Aca corresponds to the estimated 3%

error in Anderson's photometry. We varied our input
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-parameters (effectively Ac, and.BTM which is’ characterised
by Te‘and log g) over this range and found no changes in the
theoretical profiles greater than the 4.5% error already
présent in the observations. In each of these calculations
we have adjusted Ec so as to force agreement between differ-
ent profiles in the far wings. Th; results are shown in

Fig.6.3, the legend of which contains enough computational

details. So, we conclude that the tolerénces of our input
parameters are such that the uncertainties introduced in
the synthesized profiles are indistinguishable from the
scatter ;1ready contained in the observations.

Other sources of error are thg uncert;inty in the van
der Waals enhancement factor Eg and the assumptions intro—
duced in the partiai redistribution formalism (cf.Chap.III).
These errors should not effect the relative comparison of
such a homogeneous group of stars as ours. We do not consi-
der their absolute effect on the synwhesized profil%ﬁ as
we are interested omnly in a relative co&parisgn of tite SMR
and normal stars in this thesis.

The various sources of error considered above add up to

2%. But it is likely an overestimate ‘as some of the sources

(of error) tend to cancel each other and as we always
determine an AC, consistenthwith the adoﬂted BTM, thus
partly reducing the effect of a wrong choice of BTM on

- TEMs. So, it is probable that a relative error of «1% is
more realistic.This estimate leads to an absolute error of

~36K in a typical upper photospheric temperature of 3600K-




Fig.6.3

a)Effect of changing Agy on the synthesized K line pro-
files. Squares and triangles represent the profiles
synthesized using Ac,=4.0E-6 and 5.0E-6 respectively.
The Tfr) distntibution used is that of BTM(Bell et al.,
4650,2.5,1707 .

¢ L}

b)Effect of changing T, on the synthesized K line pro-
files. Circles and dots represent the profiles synthe-
sized using the T(t) distributions corsesponding to
BTM(Bell et al.,4600,2.5,1.0) and BTM(Bell et al.,
4700,2.5,1.0) respectively. An Aca=4.40E-6 has been
used in all the calculations. . “

c)Effect of changing g on the synthesized K line pro-
files. Circles and triangles represent the profiles
synthesized using g=200 cm/sec? (lcg g=2.3) and
g=600 cm/sec? (log g=2.8) respectively. Every time
g has been changed, a new Acy has been determined to
be consistent with this changed g. Thus, Ac,=4.0E-6
and 5.0E-6 were determined to be consistent with the
above two values of gravity, and were used in the

respective K line syntheses.
]

In every case, i,e., in all the Figs.a,b § c, appropri-
ate values of E. were included to force agreement bet-
ween the different profiles in the '"usable'" far wing
segment. '
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As can be seen from Fig.6.2, the extent of cooling in SMR

stars exceeds this error estimate by 2-3 times.

6.3. ASTRbPHYSICAL IMPLICATIONS OF COOLING

The cooling in the surface layers of SMR stars immediate-
ly points to the excess line blocking (cf. Fig.1.1) observed
in these stars. It is well known, as was first_shown by
Chandrasekhar (1935), that lines cause back warming of the
deeper layers while cooling the surfagp layers by redistri-
buting the continuum flux in frequency. Since tﬁeiwogl of
Chandrasekhar, more effort has gone into‘constructing
"realistic'" line blanketed RE models of stars. Two such
studies that are most relevant to the K giants are by
Gustafsson et al. (1975) and Johnson § Krupp (1976). These
authors have shown that the lines of CO and CN are very.
effective in surface cooling through their blocking action
on the near infrared coptinuum flux, which forms.the bulk
of flux emitted by a K giant star. Even though a similar
effect can result through increased metal content, this is
less important in SMR stars as their overall metal content

-

differs only mildly from the normal stars. Griffin (1969)
. .

and Oinas (1974) have shown that o Ser has nl1.5 times more
metal content than the Sun. Gustfsson et al. have quantita-
tively igvestigated.the effect of changing metal content on
the T(T) distribution. They have found that in a Tg=4500K,
log g=2.25 modél, which is'representative of the stars
studied here, a thtee fold increase iﬁ the metal content

results in an additional temperature drop of only 40K in
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the surface layers (log T<-1.5). So, we can infer that the
enhanced metal content in a Ser contributes only slightly

(~ 20K) to the obseried cooling. Hence, the major ﬁart of
the cooling shquld arise from the incfeased.strength of the
Cﬂ and CO features. Observational evidence supports this
view. For example, Spinrad § Taylor (1969) and Greene (1969)
have notéd strong CN‘features in this star, while Ridgeway

?
(1974) has shown that the strong CN and SMR stars tend to

have.enhanced CO strengths too. Through a model atmosphere
analysis, @reene has shown tha£ the CNO abundances in a Ser
are enhanced respectfvely by 1.6, 2.7, and 1.4 times com-
Pared to the Sun, thus explainingnthé excessive CN and CO
line strengths. Gustafsson et al. have shown that CN and CO -
affect the T(T) distribution quite differently. This is
becausé of the différences in the distribution of the line
opacity 6f these molecules with wavelength. The numerous
CN lines of co-parablg andtnonnegligible strength are quite
evenly distributed, while the strong CO lines are confined
to very narrow vavélghgth regions. Thus, the CO7lines ;:e
more effective in surface cooling because of the strength
of the opacity, but less ef%ective in backwarming as they
block only a small fraction of the continuum flux. The
Yeverse holds true for CN. Therefore, Gustafsson et al.
have concluded that in stars with normal CNO abundances

surface ¢ooling is maimly caiused by CO. Similar results were

obtained by Johnson & Krupp. However, if CN is abnormally

o ¢

strong, not only does it .sause additional'backuarling but

-
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also significani surface cooling. In their trial calcu-
lations, Gustafsson et al. have found that a ten fold
increase: in the oscillator strength of the CN red system
introduces an additional surface cooling of ~100K at log T=
-3.0. It is difficult to quantitatively estimate the extent
of this effect in a Ser as we do not know the exact magnitude
of the CN enhancement. However, we can make a rough estimate
as follows. The SMR prototype u Leo and a Ser have similar
Spinrad & Taylor's T and CN ifidices. If this CN index is a
measure of the CN abundance, we can infer that both

stars have.similar €N abundances. In her comparison of u Leo
with « Oph, Peterson has noted that the i;frared CN lines

are ~50% stronger in tﬁe,forner star. Because of thé simila-
rity of a Ser “to p Leo, we can exﬁect a similar conclysion

to hold for this star ;oo. Acc;rding to Peterson, the CN
enhancement in u_Leo is not a result of increased Carbon
abundance but of a two fold increase in Nitrogen abundance.
We have already seen that the CNO abundances in a Ser are
enhanced respectively by facédfs of 1.7, 2.7, 1.4 with res;
pect to thd\§ggx;80, in a Ser excess CN sirength may arise
from the overabundance of both C and N. In addition, the
overabundance of C and O can also enhance CO, which affect;
the surface temperature more strongly than CN. So, it appeafs
that cdblinz in a Ser is caused by the overabundance of ON

and CO, although we are unable to sort out the extent of

contribution from each of these sorces.
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Will the same explanafion hold for B Oph? We expect so.
Physiéally{ g Oph and o Ser seem to be almost identical.
They have identical X line brofiles, effectiveatempe;atures,
gravities and tempe}ature enhance;ent models. They also
haQe very similar line blocking coeffiéients (cf.FLg.l;l)
and Spinrad § Taylor's T and CN indices. So, it is logical

to expect the same processes to be responsible for surface

cooling in both stars.

6.4. THE CASE OF k Oph

OQur K line upper photospheric models are always hotter
than the RE models. What is more interesting and relevant
to Peterson's explanation of the SMR phenomenon is the case
of Kk Oph, In the last chapter we ﬁavé seen that our TEMs for
this star are considerably hotter than the empirical model
;f Peterson. To be more qgég;itative, we have listed the
temperature differences between the two models in table 6.1.
It is clear that our model temperatures are higher by as much
as 315K. It seems that Peterson's proced;;e*underestimated
the upper photospheric temperatures, as at some depths her
model is even cooler thaﬁ the corresponding -RE nodefy(cf.
Fig.5.21) . We prefer thg;K line models as the K line is a
‘better indicator of the upper photospheric temperatures
than the data used by Peterson. By extendinﬁ these consi-
derations to yu Leo and 1 Dra, which were studied by her

but not included in our progranm, we expect her upper photo-

spheric models to be cooler for these two stars too.
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Despite this disagreement in an absolute sense, we do confirm
the differential (SMR-Normal) cooling in th; SMR stars

found by her. But it is not clear if our temperature models
are consistent with her equivalent width data. Should

future work prove this consistency, her explanation of the

SMR phenomenon as arising from a differential cooling.effect

would be upheld.

TABLE 6.1
DIFFERENCES BETWEEN OUR AND PETERSON'S T(T) MODELS FOR kOph

Log & AT Log T AT Log ¥ AT Log T AT

-1.3 0 -2.0 180 -2.8 270 -3.6 295

-1.4 20 -2.2 218 -3.0 290 -3.8 305

-1.6 75 -2.4 235 -3.2 295 -4.0 315
-1.8 135 -2.6 255 -3.4 300 '

Notes: AT is the temperature difference between Peterson's

T(T) model and the TEM obtained with BTM(Peterson,4600,2.3,
1.0) and Ac,=1.64E-6. If we use Ary=2.64E-6 instead of
1.64E-6, AT will be reduced by %65K.

6.5. OTHER PROPERTIES OF THE TEMPERATURE MODELS

a) DEPARTURES FROM RE’

Our K line upper photospheric models are always hotter

. than the RE models of Bell et al. (1976). Similar results

were obtained by Ayres and his associates for the Sun, Arc-
turus, Procyon and a Cen A,B. These results point to non-

radiative heating.in the upper photoﬁpheres of these stars.
In the case éf the Sun, Uluschqeider (1974) has shown that

the dissipation of the short period (.v10-20 sec) acoustic
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waves generated by turbulence in the Hydrogen convection
zone is responsible for heating of the lower chromosphere.
However, he has also pointed out that the total acoustic
energy contained in these waves is two orders of magnitude
greater than the heating requirements of the lower chromo-
sphere and suggested that this discrepancy may be removed
if the upper photosphere is effective in dissipating some
of these wavés before they enter thé\Ehromosphere. In such
a case, we expect to see higher upper photospheric tempera-
tures than those predicted by RE models; the above obser-
vational evidence supports this view. It is possible to
estimate the extent of mechanical enefgy.dissipation Sy
equating it to the total H~ radiative loss rate, as H-
is the principal cooling agent in. the upper photospﬁere.
'‘Such calculations have been done by Ayres (1975) for the
® Sun and Procyon. In the Sun he has found that the H-~
radiative loss rate is in rough accord with the theoretical .
"acoustic energy production estimates. He has also found
that the amount of energy dissipated is directly related to
Te, but is only very weakly dependent upon g. For example,
it is more in Procyon than in the Sun. This is so because
a star with a higher T, produces more acoﬁstic flux per unit
area and also loses more radiative flux 'than a low T, star.
Hence, the mechanical dissipation is glso greater. Thus,
even though our program stars have simifar upper photospheric
temperature enhancements to the Sun:a;d Procyon (cf. Chap.V),

they dissipate less mechanical energ} as they have lower T.s.:
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Following the above discussion it is logical to ask if
the differential cooling observed in the SMR stars is due
to differences in line blanketing or in nonradiative heat-
ing? The answer for this question appears to be straight-
forward. Since the mechanical energy dissipation is strongly
dependent upon T, and since the SMR stars have normal Tgs,
it is logical to expect no anamalous behavior in .. monradi-
ative heating in thesg stars. On the other hand, the '
presence‘of excessive line blanketing in these stars is
well established. ‘-Hence, we feel that the differential
cooling is principally caused by excessive {ine blanketing

in these stars.

b) THE RATIO OF Tpin/Te

Tmin is an important datuﬁ for stars with a chromospheric
temperature Trise. Besides, Tpmin iS an indicator of the line
blanketing effects on the photospheric temperature profile.
Recently,bAyres et al. (1976) have shown that F and G stars
have a2 Tpin/Te ~0.78, in good agreement with the theoreti-
cal ratios bredicted by Carbon § Gingerich's (1969) line
blénketed_RE models: Oon the other hand, the cooler K type
stars have a ratio close to 0.73, probably due to the
increasing role of line blanketing in these stars. It is
interesting to see if the K giant stars included in our
study partake in this behavior. However, we have some
uqcertainty in locating ;AlKl and determining Tpjp from
the K1 relative flux, a; our low resolution (O.SK) smears

out the K1 region in the observed profiles. In the-last

-
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chapter we have seen that in case of Arctyrus this smearing
has negligible effect on the position of K1, but increases
the K1 relative flux by ~ 25%, which in turn leads to an
overestimation of Tpin by ~ 2%. We must recall here that
this increase in the relative flux is caused by the spill-
over of flux from the neighboring region; into K1 minimum,
As this spillover flux is directly dependent upon th;
emission contrast, and as Arcturus has the largest emission
contrast of all the stars stuiﬁed here, the above ~ 2% error
in Tpijn has to be taken as the maximum possible error in our
determination of Tpin £rom the 0.5A resolution 'line profiles.
For B Gem a;d € Cyg, which have much smaller emissi;n con-
trasts, the spillover flux should be very small, hence the
Tpin May be accurate to better than 1%. But this small -
emission contrast in these stars also makes the location of
AAKl rather uncertain. This difficulty can be surmounted by
referring to Liller's (1968) high resolution K line profile
of B Gem, where the AMAx) can be clearly located. The same
value applies to € Cyg ‘as its profile is very similar to
that of B Gem. In table 6.2 we have listed Tg, log T(Tpin).,
Tmin/Te and other data for each star. The error in the
Tpnin/Te Tatio noted in the last column of this table
coiresponds to a makiyum 25% overestimate in the K1 rela;ive

flux.

c) DEPENDENCE OF Tgjipn ON Acy

Tmin and hence the Tpin/Te ratio are dependent upon the

Acg used in the K line synthesis. The larger the ACa, the
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higher in the photosphere lies the deﬁth of formation of K1,
hence the lower the Tpi, derived and vice versa. This can
be seen as follows. In the radiative damping dominated

inner wing we have
18y « Aca m / A\’ (6.3)

where m is the mass column density (gm cm-2). According to

the ‘Eddington-Barbier relation K1 is formed where TXX% 1,

so that *
m( AAg1 ) = ANR1 / Aca (6.4)

which shows that m(Tpjpn) = m(AAgy) is inversely proportional
to Aca. Hence, if we have incorrectly overestimated Ac,, we
would querestimafe Thin because the depth of formation of
K1 moves outward in thé photosphere where the temperature is
low. The reverse will happen if we have underestimated A(,.
Following Ayres et al. (1975) we can relate m(Typin) to
Tc(Tmin)’ where T(Tpjp) is the continuum optical depth at

the frequency corresponding to the K1 wavelength, as follows.
Since most of the contimuous opacity is contributed by H-,

H

we can write, .Tc(T = T (Agy). Now the H- opacity is

min)
directly proportional to Pg,which in turn can be related to
Py by

Pe = Agj Py (6.5)

£

where A , is the total abundance of the electron donor

elemegts. Hence \\

Tc(Tpin) = Ael Pg m(Tpin) & g m2(Tgjin)..(6.6)

»
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where we have used the hydrostatic equation, Pg=mg. Now

replacing m(Tp;,) by Eq.6.4, we have

, 2
Tc(Tnin) « Ael § AXg1 / Aga (6.7)

which shows that Tc(Tmin) has an inverse square dependence
on Aca. This has been verified in a model of Arcturus as
shown in Fig.6.4", where we have plotted log T(Tmin) against
log Acy. This explains why we have obtained a lower T(Tpjp)
and Tp;pn for Arcturus using an Aca=1.0E-6 insgead of tﬁe
}alue (Aca=0.642E-6) u;ed by Ayres & Linsky (cf.table 6.2).
We expect that our derivation of ACg from the Ca II
A8498 profiles.gives a reliable estimate of Acy, consequent-
ly, the T(Tpjn) and Tmin values given in table 6.2 are well
determined. Hence, after allowing fbr the possible systematic
errors noted in the last column of this table, we see that
the Tpjp/Te ratios for our stars are in general.agreement
with the value =0.73 obtained by Ayres et al. (1976) for
other K type stars. As can be seen from Fig.6.2, the excess
line blanketing in o Ser and B8 Oph(has only a small effect
on Tpin, and this is reflected in near normal Tpjin/Te
ratios for these stars. On the other hand, our Tpjn/Te
ratio for Arcturus is smaller than the value obtained by
Ayres § Linsky (1975). This difference is attributable to
the larger Ac, used in our analysis, which has betn chosen
to be consistent with our adopted BTM. Ayres § Linsky's Ac,

was not determined in this way, but was adopted to be

e

* Notice that in this and in the following figﬁres we have
plotted T(Tpipn) instead of T (Tpip) after transforming T,
into T.
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(1/3)Acz9, assuming an overall three fold metal déficiengy
in Arcturus compared to the Sun. As noted in the last
chapter, these two values are consistent within the un-
certainties of the best possible curve of growth abundance
estimates (Macklé et al., 1976) available for this star.
Granted these uncertainties, it can be argued fhat ours and

.

Ayres § Linsky's T ratios are not inconsistent with

mia/Te

one another.

d) m(Tpin) VERSUS g RELATION AND AYRES ET AL.S (1975)

INTERPRETATION OF THE K1 WILSON-BAPPU EFFECT

Ayres et al. (1975) have shown that Algxi is correlated

wWwith the absolute visual mggnitude‘Mv of the star through

~v
~the relation

My = (-12 £ 2) log Alyg; .+ Const. (6.8)
where Algi-is expréssed in km sec-1.By relating My to Mpg; L
and Mpo1 to fundamental physical parameters g and T, through
the mass-luminosity relation, Ayres et al. have showﬁ that

Eq.6.8 is equivalent.to

~

1.420.2

Te (6.9)

Mgy «- g—0.27t0.04

«

Assuming that a)the de?endence on T, cdan be neglected in

the above relatiopqas Te changes by a smal{ factor compared
to g going from main sequence .stars to giants;.and b)Tc(Tpin)
is roughly independent of é in Eq.6.6, Ayres ef al. ha&e

deduced* from Eq.6.7, the following relation

* Ayres etal. assumed that Aca Scales with A,; whereas
we -have not made this assumption.
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Mgy = Aey"9-25 Acao's g-0.25 (6.1049

which has the same functional dependence wupon g as the
empirical relation 6.9. A consequence of assumption (b) is
that

m(Tpin) & Ae1™0% g70-5 . (6.11)

Accordingly, the X1 width-luminosity relation is a conse-
quence of the increasing m(Tyip) with decreasing g. If this
explanation is correct, wé must see¢ a tight correlation
between log m(Tpi,) and log g, although some scatter may
be introduced into thi§ re&ation due to differences in Ap,
and Ag} among the stars. Fig.6.5§ shows a ploi‘of this
relation for our progrém stars pius the stars studied by
Ayres et al. (1976): Tbe solid line in t#ﬁs figure represents
the theoretical‘relation, m(Tpin) = Congt. g-0-5. It i{
seen that the overall fit between the tleory and the ,data
points is quite good, even though there is some scatler.
As aléeady noted, part of this scatter must arise from ;heA
dispersion in Ag,. We believe that this correlation supports
the Ayres et al.'s explanation ofhthe K1 Wilson-Bappu effect.
As shown in {ig.6.5b, we can also plot 1og T(Tpum) VS.
log g to test the‘validity of assumption (b). This plet is
more strongly affected by dispersion in Aba than- the above
plot, because of the stronger dependence of ?(Tmin) 6n Aca
(cf.Eqs.6.4 § 6.6). This is seen in Fig.6.5b. In thi} figure
\

our program stars show a large dispersion in the continuum

opticgl/yepth although they span a narrow rap!% (2.3-2.8)
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Figj6.5.a) m(Tpin) Vs-. g relation.” Solid line ;epresents
the theoretical relétion *m(Tmln)=const g %; b) T(Tpin) vs-
g relation; c) Same as. (b) with T(Tmln) corrected for the
dependgncglbn ACa. Symbols denote the following objects;
® Sun; :i_ Procyon O o CénA; A g CenB; v g ,Boo, ACaal 0
E-6; m a Boo, Acg=0.642E-6; a g Gem; v ¢ Cyg, X o Ser and
8 Oph; O o Ari; + ¢ Oph.
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in log g. We can reduce this abundance dependent scatter by
refefring all the ?(H.in) to a standard Ac,, say Ac,=2.2
E-6. This is poséible ﬁecause of the tight correlation
between Acj, and T(Tpjn) as shown in Fig.6.8. Having thus
minimised the abundance effect on T (Tpjp), we will be able
to see if there is any correlation"between ?(Tnin) and g.

Fig.6.5c shows a plot of 1log T(T ) referred to the

min

standard Ac, vs. log g.” As expected, the dispersion in

N

\ -y

log T(T ) is much smaller in this figure than in Fig.6.5b.

min
This figure is suggestive of a weak correlation between
T(Ty;) and g (T(Tuin) = £'/77), but we feel our data are
insufficient to establish the reality of this correlation
unambiguously. So, we can conclude that Ayres et al.'s
assunﬁtipn that T (Tgin) is roughly independent of g is
appfoxi-ateli satisfied. A; this assumption is the basis

for their explanation of K1 Wilson-Bappu effect, we believe

that this finding lends Support,to their explag!tion.

-

6.6. SUMMARY OF RESULTS

In this.thesis we have applied a method which does not
require direct absolute flux calibration of the observed K
{ine prof{les, hence has greater fiexibili;y‘in aéplication
to stars.with pnknovn radii and distances, to derive upper
photoséheric T(?) dist;ibut{ons éf’the SMR ;tars a Ser and
8 Oph and the normal stars B Ge;,'e Cyg, X Oph and a Kri. -

We have found that:

I

a). The SMR stars have cooler (upto IBOK),uﬁper photospheres

»
* .
»
'

~ -
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than the normal stars. This differential (SMR-Normal)
cooling effect is in agreement with a similar result

found by Peterson(1976)‘in her comparison of the SMR proto-
type u GLeo with the normal stars x Oph 1 Dra. Despite this
agreement in a differéntial sense, our K line upper photo-
spheric models are considerably (upto 300K) hotter than

the empirical T(7) models derived by Peterson from her
consideration of Ti and Fe ionization-excitation equilibria.
This conclusion is based on k Oph, which 1s commom_g0 our
analysis and hers. By extendingAéhis conclusion to u Leo
and 1 Dra, which hav; not been :included in our study, we
expect a similar situation to hokd even though differential
cooling in py Leo may still be present.However, it is not
clear if the K line models are consistent with the condi-
tions of excitation and ionization denandgd by Petefson'sf
data. If the future work establishes their consistency, her
explanation of the SMR phenomenon as arising from'a differ-

ential cooling effect wiil bhe upheld.-

b) The differential cooling in SMR stars appears to be

caused by enhanced CN and CO line absorption.

c) The temperature enﬁancenents of 200-300K {in excess of
Bell et al.'s EE models) needed by tﬂe K line upper photo-
spheric models are in general aéree-ent with similar results
found by Ayres and his associates.for other K type stars.
These enhancenents‘are iﬁdicative of departures from RE in °

the upper phot&spheros of these stars.
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d) The Tpin/Te is not significantly different in the
SMR stars from the normal stars. It appears that the cooling
mechanisms operating in these stars have only a small effect

)
on the temperature at the depth of formation of K1. The

. ,
min/Te ratios for our stars are in general -agreement
with the values derived for other K type stars by Ayres et

al. (1976).

e) We have shown that T ) are dependent upon

min and ?(Tmin
the Ca abiindance used in the K I;ne synthesis. We find
that T (Tmpin) is roughly independent of g. Since this
independence is the basis for A;res et al.'s (1975)
explanation of the K1 Wilson-Bappu effect, we feel that

this finding lends support to their explanation.

&

6.7. FOR THE FUTURE '

Several future extensions and verifications af the studies
conducted in this thesis are possible. Below, we have out-

lined a few of thenm.

a) We have seen that the K wing T(T) models are clearly
different from the RE models in having excessive upper
photospheric temperatures. So, it is ver} impertant to
check 4¥ they are consistent with the formation of other
strong lines'such as Ne I D, whLose cores are formed near
the temperature nininu-\(leléh & Milkey, 1976); 1f consist-
ency can be established: it will be advantagpous to use

Na I D lines instead of Ca’II K line§ in future investi-

gations, because the continuum is well defined near the
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D lines and the late type stars are much brighter at D
than at K. This latter fact enables us to extend our studies

to fainter stars. '

b) Na I D line strength is one of the criteria used by
Spinrad § Taylor (1969) for their SMR classification. So,
it will be intersting to see if the derived upper photo-
spheric temperature drop in these stars is consistent with
their Na I D line strengths. This study canjofcourse be

extended to other strong features like Ca I 14226 and

Mg I b lines.

¢) It is important to derive K line upper photospheric
models for p Leo and 1 Dra and compare them with the T(T)
models of Peterson. By extending our conclusions for a Ser -
and B Oph to u Leo, we expect it to have a differenti;I
temperature drop in the upper photosphere. However, it

is important to observationally confirm this point as

y Leo is the SMR pfotoiype. We must also investigate the
coﬁsistenc; of the K line T(t) moMels for « Oph, u Leo

and 1 Dra with the 6bservationa1 data of Peterson, as such a

study will have important implications fer her explanation

of the SMR phenomenon. ‘

&) Since the lower boundag; §§mperatures\in the SMR stars are
» ~. .

possibily caused hy excessivex€N and CO line strengths, it is

necessary to invéstigate the detailed relationship between

the CN and CO abundances and the upper photospharic'tenpera-

ture structure. For this parpose it is necessary to do a
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detailed abu s in the above

ndance analysis of these molecule

stars.
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