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Infrared Sp ctroscopy of Cool Evo!l•ecl Stars 11•if h the 180 SWS 

1.1 E volution of intermediate- and low-mass stars 

From Uw point of view O Ll tellar cYolution, ~ta rs are roughly classi fied in to t.hrcccat­
egories accord ing to their i.n itia l mas cs; massive (M > 8-9!\.fr..) slar~, mlermt'(hate­
ma s (2-2.3 JI1. < M < '-(L\/ ~) slars and low-ma,- (M < 2-2.3 !11, .. ) stars. where 
the cri terion oJ 1 he masses depends on the rnetallicity. \\'hilc massivP tars evolve 
to supergiants and e-ventually lo type II supernoYae. inlc-rmcdi.ate- and. low-ma:s 
sta rs lose their envelopes by the tellar wind aucl evolve Lo wlule dwarfs. In this 
the i , al tention i concentrated on the late evolutionary stages of intermediate- and 

low-mas stars. 
After Lhe main sequence pba e. stars begin bydrog n-shell burning and evoh·e 

to red giant ! ranch s(ars . Low-rna s stars are distinguished from internwdiate-ma.s 
stars by the cl1a.racteristics of th<:' lwliwu core and the hel ium ignition; low-mas sta rs 
develop the electron clcg<'nerate helium-core- an l vi lent hclium-bmning (helium 
Oasb) occurs when lh core mass reaches a.bouL 0.45M0 as a result of hydmgen­
shel l burn ing. while inte rmediate-mass star· begin the helium-core burning when 
the tempera.tnre and deusity reach uilable values during the core cont raction. f?'' 
this reason , the dural ion of red giant branch is mucl1 long r in low-mass tars than In 

in(ermediale-mass stars. lfowc,w. it i ooL easy lo di stinguish observationally low­
mass slars from inlcrm<"cliate-mass star. for individual objects, especially for field 
stiU"S. becaus<' star in both categories occupy .imilar l<"mperalurc ranges. Therefore 
we do nol disl inguisb th<" intermediate-mass tars from low-mass stars in this work. 

i\fler the heliu1n-core burning phase. in(ermccliat e- and low-mass l.ars e\·oll'e 
w Asymptot ic Giaul Bmncll (AGB) star. which con ist of the carbon-oxygen core. 
the l.h in lwli11m-shell and the hydrogen- rich envelope (!ben 1-.: Renzini 1983). F r 
tile most part of thi s pha e, the hydrog n shell bu rning is t he main source of en­
ergy. However. as a result of t he- in crease o f the mass o f the helium-shell belo"- the 
byclmg n-IJurning shell , helium-burn ing intermit lent ly occurs (so-call ed helium-shell 
fl ash or thermal pulse) and the carbon-oxygen core grows . Du r.ing t hi s phase. mate­
rial proces eel in the heliuJ11-s l1ell can be brought into 1.ht• outer convective envelope 
and exposed to the su rfac (so-called third dredge-up) . 

On t he other hand, the n"'"lope mass gradually dec reas<'s due to the mass lo s 
during tbe red giant phase'. The stella r mass loss sign ifi c:anlly iuiluences lhe evo­
lution of red giant~. In fact , lh AGB pha. e terminates when the hydrogen- rich 
envelope- is fina l I~· lost thr ugh the stellar mas loss . After t he A GB phase-. stars 
evolv to post- GB stars, lo p lanetary nebu la.e and •venlu al ly lo while dwa.rfs. 

Tbongb there- arc- many works on red giants from l'ari us points of view. we 
emphaBize the two important change8 in the red giant phas , specia lly in the AC: B 
ph as . The oue is the change of the chemical compo it ion in l he stella r surface, 

1The ierrn ~r d giant' is somelimes used lo meau 'R tars 011 the red g.iant hrauch' . 1-lowcver, in 
t,his thesis, we use lhis t.erm 1,0 mean ihe stars in the post ·mahl-SI?I..(I If' II Ce phase. i.e. red gian l 
branch s1ars, clu111 p sl,ars and AGB st.ars. 

lnlrocluct ioo .j 

and the other is t he sldlar ma s loss which cause the growth of the circum tel lar 
envelop 

During lh" rnain-sl·qn<'ncc phase. the chemical composition in the stellar surface 
is believed to reflect the initial abnnclance of lhe star, except for some ligh t e lements 
(e.g. lith.ium). When . tars C\'o[ve t.o red gia nts. t.he products of hydrogen-burning 
(C'N O-cycle) during the previous phasf' a re dredged up lo I he stellar su rface (the 
fi rst clredgP-uJ.>), and abundance• o f carbon, nilrogen. oxygen and their isotopes 
considerably chang (<'.g. La111beTt & fli es l9 I). Since cMbon abundance generally 
clecrca cs by the ' 0 -cyclc. a star k(.>eps the carbon-to-oxygen abttndaoce ratio 
(C'/0 ratio) to be smaller than unity, if the in it ial C/0 ratio o f he star is sma.ller 
than unity (e.g. '/0 =0.4 in the solar photosphf'rP). 

In the AGB phase, the chemical composit ion in the tell ar surfaces omelimes 
drastically chang s clue to the thermal pul ·e and the- subse-quent third dredge-up. 
Espe-cia lly. it is important that the 12C abundan e in th surface o f a star can 
increa throug h these proces. es . This i. one of the explanations for Lbe carbon star 
formation (e.g . lben 1975, Lambert e( a l. 19 6). t hough thcr are various types of 
carbon stars which cannot be explained by this ·cpnario (t>.g. Dom iny JV '1). 

The effect of carbon excess on tbe atmosphere and lhe ci rcumslellar envelope i 
significant in cool otars . Since the d is ociation f>nergy of CO is q11ite high. oxygen 
is almost completPly locked up in CO in carbon-rich envir nmenl. while carbon i 
locked up in CO in oxygen-rich U\~ronmenl. For this rea on . Lbe molecule and 
dust formations in ca rbon-rich stars a re quite different from those in oxygen- rich 
tars. This difference drastically affects not only the molecular and/or dust featmes 

oLser\'ed. but a l ·o I be s lructure of the atmosphere and the circumslellar envelopP. 
The high r so lution spectroscopy with Fourier Transfonn ' peel rometers ( FTS ' ·) 

have provided quite valuable results on abundances o[ red giants including AG B 
stars (e.g. mith &: Lambert 1990, Tsuji l 991, Aoki -Tsuj i 1.997, Lambert et a l. 
l9 6). However, the abu ndan ·c- analy is of AGB stars has been quite limited d ue to 
the difficultie. in the- analys is of I he spectra wi Lh evere bl 'nding of molecular li nes 
and in the modeling o f I he comp li cated at mospher . 

Tlw change of t he ch 'mi al composition other t han the ·arbon abundance in 
the AGB pltase, e.g . tlw en banc<"menl of lithium (e.g. Plez el al. 199:3) aocl the 
s- pro<:e " elements (e.g. Smilh .\.; Lambert 1985, Lambert el aL 1995). a re also 
important to und rslancl the e\·olution o f AGB lar·. but these are out of tbe srope 
of the present work. 

Though the mass loss occurs e\·en in tar- on the ma in . eguenct>, the rale is 
not high (e.g. abo ul l0- 1

'
1Jif,. )'l.-I in the sun) enough to affect the following stell a r 

e1·o lu t ion. However. tl1 e influences of mass loss in red giants a. r s ignificant on thei r 
evo lu t ion. The mass lo s rate of the red giant branch stars is not high (1 u- 10-

J0 -11Jl.tf,yr- 1 ). bu t Lite effect can be large because of the long duration of he red 
giant brancb phase (l0~- I09yr. depending on tbe stel lar 111ass). Since the ma s 
loss rate in lhc- AC:B pha~e is g<'nera lly high (lO- -10-'M.,y l"- 1), lli<' mass los 
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affects the stru t11rc of t.lle hydrogen-rich envelope and of the atmospb<>re. and final ly 

dt>t nnines the lPrmiiUl,tion of the AGB pl1ase. 
The mechanism of tl1c stellar n1ass loss has not. ~·et. been cla rifit>d well. Although 

red giants have much larger radius (several tens or hundreds time · solar rad11) than 
stars on the main sequence, matters cannot easily escape from star ; for example, 
the esca1 e velocity of a star with LOOR" and 1 ,\/,.,is about 60kms- 1

-. li enee ome 
mechanisms to produce the outflow ar required. The acceleratiOn ol the out flow 
I y the radiation pressure on dust grains and the momentum transle~ to gases are 
considered in th modeling of the circumstcllar em·elopcs (<".g . Goldre1ch &. covJlle 
1.976) . IJ owever. there r mains a problem how mat.lers e cape from the photosphere 
to the dust forming region which should exist away from e\·eral or several ten~ stellar 
radii (e.g. Dane-hi ct al. 1 !)94 ). Several mechanisms such as pul ·ation driven windg 
(e.g. Bowen 1988), radiation pre sw·e on spectral lines (e.g . J0rgeuseu & Johnson 
L992). sound wave driven winds (e.g. Pijpers & Hearn 1989) havt' been proposed to 
explain t hi [act. In add ition to tlH' model for outflows with conotant mass loss rate , 
the sc<:'nario called episodic mass loss has also I een proposed. D lached shell wer<' 
found by recent far-infrared and radio observation (rzumiura ct al. 1996, Olofsson 
et a!. 199 ). and the relation bet ween the inl.<:>rrniltent mass los and the t h•nmal 

pul 'e was suggested. 

Thus the changes of the chemical composition an I the mas loss a re the remark­
able phenomena of the cvolYed intermediate- and low-mass stars. The understand­
ing of tl1esc characteristic. is aloo indispensable in the Ludy of the evolution of 
our Galaxv. I ccau e the elements and dust grains produced in intenuedia.te- and 
low-mass ;tars are rei ased to interstell ar medium through the stellar rna s los . 

lotroduciion T 

1.2 Atmosphere and circumstellar envelope of 
cool evolved stars 

~·! any ob ervalional and theor('lical res arches have be-n don<• on the chemical com­
position and the st ruclurc> of atmospheres and circumstcllar cnYelope of red giant~. 
In this sc ·tiou, we briefly re1·iew these studies for tim'c compon •nt•; photospher<'. 
coo l ciTctnnstcllar ell\·elope and 'outer atrno phere' by \\'hich we mean the region 
b tween the photospher<' and lhe circmwlellar envelope. 

1.2,1 Photosphere 

The photosphere is the smface of a star whose radius is al out J Ql3 em (a few hundred 
solar radii) in the cas<" of red giants. While the extension of the photosphcr<' can 
usua ll ·be neglected in dwarfs, that is~ large as t,he stellar radius in highly evolved 
tars for which the spherically extended model photosph.-res have been constructed 

(e.g. Wata.nabc lv. Kodaira 197 . Scholz & Tsuji 1984). The typical temperature of 
photospJteres of red giants is 3000-40001<. bul f h~ temperature of the . tLrface lay · r 
is as low as 1000-15001< in the photospheres of very cool , ta r$. 

The mo I. spectral features in the optical and the ncar infrared wavelength regions 
are originating in photospheres. The molecular featur<'s such as TiO and C2 in low 
resolution spectra Me used to Jassi.fy cool star into spectral t)-p<'s. Since the 
pectral type is basically defined by I be features originating in ph of ospheres. these 

classification cannot nee ssarily be applied to ,·ery cool star, in which the radiation 
in the ou er atmosphere may be dominant. 

The photospheric structures of red giants ha,·e been im·estigated by many ob er­
vation and theorel ical studies. and model photosphereb haYe been developed (e.g. 
Tsuji 197 , J 0rgen. en et al. 1992) . However . orne difficulties remai.n in understand­
in" ami mode ling of photospheres of coo l giants. The la1·ge ·t one is the complexity 
in the evalmttion o f molecular line opacities. Since molecu les dominate in photo­
spheres of cool giants. the innuence of molecular line opacit ies o n the temperatu re 
structure of the photosphere is significant. ancl a careful approximation of the opa -
iti s i require I in the calculation of model photosphere (<'.g. Tsuji 1994). Further. 
ince molecular abundances are strongly dependent on the temperature structme 

of photospheres. th<:' photospheric structure, mole ular abundances and molecular 
opacitie should cons istently be soh·ed in model alculations. For the same reason, 
the chemical composition . e pecially the C/0 ratio. also i11fluenccs the structure of 
photospheres through the molecule formation. 

Stud ies based on high resolution spectra of red giants revealed a variety of chem­
ica l compositions iu red giants. especially in AGB stars (Smith & Lambert HHJO. 
Tsuji 1.991. Lambert et al. 19 6) . However, there are la.rge uncertainties in the 
a bumlaDCe analyse of cool stars, not on ly due to the st ro ng blending of molecular 
absorption lines, b 11 t a lso cl ue to the un ertainti.es of model photospheres a nd stellar 

parameters. 
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T he modeling of p hotospher~s is usually done on the assumption of hydrostat ic 
equ.i librium. ll owc>ver. most evolved tar . espec ially ~ l ira Yariab les, show pul sa­
tions. ThP velocity va r.iat.iou in spectral liue origi nating in photospheres was ac­
tually ob en·ed for long p riod variab l (e.g. Barnba.urn t992) . Foe t.bese sta1·s. 
Lh effecl of dynamics on the photo pheric st ruct nre has been examined in model 

calcula.tio n (e.g. Bowen 19 8. llofucr & Dorfi 1997). 

1.2.2 Circumstellar envelope 

The existence of a circum. tellar envelope was found I y Deutsch (1956) for a lumi­
nous i\•f gianL. a HN. \Vc call here the region expanding with an almost constant 
velocity (1 0-20 kms- 1) a ci rcumstellar envelope. The inner boundary of a ci rcum­
. tella:r envelope i ·the dust forming region (about l011 c.m or severa l stellar radii away 
from t.he central sta r) where the oulA.ow would be accelerated by radiation pressure 
on du 1 grains and by the friction between grains and gas materials. The outer limit 
of the envelope mlly be det<'rrn.ined by the photo-d issociation of molecules by t!JC 
inter• tcll a.r ultraviol<'t radiation (1017- 101 em away from thP sta r ). The cool circum­
stellar envelopes are well t raced by molecular emission (e.g. CO) in the radio range. 
13y the CO observations, the mass loss rates and <'xpansion velocities of em·clopes 
ha1·e been cleri1·ed (e .g. Olt>f · on et a!. 199:3). The cool circum. tellar envelopes are 
a l o d te ted by lhe far infrared obsen'ations. Some recent radio and far infrared 
imaging observations revealed that several carbou stars have detad1ed ·bells (O iof­
ssou eta!. l99u, lzumiura el al. 1996) . E. p cially, the obs rvation of '0 emis ·ion 
by the intcrferomf'\<'r showed that the detached shell of a carbon star. TT Cyg. is 
geometrical ly very !bin (Oio(sson et a!. 199 ). These results suggest th • ep isodic 
mass loss which may relate to the th.ermal pulse iu tbe AGB phase. 

Because of t!J e l.imiled spatial resolution of CO emission observations. we can 
only obtain Lhe informa t.ion of the cool and extended envelope whi ·b is al least 
l0 15-10 16crn away from the ccutral st.ar. To investiga e the inner envelope, the K 
l 769.9 nm and/o r Na D lines sca.tterinu has b en obsetTed, and the ma s lo raLc 
and the expansiou Yclority were est imated (e.g. !\olamon Sr. 'aux l992, Gustafssou 
eta!. 1997). 

'The modeling of circumstell ar envelopes has been done including the acceleration 
of the outflow, hea ting and cooling processes and on1e chemical rea.ct.ious (e.g. 
Goldreich ilt. covi lle 1976) . The photo-chem istry in cool envelopes was review d by 
Gla sgold ( l9Y6). 

1.2.3 Outer atmosphere 

We d fine here the region b tween a photosphere and a circumstella r envelop. as 
an ou~er atmosphere, though this region may also be called an inner envelope, a 
~ ransition zone ct . Then t he outer lim.it of this region wo uld be th dust formin g 
region where lhe mas. loss outflow is accelerated. Da nchi (•t a I. ( 1994) im,esligat. 1 
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th spatial distribution of warm du t arou nd r'd giauts and superg iants by the 
infrared ·pal ia l in terferometry, and e1·aluated th size of the warm dust -shell t.o be 
:3-5 stellar radii or l.arger ('They eli cuss t.be xistence or lwo classes in the ize). 
Therefore th outer almosphc•rc ext nds to abonl L0 11 -10 15 m from tlw renlral star. 

According to t his definition, the chromo phcrc is iuclude I in thi s region. Tlte 
ch romospheres in cool giants w rc found and hav bet>u ,t,udicd using l ll c atomic 
lines sucl1 as Ca fl H and 1\ lin .s. Ultravio let ( V) observations by /ntcnwtionnl 
Ullmoiolet Explorer ( ll'E) and 1/ ubbh S7JC!Ct Tcle ro]Jf (H. T) a lso mu·h contributed 
to the study of ch romospheres in cool giants (e.g. Eriksson eta!. 19 6, .JolJnson ei 
a!. 1995). However , the origin of chromospheres of red giants is. ti ll unclear. ince 
lh<' rotat ion o( giants is generally guile low. the healing d ue to magnetic field whkh 
may explain chromospheres and coronae in main-sequence t.ars is uulik<'ly app licable 
to Pvolved stars. Several other heating mechanism such as acoustic waves, acoustic 
shocks a re proposed (e.g. lmsch rwider 1991 ). but. uo theory on the ch romosphere 
has been established yet. 

For chu·i[y ing the ori gin of lhP stellar mass lo:s, the nrst step should be to under­
. land t be physical st ructure and chem ical processes iu the ou~ r atmospheres where 
Lhc mass loss outflow origi nates. Ex tensi1·e tudies have b eJl done for modeling of 
the chemical prott'sscs in this rrgion including dust formation (e .g. Sedlmayr 1994) 
a11d cbromospberic UV radiation (e.g. Becket a l. 1992) as well as the dynamics (e.g. 
Flei cher et al. 1992). !Jowe1·er, the outer atmosphere is poorly understood due to 
iLs complexity. One observational difficu lty is Lhat th is region can not be spatially re· 
solved, except for the infrar<'d interferometric observation for several nearby objects. 
The11 pectroscopic studies are quite imp r!anl to invest igate the structure as w 11 
as chemistry in outer atmosp heres. Since this region would ha1·e the temperature 
about severa l hundred or a thou ·and !.\elvin. infrared ob erva.tion a re desired. vVe 
briefly su mmarize the st udie · o f cool gia nts based on infrared spectroscopy iu th 
nexl ect io11. 
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1.3 Infrared spectroscopy of cool evolved stars 

Exten -ive efforts t.o obtain the infrared specLra have been mad<:> for red gia •~t~, bc­
cau e of their importance in the st 11dy of tbe I at stages of stellar evolution. 1 he low 
resolution spectra oi>taincd by ground·IJasf'd observations revealed everal features 
such as the 31101 b;tnd in carbon tars (e.g. Noguchi et al. 1971). but the wavelengl h 
regions covered were quite limited. The l\uipt•r Airborne Observatory explored the 
wavelength regions wbich cannot. be accessed [rom the ground (e.g. •O<'bel et a l. 
19 0), but the wa.vt>le11gth r gions ·tudied so far. as well as th<> number of objects, 
haxe been more or !e ·s limil<'d. The Low Resolution Spectra (LRS) of tbe lnfraR d 
Astronomical atellit~ (lRAS) covered the wavelength region from ' to 23 Jltll and 
ootributed so much to the stu ly of the cool giants with a thick ci rculwtella r en­

velop<'. The low re olu tion spect ra of ]ate-type stars from l.l to l2J'm were also 
obtained with the spectrometers 011 board the Infrared Telescope in Space ( fRT • 
Murakami et al. 1996). 

The high resolution spectra obtained by FTS's have pro,·iJed important infor­
mation on the chemical composition of red giants (e.g. Smith 6.: LamLert 1900) and 
on Lhe struct11re of the circumstf'ilar em·elope as well as of the photo phcre (e.g. 
l\eady el a!. 19!; ). The outer atmosphere was also investigated ba ed ou Lhe FTS 
pedra by Tsuji ( 1.9 ) who reYealed the ex istence of warm and quasi-static layers 

close l.o l be stars. 
Though impod ant results have been obtained by the infrarPd spec\ rosropy o 

far, tbc wa,·cl ngth region and/or pectral resolution are limited. '1. hen <t variety 
of atomic, molecular and soLid-state spectral features in the in[rared r gion. which 
a.re expected to origin aL • iu the outer atmospheres as well as in th pboto ·phcres of 
red giants, remain to be inve, tigated. The enti re , pectra from 2.5 to 45 11111 ba•e 
become available by the Short Waveleugth Spectrometer (S \NS, de Graauw et a!. 
1996) on board the In frared Space Observatory2 (ISO , Kessler et ;d. 1996) law1ched 
in November J 995. The re olving power of the S\VS normal grating mod<' is from 
JOOO Lo 2000 wb.ich is high enough to detect molecular band feature (e.g. the baud 
heads of t.he CO fundament11 l bands), atomic line emission and dust features. 

,·era! new results on l he photospheres and the outer atmosphere of reel giants 
han~ already be<>u obtained using the ISO SWS. The existence of H20 in lLe outer 
atmospheres of red giants was re1· ·aled I y Ncuft"ld et a!. (1996) and Tsuji et al. 
( 1997a). in addition to 11 2 0 in the cool and extended tellar ouLnow. C02 in the 
outer atmospheres was also found a emission features (.Jusltanont et ~ I. 1998. Ryde 
el a!. 1999) and as absorption features (Tsuji Pt al. l997n). The unexpected so2 
featur<' were detected in se,·eral oxygen-rich A .B stars (Ya.mamu ra el aJ. 1999). 
The t ime variation of dust features in oxygen-rich ~ l ira variables wa reporl<'d b ' 
Ouaka ct al. ( 199 ). 

2 13ased ou observations with ISO, an ESA project with instrumrnts fnuded by ESA Member 
SLates (esp€'cia lly tl!e- PI counfrie~: F'rance. Gf'rmn.ny. thr· Nct.herlands and the United Kingdom) 
wiLh 1hc participation of lSAS and N SA. 
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1.4 Goal of the research and outline of this thesis 

In the situation eli. CtiSSC' I above, w planed lhe obsernttions of cool evoked stars 
with the ISO SWS to illv<•stigate i.hP r<>gion from tue photospb.ere to the outer 
atmo ·pherc. Rich vibration-rotation sp ctra of molecu!Ps ut the infrared region are 
expected to be quilt" Ltseful in the under tanding of the photospheres and the outer 
atmospheres of cool evolv d star·. Atomic forbidd<'n lines would also bP usduJ to 
inv stigate til oulcr atmospheres. Dust features are also expeciPd in these tars. 
but we gave a priority to atomic and molecular features in tllC' selection of objects 
and wavelength regio11s in our observing program with lh lSO SWS. 

We el cted stars without hea1·y infrared excess as our 'ample. ince the photo­
spheric cont ribution is dominant in the infrared region for the stars without heavy 
infrared excess . we examine our model photospheres for these tar by tb u " of 
in(rarcd spectra at first. and discuss lhe contribution of the absorption or emission 
in l he outer atmosphere in the secon I st. p. To in vestigale the> effect of tbf' basic 
stellar properties such as i h<' tempera! me and I he chemical composition on in:frared 
·prctra, w' se lected objects based on spectral types. Our sample con isl.s of K and 
M giants, oxygen-rich an d carbon-rich :.Iira variables. carbon sta rs includjng \ - type, 
SC-type. J-type and CII si ars (The clas ificatiou of carbon tars will be reviewed in 
Chapter ). 

There. ults of th<' analy ·is of ome molecular features in oxygen-rich giant have 
already been reported by T uji tal. (1997a. b). In Tsuji ct al. (1997a). the H2 0 
absorption was detected even in an early l\1 giant. ;3 Peg. in which the existence of 
H20 is not preclict,ed by th model photosphere. The excess absorption of H2 0 and 
C02 . which cannot be explained by the predicted spectra bas("d on the model pho­
tosphere , was also found in late M giants and a r-Ii.ra variable. \Vc concluded t hal 
these excess absorption is not photo pheri origin, but or igin ales in warm mole ult> 
forming ovclopcs of tb s st.ars. Such warm and dPnse mol•cular envelope will b 
a site of va ri ous chemi al reactions, dust formation and a.cceiC'rat ion of mass loss 
ou tOows. 

lu thi · th sis, we report the molecular features detected in carbon stars. and dis­
cus I hP molecules in the photosplterf' · and the outer atmospheres of carbon star . 
As in Lhe optical wave] ngth region . molecular spectra iu the infrared region of car­
boo stars should be quite different from lho e of oxygeu-ricb giants. except for CO 
band : in carbon stars, cMbon-bearing molecule such as CS, C ll , l! Ci\. 2 H2 are 
expected to be detected. t.Jofortunatel_v. spectral line lists of these molecules are 
less estab li shed than those of molecules observed in oxygen- rich stars (e.g. H2 0. 
C0 2 ) . Therefore. wen eel to sun,ey the ba.s.ic molecular data and to produce molec­
ulat· lin e li sts. Model photospheres of carbon stars are also requirrd to analyze the 
infrared spectra and to dis ·uss not onlr the mole ·ular (e~tures originat ing in the 
photospheres bul also possible absorption and/or emission in Ute oute1· atmospheres. 
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Further. we report the de~edio11 o[ fine-stru tw·e line mission of metals. which may 
be a direct evidence oft he oulcr atmospher , in both oxygcn -ri h and carbon-rich 
giants. and eli. russ l h<' r~lation of t he 011Lor atmosp heres wit.h t.bc cbemica l compo­

sition and wit.h t.he evolutionary phase. 

We describe our observHLions with tbe fSO SvVS in Chapter 2 . The meUrod 
of da~a reduction is al.o briefly summa rized in the bapter. In Chapter 3, basic 
molf'cula.r data arc compi led aod molecular line lists are produced . For the analy,is 
o[ infrared spectra of carboo s(a.rs. model photo. phcres arc used. For the modi;'! 
calculation, the revi d versiotl of lhe computational code dew·loped by Tsuji (<".g. 
1999) was used. \A/(' eli cuss the approximation of mol<'ctdar line opa itie in lhe 
model calculation in Chapter 4.. where the clepcnclence o( the model photo pbere on 
the ffeclive t<·mperature and on the carb011 abundance i also cliscusscd. 

;-\[ter the above preparation, we ana lyze and eli cuss the molecular spectra of 
- yp and C-typc carbon stars in Chapter 5. In lhc wavelength region b -tween 

:l.5 and 15ilm , we identified many band fea.tures of molecules su ·It as IICN. , iS , 
most of which wen' clearly detected for t he f1rstlinw iu carbon slars. We discuss th 
d •pendence of Lhe e mol('tular (eatures on the C/0 ratio. Th molecul;rr emission in 
the outer almosp h res is al o discussed. The maiu result of this chapter has already 

be<;>n published (Aok i Pl AI. 199 b). 
i11 Chapter 6, we report the detection of fine-structure line rnis ion of iron. 

silicon and sulfur in oxygen-rich AGB tars as well as in carbon stars. The mass 
and temperature of the line emitting region are dc·riv d [rom the line Ouxc>S measured 
~.nd excitation levels of detected lines. Based on tbesc results . the locat ion of the lin<:' 
emitting r gion. the chromospheric activity. chemistry in t he outer atmosphere a nd 
the rdation to he stell a r evo lution are discussed. 1' hc preliminary ret<ult de cribed 
in this chapter has already been published (Aoki et al. !99 a). 
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2.1 Introduction 

,\ s eli cu~sed in Chapter I. infran·d observations arc indispensable [or the study of 
cool objects which radiRte their most energy in th infrared raugc. However, the 
most of this wavelength region rc111ain. lo be invest igaced lue to the absorpt ton 1n 
Earth's atmosphere Rnd t.o thcr111al entission from the telescope and in. tmmenl · 
For this reason. cooled space telescopes have been d<'sircd. The first infrared satel­
lite. fRA , was launched in l9c3. which su rveyed almost al l sky and obtained low 
resolutiou spedra (LRS) for bright. objects. Contrary to IRAS, ISO was destin •d 
to do detail d studies of elected object and regions. and realized the ob crvation 
for wider wave\. •ngth range, with better spatial and/or spectral resolution and with 
greater sensiti1·ity. ISO was launched on 'lo,'emb r 17. 1995, and compl ted th 

mis ion on ~lav 16. 1.99 . 
The spect r~scopy for the whole inf,·ared regiott became a1·ailabiP by lhe Short 

Wawlengtlt Spectrometer (S\VS) covering 2-~5 ttm and the Long \\.avclcngt.b 'p c­
trometer ( LWS) ( 4 • -200 Jtlll) on board JSO. For ilH' tudy of tbc atomic and molec­
ular features in cool volved st.ars, we planed I he obsen·atioo with th SWS. Tbe 
instrument. observing mode an l data reduct ion technique of Lh<' ·ws wen" re1·icwed 

by de Grauuw tal. ( 1996). 
The \\ ' · covers the w;welengtb range from 2.38 to 15 Jtm by two gratings (SW 

aod L\V) and by four detector arrays. The spectral r.-solution of normal grating 
mode is from I 000 10 :2000 depending on the 1ravelenglb. The obsen·ing n~odes W<:' 
used are tb 'normal grating mode (S\\'SOG) and the mpid ·can mode ( W OJ. spe d 
I) wilh a resolution of J / of the full spectral resoh·ing power (i.e. aiJout 20U). ThC' 
exception is the observation of a et for wl1ich we used the \\'SOl (spe d4) with 
the full r<>solving power. 

The spectrum cons.ists of 12 different spectral bands called 'AOT band ·which 
are ti<c>Lermined by the colllbinat ioo of the gratin , the grat ing order and the dctedor 
array. A a result. d.iscontinuities in an observ •d ~p 'rtrum are om t imes present 
which can in princi1l · be eliminated if a correction for pectralresponsivity of lhe 
i.nstrumenl i, applied. This point will be discuS'<'d in ection :2 .3. 

Each det<'clor i an one-dimensional array with l2 det eel r clement . The quality 
of the obtained data can be estimatetl by the dispers ion f signals among these 
detector elements. 

In S<.>,tion 2.2. the ample o[ our program and observing mode. ar• described. 
The method of the data reduction, calibration . and the quality of the data arc 
di cussed in Sectiun 2.3. 

Oi>scrvatJons with thl' I. 0 SW · 17 

2.2 Observations 

Jn I he guaranteed Linw observing program ( REDSTA R1) aud tlw open time program 
(PROP.OOJ) usi11g tlw SWS, w observed cool evolved stars with various spe tral 
iypes. As described in Section 1.4. we iu1ended to ·iudy tlw region from the pho­
tospLere to the outer at mosphcre of cool giants u i11g atomic lines aud molecular 
f<>alures. To in ,-es tigate the effect of basic stellar properli<"s such as I he tempera­
ture and ell n1ical composition on infrared spectra .. we selected object.s with various 
s pectral types. Ou1· sample overs I~ -~ 1 giant·. oxygen-ricl1 and carbon- rich !ira 
,·ariab les. and carbon stars including N-typ . SC'-type, J -type and Clf sta rs. 

We give !he objects analyzed in this work among them in Table 2.J. They arc 
bright and typical stars for each spectral Lypc. The spectra of N-typ' a11d SC­
lype carbon · tars are analyzed in 'hapter • to investigate the molecular features 
which may origin ate in the photospheres and in the outer atmospher . For the 
live i\f giants and the five carbon tar obsen·ed by the higher resolution modes 
(i.<:'. SWS06 or SVi'SOl-4 ), tb(' fine-structure em.ission liu s of metals near 2.5 JW1 

illld :J.),,m are studie I in '!J;,pter 6. The spectral re olution and the apertu re size 
are given in Table 2.2 for each spectral region. 
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Table 2.1: Summary of obs<>rl'at ious 

sta.r pe tral type(' ) AOT wavelength range TDT(2) ohs. date 

a Cet M 1.5!11 67~0 29 Jan 1998 

p Per ~ 1 4 11 SWS06 2.45-f>.fi.14.5-16.f•, 3221 ~Mar 199 
22-27 {Lffi 

a Her M5lb-IJ SWS06 2.4.'>-5 .5, l4 .5-l6.5. 322l 6 Feb 1998 
22-27 pm 

30g ller M6llf S\VS06 2.45--15 ~!Ill 8100 23 Aug 1996 

S\V Vir M7- Jl[ S\\'SOG 2.-15-,15 /<Ill ' 100 20 Jul l996 

TX Psr N.type (C7,2) SW 06 2.45-·15 ~/Ill 8 100 26 l'ro,· 1996 

V460 Cyg N-type (C6.:l) SWSOl · l 2.:38-45 fllll 13.52 11 .J an 1997 

T1' Cyg N-t~·pe ( C5.4) S\VSOl- 1 2.3, -4.5 pm 1352 30 May 1997 
SWS06 13-15 flln l080 30 May 1997 

\V Ori l'i·typ (C-.4) S\\'506 23.5-26.5 Jl Ill 758 22 ~ J a r 199 

WZCas C-typ (C9.2JLi) sw 06 2.4G-45 ttm 896,1 22 Jul 1996 
\V as C-type ( '7.1 ) S\V 01·1 2.38-4;j 11m 1352 12 Jan l997 
RZ Peg C-type ( C9.le) S\VSOI-1 2.3 -4 5 flln 135:2 10 J uu 1996 

SWS06 13-15 fllll 10 0 10 .ltln 1996 

T Lyr J .ty p (CG,f>J) S\\'S06 2.45-45 JLill 964 12 Nov t996 

\ ' CrB Ivlira . Cll? (C6,2e) S\\'SOG 2.45-45 {<m 964 29 J uJ 199(:; 

( I ) Prom 1\eenan & Boe. haar (19 0) and Yamashita (1972) for carb n tars 
(>I Target dedi ca ted time> ( e\) 

Tabl~ 2.2: Resolution a nd aperture s ize 

wavelength region (pm) resolu tion aperture a rea(") 

2.3 - ' I 000-2000 14 X 20 
13- 1·5 H00-1600 H X 2/ 
2~-26 1000- 1200 14 x 2T 
34-:36 1000-1200 :lO X 33 
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2.3 Data reduction 

The data reduction mct.l1ods were re1·iewed by df' ira.auw et <tl. ( 1996). T he nu x 
calibrakioa , t he Rcl aL i;·c Spt"Ct.ral Response Fun<" Lion ( H.S RF ) and the b('alll profile 
were given by SciH><'idt ('( a l. ( l9!l6) . The wavelengt h calibration, the spect raJ 
reso lu tion an I the io strurnC'ntal profile werC' de.<cribed by Valeutijn et a l. ( J99li ). 

T he data ol ta ined with lSO are d ist ributed a three format s which are procf'ssed 
by tb sta ndard product generation pipe line; EdilC'd Raw Data (ERO). Standard 
Pro essed Data (S PD ) and Auto-Ana lysis Results (AAR). ln the case of the SWS. 
t he raw data cons ist of2·1 diuitalreadou ls p<'r second. By remo,•ing the inst rmnental 
effecl hol'ler thau I ccond , the data a re com· rled to SP D in wbicb tbe slo pes 
(11\1 /sec) against timC' and wavelengths ({tm) a signed are given. lu tbe processes 
from S PD to AAR. th instrumental effects Ionge•· than I second a rP r<>I110\'ecl. 
Namely, t.he dark rurrenls a rc subt.ra.ctcd , the spect ra l res ponsivities of individual 
AOT bauds are correded. the dctedor respons<'s ilre converted from 11Vjsec to 
J y and data form at.s al'c converted to flux density aga in st wavelength. By t.h cs<• 
proces es, the relation between wavelength (ltlll ) and flux density (Jy) is derived for 
<'arb det<"do r elcmt>nt. 

The fl ux calibra tion is dont> by f"l'a luating tile sen itivity of t2 AOT band u ing 
the sta ndard stars. and by determining the RSRF' for each AOT band . The flux lE'1·cl 
o f each AOT ban l is cali brated for so-caUed 'key wavd<'ngth' where RSRF' of t.h 
AOT band is at its maximum and the pectra of tandard sta r. arc expected to be 
relatively featurel ess. For ea h AOT band. the RSRF was measured to black-body 
sources pri01· to thc launch of ISO. F'or some AOT bands. the R 'RF'. were modifi d 
based on the re-mcasurcment to standa rd stars. 

\Ve carried out th ·most data red uction from E HD or SPD using the SWS Inter­
act ive Analysis so ftw11rc ( 'WS l A). One reason i ·that the qualities of A H. 's were 
not guaranteed in th • earl y tag of the data eli. tribution , aud another i t h"t the 
furt,be r optional processes c"n I introduced in the reduct i n from S PO to AAR.. 
We d id the d<1ta reduction from ERD for lJ1 e wavekugt h rcgi n at Mound 25 ttm of 
ome bright objects. This is b ·a.use a small e rror in th wavf' l<'ugtb calibration was 

report d a. nd that could a usc rather large error in flux calibration I y the R RF in 
tb i · wavelength reg ion. Th is problem can be a1·oided by th r("duclion from ERD 
by u ·ing the new c<tlibrat ion data provided. 

The spectra of the AOT bands of l2-l6 pm region <trc· severely afl'ected by fringes 
due to the regular interference pat tern . wh ich depl.'n d on llw exact pointing of the 
satellite at the time of the obscn·ati n. To reduce U..ti . effect, we app li ed t l..t e defriug­
ing a lgorithm in t.he S\\'S lA package 'rcspjnter ' which tries to cancel i be fringes by 
the small shi ll of lhe R RF for wa,•elenglb. Such a proced ure is . however, ~omewhat 
ques t ionable because the real feature occurring al frequenc ies close 10 lhe fringe 
paltern may be la.ken away and we need special care in I he discuss ion 011 the spectra 
processed by the defri itging procedure. 
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The pot Ai\R analysis is also ava.i.lablc with tbC' S\VS lA. We combined the 
spectra obtained by differ~nt .12 detc lor~ aud by 2 scans cal l<" I up-scan aud clown­
sca n (This process i ca.l led ·nat-fi.elding') . Aft.er discarding Llte data points a.ffectcd 
by Iran ient.s, were-samp led data points and obtained tbC' p ctra with the inst . .ru­

rn nt.al resolution. 

One spec! rum from 2.:!8 to -15 J.lin co 11 isis of 12 AOT band. ( ce Section 2.1 ). 
There arc some discr<'pancies in Ouxes between different AOT bands clue to thE' 
uncertainty in nux calibration. These were corrected by scaling with re peel to 
Lbe band I B (2.6-3.0 11m) in the pre ent work. The lopes of the . pectrum in the 
individual AOT bands were not cha11ged after lite reduction by the \\'S IA. The 
flux cEscrepaJJcie arc aL mo -t 10%. This correction i- not important for the present 
work on the indi\'idual atomic and molecular featur , though a 111ore carefu l nux 
ca lib ration is nc>ce ary fo1· the tucly on the spectra l energy distribuLion. 

We cane limate the qua liLy of the data using Lhc> standard deviations of signaL> 
in one resolution elc>meut. but sllould be caJ"eful with fringe and orne spurious 
features. To disl.inguish the real feature like the forbicld n line emission from spu­
riou.· features , we need t.o confirm the detection in two scans 11nd also in 12 difl'eren 
detcctol' elements. The main uncertainlie in the observed spect ra between 12 and 
l6111n com from the instrumental fringing. 

Tbe spectra obtained by these processes are shown i11 Figures 5. L 5.:.. and6.l. \Vr> 
show these spectra as F.(Jr) again t A (11.111) as thr> usual manner of the presentation 
for the lSO S \\IS cia ta. 

Obs J'\'ations with the fSO 'WS 
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3.1 Introduction 

In the infrared region, tht'rt' are rich vibration-rotation transitions of molecule~. 
Some electronic transitions also exist in the near infrared region (e.g. the C:'-1 red 
system). Th<' absorp tion by diatomic molecules is important in the photosplicre 
of th(' stars cooler than about JOOO l\. In addition. polyat.omic molecule become 
abundant in the photospheres of coolt'r stars. and their absorption features dominate 
in the infrared region. 

Por the anah•sis of molecular features in the infrared spectra of carbon Lars, 
we produced th; line list of various molecules. in the following . ections. the basic 
data used to produce l he line lists for the 1·ibration-rotation trans it ions of diatomi 
molecules (CO, CS. SiS and C H), electronic transitions o[ diatomic molecules (the 
C2 Ballik-Ramsay s.1•slem and I be CN red system) and the 1·ibration-rotation u·an­
~ilions of polyatomic molccu ll's ( HCN and C211 2) a rc described in this order. The 
mole u.lar bauds exp<'cted in Ll1~ spectra of carbon stars M<" summarized in Figurl:' 
:3. 1. 

For calculating the syuthct ic spectra . we need Lhe l.ine position, which is usually 
repre euled IJy wa1·e.number (cm- 1) or wav length (Jim) in Lhe infrared region. th 
lower excitation potential(\ crn- 1 ) and the line strength (g.f-1·alue) for each line. 

By the uS<' of the !1/-va li'e aod the lower excitation potential. the line intensity 
which depends on temperature (1') is represented by 

, r.e2 
, gf · c'rr 

S(J,c.T) = - 2 n(7) Q(T) 
11l!C 

(3 . l) 

whf're u(T) is the uumber of the rnolecul.e, Q(T) is t lw partition f11nct ion and the 
otlll'rs ha,·e their u ual lll('aning . Tb.f' wavenumbe1· and the lower exc itation po­
tential are lerived from t.lw f' nergy levels of mo l<"cules and lh<" selection rul 'S of 
the transit ion. The line strengt hs are de omposed to band (rotation! ss) o cillator 
strengths and r tational st rengths, but usuall y co lT ctccl for the interact ion betwecu 
rotation <1nd vii ration. An xtensive descriptiou o f mol<"cular slruct ur san d molec­
ular spectra can be fouJIC! in ll erzbe rg (1950 and l!Jl5) for diatomic and polyatomic 
molecu les. respectively. 

To pr duce tlte line· list of molecule . we urveyed the experimental data and 
the corresponding formula in literature . \Vc ext rapolated the calculation for higher 
rotational cuergy levels (i.e. higher .J) when the:' laboratory data are nol enough to 
appl_v to the ca.kulation of t.he stellar spec! ra. w,. wi ll show I be synthetic spectra 
of lh · above mol<'nlies in Figures 5.3--.9 (Chapter 5 ). 

It shoulrl be not ed that lh higher order term in the fonnula of lhe energy levels 
are sometimes neglect.ed, and the uuccr[ajoty of the wavenumber in our li ne Ji . ts is 
about 0.1 m-'. Th is uncerLainty i ·small cnoLL ··!J to a nalyze ou r SWS spectra. but. 
more accurate calcu l;nion may be nece,sary for analyziug higher resolution spectra. 

Molecular Oat a 
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I (C2H2 v,) 
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Pigure :3.1: The molecular bauds expected in the sp<'Clra of carbon tar 
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3.2 Vibration-rotation transition of diatomic 
molecules 

In the spe tra. of carl on stars, lhe 1•ibratiou- rolatiott bands of C'O. CS and 11 
are c·xpected, and their band heads 1n~re dearly detected in our S\\'S spcctr~ .a~ 
discu. cd in Chapter 5. In aclditiou to thee molecules. the absorption band o l StS 
were also cHetted (see 'hapter 5). \ \'e describe the Yibration-rotation tran ilion 

of tbes(' four molecules in this ectioo. 

3.2 .1 Carbon monoxide (CO) 

\\'e prepared tb line li ·t of the fundamental bands (4.3/tm~) and the first O\•ertonf' 
bands (2.3Jtm~) of" ' 16 0 aud 13C160. We ncglc(ted C170 and '1 0 because lbe 
abundances of 170 aud 18 0 arc usually much. mailer than that of 1 ~0 . 

The line list. of C'O vib rat ion-rotation tran it ion was produced in T .. uj i { 19 6). 
But we review the cakulat ion of tbe line list here. because siruilar calculations will 
be applied lo t h<' cases of C and SiS. 

Tbf' energy \e,·els are calculaled by the Dunham formula; 

E = L.:; li .1 (u + ~ )'[.J (.J + J )F. (3.2) 
I,J 

The Dunham c cfficients were determined by the experiments (Guclachvili el a\. 
19 '3). The roerlicient are summarized in Table 3.1 for 11C160 and 13 C 100. 

The .f-valnc for the (t•, J ) __, (u + n, J') transition of CO can be gi,·en by 

(3.:3) 

where w is the wavenu111ber of the tran ition, .1 is Lhe l lon l-London factor, a.nd 
< -u, JIM!1' + n. J' > is dJe d ipole moment matrix element. The Hon i- London factor 
( ' J) is J + t for R branch and J for P branch. We adopted the dipole moment 
matri-x dem<"nl given by Chackerian & Tipping ( 1983): 

\\'bert• M( 11) is 1 h<' rotalionless matrix clement, l1,.{1') rcprl'seuts the effect of th<> 
vibrational anharmonicity, and P,.(u. m) is the llerman- Wallis factor which de cribes 
the influence of Lhf' 1·ibration-rotation inlerart ion (m = ./ + l for R branch m. = - J 
for P branch). Tsuji ( JU 6) a.doptcd the lea.-L square fit ling coerlicien ls to Jl ,(u) 
and F'n(t•,lll) gi1·en by Cbackerian & Tipping {1983) itlld those provided by D rs. 
Tipping and Cha.ckcrian for higher excitaLion lin s. 

Molecular Da.t.a 

Table :l.l: Dun bum coef6ci ··nt fot· CO. CS and SiS 

r, ,o 
Y2.o 

l 3oX 102 

l<o X J05 

l's,o X 107 

}(;,ox 109 

\ '7.0 X 1010 

\ ' · 0 x 10 11 

<ox 10 1
'
1 

la., 
l't , l X 102 

\'2,1 X 107 

\ 3.1 X 108 

Y~.l X 109 

\ i;, l X 10 12 

l'6.J X J0 101 

\'o z x l06 

\'1 :2 X 109 

\'2.2 X 10 10 

Y3,2 X 10 12 

1 :1.2 X 1013 

Y 5.2 X 10 15 

Yo.3 X 1012 

Yt ,3 x 10 13 

\ 2,3 X 10 1
' 

£169 . 13079 
- 1:1.2 790.)97 
1.041<1<14 7:10 
0.921598529 
l.6;:i7 90:319 
:.1.466226 7 I . 

-· .6:J0071 ]:11 
l.20 153602 1 
-8.363 4 21:>-15 

1.9312, 0862 
- 1 . 7.50~ I 0 I .55 
5.422101371 
I .3 I 1844382 
1.401093705 
-5.329907475 
- I .4341271•15 

2121 A:l9427 
-12.70207525 
0.97338761 
6.~24 7.5R585 
I . 18.11 62575 
2.154216361 
-7.370214014 
1.138528123 
-6. 2794997 

J. 46J5153c 

- L635943.J96 
5.1.50977 '93 
1.17200•1433 
1.2238:367 7 
-•1.9781't30 3' 
-l.l974647 

-6. t£0747.)66 -5.592963' 02 
0.94·t9 43093 0. 4~250 999 
- LA 0768:k 2 - '1.267226959 

-2.0275925.)9 -2.500209167 
1.660533203 1.3c6· 0 893 
-4.7 14!\ 2132 -3 .848820777 

5 .. )5.:;8 69R9 4.>1.52556927 

-0. 15 1246:1732 -1.29 106733 
- 1.·17 I 29.5100 1.22. 49921 I 

12, 5.1.552.') 

-6.5027 9 
0.3923 
-1.05 

O.c200•124<1 
-0.591743 
-12.42 

-1.33508 
-1.617 

0.1.53 

1248 .5R230 
-6. 13727 
0.:)4 ,)5<1 

0.77403917 
-0.5·12951 
-3.83 

- 1.19597 
-l.l226 

21 

7•19.6456.5:) 
-2.586222 
0.10~08 

-0.73 

0.303527 vi 
- 0.14i'31M) 
-0.311 
-0 .90 

- O.J99o:Jo 
-0.1 61 
- 0 .0292 

- 0.00131 
-0.00620 
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3.2.2 Carbon monosulfide (CS) 

\\'e produced the line list of the fLLndamcutal bands (T.2JLm~) ami the Hrst on'rtoue 
bands (3. 1 , 111 ~) of 12 32S and 13 :325. The line list was provickd by Chandra ct 
al. (HHJ5). where the Dunh~m coeffici<:'nts determined by Winkel ·tal. ( l084) for 
12('32S and by Todd,\: Olson (1079) for '3C32S werc used. The Dunham co ffict<'nts 
are rri v(•n in Table :u . for 12 

'
32 

' and 13C32S. 
Ch~ndra ct al. (1995) applied tlw dipole moment fun lion of "C32S givcn by 

Bot chwina & Sebald (19'5) to both 12C32S and 13C'32 S. 

3.2.3 Silicon monosulfide (SiS) 

\Ve producPd the line list o[ the first overton<' bands (6.6J.tm~) of 28S?2
S. The 

Dunham coef 1ci<>nts d t •rmiued by f'rum et al. (1990) were adopted (see Tahle 
3.1 ). The dipole matrix element was given by Pi i1eiro et al. (J 9 7) as -O.GJ x I o-2 

(D<'bye). The I !on I- London factor ( ' J) is the same as that. of CO. 

3.2.4 CH radical 

We calculat<'d the line li t of the fundamental band of ll (:3.:3/tm~). The ground 
slate of CII is X 1U, i.e. the quantum number. i\. which is corresponding to the 
ca <' that the c mponent of the electronic orb ital angular moment 11111 along the 
internuclear axis is I. and the quantum number of the spin (S) i• 1/2. This me<UlS 
the electronic term splits into two levels (doublet). lu the case of the CH X 2 fl . the 
electronic motion ( pin and orbital) is coupled trongly lo lhe line joining the nuclei 
(I lund's case (a)), th(' energy levels are represented by F, and F2 for which rotational 
energy l<>vels ;cr<> defined. Fmlber, the interact ion between the rotati n and the 
electronic orbital angular momentum cau. es the split.t ing into two components (A­
type douiJiing) which a rc designated e and f. The tenn-dia.gram for the transition 
is presented in F igure 3.2. 

The e.nc>rgy le,·els of the 2 fl tate are calcu lated using the matrix clement of the 
Hamiltonians presented by miot et al. (19 1 ). v\ '<' give the matrix element in 
Table 3.2. The molecular constaot were determined by Za hwieja ( l995) wlcich are 
giwm in Table :3.3. 

We adoplt>d the dipole matrix elemeuts derived by Lie et al. ( l973). The J-values 
derin•d for the tran it ion with t:w = I are a· follows; 

u'- v" f X 105 

1-0 2.78 
2-1 5.88 
3-2 9.1 -5 
4<3 12 .1 

Moleniiar Data 29 
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Figure 3.2: 'The term diagram of the CH X 2 rL\"2 fl t ransilion 

\Ye applied the !loni-Loudon fa lor derived by Bennett (1970) to the calculation 
of the line intensitie '. 
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Table 3.2: ll amillouian matrix clements forth C ll .\" 2 rl state 
<' u,1, j>n,,1, > T, + O.SA,. + B,z - D,,, (, + I)+ 11 , =(z + l )(= +2)- L,z (: + 11 ' (: + 4) 

'f0.5q 0 • z(J + 0.5 ) 'f q",.'(J + 0.5)3 - 0.5, 0 : 

<' n,,,l' ri
1

/ 2 > T,.- O.SA., + B,tz + 2)- D.,(:+ I )(:+ •I) + Jl , t z + I )(: 1 + 8: + 8) L, (: + 1)
2
(=

2 
+ 12• + I(,) 

'fO.Sp, tJ + 0.5) 'F O.Sp0 (J + 0.5)( z + 2) 'F 'h (J + 0.5) 
'f0.S<Io . (J + 0.5)(3z + 4) 'J' 2qH. ( < + 2)(J + 0.5)' - 1•• - 0.5·, , (3: + 4) 

;: = (.J - tl(.J tl· When two s igns a re quoted. l he lower io for f b·els and t.hE' 

upper for c levels. 

Table 3.:3: Molecular constants (in cm- 1 ) of the C'T-1 X 2 rl sLate 

Const;>nl I'= 0 IJ = 1 v=2 u=3 r= •l 

-r. 0.0 27:32.97771 5339.0030 7822.2187 101 0.99d 

Bu 1·1.1 92106 13.6611:(556 13.1:15933 12.613-5 '9 1.2.093160 

D. X 103 J.-161 3 1.4386 7 1.417275 L.:J9, 003 1.380 1 

H,. x !07 1.166 l.l3034 1.09272 1.0•170o 0.9707 

f. ., X tO" 1.459 I .4189 1.4312 1.48 12 L.-13 

A. 28.1 -16724 2 .3387 28.5287 28.6 99 2X.~ 54 

i<• X !02 -2.565 -2.39 10 -2.2297 -2.0906 -1.919 

"t 0 ,. X 106 .. )6 8.285 8.23 . .46 7.55 

p,. X 102 3.351 3.162 3.038 2 .• 98 2.767 

Jlo, X 106 -9.29 -7.92 -7.02 -6.0·1 -5.12 

q. X 102 3.86721 3.7276.5 3.58977 3.'15190 3.3103 

q0 • x l05 - 1.5127 - 1.474"1 -JA357 - 1.3974 - 1.3:J5 
q,,, X .109 2. 52 2.740 2.630 2.561 2.14 

Molccu/a.r Dat a 3J 

3.3 Electronic transition of diatomic molecules 

3.3.1 C 2 Ballik-Rarnsay system 

There are three e lect roni I ransit.ions of C:2 in the optica l and 1wa r infrared regions; 
the Swan sy.lem (d3 rl 9-a3 ll u), the Phillips system (A1 fi ., -X1 ~tl a nd the Ba llik­
Rani~ay system ( b·':<::;; -a 3 1l u ). \V discuss here the Ball ik- Rall1Say syst<'m among 
them bE"ca 11 se t hat is rat her strong in tbe near infrared rE-gion whcr<' ool sta rs 
ha\'e the peak of radiation_ The li nt" list of the B>tliik-Ra rn ay sy tem iu the near 
infrared region was produced in t hi work to exa mine Lhe approx imation of molec­
lllar opaci ties in the calcu lation of model photospheres in the calculat ion of model 
photospheres (Chapter -1 ). 

The term-di agram for the Ballik-H.amsay system is shown in Figure. 3.3. The 
lower slate (a3 Ti u) i re pr sent.cd by t he Huncl 's case (a) as the C ll X 11l staL . but 
has three sp in components (triplet) denoted by F1 (J" = N" + I ). F2 (.J" = N") and 
1·3(J" = N"- 1 ). The A-doubling occu rs in each J" component. However . t.he 
lt>\'eJS with positive pa rity arc rnissi11g because C2 ·is a bomonu clea r molec11le with 
zero nucl a r sp in. The miss ing le"els due to this dfecl a r shown by clotted lines 
in Figure 3.3. The upper b3:S; is, on t he ol her hand, r<'presented by t he Huucl's 
rase (b). i.e. Lhe cou pling of spin to the inkmuclea r axis is weak ;wei l hree spin 
com ponents exi. l for a giv u N' a P1 (J' = N' + L). F3 (J' = X' - l) aDd F2 
(.J' = ,V'). A in the a3 D., state. ouly those levels with po·itive total parity (odd 
rotational quantum number .V') a1· present.. 

For calculating the energy le\'dS, the Hami lt.on iau matrix elements presented by 
ls lami e Amiot (J9 6) ar used (see Table 3.4 and 3.5). \Ve adopted the moleculat· 
constant. cletermin cl by Amiot et al. (1979) for r = 0. l, 2 and 3 and those by 
Davi et. al. (19 ) for v = 4. They are given in Ta ble 3.6 and :J.T. r spectixely. 
The five vibrational t ransition s wit. h !'lv = 3. 2, l, 0 and - J were calcu lated. We 
neglected t h<:> line of satellite branches because t.bey are much weaker t ha n those of 
main branches. 

The line Lrengl hs were calcula t.ecl using th<" dipole moments drl e rminecl by 
ooper & ~i cbolls ( .1975). 

3.3 .2 CN red system 

T he absorption of t.he CN in the Ltear infrared region i importa nt not. on ly in a na lyz­
ing the ob e rvccl spect ra t bemsch·es but also in calculat ing model atmosph rt>s. \\ 'e 
produced the line li st of the CN red sy tern (A 2 1J- .\' 2 :S+) for !'lv = -2, - l, 0.1. 2 
t.o exa.miuc t.h e a pproximation of molecula r opacities in (he alcula.l ioo of model 
photospheres (Cha pte r <l ). 

T he term-diagram fo r t he CK reel sy tem is show n in Figme.1 .4. Tbe lower ~tale 
(X;':S+) is reJresentecl by the ll uocl 's case (b) a · C2 b3~; slale. The tippe r s ta te 
.'12 fl is rcpre~en ted by 1-lund' case (a) as the CH X 2ll slate. The energy levels a rc 
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Table 3.4: Jl ami iLonians matrix elem"'ut. for the Cz a3 11, sl<~lc 
<' 11 oJ' IIo >= T- t1 +c± o + B(x+ 1)- Ao(r+ I)- D[(x+ 1)1 +'lr] + 1/(x + l )(x

2 + r+ I)+ rqx+ ~( L 'F 1)('1 + p) 
<' n,J ' JT1 >= T- 2c + B(x + 1) - D(,·2 + 6x -3) +If(,·'+ 1,>,·1 - fir+ 5) + f •,CI 'F l)x + 1C• +P) 
<' n,)' rJ , >= T + 4 + r + 8(,·- 3) + o(x- 3)- D(x2 - -lx + f•) 

1
+ // (~'- ~,.> + ;>x- 2 + bl•- 2) 

<' n,)' rlo >= -.;2;.18- lAo- 2D(,· +I)+ H(3x2 +!Ox- 1)- 'i~ + T'l 'F 0q + ;P'F , P) 
<' n1J' JJ 1 >=- 2(r- 2)[8 + t<~o- 2D(r- I)+ l/(3x2 - 2x +3)- b+ b + kPJ 
<' 110131!, >= x(x- 2)[-20 +211(3x- 1) 'F hJ 

x = J (.J + 1).7J = l'o + l'JJ(J + 1). q = q0 + qJ.J(J + 1). c = fo + CJJ( J + 1) and 
-y ='Yo+ -y,1J(J + I ). \\'ben a sign i.- gi,·en. the upper on refer to 1 sublevel$ and 

lhe lower one to f sub level . 

<3 ):;013 ~o >= t(J ± 1 )[T- 2f- 2-1 + B(:r + 2)- DLx 2 + d' + •I ) + ll(.r3 + l8.t 2 + 281· + 8)] 

<3 ~113E] >= T+c --r+ B,·- D[.r2 +2x(l ± 1)] + 1l[.r3 +2(:l:r2 + 2.r)(1 ± 1)] 

<3 B0 13~~ >= ~(J± t)v'£[2B- 1 -4D(x+ l)+ ii (6x2 +20.t+ )] 

Sec footnote of Table 3.4 

TabiP 3.6: l\ 1 I ular constants (cm- 1
) of the C2 a3Il, stat 

Constant 

T 
A 

a 
B 
D X lOti 

/l xJ012 

/)0 X l03 

qo x l03 

A0 x to" 
CJ X JO(< 

PJ X 108 

'IJ x to• 
Cl,/ X 106 

1' = 0 

1536.07:11 
-lfi.2G29 
- O.J0-19 
-0.6743 
1.624254 
6.4405 

2.59 
·1.55 

-1.0.559 
3.779 
l. 5 
-6.5 
3.99 
2.19 

"= l 

3154.0853 
- 1.5.243·1 
-0.1096 
- 0.6702 
1.60766 
6.'1511 

2.03 
5.17 

- 1.. 1659 
3.618 
4.13 
-9.9 
5.09 
2.-17 

v=2 

.J74c.770J 
-1.5.2304 
-o.1o a 
-0.65 2 
1.5910;15 

6.4636 
1.25 
5.20 

-1..302:1 
3.'1 6 
3.0 1 

-17.8 
6.;:;1 
0 .0 

,, = 3 

6320.1221 
-15.197, 
-0.1115 
-0 .6556 
1.57436;:; 

6.4 46 
0.00 
7.<8 

-1.51 5 
~.ii58 

.'\.09 
-3 1..1 
10 . 10 

0.0 

7 G, . 1507 
- 1.5 .19R6 
-0.1036 
-0.6537 
1.557611 
6.5001 

0.00 
.61 

1.86,10 
4.170 

6.1.5 
-31.7 
17.71 

0.0 

Table 3.7: .\llolecular constants (em- ') of tbc C2 b3'B; late 

Constant 

T 
B 
D X 106 

l'= 0 

6.19!)0 

0.101·1 
-1.49 

v = l 

6.2072 
0.1064 
-1.668 

I'= 2 

JOO•Q.2742 
J .4.)7, :33 
6.2151 
O. tO(H 
- 1.771 

ll •1-16.1374 

1.'141·19(; 
6.2219 
0.102:1 
-1.765 

12827.98:30 
1.42.5161 
G.2132 
0.1032 
- 1.659 

Molecular Dat a 

Con:;t ant ,, = 1 t>=2 v = :3 L' = .J 

'l 'o 0.0 20-12.42261 011.77:34 
B I. 910 27 1.87:36591 
0 X 105 0.64072 0.6·1162 0.64367 0.614'15 
H X l0 11 0.63G 0.608 0.5 5 0.547 0.380 
{u X 102 0.7'117 0.7:367 0.7272 0.7190 0.7212 
/J X 107 -0 .70 -0.96 -0.97 -0.96 -3.0 
/JJ X 10 11 0.16 0.15 0.45 0.0 7. 

Table :3.9: Jl amiltonians matrix elements for l.he CN 2 ri state 
To+ t-·lo- ~-,- tfi + (8- ~;)(x+ I)- D[[.r + 1)2 +r]+ //[( ,· + 1)8 + ,·(3r + l}] 
-tAJ;[3(,•+ 1)2 + ~1 + tvl l 'f.;.<+!)+ tq(x + 2'f 2..!7+1) + o 

7o + t-'•- b + t.-1 + (8 +A;)(x -11- D[(r- .1)1 +.r] + //[(.r- I)'+ x(e<x - 1)] 
+}AJJJ3(r- 1)' +r]+ t'/r 
-B,fii + 2Dx..fo+ h..fo- H..fo(3x2 + r+ I} 
+AJJ..fo- tv..fo + tq..fo(-1 ± VX+Ii 

35 

.t' = (J- tl(J + ~) .p =Po+ JlJJ(J + l) + PJJ[J(J + 1)j2.q = tJo + qJJ(J + 1) + 
C!JJ[J(.J l)]' 

Table 3.10: \ Iolecula:r couslant~ (Cin- 1 ) of the :'I A2 Tl state 

'onslanl t• = 0 u = 1 v = 2 v = 3 

To 
A 
AJ x I 04 

A.JJX109 

B 
0 X 105 

II X 1011 

1'0 X 102 

Jl./ X JQ6 

qo x lOa 
qJ X 107 

q,/ X 10 13 

!1117.39268 
-52.65010 

0.177 
- 0.74 

1.70731-1.5 
O.Gl-197 

0A06 
0.8-109 

-0.270 
- 0.38061 

O.LO 2 
- 0.97 

1 0!)05 .1 0365 
-52.57602 

0.176 
-0.49 

l.6900"t15 
0.61613 

0.315 
0. 400 
-0.2916 

-0.:39772 
0.1146 
- 0.95 

1266 7.244 2-5 
-52 .50026 

0.180 
o.u 

1.612723' 
0.617-16 

0.:351 
0. :J47 
-0.31.5 
-0.40 4 
0.13 2 
-0.38 

14403. 02!) 
-52.·12 9 

0.21\0 
0.0 

1.65.535:35 
0.61877 

-0.4 160 
0.13.:; 

0.0 

u=4 

16114.7716 
-52.::l70-5 

0.473 
0.0 

1.637902 
0.6166 
-0 .51 
0.7.59 

0.0 
-O.·lll2 

0.0 
0.0 
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calcu lated u ing the molecular con Lants and the formula deri1·ed by CNny cl al. 
(1978). The ground stale .\ ·2:s+ is described by tl1c term~ 

l 
F1 (N) = IJN(J\' + 1)- D[N(N + 1)jl + /J [N(J\' + tW + }."~ 'V (3.5) 

F2( i\' ) = B 1\'(N +I)- D[i\'(N + tW + !1 [1\'( :\ ' + 1)]3
- ~'l(.V + L) . (3.6) 

where N = J- t and N = J + ~ for F1 (1\' ) and P'.!(X). rc,pc·c(il·ely. 1 rf'pr<'sents 
the ~pin doubling of lhe 2E+ and given by the ex1 ansion 

(3.7) 

.\1olenLiar constants a re given in Table 3.8. 
ln t he calcu lat ion of the tate A2ll. the matr ix clelllents and t.hc molecular 

constants given by C<:"rny et. al. ( 197 ) are used (see Table 3.9 a11d :J. IO. respectively). 
\Vc calculated nol only the main I ranches (P 1,Q1 , ... ) bul also t he atellile 

branches (0 P12 ," Q 12 , .. . ). \Ve used the Einstein co r6cient.s for the CN red sysl<:"m 
derived by Bauschlichcr et al. ( 19 ) (or the band strength . 
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3.4 Vibration-rotation transition of polyatomic 
molecules 

3.4.1 Hydrogen cyanide (HCN) 

IICN is an nsymmelric linear molecule and has three normal ,·ibralions as sbown 
in Pigure 3.5. We define v1 and 113 as the C H-stretching vibrntion and thE> Ct'­
str('[ch iug vibrat ion, respectively. as defined by :o-t aki et al. ( 1996). There <uc 
com bin at ion bands in addition to normal vibration bands. 

The bending rnode (v2) of IICl\ is the doubly d generate vibration. In this ca~;e , 
the quantum number I i defined as I= v2 • t •2 - 2 ..... 1 or 0 which dcnot<'s the vibra­
tional angular momentum about the symmetry axis. Thu~ thP vibrational energy 
I vel · a re defin d by v1, v2 . u3 and I. The energy stale$ are d<'no eel a~ S:::. n, /':;, ... 
corresponding to I = 0.1, :2. ... . . 

Furlh<'r. if the molecule is rotat iona lly excited, the energy b·cl~ with l ;::>: I plit 
in to two ~ubh·els by t lw in teraction wit h rolation (/- type doubling). i\s" re~ult. 
there ar u2+ 1 energy lc,·els for u2 sta tc. 

Transitions a.re a llowed fo r/':,/= 0 or ±1. Transit ions will1 i:J.l = 0 are called the 
parallel -bands (JI bands) aud ban~ no or ,·ery weak Q branch (e.g. lhc v 1 bands at 
:Jfllll. the 2112 baud at lf.tm). Transitions with/':,/= ± L are called the perpendicu­
lar bands (J. bands) and ha1·e strong Q branches (e.g . I he 112 + 113 bands a( 3.6Jtm. 
lh<:" 11-1 band at 14 f1111) . 

The formula to calculate the energy levels of ll C:"i are gi,·en in '\laki el al. ( 1996) 
and .\l aki &. Licle ( 1967) . Tl1f' em•rgy Ie,·cls are pr sen led. as the sum of lhe roLa-
1 ional and vibrational energy; 

E0 = (!,, + BI'J(.J + L) - D,.[J(J + 1) - 12
]
2 + H l'[J (J + L) -12 ]'1 (3. ) 

where G,, i. the vibra tional energy. Tb(' vibra.l iona.J lerrn , Ov, i · represented by lhe 
expa n ion 

G'v 2: "-•,(u, + d;/2) + L 2: .r,1 (v, + d,/2)( v1 + d1 /2) + g22 /
2 

+ L 2:L Yo1k(t·, + d,f2)( ·v1 + dj/2)(uk clk/2) 

+ L!/m(v, +cLJ2W (3.9) 

In t hi and following equations. lhe sums a re over a ll values of the subscript I 
to a with the exrept ion t hat lc 2': j 2': i. The vib ra.t ional deg ncracy is given by 
d1 = d3 = I aod c/2 = 2 for II 'N. We neglected I he terms wil b l1i gber order o f v 
which arc given in Maki ct al. (1996). B,·.Dv and JJ, , a rc• presented as follows; 
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H c N 

I T 

v, 

Figure :1.5: Form of tb. normal vibrations of llCN 

aud 

+ I: I: I: ,,,k(t'; + d;/2J(v1 + d1/2H"k + dk/2J 
+ ');11 (t·, + d;/2W. (3.10) 

(3.1 1) 

(3.12) 

The molecular constant determined by Ma.ki el a!. (1996) are given iu Tables 
3.11 and 3.11. 

The energy ]eve] [or u2=0 stale is given I y E0 it selr. llowever, for v2=1 slates. 
it is necessary lo add to E0 the term 

l 
± z[q, - q,., J (J + I )] J (J + I) . 

where qv,,qvJJ are given by the ex-pan· ion 

q,.1 = q,; +I: t• .(t•, + d./2) + LLf',1 (t'; + d./2)(vj + <11/ 2) + J.l.ul,_ (3.r) 

The molecular cons lam · are presented in Table 3. J :~ 

For u2 =2 . 3 and 4. lilf' energy levcl.s are calculated by solving the secular deter­
nunants givf'U by ~1aki .\.: Lidc (J 967) which are prcsculed as follows; 

E~- c 
H'2o 
IV22 

11120 

E~ - ' 
W2o 

W22 I W2o = 0 
E~- c 

\'or 1'2 = 2, 
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E~- c w3, 1!13,-t o 
~'~ :1 t EA- ( l-l'tt 11 3,- t 

= 0 for ''2 = :1. 
11'1,-t H'tt E~ - c W3t 

o w3,- t rv3t E~ - c 

I 
P~ - c w., /2Wto I 

ll ' tl E'~ + 1<1"2,-2- f y'211 'o2 = 0 illHI 

v'21 V 10 y2w01 £~-, 

I E~ - ll'2.-2- c tl '•2 j- r 
l ll.t2 E~ - ' - 0 or 1'2 = I. 

The matrix elcml"nl s ( W's) are given in Table 3.14. 

For the calculation of line intensities of [-JC\1, we used the lraasition dipoles. 
the vib rational and rolali 11al iut nsity factors. and the lie rman-Wal lis factors (cor­
rection for the interact ion bt>twcen rotation and 1·ibra.lion) de ri ved by 1vlaki et al. 
(1993) . 

We calcu lated the tr~. n ilions 100-000 (vt). 011-000 (112 + 11~) . LU0-01.0 (li t -112 ). 

OIU-000 ( 112 ) . 020-000 (2112) and their hal bauds . While the c~lculation s were dont' 
for u2 :::; 4 for p rpcndicular bands , the parallel band of HCN (11t and 2v2 ) for 
lhc higher v2 were a lso calculalcd by regarding Lbe I- type splitt ing as a degC'nC'racy. 
bccau ·c he accuracy of line rosilions is not ·o illlporla.nt for these bands which do 
no I have trong Q bran hcs. 
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Table 3.11: !llolccuiM roustants for the vibrational rnc>rgy levels of lfC~ 

pa.ramC'Lt1r (in cm- 1 ) [ parameter (in c ut - 1) 

(..;...'! 3·1-13.08076 Y1:11 0.•1"17 :36 

wz 72G.9li07'1 11222 0.0213 I 

W:J. 2127.41201 IJ:J.13 -0.039269 

xu -53.20:3496 Yt.t2 -0.1 13 !5 

.rn -2.599 4 7 Y1'l2 -0.077:350 

X >a -10.09173:3 !/113 -0.464875 

l'l2 -18.9:39592 Yl33 0.15760-1 

l']J -I :1.910718 IJI23 0.0975-¥1 

.C23 -:1.209·192 Y233 -0.120962 

922 5.3H057 U223 0.092102 

!Jill -0.035176 

Y211 0.004:.173 

Y311 -0.121 2 0 

Table 3.12: Rotational constant. for l:I C:\ 

parameter (iu cm- 1 x w-3 ) I parameter (in cm- 1) 

B, I[, -1.7110"11 D, X 106 2.85297 
a, 10.43.'>29 Pt X 108 -3.•1091 
a, -3.574<10 1J2 X 10 6.79.)7 

0 3 10.002 4 {3, X 108 0 . ~296 

111 -0.11 5020 t3u x 109 0.'!9·1 

122 0.04~0.'>3 ;l22 X I 09 0.740 

133 -0.029179 /333 X 10
9 0.078 

1.12 0.195899 f3I2 X 109 .!).577 

/13 0.196127 /3t3 X 1.09 -L57" 

1'23 -0.120675 /323 X 109 -1.700 

Ill - O.J 90750 t3u x 109 -4.6•J:l 

1111 -0.001532 

1'222 0.00116115 

1333 0.0 
... 1112 0.0 

j 122 0.0034568 

/113 0.0027:397 

1133 0.0 

1123 0.013345u 

1233 0.0 

1223 -0.0032349 

1'111 -0.0021490 

1'211 -0.0058·195 

i311 0.00:3·1 167 

I parameter (in cm- 1 ) 

// , x10 12 

Ct X 10 12 

C2 X 10 12 

C3 X l0 12 

cu X 10 12 

2.-15 
0.284 
0. 57 
-0.0 3 
-0.146 
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Tab iC' 3.1:3: The vibrationa l xpansion coe£ticienls for the 1-lyp<' resonance constants 
for II CN 

pantmet r (in cm- 1) I paramHer (in cn1- 1) 

q, X 10·1 7.229679 1/oJ X 10 7.556 
r., X 103 0.08 5 1'1 X lO 0.649 
r.2 X 103 0.10116 1'2 X 108 0.52R 
11"3 X 103 -O .OJ R:J 113 X 10$ -0.1 5 
ii"JI X 104 -0.1626 I'll X 108 -0 .094 
r.22 x 1 o~ 0.01764 /1•22 X 108 0.0023 
rr33 X 104 -0.006 /13J X 10 0.0560 
rr12 X 104 0.11840 /lt2Xl08 0.026 
rr13 X .10 1 0.7903 l't 3 X10

8 0.46!) 

1r23 x to·' -0.137 112.1 X 10 -0.10 
rru X 10 1 -0.0090 I'll X 10

8 -0.072 

Table 3.14: :\l atrix clcmPnls u C'd in lite sequ lar determiuams 

W22 =< 2. 21JTI2, -2 >= p[./ 1
( J + 1 )2 - V( J + 1 l]/2 

W2o =< 2.211112.0 >= q[J2 (.J + 1}'- 2./(J + 1Jjli2Jv'2 
Wa, =< 3,3IHI3.1 >= J3q[J2(J + 1)2

- 8J(./ +I)+ 12] 112 /2 

w3.-l =< 3, 3lfl l3, -1 >= J3pJ(J + 1l[.J2(J + 1)2- s.J (J + lJ + 12]'12 /:l 
w" =< 3,1IRI:J,-l >= qJ(J + t) 
W4z=<4.4l l7 14.2>=q[.J2(J+ 1)2

-l J(J+l)+72] 112 

11'2_-2 =< 4. 211fj4 . -2 >= 3pJ(J + l )[./(J + J)- 2]/2 

ll'o2 =< 4,2[11 [4.0 >= ,;6q[J2{J + 1) 2 -2J(J + 1jp/2/2 

H'4o =< 4,41 11 [·1,0 >= ,;6p[J2(.J + 1)1 - 18./(./ + l)+ 72] 112[J 1(./ + 1)2 - 2J(./ + t)J'/2/2 

q = q~·- q\ ·JJ(J + 1) and p = -1.085cm-J 



42 Jn frared 'pecl.roscopy of Cool El'oh·ec/ Stars "'ith ll1e ISO S \VS 

Figure 3.6: F'o rm of the nonuaJ bending vi bra I ions of C2 H2 

'2 11 2 is a symmet ric linear molecule and has five normal v·ibral.ions. In Figure 3.6. 
we show the two bending vibrations ( 114 and 115 ). fn this work. we only discuss be 
bendi11g mode of 115 near l3.7f.1m. Then we brieny describe the calculal ion of the 
line li. I. of thi~ band. 

C'2 H2 has degencral<' bending modes of ,-ibra.tio n as HC' ;-.1 . However. C2H 2 is 
charectcri zed by t wo ckgenera e vibrations a nd the quantum numbe r for t !Je loLa! 
v ibrat ional ~ngular momentum k(=/,1 +/5) s hou ld be consid<" red. A full Hamiltoni a n 
represent ing bending energy levels up to four qu.ant.a. iu \~1 + 115 ::;4 was presented 
by !Ierma n et a l. (1991 ). 'vVe a lculale th energy levels by ilwil· llamilto nian us ing 
lhe nlOiecul~r con tants determined by h: abbadj e l. a.l. (199l) . 

For the \alrulation of line in tensil ies of C 2ll2 . we used the tran it ion dipoles. 
the vibrational and rotational in tensit · [actors. Henua n-\\'a!Jis facto rs. and H6ni­
London factors deril'ed by W b r el a l. ( 1994). llowe1·er, t h factors deri1·ed by 
Weber et al. are not enough to calculate lhe line intensities [or high exc ilal.io n 
bands. Therefore our calcu lation was limited to t. hc t ransit ion · wilbin \';1 + I 5 ::;3. 

Molecu lar Data 

References 

Ami ot. C., 'ba u vill<' J.. ~ .l ai ll ard J. -P., 1979. J. i'd o l. S pcctrosc. 75 , 19 
Amiot C ., ll laill;ll'(l .J. -P .. Cl! auvi lle J.. 19 1, .J . l\1ol. Spcct rosc 87, 196 

13ausc hlj cil cr C. W. JJ-., La ug boff S. R., Taylor P.R .. nJ . 1\p.J 33;! . .53 1 
B "nnctt R. J. 1\l. , 1970, 1\I NRAS l47, 3.5 

Botsclm·ina P., Sebald 1:' .. l985 . .1 . Mol. Spectrosc. 110, 1 

Cerny D .. Ba is R . , Guelacll\'i li G., lloux F .. 197 . J. ~lol. Spcclrosc. n. !.'54 

Chackcrian .. T ipping R. II .. 19 ' 3, J. Mo l. Spectrosc. !J!l . '131 

43 

'handra S .. . 1\egel v\' .H .. LeRoy R .. l ., Hertenstein T.. 199.5, &:AS 114, 175 

Cooper D. M .. ."J icholls ll . \\' .. 197;'5. J. QuanL. Spectrosc. Had. T.ransf. 15. 139 
Da•·i . . P., ;\b rams i\1. C .. Sandalphon. Brault J. \\· .. r! ao ·1. L. P. , 198,' , J. Opl. 

'o. Am. ll., :, I 'a 
Frum C. L. Engleman ll.. Be rn al l1 P.P .. 1990 , .J. Chem. Ph ~· s . 93 . 5 J.)7 

Gudacbvili G., de Villeneuv<' D .. Parrenq R. , Urbau \V .. Verges .1 .. l9 3. J. ~dol. 
Spect rosc., 9 , 61 

II erman \J.. lluet T. R .. J\abbadj Y., Auwera .J. \ · .. 199 .1, :\1o lecul ar Physics 72. 

ll erzberg G .. 19-15 . 1\/o/ccu ln r . pcclra and Mohculal' Structure . fl ., fnfmred and 
Raman Spectra of Polyalnmic ,\Jolecules. \ 'an Nostrand ll<' inhold Company, 
N w York. 

l! Przberg G., 19.50, .\loltcu/01· Spectra. and .\lolec11lar lructurc. /. , Spcclm of Di­
ololnic Jlolcc-ulcs, \ 'au l\ostrand Reinbold 'ompany. New Yo rk . 

ls lami l\. , Amiot C ., 19 6. J. ~ l ol. ped ro c. ll ' . 1:12 

1\abbadj Y .. l·le rman \L Di Lona1·do G., Fusina. 1 .. .Johns J. \V. ·., l991. J. i\lol. 
Spl"drosc. 150. 53.5 

Lie G. C. , Hi nze J. , Liu B. , 1913, .1 . Chem. Phys . 59 , 1887 

1vl a kj A. G .. Lide D. R. , 1967, .J. hem. Phys. 41,3206 
~laki. A .. Qu a pp W., !\leeS .. 199.5. J. Mol. pect r sc . 171. 420 
M a ki A., Quapp \\'. , !\leeS .. ~J e llau G. -C .. Albert ., 1996, J. /d ol. pect.rosc. 

teo, 32:3 

Pi neiro A. L .. Tipping R. ll.. 'hackeria.n C .. 19 I, .J. i\lo l. Spectrosc !25, 1 '•J 

Tsuji T., 19 ' 6, A!:xA 156, 
Todd T. R .. Olson \\' . B .. 1979 . .J. ~lol. Speclrosc. 71. 190 

v\'t"ber \1. , Blass \V. E ., u~ l sey G. W .. HiJJ ma.n J. J.. 1991. J . !'llol. Specl rosc. 

165,107 
Wi11kel H.. J.. Davis S. P .. P ec,vner R. BraulL J. W .. 19 ' 4. Can. J. Pby . . 62. 1414 

Zachwieja M .• 199.5, J. Mo l. . peel ro. c. 170, 2 .5 



44 Infrared Spectroscopy of ('ool £,·oil-ed StaJ· · \vith ibe ISO 5 1\'S 

Chapter 4 

Model photospheres of carbon 
stars 

·15 
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4.1 Introduction 

In the present study, we used model photospiiCrcs lo analyze the molecular f<>atures 
of carbon st.ar. (Chapter :3). , ince abso rp tion features are quite complicated in cool 
. tar~. synthetic spectra IJ ilSed on model photospheres are useful ('ven for identifica­
tion of mol rular features. \\'e will also discuss the d<'l endc>ncr of molecular features 
on spectral types using model photospheres. 

\\'e calculat d model photospber<"s of carbon stars based 011 the plane-parallel 
geometry and hydroslati equilibrium. For detailed and quantitati1·c analyse of !be 
spcclra, the sphericity effect should be taken into ac ounl. lloweYel', the effect in 
carbon stars are probably much smaller than i11 oxygen-riel! o·iants (s<'c Section !5.1 ). 
l ienee w neg! ct f he phericity effect irr the model calculation in th is work. The 
effect of dynamic in atmospheres by stellar pul ation has bceo studied (e.g. ll ofncr 
& Dorfi 1997) and thi possibility wiU be eli cus eel in Section 5.4. 

Since t,hc spectrum and photospheric st ru cture of rc>d giants a re dominated b,v 
the molecular processes. the careful eva.lualion of the molecular line opacit ies is in­
dispeu able in the calculation of model photospheres. \\'c can of course e1·aluatc 
molecular line opacities dir ctly using the line list ·, ami w.ill actually demon. trate 
tlw synthetic spectra based on line-b.v-linc calculation for several molecular bands 
in Chapter 5. However. f he rtumber of molecular lines is so large that the line-by­
line calculation i tUHealistic to produ e model photospheres for whi b we need to 
it ·rate the <:'valuat ion of molecular line> opacities until tlw elf-con istent temper­
ature st ructure is obtained on tbe assumption of radiative <>quilibrium. Therefore 
some approx:im;tt ion fot' molecular opacit ies is neces ary for model caJcu la,lions. The 
approximate method usuaJiy u eel in modeling of stellar photosphere is the opac­
ity clisf,ribution fu11clion 111 thod (ODF) or opa<:ily sampling met.hod (OS), both of 
wh ich are based on huge line data of molecules ( .g. :ttsfafsson cl aJ. 1975, Peytre­
mann 1974). llowever. in ou r calculation of mod I photospheres of ca rbon stars. the 
m·a lu a,tion of molecular line opacities was don by the band model. method which 
was reviewed by Tsuji (199-1). One advantage of the l aod model method against 
ODF and OS is ils Oexibility, because this method does not require a huge table of 
opa.cily prior to model calcula tion which is neces ary for OS and ODF. but requires 
only a C·w spectroscopic constants of molecular bands. Therefore we can produce 
model phot.ospheres for variou chemical composition. Thi ·flexibili ty is important. 
for ludying carbon star . becau e the C'/0 rati of carbon tar are diverse and the 
photospbcric strunurcs scl'crely depend on the C/0 ratio. 

Sioce the approximation by t he band mod I method may be rather rougb (sef' 
ection 4.2), it is 11C'Ce. sary to examine how well this method represent the molrcu­

lar line opaciti<'s. Por this purpose we com par cl the spPdra c~Jc ul ated by th!" bam! 
model method and the synt.hetic spe f.ra based on ih<' direct. line- by-linc> calcu lation 
using the mol cular line list.s produced in Chapter 3. 
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The ba.nd modrl met.hod for carbon bearing molecules i hrieny reviewed in 
'e lion ~ .2. In ection 4 .3. we compa,re the synt hO"lic spectra by the band mod,] 

mrt.hod witl1 th ose I ~ .. <:'d on the line-by- line calculation. Tlw model pbotospheres 
alcuJa.i.ed a re discussed in St'cl. ion -1.4. 



lJdi·ared Spectroscopy of Cool E•·oll'l~d . tars 11·ith the ISO S' \\ '8 

4.2 Application of band model method to car­
bon bearing molecules 

Jn ~his secLion we briefly describe ~he band m d<'i mct.hoo «nd the application t.o 
absorption band~ of CO, :2 , 'Nand HCN. The c nccp( and fonnulaUon of band 
mod<>l method wen• revi~wed l,y Tsuji ( l994). Then we briefly summarize tit • for­
mul<te. and de cribe rathPr details on I he determination of paramNers in thP band 
model method. 

In lbe calculation of model pbotosphet·es. tbt> mol cuJar oracit.ies arC' r ·quired 
for each spectral mesh and for each layer of the photosphere. Namely we need to 
evaluate t.he molecular opacities as a function of wa,·cnumber wand temperature 1'. 

ontrary to atomic lines, tl1e line in ten ity and line density of molecul<'s can be 
eslimnled by simp! formulae for each band of a moleculr if the spectral mesh and 
tcmperalttre are specified. As a simple example, we hert> con idcr on<' vibrational 
transition of one ~p<>cies . 

The line pos it.ion (wavenumber w) of the band can be represented by 

(4 .I) 

where m = -J for the P branch and 111 = J + I for the R branch, and by 

w = "'•'••" + (n:.- s::Jm(m + t ). (U) 

where m = .} for the Q braucb. These equations can be so lved form. 

Th integrated line inten ity for a. singk line is repre ented by 

( ) ;u} J w I I [ he { , 1 I • .v'u" nt = --2 v'u"-- m P(m)exp- ,
1

, G.,+ B. lm(m -1) }] 
n1 eC Wv'tJ'' r;' 

hew 
x [L - exp(- kT )]/Q,(T)Q.(T), (1.3) 

where J, .. ., .. i the vii rationa l f-,·alue, F(m) is lhe Herman- \Vallis fa.ct.or, G~ is the 
term ,·alue of the lower ,·ibraliooal Ie,·el, Q,(T) and Q.(T) are the rotational and 
vibrational partition functions . respectively. and other notations have their usual 
meaningR. Since m i dPtermincd by eqs. (4.t) or ( 1.2) when w is given. 8v'••" can 
be written as a function of wand T. 

The line separation in llw (v'. ti') band is evaluated by 

d ( ) do.i B' , 11 , .• ,. .. m = -d = ( .. + IJ )+ 2(B' - 8 )m rn "' u u v ' (4 .4) 

and can a lso be written ;ts a. function o[ w. 
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Thus th liuc intensity and t.lt line scparaliotl are derived for 1 he spectral mesh 
rcpre.sented by uJ and the layer o[ the photos phere with T. 

13y l i !C~se s ..... (w) and dv'u"(w). we define U1e straight mt?an absorption coefficient 
(k) as 

(4 . .5) 

where the summa lion hould be xtt"nded to all the bands that are contributing at 
lite wavemunber («-·). Then, we define the effecti,·e meau line separation (d(..;)) by 

(4.6) 

whe re :;~' is ddined as 

(4.7) 

lf the line separation d i. omparable to or smaller than the Doppler widths o[ 
absorption lines. which ar usually about $everal kms- 1 in photospheres of giant , 
the line absorption codlicieul can be regarded as a quasi-continuous absorpLion and 
given by the straight mC'an ab orp~ion coefficient (k) itself. This is usually called just 
overlapping line aprroximation (JOLA). This may be applicable to the liuc absorp­
tion coefficienLs of some polyatomi · mokcules like ll CN and C2 H2 . However. the 
mean line separations are larger than the Doppler widths for most bands of diatomic 
molecules. Then the ab orpt ion coefficients houlo be oYer timated if the JOLA 
is applied in the mod I calculation. In lhjs ca e. band models su h as the Voigt.­
Ana logue Elsasser band model could be a pplied with the use of the mean absorption 
coe'fficicnL and the mean line separation (T· uji t97l). Hence, the evnlu<ttion of the 
mean line separation i~ very important in ~he approximation of molecular pacities. 

Similar formulation can be applied to ele 'lronic bands of diatomic molecules like 
C2 and C:'\. The traighl mean ab orption coefficient is wTillen by the band oscillator 
trength .f.,•u"• the el clronic partition [unction Q,(T) . Lbe statistical weight (g.). 

the term ,·alue (T.) of the lower electronic state. and other factors in eq. (4.3). 
Tbi was pre en~ed by T uji (199.J.) where the distinction between the P, Q and R 
I ranche was neglected. The mean linCo" separation is given by eq. (4.4), but that 
mu t. be divid -e! by the number o[ branches (e.g. ~hrce if there arc Lhe P, Q and 
R branche,). Further, the li ne ·eparation may be even mailer clue to lite. plitting 
I y the sp in-orbita l iutcraclion and clue to the A-type doubling. Namely th line 
separat i .n given by eq . (4.4) shou.ld be cliYided by n,.,q.R(2S + 1)(2- 6,1..0), where 
n PqTI is the n umber of bra uches. 2.'>'+ l is the sp lit Ling by the spin-orb ital interac~ion, 
a.nd 2- DA,o i 2 if there is the A-doubling. 
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In the ·as<' of Lh<' CN red system (.-1 2 fi - S 2~+), thr dividing factor is 6, because 
th. r<" nre the P, Q and R branches and 28 +I =2. We lic"lc•cted the a tell it brancll('s 
in the approximation of molecul11r lin<' opacities, b<' a usc their lines are much W<'ak<'r 
thau those of main branches. Similarly. the cJi,·i liug fa.ctor for the C 1 1·iold :yst<"m 
(B1~_"y2:s+) is <1. 

Ju tuc asc of the cl ll'an bilncl (rf3ll_.-a3 1l.) . the' dividing factor i. 6. because 
there arc lh<' P ;wei R branches (the Q branch is 1-cry weak) anJ 2 '+ 1=3. The 
factor 9 and;{ are derived for the '2 the 13allik-Rarnsay system (b·1:S0 -a3 rJ .) and the 
Phillips system (b' TI .-a'~:). rcspecti,·ely. lfowe,·cr we mu t consider the mis. iu_g 
levels for the .2 Ballik-Ramsay and the Phillips sy.tems (se Chapter 3) Since c2 ,. 
the homouuclear molecule with zero nuclear spin. Therefor(' the factors should be 
divided Ly 2 for hese two systems. 

The e1•aluation of the line separation of the<'! ctronic bands i rather C011Iplicatc-d 
as shown abo1·e. in . pile o[ the fact that the molecular absorption coell1ci<'nt· ar • 
strongly dependent on the e value~. c.sp cial ly in the rase of diatomic mo.lecul •s. 
Th refore we examine how well the lnlll(lmod I nwliwd can represent the mole ·ular 
Jjne absoq lion cot'fficicnts in tbt' next section. 
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4.3 Comparison with synthetic spectra based on 
line-by-line calculation 

F'or examining to wha.J cxt.cnt I h band model method can I'cpresent the molecu­
lar line absorpt ion coeffi iC'nt , we comp<tred the emergent nux based on the band 
model nwthod with l!Jc synthetic spectra directly calcul;lied us ing the line lists. for 
this pmpose. we cakulal<-d model photospheres hased on the- band model method 
described above. Based 011 these model photosphere . the synthct ic spectra are 
cakuJ~tecl using the line list of molecules produced in the prcviou~ chapter. 

\\'("carried out thi comparison for co vibralion- rolati n bands, the ex red sys­
tem, the '2 Ba.llik-Ram a_v system and the HC;\ 11 1 bands. which are very important 
opacit.y ·out-ccs in the photospheres of cool carb n tars. It should be noted that 
the une li ts of these molecules are not necessarily complet . e pecial ly for lines with 
higb excitation potential, white the band model method considers relatively higher 
excitation bands. This shou.ld be taken into consideration in the [ !lowing d iscussion. 

CN red .system 
ThC' 8)'nth<"i ic spectrum based on i be unP--by- line calculal ion for the 'N red 

sy. tem is shown in Figur<" 4.la for 1~rr=3000 K and C/O=l.l. Th tran itions with 
~IJ = -2 , -L 0.1 and 2 arc incluclecl. The emergent Buxc.s bas don our band model 
mPlhod and on the J 0 LA ru·c hown by lhe soJjd and clotted lines, respectively, in 
Figure 4.1 b. It is evident that the emergent flux based on the JOLA show large 
de,·iation from lhe synt betic sprct rum based on 1 be line-by-lin<' calculation, but the 
agreement i fairly improl'(:cl by our band model method. We also show the loga­
rithmi differenc<' between lhc syntbeti spectrum and the emergent flux ba eel on 
our band model method in Figure l.lc. We can see that the absorption bands of the 
·ynlhetic sp ctra are well reproduced by the band model method. The absorption 
in the ("mergent fl ux based on tb · band model method i rather s ronger at l.3, 1.7 
and 2.3Jl m than t he synthetic spe ·trum, but th is is due to the incompleteness of 
the li ne list of CN used in l he calculation of the synthetic spectrum. We note that 
the at llite bra nches are not considered in these calculat ions. Though the lines of 
sateJlitP branches an" weaker by about two order of magnitndr than those of main 
branches. the <' branches hould be included for more accu rate approximation . ln 
order to examine the effect of the effectiYe temperature and of the carbon abun­
dance. we a! o show the ompa.rison for Te1r = 3400E and '/O=l.l (Figw·e 4.2). 
for T.rr = :JOOOK aud C/0=1.01 (Figure 4.3). and for Terr = 3000 [( and C/0=2.0 
(Figure 4.4 ). We confirmed that the absorption bands of the syn betic spectra are 
al•o well reproduced by the band model method in these cases. 

Cz BnlliA·-Rnmsay system 
The synthe ic spect rum calcu lated using Lhe lin li l of th c2 Ba ll ik-llam ay 

sy ·tem i shown fo r T~rr=3000 l..: and C/0 =1. 1 in f igure 4 ... 5a. The trans ition witb 
~v = - 1,0.1,2 and 3 are included. The emergent fluxes based on our band nJOdel 
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figure 4. 1. : a. The synthetic pcclrum of the CN r d system for 'l~rr=30U0 1\ and 
CJO= L.l. b. The emergent fluxe based oo our band model method ( olid line) 
and on lhe JOLA (dotted line) . c. The logarithmic clifl'er n e bclween lhe synthetic 
spectrum and the emergent Aux based on our band model method 
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Figure 4.2: The same as FigLLl'<' 4.1, but for ~r:-rr=3 ,1 00 h.: 
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Figure 4.3: The same as Figure ·1.1, bu [or C'/0=1.01 
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F igure 4.4: The same as Figure 4.1, but for '/0 =2 
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Figure 4.5: a. The syothel ic pectrum of the .2 Ballik-Ramsay yslem for 
1~rr=:JOOOl\ and /0= I .I. b. The em rgeut fluxes based on our band model mf'lhod 
(solid line) and on lh JOL (dotted line). c . 'T'be logarithmic d ifference between 
the synt betic spect rum a.nd tbe emergent flux ba ed on our band modf'l tnf'thod 

mel hod and on the JOLA by the solid aud dolled lines , respectively. in Pigmc 4 .. 5b . 
T he lines of the atellit.e branch s are nol included in these calculat ions. We also 
show thf' logari thmic difference bet ween the y nthetic ·pectrum and the cmerg nt 
flux based on our band model met' hod in Figure 4.5c. As in the case of C'N red sys­
tem , the emergent flux based on the JOLA : !tows much stronger band ab·orpt ion 
than that in the synthetic pectrum based on the line-by- line calculat ion , while the 
st rength of the band absorption of th synthetic spect ra are wei.! reproduced by ou r 
band model method. We ronfirmed lhe agr t>lllC'nt for other pa.rameters. 

CO !•ibralion-rolalion bands 

The ynthctic spectrum calculated using the lin e li st of the fund amental. first 
overtone and second overtone bands of CO i shown in Figu1·e 4.6a for Tcrr=30U0l\ 
and C'/0= 1.1. The c1nergen t fluxes ba.ed on ou r band model method and on t he 
JOLA an' also shown by the so lid and dotted lines. respectively, in Figure 4.6b. 
'vVe a lso show the logarithmic difference bdwecu the synthet ic spect rum aud the 
emergent Aux based on ou r band model method in I• igure 4.6c. We cau find that 
t he absorption bands o( the sy nthetic 'P('C(rum a rc J'casonably reproduce I by our 
band model met hod. We confi rmed t he agreement for other parameter. as the case 
of 1. he (' N red system. 

J\lodel PbotosplJeres of carl>on . ta1·s 
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Figure 1.6: a. The synthetic sp('ct rum of the CO Yibration-rotation bands for 
T. rr=3000K and '/0= I.J. b. The emergent fluxe based on our band model method 
( olicl line) and on the JOLA (dotted line). c . The logarithmic difference between 
lhe syn thetic spectrum an I the emergent nux ba ed on our band model method 

If 1\ . 111 band.~ 

The synthetic pectrum calcu lated by the lin Esl. of he ll ~ v1 bands is shown 
in Figure 4..7 for T~rr=3000 1\ a.nd C/0 =1. 1. The emergent nu x based on the band 
model method is a lso . hown. We note t. bat the JOL w~ app lied !'or t.he HC r 
bands . We ca.t1 sec that l.hc abso rp t ion bands of tb.e synthetic · pectrum a.re well 
reproduced b ' Lhc band model method. The absorption a.t 2.5 a11d 3.f> 11m in the 
emergent nux based on the band model method is du(' to the bands of liC:N other 
lhan the v1 bands. 

By these comparisons, we conclude that the molecular opacilic of CO, CN. C2 

and RCN arc re~ on ably approximated by the band model mel hod in our model 
ca.lculation . 
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Bond-Model v.s. Line-by-Line : 3000K C/0= 1.1 : HCN nu1 

7.2 

Figure 4.7: The upper . pectrum is th€' synLb Lie spedrum of the HC v1 bands for 
Telf=30001\ and '/0=1.1. The lower oDe i ·the emergent £lux based on the b<wd 
model method. The ab orption at 2.-5 and 3.6 llln in the emergem rlux is due to the 
I ands of HC · other than the 111 bands 

A/ode/ Photospheres of cMbou stars .-, 
4.4 Model photospheres of carbon stars 

\\ie used the computational code of model photospheres whi ch has been develop d 
by Tsuji (e.g. 1999) to ca lculat<' the model pl1otospheres of carbon stars. In the ca l­
cu la.Lion, bydroslat ic c•quilibrium. iucludiDg radiation aud lurbull"nt pressure , the 
plane-parallel and homogeneous photospheres in racliati\· ' f'qui librium are assumed. 
Loca l thermodynamic equi librium (LTE) is assumed in the evaluation of molecular 
abundauce 1wd opacities. The source of continuou;; absorption ar•• bound-f:ree and 
free- free or H-. fr<'c-frec of 112 and II<'-, bound-free all(! free-free of II I. Si I, J\ lg f 

and Ca I, Rayleigh scattering by JI I. 11 2 . and He. and e lectron ca t tE'ring. 1\'lolecular 
lin e opacities are evaluated by the band modelmctbod discussed abov" for 0. CN, 
C2. II Nand '2 11 2 • \Ve note that thr opacitiE's of 13 CO, 13 ('\" , 12 (' 13 (' and 13 C2 a re 
con ·idered assuming 12Cf 13 C=-'50. 

We fixed the surface gr~vi ty (log g = 0.0) and thE' micro-turbulent vdocity ((mice 
= 3 km ,- ' ).an I calculated model photo ph errs for 1~rr = 32001<, :30001.;: and 28001\. 
and fo r C/0 = J . 10 . J .O:J and J.Ol. These ,-a lues are typical in n•rbon sta.rs discus ed 
in Chapter 5. 

Th pressure-temperature sl ructures of our model photospheres are show n in 
Fi rure 4 . for '/O=l..I O and three elfec!iYe temperatu res. The photosphere with 
T.-rr=2 OOh is considerabl y moler than those of other models. This is because Ute 
cooling by polyatomic molecul<'. which have st rong b~nd in hE' infrared region 
dominate in the surface layers of the photosphere for T. rr=2800l\. 

\Vp <tl o show the model photosphere for T rr=3000K and tlu ·e C/0 ratio. in 
Figure 4.9. \Ve can sec that the pholo phPre with a lower C'/0 ratio is cooler than 
that witu a high ·r C/0 ratio. This is due to the weaker backwarming diecl in 
tbe opti a! region by the decrease of CN and C2 molecules in stars with lower C/0 
ratios. Hence the temperature st ructure of photosphere i dependent not only on 
the eft'ecti,·e temperature bul also on tbe C/0 rat io. V\ e xamine th t>ffect of C/0 
rat io on molecu lar features in the in frared spect ra in the nex:t chapter. 



5 Infrared 8pecf roscop.•· of C'ool Evolved tars 11•il b I be ISO S \ I'.S' 

5000 

4000 

3000 

.... 

2000 
~200.C: 

JOOO< 

1000 

0 
-2 -1 0 2 .!> 

logP
9 

Figure •1.8: ~lode! photo pheres of carbou . tar for /0=1.10 and T,Jr =:32001\. 
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Pigure 4.9: ~ l od l photospheres of farbon tars for Torr =3000 1.\ and C/0=1.10 , 
1.0:3 and 1.01 
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abstract 

\Ve tarried out obs rvations of bright opt ira I carbon sta r~ with lhf' ISO SWS, 
a11d det<'ctcd the• absorption features of '0, ' ' , C ll. SiS and II 'N in -type a nd 
SC-t.ype stars. 

We found 'C\'Cral ch<l!'H lcristi ~of molecular abso rp t ion features oJTcsponding 
to lhe spectral type:. The Cl-1 fun lamcntal band. in :l-1111n iu N-typc stars arC' 
slrougcr than those in SC'-Iype tars. On the other hand. thf:' fir ·t overtone hands of 
SiS at 6.6/'111 wen• detected in \VZ Cas (S -type), whil<' none of them wPrc detected 
in N-1 YP<' stars. These re, ults ca11 be explained well by th<' lower C:/0 ratio iu 'C­
type stars than in 1-typc star~. The absorption f atur<' of 1-!C.\ (111• 112 + 113 and 
11 1 -112 ) arC' stronger in SC-type star~ than in N-typc stars . This fact can be explained 
I y the cooler atmo phert>s of our '-type stars clue to llw low r C'/0 ratio a well 
as due to ll1C' lower ffective temperature. comparNI with the N-type . tars in our 
sample. Th<' dependence of these in[rarecl molecular featu•·es on the C:/0 ratio is 
wel l reproduced by the synthet ic peclra based on our nlodc•l photosphereR. 

lloweve•·, he CS fundamental and first ovcnone bands a nd the band beads of tlw 
CO [undamenta.l ba11ds are weaker in the obscn·ed spectra th<UI in lho~c· predicted by 
our model photospheres. ln the e,·eu longer wa\·elength region . the di. tinct emis ·ion 
features of l[ 'N' 112 bands (14 Jllll) "'ere detected in TX Psc. These results suggest 
a contribution to the infrared pectra by the em is ion of CO. CS and ll CN in the 
outer at mospbere. 

.\lolC'Clllar Pea lures in Carbon Stars (j3 

5.1 Introduction 

As discus eel in C'hapkr .I , one of the important haracteristics in the AC: B pha. e 
is the vari ation of t.h cl!Pinical composition in tbe .. tellar surface. 8specially. the 
innca, e of ·arbon abundance may form carbon . tars whose pectra are q~•itc dif­
ferent from those of ox.vgen-rich s ars . The tructure of pholopheres may «lso be 
influenced by the chem ica l composit ion. 

The infrarf'd sp<"CLra of oxygen-rich giant. obtained with lhe ISO SWS haw al­
ready bf•en analyzed by Tsuji d al. (1997) in which the exist<>nce of warm molecule 
forming region in t.he outer atmospheres was revealed for ?I! giants and 1iras. ln I hj 
hapler. we a11alyz thC' S\\'S spectra of c<trbon star., and investigate the absorp­

tion and/or emi:s.ion of mole uks in ~be photospheres and in he outer a~mo. pheres. 

C'arbon stars are cleal'iy distinguished [rom ool oxygen-rich stars by their optical 
speclm; ca rbon stars show slrong C2 and .N <tb orption bauds, while cool oxygen­
ri ch star show strong TiO absorption bands. This is because mo. t oxygen is locked 
up in 0. wbkh i t.he mosl tigblly bounded molecule in carbon-rich stars while 
most carbon is locked up in CO in oxygen-rich stars. i\ lost of cool carbon stars are 
call ed l\-typ . while cool oxygen-rich stars are called .\1 -type. Be ides t he oxygen­
rich stars and carbon sta rs, lhere are a lso the less common S-type stars which do 
not how strong TiO bands nor strong .2 bands, but show ZrO bands. This mean 
that the '/0 ra.tio. of S-type stars are close to wtily, and mo·t c·arbon and oxygen 
are locked up in CO. S-type stars are flll'ther classified by th xisten e of weak TiO 
bands or 11· ak C2 (and C'i\) bands . Stars, bowing weak C2 and C'N bands are call d 
S '-type (or CS-type) stars which are in betwe n S-type tars and ca•·bon stars. 
Then there are two types of cool carbon-ri ch stars correspond ing to the strength 
of 2 absorption bands; N-type and SC-type. ' ince the strength of C2 bands is 
strongly dependent on the abundance of carbon which i !lot locked up in CO . the 
difference of the sp ··elm betw en N-type stars and S .-type stars can be attributed 
to I he C/0 ratios. The typ ical '/0 ratio of N-typ~· stars is about 1.1 , whil\" that 
of -type stars is a.bout 1.01 (Lambert et al. 1986). Though the difference of the 
(' / 0 ratio seems sma ll. !.he abundance o[ carbon wbil'h is not lo ·ked up in CO (th i 
can be repr ented by (C-0)/0) is sign ifi cantly different bet>v>en N-typc stars and 

C-typc star . 

The pre~ urc-tcmpcraturc tructure of the photosphere is also dependent on the 
C'/0 ratio. s hown in Sc•ction 4.4. the photosphere with the mall(' /0 ratio (i.e. 
SC.:-type stars) i. cooler than that with the large C/0 ratio (:'li-type stars) even for 
Ill('. ame effective temperature. 

In this cllapt.er. we investigate molecular features iu tb infrared peclra of N­
lypc and SC-typc sla.rs obtained with lhc 1SO SWS, and dist"u the effect of l.be 
'/0 ratio and t he Lcmpera.ture structure of the photosph<"re. 1Ne obsf'rnxl three 
1-type stars and three C-ty1 e sta.rs whose spectra of the :3- Jllll r gion and of tile 
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J3-15itn1 region ar~ showu in F'igures ':u a ud 5.2, respectively. 
\\'e n I C' I hat Lhere are BOme criteria for I he carbon sta r classification otber than 

the slrengl h of '2 hands. F'or example. 13C-rich carbon slars ( 12 C/' 3 C~3) ar<' called 
J -Lype, and carbon stars with relalively small depression in violeL [lux are called H.­
I ' J)('. One c11rbon star can be dassified lo two types. e.g. one of the tars in our 
a.mple. WZ Cas. was classified lo .J -lype as well as I o SC-type. However, we do not 

di. cuss hNe Lhese spectra l classeB other I ban !\-type and SC-lyp<'. becau ewe focu s 
lhe ef[ecl of Carbon abundance Oil the infrarPd , peCtra. 

Since the in[rared excess i · not large in the tar. in our ample, pbotosphel'ic 
contribution dominates in the spectra of the wavelength region observed with the 
ISO S\\'S. In the 3- pm region. many ,-ibralion-rolation bands of diatomi <ll1d 
polyatomic molecules wer• idemified and qualitatively int erpreted by our model 
photo ·pJwres. \\'c discuss the identification of molecular features and their charac­
teristic in Section 5.3. On the other hand. some absorption or emis ion fea.turcs of 
molecules origiuating in outer atmospheres are also expected in infrared tipectra of 
mass losing stars . In the case of oxygen-rich stars, the strong absorption of H2 0 and 
C02. which cannot be explained by lhe photospheric <tbsorpt ion alone. wa · fouod by 
Tsuji l al. (J 997), and the C02 emission was also di scovered by Justtanout et a l. 
199 ). \ \'e discuss the c nlribution to tl1e infrared spectra by mole ·ular emission 

in the outer atmospheres of carbon stars in Section 5.1. 

Molecular l''e;, t urc.; in C'iu·bo11 tars 
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Figure .5 .1: The observ•d spectra of six ·arbon stars. Thf' upper three are the 
spectra of !'\ -type sl ars and the low r three are those of SC-type star 
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Figure 5.2: The top is the peclrum of TX: Psc wh ich is reduc•d by the normal 
proce lure oft l1e S\V lA. The sp drum eems affed<• l by fringes when we compa1·e 
il with the RSH.F (the second one). The third one is the spe trum of TX Pse 
processed by the defringing procedure-' a.s described in Chapt. r 2. T he spectra of th • 
other four slars are also shown 
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5.2 Stellar parameters 

fn llu chapter , we compan· several molecular fe;llUr<'s prcdict('d based on our mod 
photospheres with the observed ones . To sp cify the model ph tosph<'res to be ap­
plied in the anaJy i ·, the effecliv·<' temperature (Torr). the chemical composition, tbe 
surface gravity and the microturbul nt ve locity shou ld be dct<:"rmincd for each ob­
ject. \Ve eli cuss the chemical compo iLion. especiall.v tbe C/0 ratio, lh ef[ dive 
tempcrattue and the surface gravity of the stars in om sample in I his se Lion. The 
microturbulcnt velocity is assumed to be 3 km _, which is the typical value of reel 
giants in the calculation of model photospheres and of synthetic spc lra. 

The chemical com pos it ion of carbon tars has been dcri,·ed by Lambert et a!. 
(1986), Ohnaka & Tsuji (1996). Obnaka (1997). and othf'r. lo Table 5.1, we give 
th<' '/0 ratio and the carbon isotope ratio (12C'/ 13C ratio) derived in the abo\' 
three paper ·. T l.e C/0 ratio of \VZ as is very low (C:/O=l.Ol) as expect.ed for 
SC-type stars. A it bough then.• is disagreement between 1 he authors . the C/0 ratios 
derived for TX P ·c and \1460 'yg (N-type) are higher than that [or \VZ Cas (SC­
type). We adopt /0=1.1 aud 1.01 for TX Psc and \VZ Cas. respe ·t ively, in the 
following discu ·sion. 

We also give the effective temperatures del ermined by Ohnaka & Tsuji ( 1996) . 
Richichi tal. ( 1995) and Dyck E'l al. ( 1996) in Table' 5.2. The effectiw temperatures 
determined by Ohnaka &• Tsuji (1996) a re based 011 the infrared flux metbod (IRFf..J. 
e.g. Blackwell <:'t ill. 19 0). \\ 'e re-examine the determination of the cffecti,·e 
temperatures of carbon stars by the IRFl\1 bdow. using the pPctra obtained by the 
SW . 

The !RF fl l uses the ratio of the bolomelric flux (!bot) to infrare f flux (fm) such 
as the L-band flux. The bolometric flux is proportional o T~ir by the dc•finition 
of the effect ive t mp rature, while lh infrared flux is proportional to T.rr in tb.e 
Rayleigh-Jean: regime if ther ·· is no strong peclra.l feature in th<' photometric band 
used. Then t he .{1"'1/ .fm rat i is a good indicator of Te~r, because that is proportional 
to T,;1rr· T uj i ( 19 I) adopted the L-bancl flux as the infrared flux. and determined 
the effecti,·e lempera.ture scale of N-typ<:' tars by th u e of model photo pheres with 
t be empirical calibration of th • 3 /Lfll ab orptioo due lo II Cl\ and '2112 . Ohoaka & 
T uj i (1996) adopted the L'-band (3 .!i-4 .J J.lm) instead of tbe L-band as the infrared 
band. 

Tbe rR.F!\:1 is applicab le to the case that there is no ·trong feature in the infrared 
band adopted. A glance al Figure - .I reveaJs that the adopt ion of the L'-band by 
Ohnaka & Tsuji (1996) is justified for the :-<-type ·tars . ITowever. a, can be seen 
in the fig ur , there is il strong absorption featur<:" at 3.9 J.lll1 in lh spectra of SC­
type stars a nd the actua l L'-band flnx is smaller tha 11 that p rf'dicted by the model 
photosphere which does DOt take it inlo account. Therefore the UH 'l\ 1 based on the 
L'-band fl ux without ~he orredion for the ab.orption band at 3.9 J.ll1l o,·erest imates 
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th•• effed iw· t mperature~ of theseS '-lypC' stars. A quaulitatiw rnea~urenwnt of the 
absorptio11 is n t. easy, because of the uncertainty of the co11tinuum level. ll owC'vN. 
we es timate the absorption of the 3.9JL!l1 feature to be about J -5% of the L'-band flux 
in tlw Llm·e SC-type stars based on th"' SWS s p ·cLra. Then the effect ive trmpera­
tu res of the SC-typc tars would be low<'r by about l-50-2U0h: than thos derived I y 
Ohnaka &. T s uji ( 1996). as given in the thir I column of Table 5.2. 

For ~ome of the arbon tars in our n.mpl , ~h effective t<"mperaLures w •re 
determin ·d based on the lellar aognlar diame ter measured by Utie of the lunar 
occultation \·cots ( Richichi el al. 1995 ) and/or by the iutcrf<'romclers (Dyck el a.l. 
1996) . Their re ults are also gi"':'D iu Table 5.2. Though there is a disagreeme nt 
bet we n t It(• result ba ed on the luna.r occultation and the intcrf,•rometri c one, thi s 
may be due to ti.Je deviation (rom cir ular symm try of th ·tellar disk as disCilSS<"d 
by Ri hi chi ct al. ( 1995) in which t he effe t of thi · ru;ymmetry was taken into cons id­
eration. \\·e a.dopt Tcrr = 3100 K a nd :3000 1\ for TX Psr and v\"Z Cas, respectively, 
in !hC' following di scussion. 

The s urfa e gra\'ily can bed rived by Lhc relation 

logg = logg., - 2log(R/R-=.) + Jog(ki/M. ). 

when> g. R and .\/ mean the u.rface gra,·ity, the radius and tb ma. of the star, 
r<"spect.ively. The radius of TX P cis about 200R ~ which is derived from th an­
gular diameter about 9 mas (e.g. Ricbichi ct al. 1995) and the distance of 2:30 p 
( Hippa.rco catalogue (ESA 1997) ). Though Lhe mass of TX P sc is unknown. the 
masses o[ the , aJaclic carbon stars ar<' estimated to be Lll"' < M < 2ilf" bas d 
on the kinematic properties (e.g. Dean l!l76). Ther<-'fore wee timated th s urfac • 
grav ity of TX Psc lobe logg"" 0.0. ince th observed data for U1e other stars ar • 
l!lor uncc-·.rtain. we as ume logg =0.0 for these stars in the following analysis. 
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Table 5.1: Carbon abundan<"e and ca 1·hon isotope ratio of t hr carbon stars in our 
sample 

star CJO 12C/ ' 3C 

0 L 0 L 

TX P c 1.16 1.0_7 22 43 
\"4 60 Cyg 1.062 21 (j] 

TT Cyg H 

wz a.~ l.OI 0 4 4. .5 
W Cas 25 
llZ Peg 18 

Table.- .2: Effective tempera~ures of carbon stars of our sample 

V460 Cyg 
TT yg 

\\ 'Z Ca 
W 'as 

RZ Peg 

3230 
3050(2) 

3160 
3180(2) 

2 oo<2> 

corre l<'d<3l L0(4l J nterferomclcr<51 

29 0 
3000 
2650 

:3000-3150 2921±60 
3200±151 

31~0±193 

(I) The effect ive temperature ba.,ed on tb · IRFi\ l (Ohnaka & T s uji 1996) 

(
21 The effect i\·e Lempcra.turc determined by (J- £' )0 which was calibratt•d against 

the cfr<'cti,·e tempNalure s ale detcrmin tl by I he IRF'i\1 
(JI The efF ct iv temp rature COlT cte I in this work ( ee Section 5.2) 
(•I) The <:>ffC'd ive temperature based on the angular diameter determined by using 
tbe lunar occultation (Richichi el <d. 1995) 
(s) The effective temperature based on the interferometric ang11lar diameter (Dyc.k 
et a!. J 996) 
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5.3 Molecular absorption features in 3-8J.Lm 

We hav(' ddecled rich mol.eculer features in the 3-8pm region of lhc stars i11 our 
. amp! -•. The spedra of the six sLars arc shown in Pigure .l with t.hc identific11lion 
of several n10I ·•cular bauds. Siuce this wa,·clength region has become available for 
t h Grst ti1ne witb the lSO S\V . we d('scribc the identilication o f llw nwlccular 
absorption of S, CH. SiS and HCN in . ome detail in this ·ecLion. We a lso discuss 
the dependence of the molecular absorption on tb spec! raJ type. 

5.3.1 CH fundamental bands (3-4 ~tm) 

As shown in Figure 5.1. w identified the ('If fundam<'ntal band at 3.29/tm (L-0), 
:-!.47 JLin (2-1) and 3.64 /tm (a-2), not only iu the sped rum of TX Psc obsf'rvccl by 
the high re olution mode. but also in those of TT ',vg and V460 Cyg observed by 
the low rC'soluti n mod . The CH absorption featur sin the thref' SC-type stars a.re 
quite weak if a ny. 

In Figure .:3, we show the synthetic spectra based on out model photospheres 
together with the obscn·ed oues of TX Psr and \VZ Cas. \\ ' found thatth' majority 
of tht> ab orplion feawres from 3.3 to :3.< Jllll in the spectrum of TX P c are du<' 
10 the vibration-I'Otation transitions of U. On the other !Janel. the ab orp1 ion is 
quite weak in tb synthetic spectrum with C /O=l.OJ, which is the value expected 
for SC-type stars. Though !be trength of the CIT absorption somewbat depends on 
the- effccti1·e tf'mperalltr<'. the effect of lhf' C fO rat.io i dominant.. \Ve a.ttributed the 
stronger C' l-1 absorption in the /\-type stal's than in the -type tars to the higher 
C/0 ratio in N-Lypc stars. In other words. the weak ' II features in C-type stars 
are explained by the sma ll abundance of free carbon at on which a re not locked up 
in CO (C-0 abundance). This is the .. ame characteri tic as the weak C2 a.nd C · 
absorption in the optical sp~>ctra of C-typc stars. wh ich is used as tb, lassifica.tion 
criterion of ca rbon stars. 

5.3.2 cs first overtone bands ( rv 4 pm) 

As shown in Figure 5.1, we dearly identifi d the band head of the C first overtone 
bands at 4 Jllll in I he spectra of TX Psc and \\'Z Cas which are observed by the high 
rc olution mode. Th<' absorption features at 4 Jllll appear in the other spectra with 
the lower re olut ion as well. 

The synthetic spectra of C'S at 4/Ltn a re · hown in Figur<" 5.'1 with the observed 
spectra of TX Psc and \\'Z as. The posit ions o[ the band heads of CS in ~he 
predicted spectra agr<'C with those oft be obs"'n·cd sp ct ra. However. some feature. 
of Lhe observC'd ·pC'clra cannot be exp lained well by the synthetic spectra of CS: 
there are ol1 1er absorption features in this wavclcngl b rf•gion. ln Figure 5.4, we 
show the positions of sev raJ · trong features of liJe C II fundameotal bands. Most 
of the absorption features in this Wa\·elcngth r egion or T.>i. Psc are a.ttribut(' I to cs 
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Figure 5.3: The observed peclra of TX Psc and \-\'Z Cas, and the synthet ic ·pecLra 
of the l-1 flmdarnental bands based on model photospheres with 1:.rr=3000 1~ 

and CH .. ln the observed pectrum of \VZ 'as, there is a broad absorplion feature 
between 3.c and 4 .1 J.lll.l. \Ve discuss this absorption feature in the next subsection . 

The CS ab orption in the ob erved spectra is. a. a whole. weaker ~han that in 
the predicted ones. W will di cuss th.is problem in 'ection 5.4. 

5 .3.3 HCN vibration-rotation spectra (3-4 pm) 

In Fi ure 5.5. we show the synthet ic spectra of the l! CN bands (v1, v2 + 113 an.cl 
l/ 1 - 112 ) togethe1· with Lh observed onC'.s of TX Psc and \VZ as . ln he calcu lat ion 

f the 3 Jlll1 band. the vibration-rotation spectra o( H 13 ~N as well as of C2 Jf2 are 
not, included. H 13 . is probably not so abu ndant in TX P c, becau. e the '2Cf 13 ' 
•·a.t io is ra.tbe.r high ; 12Cj1:lC=22 was deriY -d by Ohnaka & Tsuji ( 1996) and a ltigher 
va lue was derived by Lambert el aL (19 6). Ridgway eL a l. ( 197 ) analyzed the high 
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Figure; .I: The observed pec! ra of TX P c and WZ Cas . and the ynthetic spectra 
of the CS fir t overtone bands based on the model pholn pheres wi h Terr=3000l(. 
The positions of st rong absorption features of t he ' H fundamental band · ar also 
showu in lbe ob. erved spectrum of T.X Psc 

reso lution spect rum of the 3!lm band of TX Psc, and repo1·ted lbat the absorption 
line~ a1·e a lmost entirely due to f-l 12CN. On the other band, the a bsorption of H 13C · 
may be important in WZ Cas, because lower 12Cf 13 ' ratios were reported (e.g. 
12C/ 13 C=4 by Olu1aka & Tsuji 1996). \\'e c.stimated the :2H2 absorp tion by Lh · 

I and model opacity. and fou11d I b.at the '211 2 absorption for lbe parameter set. f 
VI'Z 'a is stronger than tbat of TX Psc. This is because the photosphere of \\'Z 
Ca~ is cooler I hau that of TX Psc. However, we found that the e.ffect of iucluding 
C2 ll 2. in add ition to 1-! CN. a opa il y :ourccs is at most 10~ of the depth of the 
3/tnl baud in th both cases. Hence we concludecllhal HCN absorption dominates 
tl1e :3 !lffi feature in \\ 'Z as as well as in TX Psc. 

We a lso k~ cted the HCN v2 + v 3 bands <Lt 3 .. -6Jtm in the three SC-\ype stars. 
Th idenl. ifi ·at ion of the v, -112 ba nds at 3.9ttm is difficu lt be ause of lhe blend with 
the 'S bands , but these baJ1ds seem to be detocled for WZ Ca in the wavelength 
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Pigure 5.5: Tbe obseri'C·d speclra of TX Psc and WZ 'as, and I he S.),llbetic spectra 
of t be vibration-rotation ban Is o[ H N. The clotted line is the synthet ic spect ru m 
of t he HCN v, - 112 bauds including t•2 _:::: 9 calculated by the model photosphere 
with '/0= l.OJ and Te1r=3000K (see text) 
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region shorter than 3.86)1m at which there i lhe C'S 1-0 band head. Purt ber . we 
att ribu ted the broad abso rption feature a t aro und :.l.9JJ1ll in lhe spectrum of 1\'Z 
Cas which ca.nnoL be expla ined by the 'S fi•·sl overtone bands (Sedion -5. ~. 2 . ) to 
the flCN " ' - 112 b11nds. To <"Xamjne this, W<' extended the line li st of U1 e " ' - 112 

bands up to v2 = 9 by regarding the 1-t.n)e splitting as a cl rgeneracy for 02 ~ 5. 
The .ynthetic spect rum of thest' bands including l'2 S !lis shown in Figure .'i .. ) for 
the case with T.-rr=3000K and C/O=l.Ol by lhe dotted line. Although t he lin<' 
positions o[ the"' -v2 bauds in the ·ynthet ic sp ·(nun are not accural because of 
the simpl ificat ion in the cakulat ion of I he cnNg? IPvels for P2 ;::>: .'i. thi s al sorption 
band can be qualitatively explained by ih<' HC 1 " ' - 112 bands and the CS first 
overtone ban e!:, (Section 5.3.2.). In this wa,·elcnglh region, the C2 lh 112 + "' band 
were identified in the spectrum of R Sci by ITron et a l. (199 ), but the contribution 
by Lhe C211 1 absorption may be small in WZ Cas a~ in I h<> 311111 band. 

One impo•·tant result is t hat the a bsorpt ion of HCN in our . C-I)' J><" sta rs i 
stronger than I hat in t be N-type sta rs ( ·ee also figure 5.1 ). The absorpl ion features 
of diatomic mo lecu h~ includjng carbon (e.g. C2 • CN and C f·l ) i:l rC g •nera ll y weak in 
SC-typc Atars, except for CO, b cause of the small C-0 abundance. Jlowcwr. LI1C' 
strength of the HC:.J bands sl rongl_v depends on thP temperature structure of the 
pllotosphere. The temperature of the photo phcre of SC-type , tar · i. lower II tan 
t hat of N- 1ype tars wit h t he sam<" elfect iYe L<·m pcrat ur<' ( 'ec lion -U). 13y the e lfecl 
of the cool photo pber<". the absorpi ion feature · of H 'N in C-type stars a re not 
weak compared wil b those of '\7-type stars, in spite o f the . mall C-0 abundance. 
This can be seen in Figure 5.5 where the HCl'\ absorption in the syn thet ic spectrum 
with C/0=1.01 is st ronger than that with C'/0=1.1. 

The f:fectivc tempera t ures of ur SC'-Iype t.ar a re rathe r lower than those of t ht> 
N-typc s tar. (Table 5.2) . and thi s also cont ribu te to the strong I:I CN a b orption in 
the SC-type stM in our sample. Therefore we con Jude that I he st rong absorption 
of HC in our SC-type stars is attributed to the cooler photospher ' due lo the 
lower '/0 rat io as well as due to the lowt>r e ffect ive ten1perature. compa red with 
lhe N- type sta rs in o ur amp!<>. 

Noguchi et al (198 1) and oguchi & A.kiba ( 19 6) measured the l.rengt h of tiP 
3Jllll band in ca rbon stars including 15 SC-typ star based on tb ncar infrared 
photometry, and showed that lh 311111 ba nds in SC-type stars are a st rong as in 
other carbon Iars. mo l of whj hare N-type s tars. Since the 311m band in .-typ 
star would be attributed almost only to ll Cill. t he ir result suggest that the HCf\ 
absorption features in S '-type tars are at l ea~t a .• trong as iu N-type sta rs. This i ~ 
consistenl with our result. and can be explained by tbe cool photospheres o f SC-iyp<" 
stars duf' lo the sma ll C/0 ratios as desc ribed above. 
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Figure 5.6: Tbe 6-711111 region of the observed pectra of TX Ps and WZ Cas, 
a nd the synlh · lie spect.ra of I be iS first overtone band s. The I ICN 2112 bands 
contaminate at a round 711111 in H1e spect rum of WZ Cas 

5,3.4 SiS first overtone bands (6.6-7 pm) 

In figure 5.6, w sho w the 6.3-T 11111 region of TX Psc and \\'Z Cas with the synthetic 
spectra o f t he SiS fir I overtone bands. The band heads of SiS are clearly identified 
in \VZ Cas. wltile there is no feature of SiS in TX Psc. It should be noted Lha.t 
the HCN "2112 ba nds contaminate at aro und 7 11m in the spectrnm of \VZ 'as . The 
SiS band heads a ppear in the ynthetic spe trum with /0=1.01 (i .. theca ·e of 
SC-type ·tars), while no or ot1ly ve ry weak feature appeal"s in the. ynthetic pect ra 
with / 0 =1 .1 and 1.03 ( i.e. the cases of l\-type sta r ). Thus the iS a bsorption is 
st.rongl.v dependent on (.be C/0 ratio. 

ln Table 5.3 we give I he '-0 abundance fo,· stars with C/0=1 .1 and 1.03 ( · 
type) as well as for a star wit li C/0=1.01 ( "C-Ly pe). where th e oxygC'u abundao 
i assumed lo be the so lar value. We al so g ive l he olar a bw1danccs of su.lfur and 
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Table 5.3 : 

S-type SC-typc 
'/ 0 1.1 .1.03 1.01 

(C-O )/ I! 8.:3x L0-5 2 .. 5xlo- s 0.83x 10 s 

S/ 11 1.6 X 1 o-s 1.6 x I o-s 1.6x lo - s 

'i/ ll :L:>x Jo-s 3.5xJo-·' :3 .5x ro-• 

s ili con in Tab le 5.3. ince the C-0 abundance i larger than the sulfur a bundance 
in N-type sl ars . lite most sulfur atoms a re con sum d by mokculc wl.ti cb is qLLite 
s table in the photospheres of coo l car bon star ·. On the other ha nd. in the ca><~ 
of C-i,qJc sla r,;, ther arc fre suU'ur a toms to form SiS molecule , because the 
su lfur abundance is larger t han the C-0 a bundan . The' large abunda.nce of SiS 
in SC-type stars can be' qualitati1cely exp lained by the low 0/0 ralio. 

t\s discu sed in Pel ion 4.4, the photosphere with the lower c;o ra io as in SC'­
type stars is cooler than that with I h<' hig L1er '/0 ratio i\S in !\-type sta rs. T it<> 
lower temperature of t he photo. phere of C-type stars also contribuL<>s to the IMger 
abundance of SiS. 

5.3.5 CS fundamental bands (7-Bj tm) 

The s pect ra in the 7-8 11m region of TX P c and WZ 'a.s a re shown in Pigu re 5.7 
with tbe synthetic spectra of the S fundamental bands. Although the band he~ds 
seem to be detected in the observed s pec tra, the absorption feat ures of the CS 
fundamental band are 1·ery weak. One of the rea on. f r the weakness of t he CS 
}-atures in the observed spectra is that the ab. orption of the HC1 2v2 bands masks 
the S featore in this wavelength region, espe ially in the ·peclrum of WZ as. 
TJowever, th<:> we11kncs. of the CS features ran no t be explained by this df cl alone. 
We will discuss a possibility of the contribution by the mokcular ewiss ion in the 
outer almosph<-re in the next sect. iou. 

5.3.6 C3 bands (5 !-LID) 

There is a deep ab orption band at 5fJ.In in th<' spectra of TT Cyg and Y-l60 Cyg. 
Thi band would b attributed to the vibmtion rotation transition of C3 (e.g. 
J 0rgen en et a l. 1.9 9). This band wa not d tected in the spect ra of 'C-type stars 
as xpect -d by their small C/O ratios. The absence of this band in the spectrum 
of TX Ps may indicate the small er carbon abundance tha.n tbo e of TT C. g and 
V460 Cyg. 

'3 is oDe of the candidates of opacity sour c · for the depression of V fl ux in 
cool carbon stars. A systematic . urvey of ('3 bM!d s o bse rved with t he SWS will giv 
importa nt information fo 1· the long standing problem of lhe violet opa city in carbon 
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Figure 5. 7: The 7-8 ftln region of the observed spectra of TX Psc a.nd \\ 'Z Cas, aocl 
t he synthet ic s pec! ra of the CS [nndamenlal bands 

tars ( ee , eel ion 6.3). 

5.3. 7 Spectra of TX P sc and WZ Cas 

So far we hav el i cu ed each mol ·cu la r band in Figure 5.3 (CH). figure 5.4 (C ), 
Figure i\.5 (HCN). Figure 5.6 (S iS ) and fig ure 5.7 ( ). \Vc calculated the ynthelic 
spectra including a ll these molecule and CO (Lh e fund amenta l a nd the first overtone 
band ), and show the results in fig ur 5.' together with t.h observ<•d spect ra ofTX 
Psc and 'vVZ Ca . There ·olution of the synthetic spect ra is J 500, while t he resolution 
of the SWS06 i b tween 1000 and 2000 depending on the wavelrngth. 

!11 addition to the fi CN 11·1• 112 + 113 , a11d v1 - 112 absorpt ion bands. we found the 
2112 bands around 7 J.tm in WZ Cas and our sy11lhcl ic s pe trum can rep roduce the 
fca ure to a cer tain extent. The a bsorption featurrs around 5/tm are reproduced by 



7' 

-;;:; 
c 
0 
u 

+ 
__.., 
>.. 

"") 
'--' 

" !:,;., 
0'> 

_.2 

2.0 

1.5 

1.0 

In frared pecrroscopy of Cool Emh-ed. I ill's •r itJ1 the 15'0 SWS 

del: 3000K C/0=1.01 

3 4 

Observation: TX Psc 

5 
A(J.Lm) 

6 

SiS 

7 8 

Figure 5. : The observed spectra of TX P sc and \\'Z Cas, and tbe synth t ic spectra 
including H 'N, 0. CS. CH and Si. 
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ou r synthetic spectrum inclnding I he CO fundam ntill bands. Jlowe,·er , th<' band 
hC'ad of t.h '0 fundamental bands at 4 .:.l/.1111 ar<' wea k(•r in the observed ·pedra 
of both s tars tluw in t he predidC'cl ones. The ·. first overton" bands at 4ftnl 
in the observPd sp(•ctra ar<' also weaker than those in the pr •di · ed OIJPS, and the 
fundam nl.al bands of , a lmost disappear. 

We concJude th at the infrared abso rption feature of TX Esc and \\ 'Z as are 
almost due to the molecules identifi ed in t. I:Us sect ion, and our model photosphere 
qualitat ively reprodu ce these nbso rption features. Howevt·r, it bould be noted tbat 
there are many uncerLainti e. in the model photo ·ph(•res and I he stell ar parameter 
for cool ca rbon stars, an I the good agreement between the obset'\'ed spectra and 
calcula ted ones does not llC'CC sarily mean that we ha,·e w II understood the spectra. 
For exam ple, the uucerta intie. of the eff ctive temperature a,nd the surface g ravity 
(log g) are at leas t J DOh and 0.5 dex, re peel i ' 'ely, a ud tbe ci11U1gc of these parameter 
makes the agreemcnL I (•tween th ob erved spect ra and the caJcula tecl ones better or 
wo rse, because the l !CN absorp tion is quite sensit ive to the temperatu re st ru ctw·e 
of the ph tospltere. J 0rgcnsen ( 1989) reporled tha.t hi s synllt('li c spectn1111 with 
1~rr=3l.OOJ.\, logg = -0.5 and '/0 = l.023 can reproduce the infrared spect rum of 
TX P c. Thi~ mea ns i.he nL bet.wceo the synthetic spedrw11 nnd the observed one 
is not tlllique within th uncertainties of t he stf'll a r parameter . T he spheri city of 
the photosphere may aff('ct the sp ctra, bul that i ool tak u into account in the 
pr<'sent work. Further, the absorptiou features of CO and CS, which arc stab le and 
abundan t in the photosph re · of cool car l ou stars. a re not reproduced well by om 
synthetic spect ra . Th is mean we need more quantilativ aualysis to under tand 
consi tenlly the molecular features in the infrared spect ra. 
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5.4 Molecular emission in the outer atmosphere 

Ln the observed spect ra, t,herc are somC' features ll'hich ca nnot be reprodu ced by our 
1nodel photospheres. In this sect ion , we in vest iu11Lc the CO and C absorption bands 
and 14 I' Ill featu res . and eli cuss the m<li ·cular emission in tb outer atmospheres . 

5.4 .1 CO and CS absorpt ion features 

As shown in the previous sect ion. the absorption feaL ures of thL· C fir. t overtonE> 
bands and the band head o f t he CO fundamental bands in the observed spectra arc 
weak,r than in the spectra pr<'dicled by our model photo. pher<'s. flnrthermorc, tlw 
absoq lion featu res of the CS fundam enta l bands in lhe longer wa,·elength region 
almost disappear. Since these molecules are quite sta ble in lhe photosphere, of cool 
carbon stars, it is diflicult lo exp la in t hese fact s by a small change of the tempera­
ture structure of the model photosphere or oft he stellar parameter. 

On<' important si mplification in the calculation of our model photo ·ph<:"res a nd 
syntheti c spectra is the assumption of plant>- paralle l geomet ry. Por giant stars , 
however. we may nred to consider the effect of sphNi city on the band feature . 

The . phericit y effect iu extended photo pb re were invest igated by Watanabe 
& l\.ocl a ira (197 ) for oxygen t·ich g iants and sup Tgia.nts. They poiuted out lite two 
effects of sphericity on absorption spect ra. The one is that th e surface area of the 
upper laye rs of the photosphere increases with th photo ·pheric exten ion. As a 
re~ ult, st rong a b orption lines wh ich originate in the uppermost layer are weaketwd. 
Tltc ot her is that the absorption lines of molcculrs which arc more abundant in 
lower temperature (e.g. Il 20 ) are slrengthcnf'd, because the tempe1·a ure drops 
due to flux dilution in extended photosphcr s. They demon lratecl that the '0 
absorption feature · are !lOt SO affected by the sphericity for a s tar with T.rr=3200 1(. 
log g = - 0.5 and Jl / = 1!110 , which is corresponding lo the ste llar rad ius (R.) of 
29.- R;;, and t,lw photospheric extension of 0.2:317 •. This result. was interpreted as t he 
cancelation of tlw above two effects . 

The e ffects of spheri cal exten:;ion on spect ra of carbon Rla.rs wer st.udied by 
cbolz & Tsuji (19 1). The.· compared the eff cl I etween carbon sLars and i\'1 

giants. and revealed t ltat the spheri city ell'ccts a r smaller for ca rbon stars than for 
i\ 1 giant wi1h the same parameLers ( 7~rr ,g or L . a nd /11). This re ull was attributed 
to t he difference of absorption sources in the . urfa c photosphere bel ween carbon 
s tars and 1\ l giants. J e rgf'nsen el al. ( 199:2) a lso stucijed lh cffe t of splwriciiy in 
arbon sta rs based on more complete opacities and detailed sampling met.ho I, and 

found e\·eu mall<'!' spheri city effect.s than lho c t·eport cd by Scholz and T suji (19 4). 
They showed t hat the CO absorption lines arc insens il ive to. or rather t rengtheued 
by. I he sp b<:'ri cit.y effects for stars with 'Z~rr=2800.1\ , log g = - 0 .. Ohnaka ( 1997) a lso 
in ve ligated l.he sphCI"icit.y effect on absorptiou lim's of CO fundament.a.l bands for 
carbon s l ars, and showed tha t t.he t.rong lines are st rcngthencd by tbe sphericity 
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e ffect, while weak lines are wcak<" necl for a sta.r with I~rr=2 001~. log g=O.O and 
i\f = 2M 'J · However. the effect is unlikely clet<'Ctablc in I he SWS sp ·ctra due Lo 
1 II · ir limited reso lution. 

Tints the effects o f sp lwricity dcp0nd not only on the teilill" parameters but also 
on the opacity sou rces in the surfa e o f photosp heres. llowf'ver. the effects are gen­
Na.lly small er for ca1·bon sta rs than for ox_,·gen-rich o·iants. and the CO a.bsorptiou 
lines a1·e iuseusilivr t.o th<' spherica l ex ten ion. We concl ude that the sphe ri cal ex­
tt"nsion of the photo. pherc i. not the main reason of the weakn<?ss of 0 ab orption 
bands (and probably of CS ab.<orption band ) found in the observl'd spectra of our 
carbon stars. 

\\'c discuss h re a possibility of the contribution by the <'mission in the outer 
almo phere. A · mentionNI iu Chapter I, AC:B tars gene ra ll y show the mass loss 
phenomena and ha ve circumstcllar enw•lopes. The matter projected on the. tellar 
eli. k ran absorb the incident pholosp beri c radia t ion. This ca11 ses the excess absorp­
tion compared with the a.bsorpl ion feature. produced in the photosphere. From 
the matt r to the s id('s of I he stellar di sk, we can receive photon either milled 
thermally or s altered from s tell ar ra.d.ia tion. 

Tsuji ( 19 ) reported the excess absorption of the CO firRt overtone bands in 
'<'vera! .\1 giants, a nd aU ributed thi s to the absorption in the warm molecule- ri ch 
region clo e to the star. Similar excess ab orption of the CO first overtone bands 
was also fouod by Ohnaka (19 T) for TX P sc which is one of the ·tars iu our sample. 
On the other band. absorpt ion features may be weakened in the longer wa,·elcngl h 
region by th emis. ion in the outer atmosphere. becau e the contribution by the 
ph to pberic radia tion is srna ller in the longer wavelength region. The r su it that t.he 
ab orption of tb CO funda menta l bands are weaker and lho e of the first overtone 
ba nds are .< t ronger compat·ed Lo the spectra predicted by the mod I photo phere 
is consistent with thi expectat ion. The cha racteris tics of the fundamental and the 
first. overtone bands of CS are also consistent. with thi s preclic!ion. 1-l ow<'ver, il is not 
l'asy to ex plain the r feat ures quantitati ve ly. For instance, ottr observations show 
lltat absorption is quit e weak in the band heads of the CO fundamental bands. Sin f' 

the excitation potential of the lines which form band ltcad ff'alures is considerably 
high (e .g. h.ig hC't' than IOOOO cm- 1 for the l-0 band of C'O), quite warm CO gas is 
rt>quired in the envelope. 

5.4.2 HCN 1J2 bands (14 {tm) 

L1 tbe even longer wavelength region. some di tinct em1s too feat ures a re expected 
from t he hypothesis of the c ntribution by the emission iu lhe outer a tmospheres . 
As described in 'hapter 3. HCN and C2 Tl 2 have strong ,·ibralion-rotat ion band in 
13-15 tJ.tll. In Figt tre 5.9 we show th 111 ttm region of the observed spectrum of TX 
Psc. In t his Rgure, we also show the low re. olut ion spect rum of TX Psc, the Jow 
and high resolution spect ra of S ,ep (N- t ·pe), wbi ·h were observed in the solicited 
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Figure 5 .9: The observed spectra. ofTX Psc and S Cep, and t he synt.helic spectra of 
lhe HCN 112 bands and t he C2 H2 v5 bands. The low reso lution spect.ra obscrv<"cl with 
the SWSOl arr superimposed on the high re. e lution ones with tbc SWS06. Th<' two 
p ctra o[ S Cep were obtained on the same dat.c, while those of TX Psc were not 
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Figure 5.l0: The observed spect ra of TX P sc and S Cep. a.n cl the calculalrd emission 
·pE'ct. 1·a ( T B.(T) ) of the HCN v2 bands for 5001\ Mel 750 1\ 
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time program Z7,AGB2PN (P.l. Dr. F. Kerschbaum) and archived. We note that 
our high.er resolution spectrum of TX Psc was obtained on 6 Mar. 1997. while th 
lower rrsolutiou one was on 12 Dec. 1997. Though tlw sp1:-rtra l features I elwcen 
these two spC'ct.ra are somewhat different, t.his rnay not, be du to tbe instrumen a I 
problem but due to the ,.,trialiou of th<' intrinsi stellar sp ctrum. The two spectra 
of S Cep were oblainC'd on the same date (7 Dec. 1997) and spect ra l featurC' as well 

a• flux I •n•ls agree well. 
Jn Figure 5.9. wP also show the syntlwlic p<'ctra of the HCN 112 bands and I he 

C2H2 "''band calculated by the model photosphere ~~- it h Terr=3000l\ and C' /0=1 .l. 
The lfCN absorption feature appears at ]:J.!J flnl in tlw spectrum of TX Psc. 'The 
abso rption feature al 13.7 p.m in tbe peclrum of S Cep would be due lo 2 11 1 . 

However, I hese ab orptioo features in the observed spectra are mucb weaker than in 
the predicted spE>clra. The line li ts u ed in the calcu lation of the synthetic specl ra 
are incomplete. esp<'cially for higher excital ion lines . Th refore the weaknl'ss of 
absorption in the obs~·rved spectra may be more significant than that found in 
Figure 5.9. 1'he weakness of tbe absorplioll features of II :--1 and C2ll 2 in obscn·ccl 
spectra should relate to the weak CO and C features discu sed above. 

In a.ddilion lo the weakness of absorption features. l'lll i sion fpatw·es are dir clly 
dPtected al 11.0 J and 14.30 f<Ill in the spectra of TX Psc and S Cep. We slww 
thest' spect ra in Figure 5.l0 where the flux density is shown on the linear scale, and 
emis ·ion peclra of the HC:--1 v2 bands calculated ass tuning the temperatures (.500 1\ 
and 750K). fhc ·e emi sion feattu·es at 14.04 aJid l4.30 I'm can be identified as tht' 
Q branch •s of tbe H N ~~~ band and of the 211~-11i hilnd. respectively. The energy 
l<>vels of fl('N and the wavelengths of ihe transitions bel ween the le1·els Me shown in 
Figur .5.ll. Tlw emission feature in the SWS06 spectrum of TX Psc are unlike ly 
dne to the fringe. or the defrioging proce s if we compare l ht• spectrum with the 
Rl Rf (Figure .-.2). TIH•se features also appear in thl" SWSOl spedrum. 

inc<' Lh · molecu lar fea,tures should onsist of the absorptiou in the photosphere 
(and partly in the outer atmosphere) and tbe emission in the outer atmosphere. it is 
not easy to discus. quantitatively the emission in t he ouler atmo. phcre. However. 
the emission feature oJ the Q branch of lhe 2vg-11.ll and at 14.30 fLm is probably as 
strong as that of the 11~ band atl4.04 p.m. If ll1e region wl1ere the emission of the 
z,,g_,,i band originate is deose enough to be regarded as in thermal equilib rium. lhe 
temperature should be quit<> high because the excitat ion potential of the 211° lev I 
is correspond i11g to about 2000 1\. Ffowever. the Q branch of tbc 2vi-vi band 

2
whi b 

I< expected al 14.00 /LID is not seen in the spectrum of TX P c. This means that 
thP P-xcitation to the 211~ level is mainly due to radiative pumpiug by 7 1,m photons. 
because the 2vf trau ilion is forbidden by ll1e selection rule on tbe quantum numb<'r 
I whjle the 211~ l raJ1sition is a llowed. Then the te111p rat.w·e of the region wllf're the 
emission features originate is uot neces aril y so high. 

The probability for collisioual excitation is estimated by G ~ N 17·,. The cross 
section, 17, i· of the o1·de r of l0- 15cm2

, and the veloci ies of the mol~;ul<'s, v, for the 
temperature consid€'rcd a re a.bout l km s- 1. ThC' Einstein coefficients of the vii ra-
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Figure 5.11: The <'ncrgy levels of liC:'\ and Lhe wa1·elengths of transitions in the v2 

band~ 

tiona I lran. ilion 211~ and 211.~-~~~ are 2. L , - 1 and 3.3 s-1 , respecli1·ely. Ther fore 1 he 
radiative proc- sse dominate . if Lhe density is lower than 1010cm-3• Sinre the den­
ities of the onler atmo phere and the circtllllSI.ellar envelope of TX Psc would not 

b o high except for the inn nnosL layer ( ee Section 6.3), the abo1·e interpretation 
on the excitat ion of he IICN 111ol.ecule i. quite Teasonable. 

T he flux of tbe Q branch of tbc 211~-vJ band mea~ured [or TX Psc is about 
2x l0- 12 erg s- 1cm- 2 . The uncertainLy would lp as large as factor 2, because the 
emission of the 211~-vj band blends with photospheric absorption . We now estimate 
the flux of 211~-~~~ band cxpC'cte I from the circunl!;tellar envelope (includillg the 
outer atmosphere in this eli. rus ion) of TX P c. and compare it wiLL the ob erved 
one. In lhE' calculation. we assume the pure ra.diativ<' processe · . i.e. the HCN 
molecule in the ground Slille is pumped to the 211~ level by 7 1'111 photon from the 
photosphere. and radiatively d cays lo the 114 ancllhc ground levels. \Ve a lso assume 
an optically thin ircumslellar clll·elope with the constant mass lo. s rate (il ), the 
constant expausion velocity (u.,P) and Lhe constant ab und an e of lJCN {fncN). The 
fraction of ihe Zv~-111 transition is a= .'l2v~ -·~/(A2v~-·4 + A2vf)- 0.6. 

'The number of Ir 1 molecu le in the spherical hell with radius r· and thickness 
1i'r is 
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wbere n is lhc densit~- whicl1 is given b.v 11 = ii /(4n2
1'o,!l1TI 11 ). The flux of 21J~-v4 

bnnd from this shell is 

1 IJ2 . 
df2"~-vJ = CIL!rr/J2»ucN-:;:'l}.\0!T,\0DA. 

Wll('t"<:' D is the di stance to the star, ,\ 0 is the wavelength of the 2rJg tn!Us it ion 
(7.09 pm) , and f :0.0 is the 7 fllll flux density obscn·ed (2UO.ly= 1.2x l o-"crg s- 1 cm- 2ctll- 1 ). 
Thf' cross se lion . 0"\o- is given by (rrc 1 /m,c2 )(>.6J~"~/6>.), wlwrc f2v~ is the band 
oscillator strength of Lhe 2vg Lran iLion (1.6 x 10-6

), and 6>. is the width of lines in 
the 2JJ~ bnnd. The st imulated emission is ignored here. The integrated Aux expected 
to be obscrTed is 

( "" dF. e
2 >.6.rg,'1 r ,,f fHCN 

J nn ''2v~-vJ = 0" 411Ie2 J1.1TlH . . \o 'Uexp~'in 

-P (HCN ?'in -1 J\1 )( Vexp )-l 
6.6xl0 -«&•-•=-•(Gxl(J-G)(R,.l (lQ-',ll ayr-1 IOkms-1 . 

where R., is the stellar radius (200R,). Th<.' ~bundance of H N in Lhl" circumslellar 
envelopt' ha.s not .1·et. been mea. ured for TX Psc , tho11gh the upper limit. 2.2xlo-·', 
was determined by Olofson el al. (199:3b) using the emission line in the radio range. 
\\'(' h readopt f 11c, = G x 10-6 which w~s derived from lh<' calculation of photodisso­
ciation and molecular abundance in thecircumste llar envelopeofTX P c by \ \'irsicb 
(1997). Tb"' xpaosioo vclocily of the circumstcllar ('lwelopc is 10.5kms-1 \\·hich 
w, clet.ermincd by Olof son el al. ( 1993a) using the CO emission in t be radio range. 
However, the velocity in the imler envelope would be smaller than that in the ex­
t.endcd envelope (Se lion 1.2, see al o Section 6.3), and the den ity of HC:\' in the 
inner envelope would be higher than Lhat estimated in the above simple ca.lculalion. 
Further, in the innermost layer, the effect. of collisiona l transition should I e consid-
recl because of lh high density. Though there are such unce rtainties in Lbe above 

·stimat. ion of the Aux of the HCN 2JJ~-JJ~ band, the ord<'r of he flttx expected is 
10- 12 erg s- 1cm- 2

. which is consistent with the obs<"rved one. This means t hat thr 
emission of the JICN would he reasonably explaiol"d by the radi~tion processes in 
the circumstellar envelope, and the 1-J CN f atur('s can be one of the constraints on 
the detailed modeling of the outer atmo, pheres and the circumstellar envelopes of 
carbon stars. 

The detection of emission of the Q branch of the 2vg-vJ band a1 14.30 J11TI was 
a lso reported by Cernicbaro (1998) for 1RC'+10216 which i the well known infrared 
carbon star with heavy mass loss. The feature wa. attributed to lhe emission in cool 
en,·elope where 1-JC\\ molecules in the ground slate a.rf' pumped by 7 pm photons 
originating in tlw inner parl of the envelop ( ern icharo 199 '). The strudures of 
lbe outer 11.tmosphcre and the circum tellar envelope (e.g. th<.' thickness of he d ust 
shell ) arc qui~e different b tween TX Psc and l. H.C+l021.6, but. the excitation and 
emission med1ani m would be common for the 14ftm bands of HCN in these sta.r . 
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5 .4 .3 Molecular emiss ion in the outer atmosphere 

Ba. eel on the above analy~is of CO. CS and IICN features in ral'i)on sta1·s. we coo­
elude t lla.t mol~>cu l a r emi. oiou in. lhc outer atmospheres coutributes to their infra.red 
spectra. From theab orption fe;tluresofCO, CS and 1-l C'N (l4Jnn) which arc weaker 
than I hose predictE"d by model photosphere , the existence of the warm and dense 
region is suggested. In addit.ion. the emi. ion feature of the JICN JJ2 l,ands ugge. ts 
a rather cool compou nt in thr outer atmosphere or in the circum tellar envelope. 

Our observa ions of oxygl"n-rich giants with the ISO SWS revealrd that the 
absorption feat ures of 0 and SiO in M giants are weaker . whil the absorption 
features of H2 0 and :0 2 arc stronger. lhan those predict d by our model photo­
sphl"rc (Tsuji t al. !997). To explain this fact . we proposed the warm molecnlar 
enl'elop€' around the photosphere. \Ve note that the sphericity effect was considered 
in thr calcu lation of the model photospheres and the syntbelic spectra forM giants 
in that work. Further, the l5J.IIII '02 crn.ission (112 bands) in oxygen-rich gianls 
wa~ re1 orlcd by Jusaanont ct al. (l99 J and Ryde el al. (1999), and Lhat was also 
de!l•rt d in our i'vl giants. Thu · the chara.deristics of absorpLion and emission of 
mol<"rulcs in carbon tars are si 1nilar to those in oxygen-rich giant , although the 
~pccics drtected are of conrsc diff<•rcnl. 

The emission bands of C02 in lh 13-LG fliTI r gion of oxygen-rich sta rs have not 
ye-t been consistently explained. The JJi band al 15.0 11m which is expected to be 
.trongesl. is r~Lher weakrr thatl the JJ?-vi band at 13.9/J.m and the 211~-vJ band ~t 
16.2i<IU. This nature may be imilar to that of IIC ' l4J<m emi sion features dis-
u sed abov . As a pos ibl<.' explanation of the C0 2 mission fe~tures. the two-la:·er 

model of the circumstellar envelope was proposed by Ryde et al. ( 1999). One is 
a. warm a.nd l1igh den ·ily layer clo e to the star where the 13.9 and 16.2!Lm band· 
or.igina e but the [ .5 /tnl b~nd is weak due to it optically thickness. The other is a. 
cool and optically I hin layer expanding far ut in the wind where the 15/<lll band 
originates. Similar discussion may be possible [or tbe HC'N em.iss ion f<··atures in be 
14 ptn region of carbon t.ars. But the situation i more complicated because the 
photospheric contribution is large in th<:" H . - feature contrary to the C0 2 features. 

Aringer et al. {1999) showE"d that ibc absorption oftbe SiO first ov'rlone bands 
(-1 pm) is quite weak in oxyge11-rich cool stars. especially in i\ l ira variables. They 
attributed this facl t.o the effect of atmospheric dynamics ba ed on the analy i - of 
thr SiO bands using the dynamical models (e.g. Hofne r and Dorfi l997) in which 1 he 
slci i<H pu lsation i consid<.'red. The main r<.'ason why weaker absorption is predicted 
by dynamical modPis lha.n by hydro l<Ltic one i · their largc1· ·xtens iou producing 
emission components. The concept of the warm mole nle-ri ·h rr ion pro1 osed by 
Tsuj i eL aL ( 1997) as well as suggested by this work 1na.y be similar to t.hat. of surface 
layers of dynamintl m del alrnosphercs, and pulsation is one of t.he explanations [or 
the weakness of absorption feature· and/or emi ·· ion features observed in cool giants. 



88 lilfrared " peetroscop_v of Cool Evolved Stars witb the ISO S \VS 

Jlowev~r, the problem i that the most s tars in our sample are not Mira variables but 
semi-regular or irregular ,·ariablcs in which the efferl of pul s~tion would be much 
weake r than in Nliras. Por example, the visual v~riability is as s mall a .> I magnitude 
in TX P sc and WZ Cas, while most Miras show that of 3-10 m.agnitude. Tlw 
variation or the l'a dial Vl'!ocities or absorption lines or IIIOiecul s (main ly CN) as well 
as thos~ of atomic line.~ (K l, !\a r and Li !) is much smaller in TX Psc than in carbon­
ricb \ 'fir as (Barnbaum 1994). Pw'lhermore, H20 absorption features were dcl ·cled 
even in thespertraofearly J\lgiaots(/3 P<'gand a C'et) for which no H20 absorption 
is predicted by modf'l photosphere (Tsuji eta !. l!'l97. L999) . Though atmo. pheric 
dynamics by stellar pulsation ma~' be one of the phy: ical tn('chani ·ntS causing the 
weakness of absorption feature (and perhaps emis:;ion feature ) found in infrared 
s pect ra of cool giant.s, our results sugge t the exi ·ten e of some other cornpoucnt.s 
in th ·• outer at.mo pher~s in which molecular absorption and/or em is ion features 
origiua[('. 
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5 .5 Concluding remarks 

We obt.ai1wd t.hc infra rN] spectra of arbon stars free from conta.minalions of the 
Earth's at mo. phere for til<' first time thank · to th ISO WS. vV"' i if'ntifted llw 
absorptiou and <'mission features of several molecules in the infrared spectra of N­
typ ·and SC-typ(' s t. a.rs . The 111aio conclus ions are a.~ follo\\·s: 
(1) The C H fundamental ba nds i11 :3-•1 tun arc st ronger in .\-type stars than in SC· 
ty pe sia1·s. The llrst overtone bands of S.iS at 6.6 J.LlTI were detected in t.hf' SC-type 
s tar IVZ Cas. whi le no feaLur<' of SiS is seen in N-type stars. These resuhs can be 
(•xplain d well by lhe lower / 0 ratio in SC-type star than in i\-type stars . 
(2) \Ve identified the combination bands of HCN (v2 + v3 and 111 - 112 ) in SC-type 
stars and t.be s trong absorption of the 1-l -stretching bands of LI CN (11t) in both 
!\-ty pe and SC-lype s tars. The aiJsorption features of lfC 1 in t.hc spectra of t he 
SC- ty pe stars in our sampl<' arc trouger than those in the 11:-t.ype Iars. Tlii. fact 
could be attributed Lo the wolN atmospberf' o[ the ' -type st.ars due to the lower 
C/0 ratio as well as d\1e to t be lower effedi1··e temperature, comp;tred with the 
.'\- typ<' s tars in ou r samplf'. 

(3) We recdeterrnined lhe cffectiv temperatures of SC-typc st.ars by the infrared 
n\L, method basf'd on the L'-bancl flux, cousidering the st rong ab orption feature 
at 3.9 {tm foun I in the S\ S SJPclra of SC-type star . The effective te mperatures 
of SC-type stars turned out to be lower by 150-200K than t.hosc deri ved by th ~> 
pre,·iou work which did not take it into account. 

(4) The CS fundamen a! and first overtone band as well as thf' band head of the 
CO funda rnen tal bands are wea ker in the observed spect ra tha n in the predict d 
ones basf'd on our model photospheres. l.n th spectrum of TX P sc, we detected uot 
only the quite weak absorption fca.tuJ'f' of H ''I 112 bands but a! o the emission fea ­
tures of 11~ and 211~-114 band . Th · e n•sults suggest the contribution t.o t.]p infrared 
pect.ra by the emiss ion of CO . CS and HCN i11 the outer atmosphere. 

By lhe p resent wo rk. mos t of thf' absorption and/or cruis. ion feaillres in the 
spectra of carbon tars in our sa mpl · are idPntificcl. The dependence of molecular 
features on the . peclral type i explained well for l'i-type and S '·type st.ars . The 
imporlan ·e of the C/0 ratio in the structme of photo phercs as well as in the 
molecular formation i shown by th · a nalyses of the molecular feature . 

For detailed and quantita tive dis us ·ion on the mol('cu lar sp<:>ctra of carbon . tar . . 
we need more reali sli model photospheres and more precise st.cJiar parameter . and 
may need to take Lhc time variation of the spect ra into account. The accurate 
know ledge ou mole ·ules i . also indis pC'usa.ble. ln ad lit ion to the improvenwnt or 
model photo pher s . lhc clctaiiNI model of the outer photospherr are re 1nired to 
stu ly the implications oft he rnolecular fcatur<>s. 
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metals in AGB stars 
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abstract 

We d.-tcclcd Jh·e forbidden lines of iron. siliron and sulfur in the '\VS sp clra of 
red giants. [ L~c l] 21Jull emission was dckcted in thrt'c carbon stars, TX Psc. WZ 
Cas a11d W Ori, and [SJ] 25.2pm emi·sio11 was also detected in T, P c. On lh<' 
other hand. [F·f l] 26prn emission was detected in the p clrum of two oxygeu-rich 
stars. :lOg llcr and n Her, and [S i lfj 3-1. I'm and We ll] 35.3Jtrn (•mission liues were' 
detected iu :log ller. 

We eslimalC' that th<' temperature of the line forming region is se\'C•raJ hundred 
!\elvin or higher and the ma s of the region is several xI o-6 ill~ . Tlus implies that 
lhere is a rather den e and warm region close to Lhe star in addition to tlte wel l 
known roo! expanding envelope in these stars. 

One remarkab le result is that the emission lines of neutralmc·tals were detected in 
carbon stars wh il<' th<' line. of ions were in oxygen-ricb giants. Tllis result. iudicales 
that the ionization :t~ t cs of m<'tals in th out·J' atmospheres of carbon stars arc 
quite liffNenl fi'Om those of oxygen- rich giants. This uagcst that the effect of 
chromosp he ri c ul tr~vio leL radiation is much weaker in n•rbon stars than in oxygen­
rich g i ~.nl.s in whic h emission unes were dcLect ·d. By compi ling the resu lts derived 
by the analyses of fine-structure lines and of molecu la r feattu·es detect.Pd in our I ' 0 
SWS obserYation . tbe chromospberic acli,·ity. hemist ry in tlw outer atmosphere 
a.od !.he rela.lion of infrarf'd spectral featttres to stel lar e\'O iu tion are d iscussed. 

Fine-. tnrclure Line Emis ·io11 of ,\leta Is in AGB star 93 

6.1 Introduction 

As ~hown in Chapter I, it is V<'ry important to clarify the struct.u re and the chemical 
processes in !.be outer atmospheres of cool evolved stars for understanding of the 
origin of stella r mass loss and I he formation of circumstellar en,·elopes. Tn I he 
pn•vious cbapter. we described the molecular features detected in carbon stars and 
discussed the rnolecule in Ll1 outer atmosphere as well as in the photosphere . 
Th.e molecules ill th<' outer almo~pbcres of oxygen-rich giams in our sample were 
also discus. eel by Tsuji ct a!. ( 1997). llowever, most of these discu sioru; are based 
on the abso rp tion features of rnolecul s. o that we caunot avoid the difficulty in 
distinguishing the compouc>nl of I h outer atmosphere from the photo pherir one. 
On the other hand. the emission feature .in tlH• infrared rcgiou can be mort> direct 
evidence of the existence of outer atmospheres. Especially, the forbidci n lines of 
meta.ls whose exc itation pokntials are about se1·eral hnndred em-• arc r>xpccted to 
b useful. because thee lin'S can we'll trace the regio n with temperatures of about 
seve ral hundred !\elvin o r higher . In th.i cha,pt.er. we discuss our obse rvations for 
the wave leugth region longer than zo,,m where some forbidden lines of metal. exist. 

The forbidden lines WC' d iscu. s here are the .fine-structure lin es in the ground stat 
of metals which have been obst>rved iu va riou. objects (e.g. planetary nebulae. H II 
region). For late-type star . . however. th detection was limi ted to a few Vt>ry bright 
supergiants. Haa.' & Glassgold ( 1993) d lected the [0 1]6.3Jr.m and [S i 11]3-5JIIT1 
emis. ion lines foro. Ori for tbe fir.l time using the Kuiper Airborne Observatory. 
Their result agrees well with the prediction based on the model of the thermal 
structure for a Ori·s em·elope by Roger & Glasso-old (199L). and they concludl'd 
that these lines originate in the dens<' and warm gas in tbe inner envelope of this 
star and cliscu sed thP effect of chromo pberic ra.cliation in the d u t-poor envelope 
of o Ori. Though Lhese lines were also dc>tccled in o r1lc other supergiant (Baa. et 
a.l. Hl95), t he dete ·tiou wa• limit ed t,o very bright objects . 

The observation of these lines in various red giants became rea li stic I han k: to the 
fSO SWS. We observed 10 red gi<lnts iucluding l\1 giants and ca rbon sLars with t he 
hig h resolution mode. and detect~?d several fine-structure lines in fiv star among 
them. In Sed ion 6.2, we describe the ob ervation and f he measurement of the 
.fluxes for t he U.Ll s dct cfed. and estimate the temperature and the mass of the line 
emit! iug region. In Section 6.:3. we d i cu the location of the line nutting region, 
the chromospberic ad ivity and the cbem i~trr in t he outt>r atmosphere of cool e1·olved 
sta rs ba.sed on lhe re ults derived by the analy es of fine-structure lines as well as 
of molecular features described in Chapt r .5 a11d in Tsuji t>t a !. ( 1997) . 
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6.2 Observations and results 

6.2 .1 Detection and measw·ement of fine-structure lines 

\Ve described the sample of our program in Chapter 2. We dis us here Llw I 0 
objects (five M giants and five carbon .Lars) among them which were observed u~ ing 
the. WS06 or SWSOl-4 with a r€'solution aboul 1000-2000. The obsen·atJon and 
data r<"duct ion were done as described in Cbapler 2. 

ln Table 6.1. we gi1·c the fin<'-struclure linE'.- of Fcl, 1"<- 11. S I and Si ll which 
arc cxpe ted in lhe wa,·cl<.'llgth region between 10 and l5J'm co,··red by the S\\',. 
These elements should bP quite abundant and ha1·e transitious with the excitation 
potential lower I ban 2500 cm- 1 in this wavelength region. 

The obscrYcd spect ra al arotU1d 25 J.Lil1 are shown in Figures 6.1. In lhi waw­
lengtb region. the [FE< r] liue (2•1..0 11m) was detected in 3 stars (TX Psc. WZ Cas 
and W Ori) , t.he /Fe II] une (26.0 1011) was detected in 3 stars (o ller, 30g !fer aod 
TX Psc), and lht> [SJ] line (25.:.!J1m) wa9 detected in TX Psc. Further, in the 3.5 J1111 
region of 30g ller, the [Pe D] and [Si ll] lines were a lso det l d. \\'e confirmed Lhal. 

these emission line were detected both by the up and do1vn grating scans . Therefore 
these lines a rc very unlikely ·purious features. Ou the olh<'r haud, no emission line 
was detected i11 the other four object· (T Lyr, V Cr l3. o 'et and p P ' r) in ou r silm­
plP. In the Sf cctrum of S\\' Vir, some emission feature are seen in the 25 Jllll region 
( Figure 6.1 ). llowcver, it i quite difficult to ideutify th<- fine-structure line emission . 
bec<~use of the contamination by ricb- H20 emission lines in this wa1·elength region 
of S\V Vir (Tsuji et al. 1999) . 

One remarkable result is thai the fine-structure· lines of n<"utral atom . . i. e. [Pel] 
aod [S r], were detected in tb carbon star., but no line of ions was detect -d exc<? pl 
for the weak [!1c II] line in TX Psc. On the other hand. I he lines of ion , i.e. [Fe rl) 
and [Si ll], were del ct.ed in the oxygen-ri ch stars, bul .no line of neutral m tal was 
delcclcd. NanPly the emission lines o( neutral metal. were detected in the ·a,·bon 
tars ll'hile the linf's of ions were detected itl lhe oxygen-rich giants. We eli cuss the 

implication of thi s result in Lhe next eclion. 

Some f'xamples of line~ detected in our ob ·ervalion are shown in Figure 6.2, where 
the dot is the median of lhe signals of each grid dcfin ·d by a I'csolution element, 
and f he (•rror bar indicates ±la (the ~!andard deviaf ion). The solid line indicat 
fue best Jca ·t-. quare fit on lhe as umption of a flat continuum and a Gau ssian 
line profile. In tbc filling. lhe line width i · fixed al the inst rumental resolution 
(R = 1200). bcca uS<' of the low signaJ-to-noise ratios in some liucs. Therefore t he 
[rcc paranwtl?rs in the filLing are lbe cont inuum len·!, the linP strength 11nd the 
central wavelength of the lin . The flux m a ured for c11ch fine- lructure line is 
given in Table 6.2. 
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Figure 6.2: Examples of t he lines detected iu 30g ll er and in TX P sc. The dot 
i lbe medion of tile ignals in each grid defincd by the resolu t ion , and the error 
bar indicate ± I a. Th<' olid line indicates the best i<'asl-square fit assu ming a nat 
continu um and a superposed .aussian line profile 
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Tabk· 6.1: The em i ~sion linPs exp<"cled in t he infrared rauge 

,\ pccies l.ransition Eu .4./u 

(tt.rn) (em-') (10-'s-1 ) 

2 J .Q4.2 [Pe t) 5 
1)4 · 5 D3 IJ L5.!J:J 2 .. 50 

:34.iTJ [I·eT) 5 Da·5 Dz 104 .00 1.60 
2.5.98 [Fen ] 6 Dnt2·6 Drtz 3, 4.77 2.13 
.15 .:1-19 [Pc.J1] 6 Drtr6Ds;z 667 .61 1.57 
I 1.938 [FelT) ., F9;2· 1 Pr/2 2 130.0c 5.d 
2.5.2~9 [Sf] 3p2_J p, :196. 2.1:3 

[ 'in) 2PI /2'1 P3/2 2 7 0.217 

Table 6.2 : The emission line. detected in the obserYed spect ra 

,\ species line n, x ( I u- 16 vVm- 2) 

(pm) :JOg Jler a Her TX Psc \VZ Cas W Ori 

2-1..042 [Fel) 11.2 3.07 6.2' 
25.219 [SJ] .5.70 
25.9' [Fen ] 16.:3 39.1 :3.22 
34.c l-1 [Si U) 5.41 
35.349 [Fell) 5.41 

6.2 .2 Temperature and m ass of the line emitt ing region 

The tcmpera1 llre of the line emitting region can roughly be es timated by the upper 
excitat ion potentia l (£u) of Lhc line. As giveu in Ta.ble 6.1. t he upper excitation 
potent ia ls of Lhe liues detcc ed arc betwE·en 2 ' 7 a.nd 667 cm- 1. Therefore th tem­
peratu re is Cl'aluated to b higher than several hundred Kelvin. On t h other ha nd. 
t he We H) 17 .9 pm ( Eu = 2430 em- ' ) was no t d tected in ax1y speckum in which 
I he [Pe H) 26{Lm line wa detected . lienee UHe temperature would not be so higL a 
3000K. 

ln the :pecLrum of 30g Her, we dC'lected two We n ) lines a in Table 6.2. Though 
the line flu x of t.he [FP II ] 35ttm is raJ her uncertain. the temperature about l000-
2000T< is derived from the nux ra tio of these two [Fe II) lines in 30g Her. For the 
other stars we can not est imate the temperature by flux ratios o[ emis ion lines, 
because the 35t.m1 region of o l ler WM not observed. a nd the spect ra of carbon s1 a rs 
in the wavelength rc·gion .longer than 27 pm are quite noi y. 

Sll111marizing t he a bove discussion, llw temperature of tlw line em itt ing reg ions 
a re st imated from several hundred LO 2000 [.;elvin . 

We est imate the mass of the lin f• emitting region for 30g ITer and TX Pes in 
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which the finc-st ruclme Jin<'s wen? clea rly delectcd. 
If t.he lin e• is opt ica lly 1 hin , I he lin<' flux ( Fut) is 

where' N., is l l1e Lolal number of atoms in lhe upper kvel, D is the cUstance to the 
star. and the oUter qu anti lie> a re expr<"ssed in standard notat ion. 

\\'e adop t LLO pc a11d 230 pc as lhe distances of 30g ller and T.X Psc based on 
Lhe lrigonomet ri r parallaxes in Hippa1·cos ralalogue (ES A l99i) . X., is deri1·cd from 
t he line flu x mrasured for 30g 1-ler and TX Psc (Table 6.2). The deri1·ed 'u is gi1·en 
in Table 6.3 . The number of nuclei of lhe element (,Vetem) is estimated from J\ '., on 
the assu111plions thal t h<' level populatim1s are in thermal equilibrium, and a ll thP 
a.loms arf' in l he ionization slate o[ the detected line. The assumption of the rmal 
equilibrium ·an be applied to the gas with higher d n ity than criti cal density (~>.g. 
n~;. ~ 105-106 cm- 3 when co lli sion with H l atoms is considered; see Ilol lenba.ch & 
Mckee 1989) . The densit.y of t.he warm region of the m·elopc would be higher than 
this cri1erion as we will discuss in the uext cclion. The level poptdat.ion der ived is 
shown in Figure G.3 for Fe f ground state (a" D ) a.s a. function of [em perature as a.n 
examp le. 'vV<! find Lha.t th population ou tlw ) =3 level is a lmost constant (~0.25) 
for the temp ra ture higher than about 5001\ . front which t.he populat.ion r<lpidly 
decreases will1 decre<Lsing of the lemperatur<>. Therefor· the N.1,,., can be est im;tlcd 
from Il'u if we adopt! he populatiou at arouud 1000[{. Then the number of hydrogen 
atoms (N;t) correspondiog lo Netem is deri1·ed assuming the olar abundance. The 
.IV.~ . ... and N11 are a lso given in Ta.bl(' 6.3. Tbe !l'fl' derived from two or tru·e<- lines 
agr ewell and correspond to about. 2xl0-GJIJ0 and Gxl0-6,11,,, in 30g Her and in 
TX Psc. re peel ively. These values arc proba bly the lower li mit.s o[ the masses o[ 
the line forming regions. because we assumed that the lines arc optically thin a nd 
negle ·ted t,he depletiou of t,hese met.a ls by grains and/or molecules iu the above 
discuss ion. 
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Figure 6.3: The JeycJ p pulations in the (t
5D late o f Fe 1 o u the a. ' ·umpt.ion of 

thermal eqnilibrium. Each level populat ion is norma li zed as the total for J =:0-4 
to be unity. \Ve can find that the populat ion in J=3 b-el is about 0.2-0.25 for 
T >600K. a nd ra pidly decrease wilh the d('crea.se of lempera.t ure from 600K 
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6.3 Discussion 

6.3.1 Location of the line forming region 

In this subsection, w discuss where these cmissiou lines aris<' bas<'_cl 0 11 the_ !rmpcr­
atun• and the ma s in the liu<' emitting region d<•ri,•cd iu t he prev1ou :eclJOn. 

As well known, 111 ~ s-losiug giant, ha\·e cxpandi ug em·elopes whirh a re usually 
obsen·ed bv the molecular emission (e.g. CO) in radio region. aud mas loss r~te 
and cxpan; ion ,-docity are determined. \\'c gi,·e ti.Je m~.ss loss rate ami expan ion 
velocity of the em·clopc of lh • ~tat .. in our samp!P in Table 6.~. . 

ll cre we assume tbe spherically symmetric and cxpauding envelope wtth a con­
stant mass lo.s rat. (1\J). On these assumptions. the number of hydrogen atoms 

(Nn ) from r = R. (stellar surface) lo ,. = R.uax is 

j R,.,., 1 jtl""' 1\./ 
JV11 = n 11 4.r.r2!b· =- -dr, 

R. '1H 1J !i. I'(' 

where llJJ = i1 j( Jr.1·2 u.m 11 ) is the 11umber density o f lt yd rogen. and o'e i i.h(' expan­
sion veloc ity. 

If 1 lw co us ant moss loss rate ( ,~/ = 10_; /JJ0 yr- 1) and the con ·tant expansion 
velocity (v. = IOkm -1.) are asstLIDed. Rmax must b(' a.s larg a 1015cm (~lOll.) 
for 30g He r aocl 2x I 015cm ( ~ l!iOR.) for TX Psc to exp lain the ma:s of the line 
forming region derived abo''e. If we assume T = J.OOOK at ,. = J0 1•cm (several 
xll.) from th<' centra l star, around where dust grains might form, and temperature 
declines with ,.-o .. s-- 1. the temperatme at l' = 70R. orr = J50R. would b<' about 
I 00 ~ 300K or lower. T his may not be high enough to exc ite tbe spice to the upper 
levels of the lines clrtectcd in our observations. The lin <' flu xes o]). erved in these 
stars would not br explained by tbi · pictme. 

How ver, I h(' outer atmosphere of real red giant, would be dens r than that 
expccl.ed by the ext rapolat ion o( lhe circumstellar envelop wit.h const,ant expansion 
velocity, because t.he outflow velocity bould b.e smaller in t he inner region (han in 
t lw rircumstel lar e nvelope. nfortunalely. we cannot derive tlw ve locity st rudtll'(' 
(rom the finc-strurt.ure lines clue to t.be limited r olution of the \VSOG. Ilow ver, 
the temperature of the line emitling region wh ich is at lea.•t. as high as everal 
hundred Kch-in suggests that these emission lines arise from the layer close to I he 
pholospher('. If we as ume that lhe emission lines detected by our observations form 
within several x R. ( ~ l0 14 cm) from the cent ral star. the density of the line forming 
region must b· as high as J09cm-3 to explain the mass of the region dc1·ived above. 
Tbis is corresponding to the xpansion velocity of about 1 kms- 1 if constant mass 
loss ra [e is 11ssu mcd. 

\\ 'e uggesl t.hal. lite emission lines detected in ou r ob.ervalion a.ri c in the cknse 
and warm region close to the slar with small expansion veloc ity. A dense and 
quasi-static molc•ndar fonning zone in the outer almosp!Jer!' has bef'u found from 
the excess a.b ·orption of low excitation lines of the CO first ovPrton · band~ in M 
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Tabl.e 6.:3: Estimation f ma ·s iu liuc forming region 

Nu iVeJt"m ,v,, AI 
( 10'16 ) ( 10'16 ) (10"') (10-6 M0 ) 

:JOg II er 

[Fe Irj 26/LITI ]..- G.6 2.1 1.7 
[Fe II ] 35.3/llll 0. '9 .0 2.5 2.1 
[S i II] 3-J.Spm 6.:3 12 3.4 2. 

TX Psc 

[Fe 11] 2611111 1.3 5.7 G.7Ctl 5 .6tl] 
[Fe l] 2·1/tm 3.'1 1.5 
[S I] 25/tm :3.3 1:3.2 .4 7.0 

(I) The sum of th(' N 11 's (lhl' ma se ·) deri,·ed from the [Fe ff] 26/JITI a ud the [Fe l] 
2-t,.Lnl. 

giauts and carbon s ta rs inclnding :30g ll er (Tsuj i 1988) and TX P sc (O hnaka 1997). 
;\ ccording to their an<tlyses, the molecu le forming zoo is characterized by the tem­
perature of about. 10001\. the high column d('n ity (Nc(CO )~ l020cm-2 ). and the 
proximity to the siar. Further, the ex istence of a. rather warm molecule forming 
region around red giants is revealed by the I. 0 obsen'ations of the a b5orption fea­
tures of fl 2 0 a.nd C02 (Tsuji et a!. 1997) and of the C02 emission (Justtanont et 
a!. 199 ). 

The high re olulion UV observation of TX Psc using IJST by Carpent ret a!. 
( 1997) revealed that the OuorescC'nl line of re J (2 07 and 2823 A) show no sign of 
oulAow within the measurement uncer tainty of 1-1.5 kms- 1• Though they suggested 
that these lines or iginat,e in Lh<' chromo$ph •re itself, this qua.si-st~.t. ic ueulril l iron 
gas tnay relate to that. found by our infrared observation. 

6.3.2 Ionization state in the outer atmosphere 

Since tbe fine-structure line$ detected in two i\[ giant and three carbon tars are 
probably originating in the warm region clos to the sta r. the e line can b<' good 
probes to investigate the t ructure and the chemistr.v in the outer atmosphere of 
coo l evo lved star.. In I his subse lion. we eli uss the ionization of met.als in the 
outer atmosphere based on the fine-structure line detected. 

T be contrast of the em is ion lines d lecled in the Cil rbon stars and in the M 
giants is rcmarkilble; the emission lines or neutral meta ls (Pe 1 and/or · L) were 
detected in the carbon stars (TX Psc, W Ori and WZ a.s) whilf' e miss ion line: of 
ionized metals (Fe Il and/or Si ll ) were clcLeded in t he M giants (30g lcl er ami 0 

Jl •t-). T hough our arnple is not large, this re ult suggests that the ioni?.ation states 
in tlw outer atmosphere a.r • quit different lwtween carbon stars and oxygen- rich 
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sta.rs . 
Th compRrison with \ ' ob ervat ion is very useful in this discussion. Th<' n 'U­

traJ metals (Mn and Pe) in the circum~tdlar envelopes of TX Psc and 30g Her wcrr 
observed as th · overlying absorption 011 lhe /vlg II h and k enllssJon lwes arou~1d 
2 ooA (!'.g . . Erik. son et al. 19 6. Luttcrmoser et. al. 1991 ). The column densJtH~s 
of iVLn J and f'1' 1 est imatcd ar<' larger in TX Psc than in 30g 1-let·, though llie values 
at·c quite uncerlaitl due to the saturation of the oq~rl_ving absorption . Further. the 
recent U\ ' obsen·ation of Fe Jl emission lines by Carpenter et al. (1997) showed 
that the ionization fraction of iron (Fe 11 /Fe J) is signific<~nlly lower in the outer 
atmosphere of TX Psc than in 1 hai. of \I giants. Our result that the line of neutral 
metals were detected in TX Psr but not in 30g ll er is consistent with the results of 
these UV observations. 

The ionization for co IIi ion dominaLed gas can be calcu lated using Saba's equa­
tion. !~or iron 11nd silicon . whose ionize.tion potentials are 7. 6 aod 8.15 eV . re­

sp<>cti,·cly, ions dominate if the t.empera.ture is higher lhan 20001\. Howe1·er. the 
temperature of the whole out.er atmospheres of 30g ll cr and o l~ er is unlikely as 
high as 20001\, and some other proces es would be required to explain the ioniza­
tion of iroll ao 1/or silicon in 30g Her e.nd a Her. 

In the outer part o( the envelope. the interstellar UV radiation ionizes metal.. 
However. the li11e emitting region would not be the out<"r part of the circumstellar 
envelope. which should not be as high as se1·cral hundred h lvin. On the other 
hatld, ionization of metals by chromospheric \1 radiation is t>xpected in tbe inner 
part of the circumstellar en1·elope and the outer atmosphere. linforlunately, the 
far l!V radiation of the stars in our ample is nol a1·ailable. However, our infrared 
observations imply that the activity of the chromosphere where the UV photons 
with high energy (e.g . ..\ < 1575 A corresponding to the i nization potential of iron) 
are emitted is not o strong in the carbon sta.r as in t heM giants, or there is ome 
atteuuati011 of the UV ra.di <tt ion in Lhe carbon stars . 

The reAson fOJ the diff'erence of ioni zat ion st<ttes between arbon stat·s and 
oxygen-rich sta rs is not clear. We di cuss here possible reasons by consid ring lh 
differences between M giants and carbon star· wbiclt n1ay be summarized as follows. 
(i) The chemical CO!llpos ition, e peciaJiy the '/0 r<ttio. 

(ii ) Tlt temperature structure of photospheres . This is due to the difference of 
molecular op<tcities infiu need by Lbe chemical composition. 

(iii) The effective temperatures. Carbon slar~ may have rath •r lower effedivf' tem­
pemturcs than M giants. For in ·tance. the effective temperatures or Cl' Her and 30g 
ll er ar about 32001( or higher.whilelbeeff div lemperatJ JrcsofTX Psc. WZ Ca 
and v\' Ori at·e 3000-:JJOOK. 

The difference o f the chromospheric a ·tivity it. elf bet.wcen carbon stars and 
oxygen-rich stars is unknown. Since ibe Mg II h itltd k emission Lines at 2 OOA 
seen quite weak in low resolution V spectra of ca.rbon sLMs, t he activities of the 
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chromosphere W('t'e consid •red to be> much weak "I' thatJ those in M giants. However. 
by the high resolution UV sprctroscopy of TX P c. it was clarilied that I he !\lg fJ 
emission profile· in carbon . tars arc strongly afft"ct.ed by the 01·erl,ving absorp\ion 
of ~ l g II. tvJn l a.nd Fe II in lhc cool t'ircumstcllar em·elope (E riksson et al. L9c6). 
Therefore the chromo ·pl1eric activity. which is probably rer resented by the fg TJ 
emiss ion. ma>· I e as st-rong in (arbon stnrs as in lat.e M giants. Since thf' origin of 
chromosphere is uuclcar as de ribed in Chapter 1. I be effc t of the difference oft he 
chemical com posit ion and the temp •rature on the hromospheric acti1•ity anuol be 
e1·a! ua t eel. 

On the other band. the attenuation of Lhe U\ ' nux from the chromosphere may be 
guile different bet11·een :\-1 giants ~nd carbon stars, because possibl<' opacity sources 
of UV radial ion trongly dep nd on the chemical compo~ition and the temper a­
t ur<'. IJl f<tcl, the flux decreases faster toward shorter wavekngth in carbon stars, 
cspcc iaJ!y in N-type stars. tha.n in ,\1 giaJJts, and this has led to the idea that the 
nux is depressed by unknown opacity sources (so-calJed 'problem of violet opacity') . 
.J ol1n on et aJ. (19 ) examined seve ral opacity sources iJH:Iuding n utral metals and 
molecules, and suggest.ecllhat the large opacity in -type stars is due to the cooler 
oL!I.er photosph res of carbon star than those of 'l o-iants. To cl<trify tbe reason of 
the weak lV and l' iolel radiation should be quite important, for under tand ing of 
the chemi try in the outer atmo p!J(•re. 

6 .3 .3 Chemistry in the outer atmosphere 

The i nizat ion ~tales of at lllfi in oul<'r atmosphere . which may represent tbe 
·t rength of the chromospheric radiation. give constraints in modeling of the chemical 
processes in the outer atmsJ h res and th circumste!Jar em·elopes. I ecau, e the duo­
mospberic radiation affects th<' molecule and dust formations and then the structure 
or the envelope (e.g. B ck et a l. 1992). Our resu lt suggests that tht' effect of chro­
mo pheric radiat ion i, significa nt on the chemica.! processes in M giants, whjJe that. 
is not o large on tho e iu ca rbon stars. 

In addiLion to the fine-structure Liues of metals. we detected many molecular 
features which wou ld originate in lbe outer atmospheres in he iufrar d sp -ctra of 
our stars. The molecular featurt>s of carbon stars were discussed iu Lbe pre1·ious 
ch<tpter, and those of l\11 g iants were reported by Tsuji et aJ. (1997) . Further. there 
itl'C some evidences of molecular absorption in the outer atmospheres of our program 
stars found by t,he high resolution infrared spectroscopy (e.g. Tsuji 19 8). \-\'c here 
·ummarize these re ults and di cu s the chemistry in the outer atmospheres for three 
stars; 10g Her, SW Vir a.ud TX Psr. 

JOg Her (!116!1/) 

The resu lts of out· observation with th ISO SWS a re as foll ows; 

(i) (Fe II] and [ i II] were det('cted, wh ile no li ne of neutral metal was d tected. 

( ii ) The lrong absorption of H20. which ca nnot be expl•ined by th<' photo p!Jeric 
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cornpon nt alone. was found in the :3ftnl regiou (Tsuji d a!. l!l!.l7). C02 emis~ io11 
was a lso deit>ctecl in the 15 t'm region. . . 
(i ii ) 'rite silicate emiss ion <tt 9.7 ttmis quite weak. T he 13 pm f'mission leature w!JJch 
may be all ribulecl lo Al20 3 (Onaka el a !. Hl 9) wa clctectcd. 

Fur her. exec ·s absorption of CO Jines of the ftrst. ove rton ban I~ wM reported 

byT~uji{l9 ). 
Th<" chem.ist ry in tl lC' outer atmosphe1es of ~I giants was theorC'LJca lly nwesl!­

gated by Reck et a!. ( 1992) mclud111g chromospheric radial ion Theil model was 
calcu lated on th a sumption of constant mass loss 1alc ( ,\1 = 2 X l0-6 ,\f~y'- 1 ) 
and con stan expand ing velocity (ve•p = 1.0 kms-1 ). and show d the effcd of chro­
mospheric \ ' ,·adiation to the molecular concentration and to lhe dust lor!llal!on. 
The UV radial ion was given by scaling that of a Ori (i.e. F. = !H"o-o,; whcH' P 
is the ca ling fa tor). In their Fig. 8 whi ch gin~s l hP mole ·u lar con entrat1on as a 
fundion of ;J at ,. = 5R •. we find th<tt re+ and Si+ are abundant but Fe0 is not in 
the model with rather strong UV radiation. e.g. Lhc model with /:J larger !han 1/30. 
l-l oweYer. in t h e~e models with strong U radiation. Lhe a.b11ndancc of f·hO : hou ld 
be l'ery small. We note thai tbe effect of UV rad iation on CO and C0 2 can not 
be discuss<'d her<>. bt:"cause CO is quit.e abundant even in model with strong UV 
radia&ion (.8 ~ 1). and C0 2 was not coo idered in th ir aku latio n. The difficulty 
i how we expla in the ex istence of Fl 20 aud Fe+ withou FV'. This may indical 
a.n inhomog<>ueous ch romosphere sugg ted by Lut.tcm1o~e r et. a!. (1994) for tbis 
slar. The inhomogeneity in t he 1\ 1 769.9nm s 11ltcring was also reported by Plcz &:. 
Lambf'rl (199 1 ). 

.5' IV l'ir ( Jlf7-
The re. ult s of our observat ion with the ISO WS a rc a follows; 

(i) No fine-structure line was ideotifiecl. 
(ii) The excess absorption of H20 at 3/tm <tnd of C0 2 at 4.2t<m was detected (T suji 
eta!. 1997). H20 abso.rp ion a.l 6t.un is weak and may be affected by the emission 
in Lhe outer atmosp here. Many U20 emission lines were detected in the wavelength 
region longer than 20 I'm (Tsuji et a!. 1999) . C0 2 emission in the l5fnn regiou is 
stronger than that in :lOg Her. 
( iii ) Th si licate emission [eatuJ"es at 9.7flll1 and L8 1mJ are trong . The 13!t111 
emission was a lso detected (Tsuji eta!. 1999 ). 

Further, excess absorption in vibration-rotat ion lines of the CO fir t overtone 
bands and of lh<' SiO first overtone band wa reported I y Tsuji {19 8) and T ·uji et 
a!. ( 199 1), respeclively . . "ince the spectrum of SW Vir bctween25 and 35 /tDl may be 
co1·ered by tlte strong ll20 emiss ion a mentioned in S d ion 6.2, the identification o f 
fine-slruc(ure lines is quite difficult and we cannot conclude whe her ga.seous met a! 
exist. in the out.t'r atmosphere or most. rnelals have already ondenscd. However, the 
o ut.er atmosp he re of Lhis st.a r is obviously mol cu le- ri ch, and the cl1emist ry of the 
o ute r atmosphere of this star m<ty be e:>.1Jlained by the model with wea.k chromo­
spheric radiation in Becket a!. (1992). 
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Tab! 6.4: Fundamental propaties of our s<tmpl<" 

sp. Lype AI PI v xp( t ) R (3) p (•!) T.rr (s) 

( 10 - 7M,~ ) (km /s) (R0 ) (day) (K) 

11 C<'L ~11.5111 3900 
p Per M4 lll 0 .1 (l) 7.of2J 160 50 3.500 
n Her M5Ib-l l 0. (2) .ot2l 430 3200 
:JOg fl er ~ 1 6 11 1 I. I .0 180 70 noo 
S W Vir M7- •1.0 7.0 260 1.50 3000 

TX Psc ~ ' 7.2 0.9 10.5 210 30· 0 
\\' Ori l . CoA 0.74 11.1 220 212 29 0 
\\"Z Cas C. C9.2.1Li 0.26 5. 1 [, 6 29 0 

0.71 12.4 2400 
2.4 7.1 357 2200: 

(I ) The mass loss rate and the ex pausion velocity deri ved ba~ed on C'O em ission by 
Ka hane and Jura ( I 091) for l\ [ giant: and by Olofsson eta!. (1 993) for ca rbon stars 
(l) The ma s Joss rate and t. hc cxpau io n velocity derived ba f'd o n opt ica l reson<tnce 
lin, by Sanner (19 76) 

(
3

) The stellar radius determined by lhe distance (Ili pparcos cat aloguc) and an<>la:r 
diamit<'r ( Dy k ct al. 19 6. Ri chichi ct a!. 1995) 
(·!) The pu l ~lion period 

(s) The cffecti1·e temperature delPrmined by the TRF:\l (see Chapter .5 for carbon 
tar aucl Tsuji ( 1986) for XI g iants) 

TX P c (N-I yp ) 
The results of ou1· obserl'atiou with the f 0 'W are as follows; 

(i) The fine-structure line: of F'e0 and S0 a r st rong. while lh<tt o( Pe+ i WC'nk. 
( ii) CO and ' emission in 4- t<m reg ion was suggested. H N t>mis ion features a t 
14 1<m were de ecled. 

(iii ) The em iss ion fea.ture of Si · uu ·l expeded at 1 l1tm was no t detected. 
No theoretical mod I of chemist ry io the outer atmospheres incl ud ing chromo­

, pheri c rad ia t ion is known for carbon-rich . tars . However, lh re i no ev idence of 
the strong effed of lhe UV radia t ion in t hi s star. 

6 .3.4 Relation with ste llar evolution 

Finally, we discus the relat i n of spectra l features with the ·1·olution of red giants . 
We observed oxygen-rich g iants who e spectral types ar<' from l\ 11.5 th rough 

17-, . We ass ume be:re that the sequencf' of peclral lype roughly rep resents the 
evo lut.ion of red gia.uls. In Table 6.3 wh re the bas ic "te llar parameters are gi\·e n. we 
can f-ind that. the radius a nd the period of pul alion cont inuous ly increase with the 
pedrallypes becoming later. except for a ll e r. Thi · indica tes th at our ass umpt.ion 

is rea . ouable. though t 11<" masses of t,hese stars arc unknown. We uol.f' that a Uer 



106 Infrared Spect ro. cop_,. of Cool E1•oh·ed tars IViiiJ the /. 0 8\ I ·s 

is excluded from ur consideration, bf'ca use this st.M bows some characteris tics as 
a supergiant ; e.g. t lw luminosity class is rl -11 a.nd Lhc ra.dius is ' 'cry large ( R ~ 
·l00/-?0 ). 

Our n• ·ui Ls a.re thai no fin e-structure linC' was detecled until ilw !'vl l star (p 
Per). emiss ion lines of ions were deteded in the MG star (30g ller). and no . trong 
line is seen in tlt e \17· sla r (S W Vir). This may indicate the following picture of 
evol ut ion . 
(i) The outer atmosphere haYe not grown in lbc stat .. ·a rlier than ~[5 . 

Sin e strong ultraviolet emission lines (e.g. :\I o·JI ,\2 00) were obsen·cd ( .) udge el 
a l. l993), the chromosphere of p Per is act ive a.nd the mC'Lals in the out er atmosphere 
would be highly ionized (e.g. Guilain & ~laurou 1996). llowt·,·er. the ma ·s loss rate 
of p Per is .·t ill low (~ Lo- 5JJE ). o that the infra red fine-st ructure lines a rc too 
weak to be dete t d in ow- olrervat ion . 
(ii) TLe o ute r atmo ·pherc b come dense enough to ·bow the fine- tructure lines and 
molecular fca~ures in star with the sp ctral type about M6. The Cltromospherc is 
still adive. 

Since the mass loss rate of 30g Her is probably mu h higher than that of p Per (s e 
Table 6.:3) and l,be chromosphere is st ill acti1·e ( Luttcrmoser eL a l. 19!Jrl ), Fe+ and Si+ 
<u:e a bun I ani, in he outer atmosphere enough to be detect >d in our ob. ervation ( Beck 
et a l. 1992 ). On t he other ha tld. many molecu la r f atur>s which would originate in 
the outer atmosphere are a lso found for ll1i star as described a J.,ove. Therefore the 
transition of the outer atmosphere Crorn ion-rich to rnolecule-riclt occu rs at i\Hi s a r. 
This was a lso uggested by the observation of rad io continuum whicl1 showed thai 
ion fraction rapidly d nca es at ~16 stars (Drake et al. 199 1 ). 
(iii ) The chromosphere becomes weak and fine-structure line of ions disa ppea r in 
the stars later than M6. Molecules and dust become abundant. 

\\'e cannot conclude wheth r most metals arc ionized or in n utral or in so lid 
tate in SW Vir as dis ussed above. However, the oule.r atmo phere of this star 

is obviously molrcu le- and dust- rich. As a resul t , the steLlar O\ttAow sigoi.ficantly 
grows and stars show heavier mass loss J1·om this phase. 

On the other hand, it is diffi cult to discuss the relation be w u the in(rarcd 
spt> tra an I evolution for ca rbon stars , because the evolutionary sequence is unclear 
in carbon stars. \Vc only comment on the non-detection of fine-s ructure lin e~ in 
T Lyr and in V C'rD. On po ible reason for this result is that these stars may b<' 
metal-poor; the oxygen abundance ofT Lyr was derived by Lambert et a l. ( UJ 6) as 
(0 / 11]= - 0 .. 5 which is corrcspouding to [Pe/ll]~ - 0. in th u ua l chemica.! enric!t ­
m nt of the Galactic disk (Edvard , on et al. 19!!3). \' CrD bas Iorge radial velocity 
(about 120 kms- t by Barnbaum 1992) which may indicate h<tlo populatiotJ.. Another 
possibility is that the effecti ve tempera tures of these stars wou ld be much lower than 
thos · of the ot.lwr star in whi It fine-st ructure lines were detected. Dowcver, the 
effect, of the lower temperature on Lb e fiJlC structure li n e~ is unclear. 
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6.4 Concluding remarks 

\\'e ca rried out observatious of Ote infra red fine· i ructure line em ission using the 
l 0 S WS, and detected them for the first time [or live rrd g ia nt: including M giants 
and carbon sta rs. We show d that t he e lines arc good probes o inYestigate the 
outer atmospheres of cool giants, wher va rious molecules a nd dust g rains probably 
form. In lite chemical pro esses in tbi · region, ch romosph ric radiation should play 
an important role in ~ome tars . The difference of ionization stales bet11·een carbon 
stars and oxygen-rich giants is quite remarka ble, and Lhi. result gives an important 
constraint [or modeling of th chC'mistry in the outer atmospheres of ma s losing 
gia nts. Purt.her, we s ugges that the fine-structure lines of ions appear in a stage 
of stellar volution of oxygcn·ri h . tar when the outer atmosphere grows but lhe 
chromosphere i. till active. Thi. may be corresponding to ~ [ 6 giants, and a.fLer 
which the mass lo. s rat.e may ra.p.idly increase. 

lu addition to the d tail~>d modeling of t he st ructure and the chemical processes 
in I be outer a tmospheres, further ob. ervaLions of fine-structure lines woul.d be qui t.e 
useful. The high resolution ·p '<'tro. copy (R > 1 o~ ) of I hese lines is desired to 
investigate the velocit y field of tlw outer atmospheres where stellar outflows would 
I e accelera ted. The time Vill' iatiou o f the em iss ion shou ld also be considered. fn fact . 
the time dependence of t he flux f the (0 I] (63 Jtm) line in a Ori was suggested by 
Ha.as cl a l. ( 199.5). Period ic monitoring of Lite fine- i ru tltre l.ines will give import ant 
information (or the s tud y of th<' compl iraled structu res of the outer atmospheres . 
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We carried out thC' observal ions of cool evolved ~tars with the ISO S\'v'S and dc­
tecled various atomic and Jnolccular fcatur<'s in I he infrared spectra. Our results 
how d the importance of the col ire infrared $pectra of th se objects free from con­

taminations of thr Eilrtb 's atmosphere with rC'a. onably high resolution. By t hP 
good quality spectra. c:s p dally the higher rc olution one~ with the S\V 06, various 
molecular bands and nu '-slru lure lines of ITIC'tals Wf're df'nnitiveJy identific:'d for the 
first time in thest' red g iants. 

INc analyzed molecular spectra. of N-type and SC-type carbon sta rs. By the 
present work. most of the absorption features in the wavelength mnge from J to 
l!5Jtll1 were identified for our sample. \\'e showed the ci<"pcnd · n e of the molecular 
features on the C'/0 ratio which should be close to unity in C- type stars. Tlw Cll 
bauds are mucb weaker in SC-type stars I han in :\-type sta rs. The Si ' bands were 
delccted in the S '-type star \VZ as. while no feature of SiS is seen in N-t.ype sta rs. 
Tile e results can be expla ined well by t be difference of '/0 ratios between N-type 
st.~1·s and 'C:-I.ype stars . On the other haod , The absorpt ion features of HCN in the 
spect. ra of the SC-Iype stars in our ample a re stronger than those in :'li-type stars. 
Tltis [act is basically explained by the cooler photosplwre of the SC-t.ype stars due 
to the lower C/0 ratio. Thus the C/0 ratio not only diredly affects lhe abundance 
of molecule formed in the j)hotosphere but also indirectly affects it through 1 be 
influence on the temperature st ructure of the photospher . 

The obsen·ed spectra of TX Psc and WZ Cas in the 3- pm region are. at leas t 
qualilatiY ly, r<'produced by our synthet ic spectra. for t.he reasonable st<'llar pa.nun­
eters. How<'ver . the ab ·orption features of CO ilnd CS in the ob cn·cd spectra ar<' 
quite W<"aker tbar1 predicted one . In addition . som<" distinct emission bands of [J 'N 
were detected at 14 pm in the spect rum of TX Psc. Though there arc uncertainties 
in model photospheres and stellar parameters, we conclnde that ome molecular 
entission in outer atmospheres contributes to the infrared spe ·tra. 

ln addition to rich molecular features. the fine-structure line emission of iron, 
si ljcon and sulfur wa also deteded in the spec tra of the oxygen-rich illld carbon- ri ch 
AGB star in our . ample. Based on the line fluxes measu re I and the exc itation po­
tential of the line-•. we con Jude that these emission fcattH<'S originate in the rathe r 
warm and dense rrgiou clos<? to the star·. and these line. could be good pi'Obes to 
in\·est iga.te tbe outer atmo phere of cool giants, where many molecule and dust 
grains probnbly form. One unexpected but remar-kab le result is that the emi. sion 
lines of i n wen• drtected in oxygen-rich stars whil the emission lines of neutral 
metals \\'ere found in carbon stars. This means lhat ionization stales in the outer 
atmospheres between carbon stars and oxygen-rich giant· are quite different. Thi~ 
rc ult would give an important constraint on the modeling of the chemistry includ­
inrr chromosphcric radiation in the outer atmospheres of mas losing gia.nts. Further, 
l~ased on a sy. t.ematJcsurvey of the line emission for M giants, we suggest that t lw 
nne-structure l1nes o f 1ons appear in a. sta e of stellar vo lu t ion when the outer a-
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mosphcre grows but tlw chromosphere is still act ive. Tbi · is co rresponding to M!:i-6 
ginn ts. and after which the mass loss rale wo uld rapidly increase. 

Our st udy of the S \V spectra. uggests the existence of tile' outer atmospheres 
wi.th qu ite complicated st ructure even iu the semi- regu lar and in·<"gular variable:;. 
While steLlar pulsation shotdd play an important role in i\ l ir<• variab les, some other 
me hanisms would be required for the formation of the outer atmospheres a11d the 
mass loss outflow in the stars s1udied in t.he present work. Tl1e chromos1 l1ere would 
influence the cbemic<tl pro ·esses and then the st rudures of the outer atmospheres. 
especially in oxygen-rich stars . Our results will put important co11 traints on mod­
eling oi the outer atmospheres dealing with hydrodynamics and photo-chenli try. 
The dc•tection of va.riou atomic and mole u lar features in our S\\'S p<'clra of red 
giants also suggests tlte dircction of future ob~en'ations - the high spatial rcsolut.ion 
111 a.pp ing and the high speclntl resolution spectroscopy of the molecular bands and 
the fine-structure lines for the objcd. as eli. cussed in this th sis. Thcsc obsen·al ions 
wi llrevealmore deM spatia l an l velocity ·t l'llctures of lbe outer atmospb res in ·ool 
C\'O I vee! Slili'S. 
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