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1. Het neologisme "opval1er" is een goede nederlandse

omschrijving van het engelse begrip "feature" indien het gebruikt

wordt bij de beschrijving van spektra van chemische verbindingen.

2. De verklaring van Little-Marenin dat het silikaat-stof rondom

BM Gem afkomstig is van een begeleider met spektraal-type M, is

niet in overeenstemming met de sterke 3 urn absorptieband die in

BM Gem is waargenomen.

I.R. Little-Marenin 19B&, Astrophys. J. Letters 307, U S

3. De konklusie van Jura dat de stofschil rondom koolstofsterren

hoofdzakelijk uit amorf koolstof bestaat, is gebaseerd op een

foutieve interpretatie van gegevens verkregen met de ÏRAS

satelliet.

M. Jura 1VB&, Astrophys. J. 303, 327

4. Uit het door Vardya, de Jong en Millems ontdekte verband

tussen de asymmetrie van de lichtkromme en de verhoogde infra-

rood-emissie van M-type Mira veranderlijken volgt dat de

verklaring van Papou1ar en Pegouriê voor de waargenomen spektra

tussen 8 en 14 urn een afname van de afmetingen van circum-

stellaire stofdeeltjes vereist met toenemend massaverlies. Aan-

gezien dit niet strookt met de fysische omstandigheden in de

e^reumstellaire schil, dient deze verklaring verworpen te

worden.

R. Papou1ar en B. Pegouriê 1983, Astron. Astrophys. 12H, 335
M.S. Vardya, T. de Jong en F.J. Willems 19B&, Astrophys. J.

Letters 304, L2V



5. Door het beperkte ruimtelijk scheidend vermogen van radio-

teleskopen kan het gebruik van galaktische koHrdinaten in de

naamgeving van OH/IR-sterren tot verwarring leiden. Wet verdient

daarom aanbeveling altijd de meest nauwkeurige equatoriale

koSrdinaten te vermelden in publikaties, handelend over deze

sterren.

6. Het is teleurstellend dat de internationale weten-

schappelijke samenwerking tussen de astronomen, verenigd in de

"Joint IRAS Science Wording Group", na de publikatie van de

puntbronkatalogus geen noemenswaardig vervolg heeft gehad.

7. Het ontbreken van een regulier "Post-Doc" circuit aan de

nederlandse universiteiten is een ernstige bedreiging voor de

kontinuering van het sterrenkundig onderzoek bij deze

instellingen.

8. Het door de Amsterdamse burgemeester gepropageerde

"Amsterdam Vrijplaats" staat in schril kontrast met het door de

hoofdstad gevoerde kultuurbeleid waarin een kunstenaar niet op

zijn artistieke kwaliteiten, maar op zijn politiek verleden

wordt beoordeeld.

9. Heu teruglopen van het kerkbezoek in hoog-gelndustriali-

seerde landen geeft aan dat de zegswijze "De kerk houdt de

mensen dom" een noodzakelijke voorwaarde voor het voortbestaan

van deze organisatie beschrijft.



10. Wanneer de arbeidstijdverkorting (A.I.V.) bij de overheid

leidt tot een vermindering van de dienstverlening, zoals de

vrijdagmiddagsluiting van het Amstelveense gemeentehuis, schiet

de O.T.V. zijn doel voorbij en wordt het een bedreiging van de

ekonomische ontwikkeling.

11. Net zoals het produceren van kunstwerken een noodzakelijke

voorwaarde is voor de maatschappelijke erkenning van

kunstenaars, heeft een wetenschapper alleen recht op

maatschappelijke ondersteuning indien hij of zij in

wetenschappelijke tijdschriften publiceert.
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van Fokker, NASA, NLR, RAL en de amerikaanse, engelse en
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zonder slag af stoot prijs. Vandaar dat menig uur achter het
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GENERAL INTRODUCTION

I. THE ASYMPTOTIC GIANT BRANCH

In the early nineteen -Fifties Arp and Sandage and co-workers

noticed a bi-furcation of the giant branch in the Hertzsprung-

Russell diagram n-f gobular clusters near Mv £ -1.0 mag. (Arp et

al. 1953; Sandage 1953j Arp 1955). The bluer of the two giant

branches seemed to smoothly connect to the red part of the

horizontal branch. Independently Sandage and Walker (1966) and

Geyer (1967) found strong evidence in the giant branches of M 92

and ca Cen that this bifurcation is real and can be used to

distinguish two different stellar populations. From that time on

a distinction was made between the Red Giant Branch (RGB, the

redder of the two) and the Asymptotic Giant Branch (AGB). The

name was suggested by the fact that the two branches

asymptotically approach each other at high luminosities.

Model calculations of post-horizontal branch evolution show

that AGB stars have a degenerate C-0 core surrounded by a helium-

and a hydrogen-burning shell (Strom et al. 1970$ Strom and Strom

1971). The AGB is populated by stars with main sequence masses

between 1 and 10 Mo in this double-shell burning phase (e.g.

Scalo et al. 1975, Scalo and Ulrich 1975). Schwarschild and Harm

(1967) showed that the helium shell burning is thermally unstable

and gives rise to helium shell flashes, also known as "thermal

pulses". The conditions during and shortly after these helium

shell flashes favour slow neutron enrichment of nuclei (the so-

called s-process nucleosynthesis, Sanders 1967). The dredge-up of

carbon and s—process elements produced by the helium shell flash

to the stellar surface follows from the standard evolutionary

models of Iben (1975a,b) and Iben and Truran (1978), without any



ad hoc assumptions. The observed enhancement o-f s—process

elements in cool luminous stars of typts S and C confirms the

double shell burning in AGB stars.

Scalo (1976) pointed out that stars with enhancement of

double-shell burning products in their atmosphere (types MS, S,

SC and N> have bolometric magnitudes well in excess of the

theoretical upper—limit of the RGB <M.i = -4.0). This suggests

that the luminosity of stars can be used to distinguish AGB from

RGB stars. Almost all the N-type carbon stars studied by Scalo

(1976) arm variable stars (types M, SRa, SRb, Lb) which indicates

that variability is another property o-f AGB stars. Following a

suggestion by Keeley (1970), Wood and Cahn (1977) and Tuchman et

al. (1979) showed on theoretical grounds that Mira variables are

in the AGB phase. The observation of ths s-process element Tc in

the atmosphere of M-type Mira variables (Little-Marenin and

Little 1979) may be used as independent evidence for this.

The OH/IR stars, first detected in the 1612 MHz OH lines and

later identified in the infrared are thought to be massive Mira

variables (e.g. Engels et al. 1983) and should also populate the

AGB.

The distances of late-type stars are usually difficult to

determine so that their luminosities are uncertain. However,

surveys of late-type stars in the Magellanic Clauds (Blanco et

al. 1980), for which distances are known, suggest that all stars

with spectral type M4 and later are AGB stars. Reliable distance

estimates available for OH/IR stars confirm their location on the

AGB (Herman et al. 1985).

In summary, according to our present state of knowledge the

AGB is populated by carbon stars, S stars of spectral type MS, S,

SC and CS, M stars o* spectral type M4 and later, and by OH/IR



stars. A large -Fraction of the AGB stars are variable and they

have mass loss rates in the range of 10~8 and 10~4Mo yr"
1 . Their

luminosity is generated by double-shell burning and they have

masses between 1 and 10 Mo. Although the prediction of

enhancement o-f s-process elements in the atmospheres of AGB stars

(cf. Iben and Truran 1978) should be considered as an impressive

succes o-f the theory many aspects of AGB evolution are still ill

understood (cf. Cohen et al. 19B1).

Understanding of evolution on the ABB is essential for

studies of the chemical evolution of the galaxy because AGB stars

are the main factories of galactic dust and because they return

large amounts of CNO nucleosynthesis products and s-process

elements to the interstellar medium. Uncertain nuclear reaction

rates, limited knowledge of turbulent convection and of the mass

loss process hamper the further progress of the theoretical

models. Therefore detailed observational studies of AGB stars are

needed to provide the theoreticians with empirically estimated

constraints far AGB evolution. This is the ultimate goal of the

infrared studies of AGB stars presented in this thesis.

II. THE CIRCUMSTELLAR DUST SHELL

Stars on the AGB are cool giants with a maximum in their

photospheric energy distribution between 1 and 3 nm. They have

high mass loss rates and are surrounded by a circumstellar dust

shell in most cases. The dust condenses in the outflowing gas and

typical dust temperatures are below 1000 K, the dust condensation

temperature. The circumstellar dust absorbs stellar radiation,

which is subsequently re-emitted at wavelengths longer than 5 pm,

depending on the dust opacity and temperature. As the

contribution of the dust shell to the sipectral energy



distribution of the source peaks between 5 and 60 f_un middle— and

•far—infrared observations are very well suited to study the mass

loss process and the formation of the dust. By comparing near-

infrared (1-5 yun) data with middle- and far—infrared data of a

source the amount of energy can be estimated which is absorbed

and ra-radiated by the dust shell. With assumptions on the dust

density distribution and the dust opacity the amount of dust in

the shell can be estimated. Spectroscopy at wavelenghts longer

than 5 jim gives insight in the chemical composition and the

formation of the circumstellar dust.

III. THE IRAS DATA BASE

With the release of the IRAS point source catalog and the Low

Resolution Spectrograph (LRS) catalog (Joint IRAS Science Working

Group 1985) the results of an all-sky survey at wavelengths

between 7 and 120 pm have become available. The point source

catalog lists 12, 25, 60 and 100 ym broad-band fluxes of

~ 250 000 sources. About 50V. of these sources are stars and the

remaining half is almost equally divided over the following four

groups: IR galactic components (HII regions, planetary nebulae,

molecular clouds, star formation regions, etc.), cirrus sources

and galaxies (Chester 1986). The LRS catalog contains spectra

ranging from 7.5 to 23 pm with a resolution of AX/X £ 1/50 for

about 5000, mostly stellar, sources. The IRA6 data base enables

us for the first time to study systematically complete samples of

astronomical objects in the infrared. The IRAS catalogs contain

valuable information for the undestanding of the AGB.

First of all we wanted to investigate whether the IRAS data

revealed new features of AGB stars. Therefore we studied complete

samples of carbon stars, OH/IR stars and M-type Mira variables.



By combining these data with near—infrared photometry and optical

spectroscopy we have (i) come up with an observationally based

scenario -for carbon star evolution, (ii) contributed to -futher

unravelling o-f the OH/IR phenomenon, and (iii) discovered

-fundamental new results related to the condensation process a-f

oxygen-rich dust in the circumstellar shell of Mira-type

variables.

Results o-f the study o-f carbon stars are presented in part I

of this thesis. Near- and middle-infrared photomery and IRAS data

of OH/IR stars are discussed in part II. The research dealing

with the M-type riira variables is not incorporated in this thesis

and will be published elsewhere. In the following sections we

summarize the methods used and the main results of our infrared

studies of AGB stars.

IV. CARBON STARS

In order to answer the question "What are the infrared properties

of carbon stars?" we cross-correlated ± 3750 carbon stars known

from objective prism surveys on position with the LRS catalog.

The 304 stars associated with the LRS catalog are discussed in

chapters I to III of part I.

A complete surprise was the discovery of nine carbon stars

with 9.7 and IB fun silicate features in their LRS spectra

(chapter I). The observations provide direct evidence for a fast

transition from oxygen- to carbon-rich in the outer photospheric

layers with an upper limit for the transition timescale of a few

decades, in contradiction with the generally accepted scheme of

an intermediate S star (CCD/C03 = 1) phase with a transition time

of •»• 10 yrs. Optical spectroscopy suggests that these stars have

*^C/*^C abundance ratios close to the CNO equilibrium value, much



higher than the abundance ratios in the majority a-f carbon stars

in the sample. These transition stars are irregular variables,

which points to a low mass loss rate at present.

The remaining 295 sources have either carbon-rich -features

or a featureless LRS spectrum. Using near—infrared photometry we

distinguish between sources with near—infrared color tempertures

close to the photospheric temperature <T*,jR > 2000 K) and sources

with color temperatures significantly smaller than 2000 K,

interpreted as evidence for the presence of a circumstellar dust

shell masking the stellar photosphere between 1 and 5 )±m. The

sources with T N J R > 2000 K Are discussed in chapter II and the

sources with T^j R < 2000 K in chapter III.

The stellar photosphere is the dominant source of continuum

emission up to 20 iun in stars with T^jp > 2000 K. The LRS spectra

exhibit the presence of photospheric absorption bands shortward

of 8 |LH and between 12 and 16 nm, ascribed to CjHo, HCN and maybe

CS. Emission features peaking at B.6 and 11.5 fj/n are observed.

The 8.6 urn feature is unidentified and the 11.5 |un feature is

ascribed to SiC particles. Near—infrared spectroscopy of sources

having a featureless spectrum reveal the absence of observable

amounts of circumstellar dust.

A second dust component characterized by a flat featureless

continuum, probably "amorphous" carbon, is observed in sources

with T N I R < 2000 K.

The latter sources are regular pulsating SRa and Mira-type

variables while most T N I R > 2000 K sources are irregular Lb and

SRb variables.

A fraction of the T N I R > 2000 K sources exhibits a 60 jun

excess. As the 12 and 25 nm flux densities are dominated by the

stellar photosphere this excess is due to a remnant of an earlier



high mass loss episode of the source.

The observations of the 304 carbon stars are integrated in a

scenario for the carbon star evolution in chapter IV. Using a

simple shell ej»:r.tion model we show that the available

observations ar» consistent with the following evolutionary

scenario.

At some point during its oxygen-rich phase an AGB star

experiences a drastic change in its interior, possibly related to

the occurence of a thermal pulse. As a result of this event the

star dredges-up large amounts of carbon, so that carbon becomes

overabundant compared to oxygen and the star transforms into a

carbon star. The chemical structure of the stellar envelope

changes, causing the regular pulsations to extinguish and as a

result the mass loss rate decreases rapidly. As no new dust is

farmed at the inner radius an oxygen-rich shell is .noving

outward. This shell cools and dilutes as it expands. The

contribution of the shell to the spectral energy distribution

shifts to longer wavelengths. First the shell dominates the LRB

spectrum, next it gives rise to a 60 nm excess and on a timescale

of 10 yrs it dissolves in the ambient interstellar medium. On a

comparible timescale the star re-establishes regular pulsation

resulting in an increase of the mass loss rate. Due to the rise

of the mass loss a carbon rich dust shell is formed. First SiC

and later amorphous carbon condenses. In the cause of time this

shell is thickening and ultimately the star is completely masked

by the carbon dust shell. The star can no longer be identified in

the optical in this phase and is classified as an extreme (AFGL)

carbon star. The total timescale for carbon star evolution is a

few times 10 yrs.



V. OH/IR STARS

Part II describes a large data base o-f near-, middle-, far-

in-frared and radio data of a complete sample o-f OH/IR stars

between I = 10# and 2715. OH/IR stars are oxygen-rich

(CO3/CC3 > 1) aniJ have large mass loss rates («. 1O~5

10 Mo yr *) so that their central stars are usually undectable

at optical wavelengths. The OH maser emission is produced outside

the thick circumstellar dust shell, which absorbs the stellar

radiation and can best be observed in the in-frared.

In addition to near— and middle-infrared photometry gathered

by us over the past 6 yrs, data available in the literature is

summarized.

We present and discuss infrared data for 47 of the 61

sources in the sample. Infrared properties of the sources have

been used to distinguish three types of OH/IR stars. Sources of

type A have an energy distribution peaking shortward of 10 pun.

These sources have both the 9.7 and 18 pm silicate features in

emission. Type A stars Arm regular pulsators with periods on the

order of 500 days. The energy distribution of type B sources

peaks between 10 and 25 îm. The sharp decline of the flux

shortward of 5—10 }im is evidence for a thick dust shell, which

has the 9.7 and sometimes the 18 pin silicate feature in

absorption. The stars mrm regular pulsators with periods on the

order of 1000 days and large amplitudes. Type C OH/IR stars have

energy distributions peaking longward of 25 tun. Sources with

S25
/Si2 < * a r e r B Q u l a r pulsators with periods on the order of

1200 days and 9.7 and 18 pm silicate features in absorption. The

sources with 825 / S12 > 4 a r e i r r e 9 u l a r pulsators, without the 9.7

and 18 nm features. In some cases an increase of the flux

shortward of 5 yun is observed.

8



Phase lag distances are known -for five stars, so that

reliable luminosities can be derived. Near-kinematic distances

were used to estimate luminosities -for the remaining sources in

the sample. The luminosity shows a trend to increase with

increasing shell expansion velocity. The uncertainties in the

distances makes this trend di-f-ficult to interpret. In view of the

fact that both supergiants and Mira variables exhibit OH/IR maser

emission the data could be explained by a division of sources

into a class with expansion velocities Vg < 17.5 km s"
1 having an

average luminosity of 5 10 L o and into a class of sources with

V e £ 17.5 km s having an average luminosity of 2.5 10^Lo.

These results are not conclusive as long as reliable

distances are only available for a few sources. It is clear,

however, that our data base of a complete sample of OH/IR stars

has the potency to be used, in combination with the observed

galactic distribution and with birth rates obtained from galactic

evolution models, to verify proposed evolutionary scenarios for

the OH/IR phase on the ABB.

Simultaneously with the IRAS mission we have observed the

sources in our sample with the Dwingeloo 25 metre Radio Telecope

in the 1612 MHz OH line. The Sg H/S 3 5 ratios obtained are

consistent with a saturated 1612 MHz maser pumped by 35 |un

photons close to the theoretically predicted efficiency of 0.25.

The larger velocity gradient in circunstellar shells of sources

with Ve £ 15 km s"
1 requires more 35 inn photons to produce one

1612 MHz photon.

VI. DUST FORMATION IN SHELLS OF M-TYPE MIRA VARIABLES

Our study of LRS spectra of M-type Mira variables (not reported

in this thesis but included in the summary for completeness sake)



has also provided new insights in the -formation of oxygen-rich

dust. In a first exploratory investigation we studied a sample o-f

20 bright M-type Mira variables with known mass loss rates

(Vardya, de Jong and Willems 1986). We find that the LRS spectra

o-f stars with asymmetric light curves (-f < 0.45) show the well-

known 9.7 and IB jjun silicate emission -features while stars with

mnre symmetric light curves (-f = 0.5) show much weaker broad 12

and 18 jun features.

The spectra of 807. of the stars in the sample further show a

narrow 8 pjn emission feature that we attribute to the v = 1-0

vibration-rotation band of BiO. Most of the stars that show this

band are known to have an SiO maser and the presence of the

molecular band in emission supports a collisional pump model for

the SiO maser.

Assuming that the asymmetry of the visual light curve is

related to the strength of the shock that drives the mass loss we

speculate that the different spectral features point to different

conditions during the dust condensation process, largely

determined by the shock strength.

To more systematically study the dust condensation we have

fitted LRS spectra, near-, middle- and far-infrared photometry of

109 M Mira variables with a dust shell model (Onaka, de Jong and

Willems 1987). The m^iir assumptions in the model calculations

are: (i) the dust shell is optically thin at wavelengths > 8 nm;

(ii) the dust grains are composed of aluminum oxide and amorphous

magnesium silicate; <iii) the dust temperature varies

proportional to R~0"4 and the dust density varies with R , where

R is the distance from the central star.

The results show that the observed spectra can best be

explained by a heterogeneous dust condensation process, in which

10



aluminum oxyde is the -first condpnsats. In the out-flow silicate

accretes to the aluminum oxyde grains. One important result o-f

this study is that the highest observed temperature o+ silicate

dust in the shell is much lower than the homogeneous silicate

condensation temperature.

This more detailed study is also able to explain the

difference in the LRS spectra between Mira variables with

asymmetric and symmetric light curves. In the latter Miras the

silicate dust is too cool to be observed at 9.7 j±m; it only

contributes to the IB urn -feature. Due to the absence o-f the

9.7 pjn -feature the much weaker 12 yun aluminum oxyde -feature

becomes observable.
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PART I i CHAPTER I

CARBON STARS WITH OXYGEN-RICH CIRCUMSTELLAR DUST SHELLS:
OBSERVATIONAL EVIDENCE FOR THE ONSET OF THE CARBON STAR PHASE

Frits J. Willems and Teije de Jong
Sterrenkundig Instituut 'Anton Pannekoek'
Universiteit van Amsterdam

ABSTRACT

About 3750 carbon stars taken from several objective prism

surveys have been cross-referenced with IRAS* point sources for

which LRS spectra are listed in the IRAS Low Resolution

Spectrograph Catalog. Nine of the 3O4 carbon stars with LRS

spectra show features near 10 and 20 pjn suggesting the presence

of oxygen—rich dust in their circumstellar shell. Of these nine

associations one is dubious because of an uncertain C star

classification. High-resolution optical spectra which are

available for three stars indicate that at least two carbon stars

with oxygen—rich circumstellar dust shells are overabundant in

C. These three stars are classified as irregular variables.

The presence of the 9.7 pjn emission feature in the LRS

spectra of carbon stars suggests a direct transition from M-type

to C-type rather than through an intermediate S star phase. This

transition takes place in about 100 yrs.

On the basis of a simple statistical argument we estimate a

3 4typical duration of the carbon star phase of ~ 10 - 10 yrs.

The InfraRed Astronomical Satellite was developed and operated
by the Netherlands Agency for Aerospace Programs (NIVR), the US
National Aeronautics and Space Administration (NASA) and the UK
Science and Engineering Research Council (SERC)
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I. INTRODUCTION

In the last stages of the evolution of intermediate-mass stars

the chemical composition of the outer layers undergoes

significant changes. Of special interest is the evolution of the

LO1/LC1 abundance ratio, which plays an important role in the

photospheric and circumstellar chemistry. At optical and infrared

wavelenghts stars can be easily spectroscopicly distinguished

according to their COD/CCD ratio. Oxygen-rich stars with

CO3/CC1 > 1 are of spectral type K or M. When CO]/CC] 3= 1 the

star is an S star (spectral sub-classes MS, S or S O . Carbon-rich

stars with COl/LC] < 1 are classified with spectral type C.

At the start of the second ascent along the giant branch in

the Hertzsprung-Russel1 diagram - the so-called asymptotic giant

branch (AGB) - the atmosphere still reflects the initial oxygen-

rich composition of the star. During the AGB phase the chemical

composition of the surface layers of the star changes gradually

due to enrichment with elements produced in the hydrogen and

helium burning shells just outside the degenerate Carbon-Oxygen

core in the stellar interior. Heavy elements produced by

nucleosynthesis in these shells are transported to the surface by

convection in the outer layers of the AGB star. Our presently

limited understanding of turbulent convection seriously hampers a

theoretical description of this process. Popular scenarios (cf.

I ben and Renzini 1983) suggest that during AGB evolution the

COD/CC3 abundance ratio changes gradually resulting in spectral

evolution along the sequence M-MS-S-SC-C. However, the

observation of stars with these spectral types along the AGB is

no proof that spectral evolution indeed occurs in this order.

Finding stars in which the transition from oxygen-rich to carbon-

rich is taking place right now is the only way to unambiguously

14



determine the evolutionary sequence.

Since CO is one of the most stable circumstellar molecules

all carbon in an oxygen-rich star is locked up in CO and so is

all oxygen in a carbon star. Dust formed in the circumstellar

shell is a good tracer of the COD/CC3 abundance ratio in the

surface layers of an AGB star because in O-rich gas of cosmic

composition silicates are the main condensates while condensation

in C-rich gas is characterized by the formation of carbon

containing dust.

With the release of the IRAS Low Resolution Spectrograph

(LRS) Catalog (Joint IRAS Science Working Group 19B5) a large

database has become available that is ideally suited for a

systematic study of the composition and the formation of

circumstellar dust. In this letter we present one of the most

exciting results sofar of a study of the LRS spectra of carbon

stars. To our surprise we found that some carbon stars are

surrounded by circumstellar shells containing oxygen-rich

silicate-type dust rather than carbon-rich dust. The exploratory

study of these peculiar carbon stars presented here provides some

important new clues about the evolution of M-type stars into C-

type stars.

In section II we describe the selection of our sample of

carbon stars. Some properties of these stars are discussed in

section III and we attempt to fit our results into a coherent

picture of carbon star evolution in section IV.

II. THE CARBON STAR SAMPLE

An important carbon star catalog, containing most carbon stars

found in objective prism surveys up to that time, was published

about 10 years ago by Stephenson (1973). Since then the results
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o-f several othar objective prism surveys have become available

(Alksne and Ozolina 1972, 1974, 1975, 1976, 1983; Daube and

Ozolina, 1974; Alksnis et al. 1976, 1977, 1978; Mac Connell 1979,

1982; Kurtanidze and West 1980; Fuenmayor 1981; Stephenson 1985).

Altogether we collected data -for about 3750 carbon stars. These

were cross-referenced with the LRS catalog on position using a

search circle with a radius of 120 arcseconds. This search

resulted in 307 carbon stars with LRS spectra. Three

identi-f ications were rejected because o-f position di-f-ferences

much larger than the positional errors quoted either -for the IRAS

and/or the carbon star catalog.

Log(S )

FJF272

NC-83

MC79-1I

C2123

7 10 20 7 10 20
\ ( p m ) x I pm)

Fig. 1 LRS spectra o-f 9 carbon stars showing 9.7 jim silicate
dust emission -features. The numbers labeled C are from
Stephenson (1973). FJF272 is star no.272 o-f Fuenmayor
(1981). NC#83 is star no.B3 o-f Stephenson (1985) and
MC79-11 is carbon star no. 11 o-f MacConnell (1979). The
cic marks on the vertical axis represent a -factor ten in
•flux density.

16



III. RESULTS

Some preliminary results o-f our study of IRAS data o-f carbon

stars have been presented earlier by Wi Herns (1986). Here we

report one of the most exciting results o-f our study sofar: the

•fact that the LRS spectra o-f 9 out o-f the 304 carbon stars with

LRS spectra exhibit silicate emission -features near 10 and 20 jim.

This suggests that we are dealing with stars that have quite

recently become carbon stars because they Are still surrounded by

the last remnant of the oxygen—rich M—type phase. Figure 1 shows

the LRS spectra for these 9 stars.

Below we briefly discuss some of the sources in our sample

individually.

C716. BM Gem Based on high resolution spectra Yamashita (1972)

classified this star as C5,4J. The J in the Keenan and Morgan

classification used by Yamashita indicates a high C13C]/C12C3

photospheric abundance ratio. The near—infrared data of Noguchi

et al. (1981) show the 3 ûn absorption feature typical for carbon

stars. The variability type quoted by Kukarkin et al. (1969) is

Lb.

C1003 The 9.7 im feature in the spectrum of this star is

broadened at the long wavelenth end. This could be explained by

an 11.3 MJD feature superimposed on the 9.7 fim silicate feature so

that both oxygen- and carbon-rich dust is apparently present in

the circumstellar dust shell of this star.

C1633 In the Henry Draper catalog this star is classified as Mb

while Stock and Wroblewski (1972) assigned it spectral type N.

Staphenson (1973) remarks that this kind of classification

disagreement is usually symptomatic for an S star.

C2123 Stephenson (1973) states that the declination of this star

is inaccurate. The difference in position with the IRAS catalog
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of 100 arcseconds is largely due to the difference in

declination. Dn the basis of this difference alone we cannot rule

out the LRS association. Stephenson (1973) further remarks that

this star could not be classified conclusively as a carbon star

but that it appears very red on Cerro Tololo plates. Because of

the uncertain carbon star classification we consider this as a

tentative association. The position match on the ESO plates is

secure.

C2919. V778 Cyg Spectra of this star have been studied by

Yamashita (1975). He classified it as C4,5J. Like C716 this is

again a C-rich star as well as an Lb variable (Kukarkin et al.

1969).

C3184. EU And In the Dearborn objective prism survey (Lee et al.

1940, 1944) this star is classified as an R-type carbon star.

This spectral classification is not very reliable. Dean (1976)

classified the spectrum as C4,4. The variability type is SR

(Kukarkin et al. 1969). SR is a poorly defined type. Substantial

overlap of the Lb and SR types cannot be ruled out.

FJF 272 Inspection of the four individual LRS spectra of this

source shows that the line at 13 pjn seen in fig. 1 is probably

spurious because it only occurs in one out of the four spectra of

which the spectrum in fig. 1 is the average.

IV. J-TYPE CARBON STARS

Of the 304 carbon stars with LRS spectra in our sample 9 exhibit

silicate emission features near 10 and 20 pm. One of the LRS

associations (C2123) is considered tentative (see the previous

section).

Of the remaining 8 stars only three stars - C716, C2919 and

C3184 - have been studied at high spectral resolution (Yamashita
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1972, 1975; Dean 1976). All three stars have about the same

photospheric temperature and carbon abundance (spectral types

C5,4J, C4,5J and C4,4, respectively). The spectral classi-fication

of Yamashita reveals a high C13C3/C12C] abundance ratio -for C716

and C2919, indicated by the J parameter.

The observed oxygen-rich shell could be produced in a binary

by an evolved companion. The only stars able to produce the

observed shells are M-type Mira variables or M supergiants. These

stars have comparable or higher luminosities than carbon stars

and should show up in the optical spectra. On the basis o-f the

available spectra we rule out the possibility that the oxygen-

rich shell is produced by a binary companion.

Irregular or semi-regular variability (type Lb and 5R) seems

to be another systematic property of C716, C2919 and C3184. The

pulsation o-f AGB stars is presumably driven by a kappa mechanism.

This mechanism depends strongly on the chemical abundance in the

outer layers o-f the star. Goebel and Johnson (1984) argued that

the lack of periodic variation of the Lb variable C3202 (TX Psc)

could be explained by an underabundance of hydrogen. Our results

suggest that the absence of Mira-type variability in C716, C2919

and C3184 could be related to the physical processes in the

stellar envelope during the onset of the carbon star phase (e.g.

extended convective zones) rather than hydrogen deficiency.

Based on these observational facts we adopt for the

discussion in the next section the working hypothesis that carbon

stars with silicate features in their LRS spectra are J-type

carbon stars.

V. THE EVOLUTION OF CARBON STARS

To determine the location of J-type carbon stars in the
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Hertzsprung-Russel 1 diagram we employ observations o-f carbon

stars in the Magellanic Clouds. According tr> Cohen et al . (1981)

carbon stars in the Magellanic Clouds populate a strip on the AGB

between M^ol = -3.6 and M b o l = -6. The majority o-f the J stars

•found by Richer et al. (1979) have M b o l < -5.6 (Cohen et al.

1981). There are, however, exceptions: Richer (19S1) and Bessel

et al . (1983) found three J stars at the low luminosity end of

the carbon star interval. Bessel et al. (1983) conclude that a

different origin for the two groups cannot be ruled out.

What causes the '^C overabundance in the surface layers of

the J-type carbon stars? According to presently popular

evolutionary AGB scenarios (cf. Iben and Renzini 1983) this could

be due to the dredge-up of CNO products during the CNO burning at

the base of the convective envelope in between two thermal

pulses. This mechanism only works when the envelope mass is

sufficiently high. Thus the luminous C-rich J stars with

M^Qj < -5,6 could be adequately explained by this mechanism.

High C abundances can also be produced as a result of

explosive helium burning in the helium shell during a thermal

pulse. The C formed in the 3-or reaction can be converted in C

by proton capture followed by beta decay. Semi-convection is a

possible mechanism to inject protons into the He shell. Part of

the 13C can be dredged up to the surface shortly after the

thermal pulse which causes the 1 2C- and C-rich region to extend

into the convective envelope. According to Iben (1983) this

process plays an important role in producing C in low-mass low-

initial-metal 1 icity stars so that this mechanism might explain

the low-luminosity J-type carbon stars found by Richer (1981) and

Bessel et al. (1983) in the Magellanic Clouds.
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Since according to Iben (1983) semi-convection does not work

•for initial solar abundances all carbon stars with silicate

emission features in our sample are presumably high-luminosity J

stars.

In an important recent study Blanco et al . (1980) have shown

that the shape of the luminosity -function a-f carbon stars in the

SMC and LMC is almost indentical. This result comes as a surprise

in view of the large difference in the C- to M- star ratio and

the (probably related) different metallicity in the two clouds.

This gives us some confidence to adopt the Magellanic Cloud

luminosity function for carbon stars in our own galaxy. Me use

here the bolometric luminosity function derived by Cohen et al.

(1981) from the data of Blanco et al. (1980).

Kinematic studies of carbon stars in the galaxy by Mikami

(1975) and Dean (1976) indicate that the majority of carbon stars

belongs to the young disk population so that the scale height of

the distribution is generally much smaller than the distance out

to which carbon stars can be observed. It follows that the number

of carbon stars with some absolute magnitude in a magnitude-

limited sample is proportional to (distance) rather than

(distance)3.

Using the bolometric luminosity function of Cohen et al.

(1981), assuming the same value of (Mbol - NiOum' f o r a 1 1 c a r b o n

stars and neglecting interstellar extinction at 10 n*n we can

predict the frequency distribution in a magnitude limited sample

such as our LRS sample. Using the (distance)^ weighting discussed

above we find that ~ 97. of the stars in the sample have

M b o l < -5.6.

We have found before that 3 7. (9 out of 304) of the carbon

stars in our infrared-limited sample show silicate emission
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features. If we assume as argued in the previous section that all

9 stars with silicate features are J—type carbon stars with

M b o l < -5.6 the fraction of Z7./97. is not inconsistent with the

fact that two out of 16 Yamashita (1972, 1975) J-stars with LRS

spectra show oxygen-rich dust features.

The data further allow us to make a rough estimate of the

time required to make the transition of oxygen-rich to carbon-

rich. Assuming (based on typical dust temperatures of about

250 K, chapter IV) that the LRS spectrum probes the dust shell at

a radius of a few times 10 cm and adopting an outflow velocity

— 1

of 10 km s we find that the transition must take place in about

100 years.

If we assume that the carbon stars with silicate features

are indeed all high-luminosity J-type carbon stars, it follows

that the average lifetime of carbon stars brighter than

ML.QI = -5.6 equals ~ 10 yrs (9X of all carbon stars in the

sample).

If we assume on the other hand that chese stars are

representative for the whole carbon star population, the average

lifetime of the carbon star phase is ~ 3 10 yrs (Z7, of the

spectra show the 10 and 20 inn features). For AGB lifetimes of

105 - 10^ yrs we would get a C/M star ratio of 0.3 - 3'/.. Blanco

(1965) quotes ratios of about 5X averaged over large areas of sky

along the galactic plane.

It is only fair to remind the reader that although the

exciting data presented here leave no doubt that some carbon

stars are surrounded by oxygen-rich dust shells, our preliminary

analysis is built on rather thin ice: the assumption that all 9

stars showing silicate emission features are luminous J-type

carbon stars. The evidence for this assumption (see section V) is
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meagre but in view o-f the lack of high-resolution optical data

for most stars in our sample it seems at present the best we can

do.

We -finally briefly discuss the appearance of stars just

preceding the transition to the carbon star phase. The most

obvious remnant of the recent past of the star is the the oxygen-

rich dust shell exhibiting the 9.7 pjn emission feature. Recently,

Vardya, de Jong and Willems (19B6) have shown that the appearance

of the 9.7 Jim emission feature in M Miras is strongly correlated

with the asymmetry of the optical light curve. The 9.7 fim feature

is only observed in Miras with f values (ratio of rise time from

visual minimum to maximum light to the mean period) smaller than

0.44. This makes the M Mira with an asymmetric light curve a

likely candidate for the precursor star.

Another often quoted possibility is an S star precursor

phase. To observationally verify this possibility we inspected

the LRB spectra available for 69 S stars in Stephenson's (1976)

S star catalog. Only few showed the 9.7 jun feature while none of

the 6 SC stars showed it. This makes the S star an unlikely

candidate for the precursor star. But it leaves the question of

the nature and the evolutionary phase of S stars unanswered.

Future more thorough studies of the carbon stars with

silicate dust shells identified in this letter, in particular

high-resolution spectroscopic work, are urgently required to

further our understanding of the physical processes governing the

transition from M- to C-type stars on the AGB.
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PART I I CHAPTER II

IRAS LRS SPECTRA OF COOL CARBON STARS:
II. STARS WITH THIN CIRCUMSTELLAR SHELLS

Frits J. Willems
Sterrenkundig Instituut 'Anton Pannekoek'
Universiteit van Amsterdam

ABSTRACT

IRAS LRS and broad-band data and near-in-frared photometry

analyzed o-f 72 carbon stars with near—infrared color temperatures

in excess o-f 2000 K.

Seven stars have an almost -featureless spectrum without dust

emission in the LRS wavelength region (7.5 - 23 pjn). Four o-f

these stars are classi-fied as R-type carbon stars and are

probably situated on the extension of the Red Giant Branch. The

remaining three stars are evidence for long episodes of low mass

loss on the Asymptotic Giant Branch.

The majority o-f the stars in the sample have the 11.5 ûn SiC

and an unidentifiec u.6 jam emission feature superposed on the

stellar continuum. The SiC feature peaks near 11.7 pm in most

cases. The strength of the 8.6 pjn feature correlates with the

strength of the 3 fun absorption band and the feature is most

probably of molecular origin. Photospheric molecular absorption

bands centered at ~ 7.5 and •» 14 pjn ascribed to ^2H2 with some

contribution of HCN ar& observed in a large number of stars.

Three stars have an additional amorphous carbon dust

component contributing to the continuum opacity in the LRS

spectrum.

The IRAS broad-band data exhibit a varying 60 pm excess,

ascribed to a cool dust shell, evidence of an earlier



evolutionary phase with high mass loss rates. The present mass

loss rates are in the order of 10~B - 10~7Mo yr'1.

C4, C5 and C6 Are the most common spectral types and Lb and

SRb the most common variability types o-f the sources in the

sample. The J-type carbon stars arB all irregular variables and

are surrounded by small amounts o-f carbon-rich dust. The three J

stars with high temperature indices in the Keenan and Morgan

classification are closely related to S stars according to their

spectral appearance. Among the nine remaining J stars three Arm

R-type.

SiC is the first condensate in carbon-rich atmospheres. On

the basis of the data presented here we are not able to

disentangle the contribution of the 8.6 ûn feature material and

of the polyatomic carbon molecules, HCN and C^^^t to the dust

formation.

A recent abundance analysis of carbon stars reveals that s-

process elements are enhanced in N-type carbon stars. No s-

process element enhancement is observed in J-type mtars. These

results suggest either that J-type stars Are "young" carbon stars

or that they are a distinct class of carbon stars unable to

produce s-process elements during their carbon star phase. The

fact that two J-type stars are surrounded by a silicate dust

shell and the small amounts of carbon-rich dust in the

circumstellar shells of th« other J-type stars favour the

explanation that carbon stars are born as J-type on the AGB and

gradually evolve into "normal" N-type stars with enhanced s-

process elements abundances.
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I. INTRODUCTION

The existence o-f carbon stars may be interpreted as direct

evidence for evolution along the asymptotic giant branch (ABB).

The carbon overabundance compared to oxygen and the enhancement

of s-process elements in the stellar photosphere shows that

dredge-up of nucleosynthesised material produced in the stellar

interior takes place. Therefore knowledge about the origin and

evolution of cool carbon stars is an essential prerequisite for

understanding the AGB.

Present theories of AGB evolution (see Iben and Renzini 1983

for a review) are unable to explain some basic properties of

carbon stars. An illustration of this inability is the

discrepancy between the theoretically predicted and observed

luminosity distribution of carbon stars in the Magellanic Clouds

(Cohen et al. 1981).

To come up with an observationally based scenario for AGB

evolution we have undertaken an infrared study of cool carbon

stars. In view of the observed mass loss rates between *• 10 and

~ 10 M© yr~ (e.g. Knapp and Morris 1985) a study of the

infrared properties of carbon stars may be expected to give basic

information about the mass loss process and dust formation in the

circumstellar shell. Both processes are clearly related to the

evolution of carbon stars.

With the release of the IRAS Low Resolution Spectrograph

(LRS) Catalog (Joint IRAS Science Working Group 1985) a large

data base has become available, ideally suited for a systematic

study of the composition and the formation of circumstellar dust.

LRS spectra have a spectral resolution of about 1/50 and cover a

wavelength range from 7.5 to 23 pm. Supplemented with near- and

far-infrared photometry, the LRS spectra allow us to study mass
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loss rates and the evolution of the mass loss process. This paper

is part of a series o-f papers in which we discuss IRAS data of

stars identified as carbon stars in objective prism surveys.

In this second paper of the series (Paper 1: Willems and de

Jong 1986; chapter I) an overview is given of infrared features

of carbon-rich circumstell?r envelopes around stars in which the

circumstellar dust shell does not mask the photospheric spectrum

between 1 and 4 jim. Section II defines the sample. The

observational data are presented in sections III to VI. Some

implications for the mass loss process and the formation of the

circumstellar shell are discussed in section VII. Finally in

section VIII we attempt to derive constraints for an evolutionary

scenario of carbon stars from the data.

II. THE CARBON STAR SAMPLE

An important carbon star catalog, containing most carbon stars

found in objective prism surveys up to that time, was published

by Stephenson (1973). Since then the results of several other

objective prism surveys have become available (Alksne and Ozolina

1972, 1974, 1975, 1976, 1983; Daube and Ozolina 1974; Alksnis et

al. 1976, 1977, 1978; McConnell 1979, 19B2; Kurtanidze and West

1980; Fuenmayor 1981; Stephenson 1985). In all we collected data

for about 375O carbon stars. These were cross-correlated with the

LRS catalog on position using a search circle with a radius of

20 arcseconds. This search resulted in 307 carbon stars with LRS

spectra. Three of these associations had to be rejected because

of position differences much larger than the positional errors

quoted either for the IRAS and/or the carbon star catalog. Near-

infrared (NIR) photometry from Noguchi et al. (1981; NKKOSO) is

available for 90 of the remaining 304 stars. Of these 90 stars
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optical spectra -for 72 are given by Yamashita (1972,1975).

III. RESULTS

Some preliminary results o-f our study o-f IRAS data o-f carbon

stars have been presented earlier in Paper I and by Willems

(1986).

The most spectacular result o-f our study - the -fact that

nine carbon stars show 9.7 and 18 JJUH silicate emission -features

in their LRS spectrum - has been presented and briefly discussed

in Paper I. Due to the presence o-f the 9.7 ûn feature these

spectra can easily be distinguished from the other spectra.

The remaining carbon stars have been divided into two

groups. One group suffering from circumstellar extinction in the

near-infrared resulting in NIR color temperatures significantly

lower than 2000 K and one group having almost no NIR

circumstellar extinction with NIR color temperatures above

2000 K. The NIR color temperature is calculated by a least square

fit to the 1, 1.25, 1.65, 2.25 and 3.7 jim broad-band flux

densities from NKKDSO. The broad-band flux densities are

corrected for interstellar extinction using the relation

Ay=0.14 cosec b Cl-exp(-10r sin 6)3

(cf. van Herk 1965) where b is the galactic latitude and r is the

distance in kpc. The extiction at other wavelengths (Aj etc.)

is calculated using van de Hulst curve #15 with R=3.05 (cf.

Johnson 1968). Stellar distances are derived by adapting M^-B

(Glass 1979). At the distances obtained Av ranges from 0.1 to 2.0

with <Ay>=0.8 ±0.05. The corresponding corrections in color

temperature, are small for most stars.

In this paper we will discuss the sources whose NIR spectra

are dominated by the stellar continuum having T N I R > 2 0 0 ° K - A
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Tabl* I Data for the 72 stars with NKKOSQ photometry and
TNIR >

CNUM
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1
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5
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a
7
8
14
38
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3
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6
3
7
10
11
14
2
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17
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67
1

45
66
12
32
1

36
36
5

DEC

25
18
30
29
0

53
42
38
29
20

37
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4

26
6

56
34
44
27
24

40
36
32
22
31
45
29
30
22
30

14
10
28
6
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41
55
45
25
2
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2
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18
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7
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1
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a
50

7
49
44
18
33
11
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22
30

22
47
45
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2
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TNIR

2400
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2700
2550
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2650
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2450
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2950
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SPT

C4,5J
C5,4
C7,2
C5,5
C5,4E
C5,5
C4,5J
C7,4
C5,4
C5,5

C6,3
C4,5J
C5,4
C7,4
C5,4
C5,4
C6,3
C6,3
C8,1JE
C5,4

C6,3
C7,2
C5,4
C4,3E

C6,3
C6,4
C5,4
C4,5
C6,3

C4,4
C4,5J
C5,5
C7,1E
C6,3
C7,2E
C6.4E
C5,4
C5,4
C5,5

C6,3
C5,3E
C5.5J
C4,5J
C7.3E
C5,5

C6,5J
C7,4
C5.4

3»i»

0.70
0.40
0.29
0.51
1.01
0.49

-0.13
0.29
0.43
0.51

0.35
-0.09
0.22
0.62
0.49
0.45
0.40
0.33
0.58
O.O9

0.28
0.21
0.79
0.54
0.32
0.13
0.27
0.09
0.35
O. 14

0.09
-0.10
0.59
0.73
O.17
0.43
0.51
0.44
0.49
0.60

0.26
0.90
0.30
0.16
O.46
0.53
0.36
0.81
0.52
0.42

NAME

VX
AQ
Z !
WW
X 1
BS

And
And
Psc
Cas
Cas
Per

V623 Cas

U 1"am
V466 Per

AC
UV
ST
TT
W I
TX
SY

Per
Cam
Cam
Tau
Dri
Aur
Eri

V348 Aur
UV
TU

Y
FU
GK
BN

BL
UU
VW
CZ
GY

RV

RY
R
W
VX
RY
AC
X
T

VY
SS
Y
RY
V
SU

T
HK
DR

Aur
Tau

Tau
Aur
Ori
Man

Qri
Aur
Gem
Man
Mon

Mon

Mon
CMi
CMa
Gem
Hya
Pup

Cnc
Cnc

UMa
Vir

CVn
Dra

Oph
Sea

Lyr
Lyr

: Ser

VARTYP

SRa
SR
SRb
Lb
M
Lb
Lb

SRb

Lb
SRb
SRb
SRb
SRb
Lb
SRb
Lb
SRb
SR

SRa
Lb
SR
SRb

Lb
SRb
Lb
Lb
Lb

SRb

SRa
M
Lb
M
SR
Lb
SRb
SRa

Lb
M
SRb
SRb
M
SR

Lb
Lb
Lb
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Tabla I
TNIR >

CNUM

2684
2692
2695
2717
2721
2724
2733
2739
2773
2801

2833
2853
2880
2892
2904
2935
3060
3152
3174
3186

3214
3219

Data
2000 K

18
18
19
19
19
19
19
19
19
19

19
20
20
20
20
20
21
22
22
23

23
0

RA

56
59
1

14
16
18
24
27
39
46

55
2
11
16
24
47
39
42
59
21

58
2

for the
. (cont.)
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14.8 +
52.6 +
42.7 -
45.4 +
17.7 -
24.1 +
54.7 +
17.7 +
1.7 +

40.0 +

35.7 +
52.1 +
34.6 +
41.7 +
53.2 +
14.9 +
54.8 +
18.3 +
33.6 +
10.7 +

42.4 +
1.5 +

14
10
5
21
16
37
23
45
32
26

44
20
38
37
38
33
35
61
45
55

60
43

72

DEC

17
9
45
49
0

46
29
56
30
0

7
30
34
17
7
2
16
27
37
53

4
16

38
58
41
24
5

53
48
20
0

46

33
15
36
32
25
35
55
54
2

30

39
17

stars

TNIR

2350
2600
2200
2250
2750
2250
2200
2300
2650
2300

2250
2550
2900
2450
2300
2450
2800
2650
2200
2350

2650
2700

with

SPT

C5,3
C8,l
C5,4

C6,4
C4,5E

C4,5
C5,4

C4,5

C8,2E
C9,2JLi

C6,4
C6,3
C7,4
C3,5J
C4,5J

C9,2JLi

MKKOSO

3j_Lrn

0.43
0.28
0.38
0.33
-0.10
0.53
0.31
0.51
0.01
0.06

0.29
0.43
0.31
1.02
0.49
0.19
-0.02
0.11
0.21
0.29

0.58
0.09

photometry and

NAME

UV Aql

V Aql
CG Vul
V1942 Sgr
U Lyr

AW Cyg
TT Cyg

AX Cyg
X Sge
RS Cyg
WX Cyg

V460 Cyg1

DG Cep
VY And
V353 Cas

WZ Cas
SU And

VARTYP

SRa

SRb
L?
Lb
M

SRb
SRb

Lb
SR
SRa
M

SRb
Lb
SRb
SRa

SRa
Lb

also known as DS Per.

CNUM is the number in the General Catalogue of Cool Carbon Stars
(Stephenson 1973). RA and DEC are positions quoted in the IRAS
point source catalog. T N I R is the color temperature fitted to the
NKKDSO data. SPT is the spectral type from Yamashita (1972,1975).
3 Jim is the Ztim index from NKKQSO. NAME and VARTYP are the name
and variability type quoted in the General Catalogue of Variable
Stars (Kukarkin et al. 1969 and Khopolov et al. 1985).

study o-f the sources with T N I R < 2000 K will be the subject o-f

Paper III (Willems 1987; chapter III).

NIR color temperatures higher than 20O0 K are obtained -for

73 stars. One of them, BM Gem (=C716), shows silicate features in

its LRS spectrum and has already been discussed in Paper I.

Information on the other 72 stars is summarized in Table I.

The LRS spectra of these 72 stars exhibit a variety of

features. Graphical representations of the spectra of all the 72

stars are given in the LRS atlas (Joint IRAS Science Working
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Group 1986). The analysis o-f about hal-f the spectra is seriously

hampered by high noise levels. Features in LRS spectra of carbon

stars with an intensity lower than about 10 Jy should be

considered with caution.

IV. THE LRS SPECTRA

The LRS spectra o-f carbon stars in our sample can be classified

into three classes:

1/ Spectra with a featureless flat continuum.

2/ Spectra with only the 11.5 nm emission feature on a flat

continuum, although a turn-off shortward of 8 pjn and a

depression longward of 13 jun may be present.

3/ Spectra with two emission features. One centered near 8.6 i±m

and ranging from 8 to 10 nm and one centered near 11.5 pjn

and ranging from 10 to 13 iim. Sometimes two absorption

features are also present: An absorption wing shortward of

8 jim and a broad-band from about 12.5 to 16 urn with a

central dip between 13.7 and 14 nm.

These three classes of spectra will be discussed, not necessarily

in this order, in detail below.

IV.1. SOURCES WITH 8.6 AND 11.5 pm EMISSION FEATURES.

In figure 1 four examples are given of sources having the 8.6 and

11.5 M^ emission feature. To interpret the spectra properly we

need to know the continuum. Figure 2 shows the LRS spectra of the

same four sources but this time the NIR photometry of NKKOSO and

the IRAS broad-band data are also given. Black-body fits to the

NKKOSO data are drawn. Since the NKKOSO and IRAS data are not

obtained at the same epoch the variability of the sources

introduces a difference in flux between the two observations. In
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Fig. 2

Fig. 1 LRS spectra of four carbon stars showing 8.6 and 11.5 iim emission -features. In
three spectra absorption near 14 im and shortward o-f B |im is seen. The C
designation is -from Stephenson (1973). The tic marks on the vertical axis
represent a -factor ten in -flux density.

Fig. 2 NKKOSO, LRS and IRAS broad-band data -for the stars from figure 1. The black body
fit to the NKKOSO data is shown.



spite o-f this difference the data in figure 2 suggest that the

stellar photosphere is the dominant emission in the LRS

Mavelength region. Goebels et al. (1980) came to the same

conclusion -for Y CVn (=C2030). The T"NIR values listed in Table I

have a median value o-f 2600 K, in good agreement with the 2500 K

black body used by Bergeat and Sibille (1976) and Rowan-Robinson

and Harris (1983) to describe the stellar continuum of carbon

stars. A 2500 K black body will be used from now on to fit the

continuum in the LRS spectral region.

(a)

(b)

V CDn

X(u«i

« •> II II 12 13 14 IS It 17 II II Z> 21 22

I Lvr

i< js. u

X(UII)

a 2i zi

Fig. 3 a/ LRS spectra o-f Y CVn and T Lyr with a 25OO K black
body drawn through the 10 pjn flux density.
b/ The spectra of Y CVn and T Lyr normalized using the
2500 K black body fit. The normalized flux density is
defined as N=(S Q b B-S 2 5 0 0 K)/S 2 5 0 0 K.
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In -figure 3 the LRS spectra of Y CVn (=C2030) and T Lyr

(=C260B) are given with a 2500 K black body continuum drawn

through the 10 jim -flux density. Normalized spectra based on this

continuum fit are also shown. The 8.6 and 11.5 pjn features are

seen in the spectra of both Y CVn and T Lyr. In the latter star,

the 8,6 and 11.5 fxm emissiom features are situated on the wings

of strong absorption bands.

IV.1.1. THE 12.5-16 nm ABSORPTION FEATURE

In at least five of the spectra (Cll, C1344, C2353, C2608 and

C2695) an absorption band with a central minimum between 13.7 and

14 nm is seen. Since the spectral resolution near 14 ^itn is ~ 1/20

a more accurate location of the minimum is not possible. The data

in Table I show that all five stars also have high 3 nm

absorption. Ridgeway et al. (1978) showed that C 2H 2 and HCN are

the best candidates to explain the 3 fun absorption. Both C-H^ and

HCN have bands in the 14 pm region.

C2H2 has a 1-0 vibrational transition at 13.7 fun (Levin and

Meyer 1928). The rotation-vibration band show P, R and Q

branches, with Q the strongest and centered at 13.7 îm. The R and

P branches peak at 13 and 14.5 tun respectively for a temperature

of 1000 K. The whole band runs roughly from 12.5 to 15 yun. C 2H 2

has in addition a rotation-vibration band centered at 7.5 nm with

a maximum of the P branch near 7.8 îm for 1000 K. The spectra of

the stars with a 12.5-16 yun absorption dip also show an

absorption wing at 7.5-8.5 jun (e.g. C260B, T Lyr in fig. 3 ) .

HCN has a peak at 14 nm due to a 1-0 vibrational transition.

Here again the Q branch is very strong (Choi and Barker 1932). At

a temperature of 1000 K, the R and P branches peak near 13.2 and

15 Jim respectively. The major part of one of the 2-0 bands,
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centered at 7.1 ûn, is outside the LRS spectral domain.

Thus both C2H2 and HCN could contribute to the 12.5-16 ^xm

absorption -feature. Like in the case o-f the 3 ûn band, it is not

possible to separate the contributions of C2 H2 a n d H C N using low

resolution LRS data.

The 12.5-16 /am band and the 8 urn wing seem to be absent in

the spectra o-f C2030 (fig. 3) and C2047 (fig. 6). Both sources

have a small 3 jjun index (Table I). High-resolution 3 ^ spectra

(Ridgeway et al. 197B; Goebel et al. 1980) indicate that this is

due to a lack of C^H^- The absence of a strong 8 jim wing is also

consistent with the absence of C 2H 2 in the spectra of C2030 and

C2047.

Based on the discussion above we suggest that the 12.5-16 pjn

band and the 8 ixm wing should be ascribed to C2H2-

IV.1.2. THE 11.5 urn EMISSION FEATURE

Following the prediction of Friedemann (1969) and Gilman (1969)

that silicon carbide, SiC, should be one of the main condensates

in carbon star atmospheres and the detection of an 11.5 pm

emission feature in carbon stars by Hackwell (1972) and Treffers

and Cohen (1974), this feature is ascribed to solid SiC. In most

carbon stars it peaks at 11.3 |un but Goebel et al. (198O) found

the peak in Y CVn (=C2030) at 11.7 urn. This shift may be due to a

different particle size distribution and/or a different crystal

stucture.

A linear interpolation between the 10 and 13 tun flux density

in a logarithmic flux density plot may be expected to give a

reasonable approximation to the continuum. This continuum fit is

used to derive the peak intensity wavelength of the SiC feature

in 18 stars (Table II). There is some scatter due to noise, but
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the average of * m a x= H-6 ±0.2 fi/n suggests that the majority of

these stars have a Y CVn-like SiC feature. In the spectra of

thicker carbon- "ich dust shells (T"NIR < 2000 K sources) the

feature peaks near 11.3 pm rather than at 11.7 pm (see Paper

IV.1.3. THE 8.6 nm EMISSION FEATURE

The B.6 fun feature ranges from 8 to 10 jim as is most clearly seen

in stars with flat LRS spectra (e.g. C2030 in fig. 3; C2047 in

fig. 6 ) . We define a 9 pin index, analogous to the 3 jun index of

NKKOSO, as the natural logarithm of the ratio between the

integrated observed flux density and the integrated continuum

between 8 and 10 pm. The continuum is obtained by a linear fit

between the 8 and 10 pm flux densities in a log S^ - log X

diagram. The 3 and 9 fim indices defined in this way are measures

of the optical depth in the features.

NKKOSQ found that the strength of the 3 ^im index varies with

the temperature index in the Keenan and Morgan classification as

well as with the variability type. To reduce the influence of the

variability type and temperature index we selected all non Mira-

type carbon stars with spectral type C4 and C5 having LRS spectra

well above the noise level in the 8 to 10 ûn region (see Table

II). For those stars we find in figure 4 that the 3 and 9 pm

index are well-correlated (correlation coefficient r=0.83 for 19

data points). Similarly a SiC index between 10 and 13 pjn is

introduced. As seen in figure 5 and Table II no correlation

exists (r=0.42) between the SiC index and the 3 pm index.

In section IV.1.1. it was shown that an absorption wing due

to the 7.5 p/n 1-0 rotation-vibration band of Ĉ *"̂  may be present

shortward of ~ 8 fun in several carbon stars. As E?^2 * s o n e °*
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the main contributors to the 3 fun band it can not be ruled out

that the correlation in figure 4 is at least partly the result o-f

the presence o-f the two C 2 H 2 bands.

The fact that we observe an emission -feature is sensitive to

the choice o-f the continuum. If, -for instance, we would draw a

2500 K black body continuum through the peak of the 8.6 t±m

emission feature an absorption band shartward of B.6 ^w\ and one

centered at 10 urn appears. The first could be due to C 2
H 2 a n d t n e

latter coincides with the 9.7 ^m silicate feature possibly due to

interstellar absorption. In section III we showed that the

interstellar extinction for the carbon stars in our sample is

small so that interstellar absorption can be ruled out. An

interstellar origin would also require the 10 fim band to be

observed frequently in carbon stars with thicker circumstellar

dust shells, which is rarely the case (see Paper III).

0.15

8. IB

9JULM

0.85

8.80

8.1 B.Z 8.3 B.4 8.5 8.6 B.7 0.8 0.3 1.0

Fig. 4 The correlation between the 3 and 9 îm indices of 19
stars having a Keanan and Morgan temperature index of 4
or 5. The definition is given in the text. The line
Y=0.16*X+0.003 is a least squares fit. The correlation
coefficient r=0.B3.
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T«bl« II The 3 jim, 9
temperature index of
classification.

)djn and SiC indices
4 or 5 in the

for 19 stars having a
Keenan and Morgan

CNUM

11
16

154
155
240
284
390
480
632
670

1338
1344
2030
2047
2353
2661
2684
2695
2739

SPT

C4,5J
C5,4
C5,4
C5,5
C5,4
C5,4
C5,4
C5,4
C4,4
C5,5

C5,4
C5,5
C5,5J
C4,5J
C5,5
C5,4
C5,3
C5,4
C4,5

NAME

VX AND
AQ CAS
U CAM
V466 PER
ST CAM
W ORI
TU TAU
GK ORI
RV MON
RY MON

X CNC
T CNC
Y CVN
RY DRA
SU SCO
DR SER
UV AQL
V AQL
AW CYG

3 /.Lm

INDEX

0.70
0.40
0.43
0.51
0.22
0.49
0.09
0.79
0.09
0.59

0.49
0.60
0.30
0.18
0.53
0.42
0.43
0.38
0.51

9 jiin

INDEX

0.15
0.06
0.05
0.08
0.04
0.07
-.01
0.12
0.03
0.07

0.06
0.13
0.04
0.07
0.09
0. 10
0.06
0.07
0.08

SiC
INDEX

0.13
0.17
0.24
0. 12
0.10
0. 17
0.09
0.27
0. 18
0.25

0.08
0.11
0.09
0.07
0.13
0. 13
0.06
0.12
0.12

X v

sTc-x

11.43
11 .55
11 .30
12.03
11 .67
11 . IB
11.43
11.79
11 .67
11 .67

11 .43
11.67
11.67
12.14
11.79

_ t

11 .30
11.67
11 .43

The spectrum between 10 and 13 nm is too noisy to derive
max

m
it ax is the wavelength where the normalized SiC -feature attains

maximum value.

B.26

8.2B

SiC

8. IB

B.I B.2 6.3 B.4 B.S B.fe B.7 B.8 B.9 l.B
8.96

Fig. 5 The correlation between the 3 fim and SiC indices o-f 19
stars having a Keenan and Morgan temperature index of 4
or 5. The definition is given in the text. The line
Y=0.13*X+0.08 is a least squares fit. The correlation
coefficient r=0.42.
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Higher resolution spectroscopic observations covering the

near- and middle-in-frared are needed to unravel the nature o-f the

-features in the 8-10 pjn LRS region. Boebel et al . (1980)

constructed a spectrum of Y CVn (=C2030) between 1.2 and 30 nxn.

No emission -feature between 8 and 10 fxm is present in this

spectrum but note that it results from connecting observations in

several wavelength regions. At 8 ji/n airborne spectra are fitted

to those obtained from the ground. The uncertainties in the

ground-based observations are large near 8 um due to the presence

of terrestrial atmospheric bands so that a possible feature could

easily be lost in the connection process.

As the 9 Jim index of Y CVn is small (Table II) and

considering the uncertainties, the observations of Goebel et al.

(19B0) do not provide much usefull information about the presence

of features between B and 10 jun. Based on the improbability of a

10 pm absorption band in so many stars and the clear presence of

the 8.6 jxm feature in some stars (fig. 1) it is most probable

that the 8.6 tim emission feature is real and that its strength

correlates with that of the 3 im band.

What can we say about the nature of the 8.6 tun feature and

can we explain the correlation of the 3 and 9 ĴD index? The

8.6 nm feature is always observed together with the SiC feature.

Sources in which dust contributes to the LRS continuum do not

exhibit the feature (see sc-t\on IV.2 and Paper 111 > . As it is

more straightforward to explain the absence of the 8.6 tun feature

in circumstellar envelopes by a molecular depletion than by

destruction of dust, the B.6 jam feature is most likely of

molecular origin. The fact that both molecules C2H2 and HCN, the

main contributors to the 3 inn band, have no features in the B to

10 fim region, allows several possibilities to explain the 3 and
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9 pin index correlation. A plausible explanation is that the

species responsible -for the 8.6 jxm feature forms under the same

chemical and physical conditions as HCN and CjHo. Molecules

either formed together with HCN and C 2H 2 or as a result of

reactions with HCN and C 2H 2 may be involved. Me note that ethers,

esters, acids and alcohols have strong C-0 stretching-vibration

bands in this region.

One can use the LRS spectra to derive the frequency

dependence of the emissivity e(v) of the 8.6 nm feature. SiC

contributes insignificantly to the continuum outside the 11.5 pm

region as is clear from laboratory data (Borghesi et al. 1985).

If we assume that besides the 8.6 p/n producing matter only the

stellar photosphere contributes to the 8-10 JJHI region the emitted

flux density between 8 and 10 p/n can be written in the optical

thin case as

Sobs=Scont+S8.6 ( 1 )

where S . is the observed flux density, S ^ is the continuum

contribution and Sg . is the contribution of the 8.6 i±n\ feature.

If we assume that the 8.6 jun feature producing matter is all at

the same temperature, Tg ,, we may write

S86(v)=e(v)*Bv(TB>6) (2)

where Tg , is the temperature of the 8.6 jun producing matter. If

the continuum (T^ = 2500 K) in eq. C1D and the temperature in eq.

C2D are known the function c(v) can be derived. We estimate

Sg £<v) by using the 10 and 13 ^ flux densities to draw the

2500 K black body continuum and subtracting this continuum from

the observed flux.

It is not possible to directly derive the temperature of the

8.6 Jim feature producing matter. However, the correlation of the

3 and 9 /jjn index indicates a correlation with the presence of HCN
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and C2H2. On the one hand we may use the fact that formation o-f

HCN starts near 2800 K and that the -formation of C2 H2 l s

reasonably complete near 1800 K (Ridgway et al. 1978)) to derive

an upper limit of ~ 2000 K. On the other hand the absence of the

8.6 jim feature in spectra with a continuum dust opacity gives a

lower limit for the temperature. This continuum dust opacity is

generally ascribed to (amorphous) carbon dust (see section IV.2).

The condensation temperature o-f this dust is •*. 1700 K but due to

the inverse greenhouse effect the condenstaion temperature can be

pushed down to about 1250 K (McCabe 1983). This indicates that

the 8.6 fim feature producing matter is probably warmer than

~ 1000 K. According to the model of McCabe (1983) SiC condences

at ~ 1500 K. As the 8.6 pjn feature is always observed together

with the SiC feature, these results show that the constant

temperature assumption in eq. C23 is reasonable and that at LRS

wavelengths the Planck function in eq. C21 can de evaluated in

the Rayleigh-Jeans regime and hence is propor ional to v .

The whole procedure is only applicable to stars in which the

stellar continuum near the 8.6 fim and SiC feature is not

influenced by absorption bands. The function e(v) is derived for

Y CVn, RY Dra and V Aql. The 2500 K black-body fit in figure 6

through the 10 and 13 Jim LRS flux densities of RY Dra illustrates

the validity of the assumptions made to derive sg.£ ( v )- I n figure

7 e(v) is given normalized to equal areas under the curve for the

three stars. The feature runs from ~ 7.8 to •*• 10.1 jun and peaks

at 8.6 urn. The wiggle at 8.9 pm may be consistent with a

molecular origin. High-dispersion spectra are needed to give a

definitive answer to the nature of the feature.
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2B47 12.54271 6b. 1557 42 C4.5J RV Dra

1.8E»B3

(Jy)

l.BE*8B

IB 2B
X(JLJLM)

Inir:Z5BBK

iee

Fig. 6 The black body f i t -from the model plotted together with
IMKKOSO and IRAS photometry.

e(X)

:ig. 7 The function e(X) -for the 8.6 Mm emission -feature. The
three curves are normalized to the area under the curve.
The dotted line is -for Y Cvn, the dashed line is -for
RY Dra and the solid line -For V Aql.
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1 M'B3 j!

<J,1 ^

537 b 33171 36 MM I a , « Ml Aur

Fig. 8 NKKOSO, LRS and IRAS broad-band data -for Y Tau, UU Aur
and SS Vir. The black body -fit to the NKKOSQ data is
also given.

IV.2. SOURCES WITH AN 11.5 *un EMISSION FEATURE ONLY

In figure 8 we show NKKOSO, LRS and IRAS broad-band data -for

three stars with 11.5 fun emission features. The spectra of Y Tau

(=C393) and UU Aur (=C537> show the SiC feature superposed on a

flat continuum. The continuum of SS Vir (=C1999) is clearly

different, because it shows an additional depression centered at

14 jun and a turn off near 8 im. Although the NKKOSO and IRAS data

are not obtained simultaneously figure 8 clearly shows (compare

figures 2 and 6) the presence of an infrared excess for Y Tau,

UU Aur and SS Vir at wavelengths larger than 7 ^ so that the

circumstellar dust shell contributes significantly to the

continuum longward of 7 pm. As SiC does not contribute outside

the 11.5 fun feature (Borghesi et al. 1985) another dust species

n=*ê -, to be present. Amorphous carbon is perhaps the best

candidate (cf. Campbell et al. 1978 and Rowan-Robinson and Harris
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1983) .

The differences between the LRS spectrum of Y Tau and UU Aur

on the one hand and SS Vir on the other can bo explained by the

presence o-f photospheric absorption bands in SS Vir partly -filled

in by circumstellar dust emission. This is consistent with the

fact that the 3 Jim absorption index for SB Vir is much larger

than for Y Tau and UU Aur. Ridgway et al. (1978) found no

evidence for any line opacity other than HCN in the 3 yun

absorption band of Y Tau and UU Aur. This strengthens the

statement in $ IV.1.1. that C 2H 2 dominates the strong absorption

bands observed in LRS spectra of carbon stars.

IV.3. SOURCES WITH A MORE OR LESS FEATURELESS LRS SPECTRUM

Among the sources in our sample, seven have an almost featureless

spectrum between 8 and 14 jun (figures 9 and 10). Longward of

14 nm the spectrum is too noisy to warrant any comment. Evidence

for a 10 jun depression is present in the spectrum of V623 Cas

(=HD19557=C131). Interstellar absorption cannot be ruled out as

the galactic coordinates are i,= 140!7 and b=-0:i. The lack of

features in the LRS region suggests that an extended atmosphere

and circumstellar envelope is absent and may be indicative of the

evolutionary phase of these stars.

Four members of the group (V623 Cas, UV Cam=C177,

HD52432=C645 and V1942 Sgr=C2721) (figure 9) do not have a 3 |un

absorption feature according to NKK0S0 (Table I). This confirms

that these sources lack cool extended atmospheres and are hence

unable to form HCN and C2H2> A closer look at the spectra of

these four sources show a concave shape between B and 14 jun

compared to BL Ori (=C508), RS Cyg (=C2880) and WZ Cas (=C3214)

(figure 10) whose spectra are convex in this wavelength region.
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Whether this is telling us something, we do not know.

Log(Sw)

Fig. 9 Fig. 10

Fig. 9 LRB spectra o-f carbon stars with a concave featureless
spectrum. Flux densities smaller than 4 Jy are truncated
to 4 Jy. The tic marks on the vertical axis represent a
factor ten in flux density.

Fig. 10 Same as for fig. 9 for carbon stars with
featureless spectrum.

convex
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Boebel et al . (1983) who observed V623 Cas report absence o-f

HCN and C 2H Z but -found evidence -for absorption by the C2H radical

at 2.9 nm. They claim that V623 Cas is the most dust-free carbon

star observed to date. They relate this to its being an R-type

and not an N-type carbon star. Uv" Cam and HD 52432 are also

classified as R-type.

Consistent with the spectra displayed in figure 10, Bergeat

et al. (1976) did not detect dust emission in the low resolution

NIR spectra of BL Dri, R5 Cyg and WZ Cas. These stars have normal

3 nm absorption. BL Ori and RS Cyg show normal N-type spectra

(Utsumi 1985). Accordingly, the lack of circumstellar matter

around these stars must have another reason than that for the

sources in figure 9.

V. SPECTRAL AND VARIABILITY TYPES

In studies of carbon star spectra no consensus has yet been

reached on a unique classification scheme. A comprehensive

overview of the exsisting classification systems can be found in

Lloyd-Evans (1986). A widely used system is that of Keenan and

Morgan (1941). In this two dimensional system, the strength of

the neutral metal lines is used to derive the temperature class

and the C 2 band strength is used as a carbon abundance indicator.

Lloyd-Evans (1986) shows that in the case of the low-luminosity

J-type carbon stars, two clearly distinct groups have the same

Keenan and Morgan classification.

Different classification schemes usually probe different

physical and chemical regions in the stellar photosphere, because

they are based on different bands in different parts of the

spectrum. This explains the lack of overlap between the various

systems. Therefore an internally consistent set of observations
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T#blB III Distribution over spectral type and variability type
for all 72 stars with NKKOSO photometry.

Lb1

SR
SRb
SRa

M

no

also L?
The spectral classification is from Yamashita (1972,1975) and the
variability tvpe is from the General Catalogue of Variable Stars
(Kukarkin et al. 1969, Kholopov et al. 1985). The column "no"
means that no spectral classification and/or variability type is
available.

should be used to derive properties of carbon stars. The data

base of Yamashita (1972,1975) is idealy suited for this. Table I

gives the the Keenan and Morgan types derived by Yamashita.

Almost all stars on the AGB show visual light variations.

The variability type of the stars in our sample that are listed

in the General Catalogue of Variable Stars (Kukarkin et al. 1969

and Khopolov et al. 1985) is also given in Table I.

The distribution of the 72 stars over the different

variability types and temperature indices in the Keenan and

Morgan classification is given in Table III; C4, C5 and C6 are

the most common spectral types and Lb and SRb the most common

variability classes.

V.I. J-TYPE CARBON STARS

12 13Among the 72 stars 12 are J-type. These stars, having C/ C

abundance ratios close to the CNO equilibrium ratio of ~ 4 in

their photosphere, are of special interest as two of the nine

peculiar carbon stars with silicate dust in their circumstellar

shells discussed in Paper I are J-type.
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Tabla IV The same as Table III but -for the J-type carbon stars
only.

Lb
SR
SRb
SRa
M

no

C31
i

i

1
I

1

1
1

1
1

C4
1

2

1

C5

1

C6 C7 ca

l

C9

1
1

lLi!
ILi!

Li in column 9 means that this star is a super lithium star.

The distribution of J-type stars over spectral and

variability type is given in Table IV. The three stars situated

in the right part o-f the Table with a temperature index 8 or 9

have a low carbon index. UV Aur is classi-fied as C8,1JE, MX Cyg

as C9,2JLi and WZ Cas as C9,2JLi. According to the band and line

intensities -from Yamashita, these stars have about the same

appearance as the two S stars, GU Qri and FU Mon, classi-fied by

Yamashita as CB,OJ. The D line is strong and the C 2 band is weak

and there-fore the C/0 abundance ratio should be close to unity.

Lloyd-Evans (1986) argues that these stars may be rather massive

carbon stars undergoing deep envelope CNO burning. The abundance

o-f C produced in the helium shell -flash, will be modi-fied

giving rise to a high C abundance and a small C/O ratio

resulting in weak C 2 bands (Scalo et al. 1975, Iben 1975, Renzini

and Voli 1981 and Wood 1985).

The LRS spectrum of WX Cyg is dominated by noise. WZ Cas

shows no evidence for an extended atmosphere and/or dust shell;

Although noisy the LRS spectrum of UV Aur shows the 8.6 and

11.5 pin feature and there is evidence for the C2H2 absorption

bands.

Among the nine other J-type stars three are R-type, having

no 3 mn absorption and a featureless LRS spectrum. Two stars have
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a noisy LRS spectrum and the other -four exhibit the 8.6 and

11.3 fim emission feature. Two or them (VX And and T Lyr) exhibit

strong C2H2 absorption bands. None of these 9 stars show regular

Mira-type pulsations.

The LRS spectra can not be used to distinguish between the

three stars with a high temperature index and the rest of the J-

type carbon stars. As a general characteristic J-type stars are

surounded by a small amount o-f carbon-rich dust; only SiC and no

contribution of carbon containing dust to the continuum is

observed in the LRS spectra.

VI. FAR-INFRARED EXCESS

A look at figures 2, 6 and 8 reveals an excess flux longward of

20 pm in several stars. A log(S12
/s2S) versL»s log^jg/S^) color-

color plot of the 72 stars (figure 11) shows that almost all

stars are situated below the black body line. This indicates a

-0.30 -0-10 0.10 0.30 0.50

L0D(12/25) (JY)
0.10

Fig. 11 The S12 / S25 ) v e r s u s l°0*S2g/S6Q) color-color plot for
the stars in the sample being detected at 12, 25 and
60 nm by IRAS. The uncertainties quoted in the IRAS point
source catalog are indicated by error bars. A black body
line is also drawn.
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60 tim excess compared to the 12 and 25 nm flux densities -for the

stars being detected in the three bands. The magnitude o-f this

excess di-f-fers -from star to star.

Evidence -for a dust continuum component in the LRS spectrum

is present only in three o-f the 72 stars <Y Tau, UU Aur and

SS Vir, see fig. 8 ) . This means that the 12 and 25 pm flux

densities are mainly due to the stellar photosphere and that the

60 Jim excess is caused by cold dust. Because this excess shows up

at wavelengths longer than 25 pjn it is due to dust with

temperatures of the order of ~ 1OO K.

Only four of the seven stars with a featureless spectrum

have been detected at 60 jjjn. Within the uncertainties no excess

is observed.

VII. MASS LOSS AND THE FORMATION OF THE CIRCUMSTELLAR SHELL

The sample under investigation is selected on the basis of NIR

color temperature. We deduce a very small optical thickness of

the circumstellar dust shell for stars with color temperatures

larger than 2000 K. Only three stars show evidence for continuum

dust emission between 7 and 23 yun. Judged from the 3, 7.5 and

13.7 jim absorption bands an extended photosphere is present in a

large number of stars.

From the high color temperatures and the irregular pulsation

behaviour (Lb and SRb types) of the majority of the stars, we

infer a low rate of mass loss. Reliable rates of mass loss are

only available for Y CVn and UU Aur. Based on CO observations a

mass loss rate of ~ 10~7Mo yr"
1 is derived for both stars (Knapp

and Morris 19B5; napp 19B6). This is indeed low compared to

rates between 10~6 and 10~4Mo yr"
1 found for the bulk of the AGB

stars studied by Knapp and Morris (1985).
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Three of the stars are late R-type J-stars, which according

to Lloyd-Evans (19B6) are presumably situated on an extension of

the giant branch and not on the AGB. These stars show no evidence

•for an extended atmosphere or dust shell. Because we are only

interested in carbon stars on the AGB these stars will not be

considered hereafter.

Almost all stars in the sample have a substantial -far-

infrared excess implying that in the past, they went through a

period o-f large mass loss. It is tempting to speculate on the

nature of this excess. In Paper I (chapter I) we estimated low

rates o-f mass loss -for the carbon stars with silicate dust

shells, -from the appearance of the l.RS spectrum and the irregular

variability. Little or no new dust will be -formed due to the

present low rate o-f mass loss. As the oxygen—rich shell gradually

cools due to expansion, the emission of the shell shifts to

longer wavelengths. Thus the far-infrared excess observed in tha

stars discussed here could be caused by the oxygen-rich remnant

of an earlier evolutionary phase. Future (sub-)mil1imetre

observations of both carbon and oxygen containing molecules are

needed to give a definitive answer to the nature of the far—

infrared excess observed around carbon stars.

Various NIR and LRS features are observed. Besides the

absorption features due to the polyatomic molecules HCN and C2H2,

emission features near e.6 and 11.5 pin are present. The 11.5 pm

SiC feature is always accompanied by the still not positively

identified 8.6 im feature in the cases where the feature is seen

on top of a dust free photosphere (e.g. T Lyr; fig. 3). Evidence

for continuum dust emission is found in the spectra in which the

SiC feature is seen without the 8.6 M/n feature (Y Tau, UU Aur and

BS Vir). This continuum is ascribed to amorphous carbon. The
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di-fferences in appearance in the infrared can be explained by

di-f-ferent stages in the -formation of a carbon-rich circumstellar

shell .

A tentative schematic explanation for the different kinds of

spectra runs as follows. SiC is the first condensate in carbon

rich atmospheres. Draine (19B1) suggests that due to the inverse

greenhouse effect SiC condenses closer to the stellar surface

than carbon. This is confirmed by model calculations of McCabe

(1983) for CW Leo (=IRC+10216). It is not clear, from the lack of

correlation between the 3 jim and the SiC indices (fig. 5 ) , how

the polyatomic carbon molecules influence the formation of SiC

particles. As there is no evidence for amorphous carbon in the

spectra where the 8.6 nm feature is observed, and in view of the

correlation between the 3 pm and the 9 fun indices we speculate

that in shells without amorphous carbon dust the polyatomic

carbon molecules are involved in the formation of the 8.6 nm

matter. If on the other hand amorphous carbon is available in

observable quantities the polyatomic carbon molecules and the

8.6 fim matter are directly converted into or accreted onto

amorphous carbon grains, explaining the absence of the 8.6 fim

•feature in spectra with a dust continuum. The role of the

polyatomic molecules in this process is not clear. In Y Tau and

UU Aur amorphous carbon and HCN are observed but there is no

evidence for C2H2
m In S S V i r o n t n e o t n e r hand very strong C 2H 2

bands are observed. A similar pattern is observed in stars

showing the B.6 \un feature. T Lyr and VX And have very strong

C 2H 2 bands but these are absent in Y CVn and RY Dra.

This speculation is built on a number of rather uncertain

assumptions. The most important is that the 8.6 Jim feature is a

real feature and that it is produced by carbon containing
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molecules or clusters of molecules. Another is that there is an

evolutionary relation between stars having no dust continuum

emission and the ones which have. But if there is indeed a

sequence -from stars having low mass loss rates and no

circumstellar dust to stars with increasing mass loss rates and

growing circumstellar shells, the stars observed in this sample

»re due to become sufficiently red with time that they evolve

into stars with T N I R < 2000 K (Paper III; chapter III).

In summary: the LRS spectra of stars with TNjp > 2000K show

evidence for circumstellar dust formation but more and higher

resolution observations are needed to establish the identity of

the 8.6 jim emission feature and of the 7.5 and 13.7 jun absorption

bands to unravel the physics of the condensation process and

determine the role of polyatomic molecules in it.

VIII. THOUGHTS ON THE EVOLUTIONARY STAGE OF CARBON STARS

Utsumi (1985a,b) recently published an abundance analysis of cool

carbon stars. Eleven stars studied by Utsumi also occur in our

sample. For eight stars - AQ And, ST Cam, X Cnc, BL Ori, VY UMa,

Y Tau, UU Aur and R8 Cyg - he found enhancement of the s-process

elaments Y, Zr, Ba, La, Nd and Sm in the photosphere. No

enhancement was found for the three J-type stars Y CVn, RY Dra

and WZ Cas. If interpreted as a real trend, this indicates that J

stars are unable to produce observable amounts of s-process

elements. The over—abundence of carbon to oxygen is direct

evidence for the helium burning in the stellar interior, which

implies that the stars experienced at least one thermal pulse.

The non-detection of s-process elements implies that the

conditions for neutron capture on a slow time scale (s-process)

are not met during every thermal pulse.
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A recent analysis of the Nb, Tc , V and Zr abundances of

o Ceti (Mira) by Dominy and Wallerstein (1986) showed an excess

of Tc, a deficiency of Nb and no enhancement of Zr or V. They

interpreted this as evidence for a very small pulse of neutrons

in which no more than one neutron is absorbed by any isotope in

contrast with the general accepted picture of the s-process in

which each nucleus in the process absorbs several neutrons. These

results suggest that during the thermal pulses in the oxygen-rich

phase on the AGB no s-process elements other than Tc are formed.

In view of these results and the absence of s—process elements,

J-type carbon stars can be interpreted as "young" carbon stars

(i.e. stars which just started their carbon-rich phase)

consistent with the fact that two of the carbon stars surrounded

by silicate dust shells are J-type stars (Paper I) and that

carbon-rich shells of J-type stars contain only small amounts of

carbon-rich dust (see f V.I.*. Following this scenario we explain

the over-abundance of s-process elements in normal carbon stars

as evidence for the fact that during the carbon star phase s-

process elements do form during thermal pulses. It takes time for

the s-process elements to reach the surface. This allows us to

obtain a lower limit for the time spent in the carbon star phase

for these stars of 10̂ * to 10 yrs derived from the time scales

for convection in the outer layers and thermal pulses (Iben 1972,

Iben and Renzini 1983).

In this scenario we assume that both the non-detection of s-

process elements and the over—abundance of C are tracers for a

"young" carbon star phase. However, we cannot rule out that J-

type stars are a distinct class of carbon stars which do not

produce observable amounts of s—process elements in the carbon-

rich phase on the AGB. Detailed abundance determinations and a
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better understanding of thermo-nuclear reaction networks ar&

needed to discriminate between the proposed explanations.

Although we are aware o-f the limited evidence, we prefer the

explanation that carbon stars are born as J—type on the ABB and

gradually evolve into normal N-type stars.

Two stars which show enhancement o-f s-process elements -

BL Ori and RS Cyg - have a -featureless LRS spectrum. BL Ori and

RS Cyg do not show a 60 ^ excess. RS Cyg has Ha emission and

both stars have 3 jun absorption. Although they may be building up

a circumstellar shell at present, both stars Are evidence that

during the thermal pulse phase on the A6B, the star can

experience long periods o-f low mass loss. I-f the stellar

pulsation is the driving -force o-f the mass loss, stars should be

characterized by an irregular pulsational behaviour during this

low mass loss episode. Since RS Cyg is an SRa-type variable at

present and exhibits hydrogen emission lines the explanation

suggested by Goebel and Johnson (19B4> that the absence o-f

regular pulsations in carbon stars is due to an under—abundance

o-f hydrogen seems unlikely. In the context of the assumed

correlation between regular pulsations and mass loss, RS Cyg is

an example of a star that is regaining its regular pulsations

during the carbon star phase on the AGB.
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PART I i CHAPTER III

IRAS LRS SPECTRA OF COOL CARBON STARS:
III. STARS WITH THICK CIRCUMSTELLAR SHELLS

Frits J. Willems
Sterrenkundig Instituut 'Anton Pannekoek'
Universiteit van Amsterdam

ABSTRACT

IRAS LRS and broad-band data and near—infrared photometry are

presented of 15 carbon stars with near—infrared color

temperatures significantly smaller than 2000 K, indicating that

the stellar photosphere between 1 and 4 jjjn is masked by a

circumstellar dust shell.

All LRS spectra exhibit the SiC emission feature, with a

peak intensity near 11.3 fun. Amorphous carbon dust contributes to

the continuum opacity in the LRS wavelength region (7.5 - 23 um).

In some spectra CoH2 absorption bands centered at 7.5 and 14 ^

partly filled in with dust emission are observed. The limited

range of the SiC index values indicates that only a small

fraction of the circumstellar dust is in the form of SiC.

The IRAS broad-band data of the 15 sources in the sample

cluster around the 800-1000 K black body points in the

log(S12''
S25) v e r s u s l o9 ( S25 / S60 > color-color plot. In view of the

v proportionality of the amorphous carbon opacity, the slope of

the far—infrared flux, which varies with v , can best be

explained by a well defined outer edge of the dust shell. The

temperature of this sharp edge is estimated between 100 and

300 K, which implies that the onset of the present high mass loss

rate (M 2= 10~6 - 10~5Mo yr"
1 ) happened about 1O2 - 103 yrs ago.

The difference in spectral appearence of the 15 stars in the

sample compared to extreme carbon stars like CW Leo can be
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explained by the -fact that the extreme carbon stars have mass

loss rates in excess o-f 10~°Mo yr"
1 -for at least 104 yrs. The

resulting very thick circumstellar dust shell also explains the

•fact that these stars do not show up in objective prism surveys.

These results suggest that the stars in this sample Mill

eventually evolve into extreme carbon stars.



I. INTRODUCTION

This is the third paper in a series in which we report on an

in-frared study of cool carbon stars. The aim a-f our study is to

obtain an observationaly based -framework for Asymptotic Giant

Branch (A6B) evolution. Our main objective is to get more insight

in the composition and the formation of the circumstellar dust

shell and in the time evolution of the mass loss process. Our

study is based on the IRAS Low Resolution Spectrograph (LRS)

catalog (Joint IRAS Science Working Group 1985) supplemented with

near- and far—infrared broad-band photometry.

In Paper I we have discussed the unexpected existence of

carbon stars with silicate dust features between 7 and 23 pm

(Willems and de Jong 1986; Chapter I) and in Paper II we have

analyzed a sample of carbon stars with thin circumstellar shells

(Willems 1987; Chapter II). This third paper analyzes and

discusses infrared spectral energy distributions of carbon stars

with thick circumstellar shells. The distinction between thin and

thick shells is based on the near-infrared appearence of the

sources. The circumstellar dust shell is called 'thick' when the

shell clearly masks the photosphere between 1 and 4 p/n. The

circumstellar shell is called 'thin' when the stellar photosphere

is the dominant source of emission between 1 and 4 pm.

The sample is defined in section II. The observational data

are presented in section III. Finally some implications for the

mass loss, dust formation and the evolutionary stage are

discussed in section IV.

II. THE CARBON STAR SAMPLE

Among 3750 carbon stars found in objective prism surveys 304 arm

listed in the LRS catalog (Paper I & Paper II). Near-infrared
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(NIR) photometry from Noguchi et al. 1981 (NKKOSO) is available

for 90 of these 304 stars. Of these 90 stars optical spectra of

72 are listed by Yamashita (1972, 1975).

III. RESULTS

Results of our study of IRAS data of carbon stars have been

presented earlier in Paper I, Paper II and by Willems (1986).

A striking result is the fact that nine carbon stars show

9.7 and 18 ûn silicate features in their LRS spectrum suggesting

that they have become carbon stars quite recently (Paper I). Due

to the presence of the 9.7 pjn feature these spectra can easily be

distinguished from the other spectra.

In Paper 11 we show that the NIR photometry of NKKOSO can be

used to divide the remaining carbon stars into two groups. One

group suffering from circumstellar extinction in the near-

infrared resulting in NIR color temperatures significantly lower

than 2000 K and one group having almost no NIR circumstellar

extinction with NIR color temperatures above 2000 K. The NIR

color temperature is obtained from a black body fit to the NKKOSO

photometry corrected for interstellar extinction. The corrections

are small as has been shown in Paper II.

The stars with T N I R > 2000 K are discussed in Paper II, in

this paper we present the data of the sources with T N I R < 2000 K.

11 I.I. SOURCES WITH T N I R < 2000 K

NIR color temperatures smaller than 2000 K are obtained for 17

sources. The derived color temperatures are used as a diagnostic

tool for the presence of a cicumstellar dust shell largely

masking the stellar photosphere. A realistic description of the

circumstellar dust shell at NIR wavelengths can only be obtained
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Tabla I
TNIR <

CNUM

56
59
142
336
433
615
776
918

2032

2512
2694
27B3
2B71
2976
3041

Data
2000 K

1
1
3
5
5
6
7
7
12

17
19
19
20
21
21

RA

B
10
22
23
57
52
27
48
44

55
0

41
B
3

32

for
-

the

(1950)

2 . 3 •>

31 .0 H
59.4 H
49.B ^
3 8 . 6 •<

55.9 H
1.2 -

42.6 -
45.8 H

3 7 . 4 •<

53.1 <
40.8 -
17,3 -
33.0 -
5.7 -

y 53
i- 62
y 47
y 34
y 39
y 6
- 19
- 2
y 4

y 58
v 7
t- 34
h 29
H 51
*• 3 8

15

DEC

27
41
21
6

40
26
21
29
25

13
26
22
11
36
50

38
47
20
28
12
37
34
29
3

22
15
9
12
16
48

stars

TNIR

1400
1350
1000
1350
1B50
1550
15OO
1300
1600

1200
900
1200
1200
900
1200

wi th

SPT

C4,3E

C7,1E
C6,3E

C8,1E

C6,2E

NKKOSQ

NAME

HV

S
AZ
CL

RU

T

VI426

Cas

Aur
Aur
Mon

Vir

Dra

Cyg

photometry

3(_un

0.35
0.3B
0.15
0.4B
0.62
0.78
0.36
0.69
0.62

0.25
0.13
0.31
0.40

-0.09
0.03

SIC

O.2O
0. 19
0.19
0.22
0. 14
0.20
0.21
0.09
0.21

0.23
0.13
0.0B
0.21
0.21
0.21

X

1
1
1
1
1
1
1
1
1

1
1
1
1
1
1

and

max

1 .67
1 .30
1 .43
1 .67
1 .05
1.18
1 . 18
1.67
1.18

1.55
1 .43
1 .67
1 .43
1 .30
1 .30

CNUM is the number in the General Catalogue o-f Cool Carbon Stars
(Stephenson 1973), RA and DEC are the positions quoted in the
IRAS point source catalog, TNIR is the color temperature -fitted
to the NKKOSQ data, SPT is the spectral type -from Yamashita
(1972,1975), NAME is the name in the General Catalogue of
Variable Stars (Kukarkin et al. 1969 and Kholopov et al. 1985),
3 nm is the 3 nm index -From NKKOSQ, SiC is the SiC index as
defined in the text,
SiC feature.

and X
max

is the maximum of the normalized

with a detailed radiative transfere model (e.g. Rowan-Robinson

and Harris 1983), since both the stellar photosphere and the

circumstellar dust shell contribute significantly to the emitted

spectrum. Two of the 17 stars have color temperatures between

19OO and 2000 K. In view of the fact that the stellar photosphere

of Mira-type variable- and extreme carbon stars can best be

described by a 2000 K black body (Rowan-Robinson and Harris 19B3)

the derived NIR color temperatures for these two stars are not

sufficiently indicative for the presence of a dust shell masking

the stellar photosphere between 1 and 4 jim. Therefore these two

stars are omitted in the further analysis. Data for the remaining

15 stars are listed in Table I.
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111 . 2. THE LRS SPECTRA

Graphical representations o-f the spectra of the 15 stars are

given in the LRS atlas (Joint IRAS Science Working Group 19B6).

Figure 1 gives the spectra of four typical sources. All four

sources show only one emission -feature between 10 and 13 yun with

a peak intensity near 11.5 jun. This feature is ascribed to

silicon carbide (SiC) particles (cf. Treffers and Cohen 1973).

Using the 10 and 13 fun flux densities to define a continuum we

have derived an SiC index and the peak wavelength of the feature

in the same way as in Paper II. The SiC index is defined as the

natural logarithm of the ratio between the integrated observed

flux and the integrated continuum. The continuum is obtained by a

linear fit in a log(Sx) - log(X) diagram. The SiC index and X__u
* (Dot X

are given in Table I. The average of ^ m a x
= l 1 - ^ ±0.2 is close to

11.3 nm as observed in most carbon stars but differs from the

value of 11.6 ± 0.2 found for carbon stars with T N I R > 2000 K

(Paper II).

NIR colour temperatures below 2000 K indicate the presence

of circumstellar dust. Laboratory data of SiC particles (Borghesi

et al. 1985b) show no significant contribution outside the

11.5 pjn feature to the dust opacity. Therefore another dust

species must be present. Amorphous carbon is the best candidate

(cf. Campbell et al. 1976 and Rowan-Robinson and Harris 1983).

Laboratory data of Koike et al. (19B0) and Borghesi et al.

(1985a) show an opacity of amorphous carbon proportional to v

longward of 0.45 >nn.

The dust continuum in the LRS wavelength region shows a dip

shortward of B pjn (see fig. 1). Figure 2 gives the LRS spectra

with NKKOSO photometry and IRAS broad-band photometry of the four

sources in figure 1. Note that the difference of the IRAS broad-
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Fig. 1 LRS spectra o-f four carbon stars showing the 11.5 pm emission -feature. The C
designation is -from Stephenson (1973). The tic marks on the vertical axis represent a
factor ten in flux density.

Fig. 2 NKKOSO, LRS and IRAS broad-band data for the four stars in figure 1.



band continuum and the LRB continuum in C3014 can be explained by

the uncertainty in the absolute calibration o-f the LRS spectrum

(see IRAS Explanatory Supplement Ch. IX, Joint IRAS Science

Working Group 1985) . A depression on the long wavelength side o-f

the SiC -feature is observed in S Aur (=C336) and T Dra (=C2512).

The minimum of the depression is at 14 ji/n in S Aur and in T Dra

the depression has a flat bottom between 13.2 and 14.5 u/n. The

continuum in the other two stars is -flat -from 13 pm onwards.

Comparing these results with the spectra o-f carbon stars

with TjvjIR > 2 0°0 K <Paper II) we infer that both the depression

near 14 pm and the dip shortward o-f 8 tun are due to C 2H 7

absorption: a wing o-f a rotation-vibration band centered at

7.5 jim and a rotation—vibration band running -from 12.5 to 15 fin\.

There-fore these -features in the continuum can be explained by the

presence o-f photospheric absorption bands, modified due to the

filling in with dust emission. The same explanation is given by

NKKOSO to describe the 3 fim absorption of these red stars.

The absence of continuum depression around 14 Jim in G142 and

C3041 can be explained in two ways. One possible explanation is a

lack of Cy^y *n *-ne photosphere, for which Ridgway et al. (1978)

found evidence in some stars with T N I R > 2000 K (Paper II). The

3 nm absorption band in these stars is exclusively due to HCN.

The photospheric spectra of these HCN-only sources exhibit a

shallow dip on the short wavelength edge of the LRS spectrum

(Paper II). However the prominent continuum depression observed

in C142 and C3041 needs a stronger photospheric absorption band

near 7.5 yjn than observed in the HCN-only sources. Based on the

strength of the continuum dip shortward of B fim a more probable

explanation of the shape of the LRS continuum in C142 and C3041

is that the two cy^2 a b s o r P t i o n bands are present in the

68



photosphere o-f both sources, but that the 12.5-15 pm band is

completely masked by the circumstellar shell. High dispersion

observations in the 12-16 ^m range are needed to con-firm this.

111.3. IRAS BROAD-BAND DATA

All 15 stars with TNIR < 2000 K are observed at 12, 25 and 60

by IRAS. Figure 3 gives the log(S12/S25) versus log(S25/S60>

color—color plot -for the color—corrected flux densities. The

color corrections are obtained frcm the IRAS Explanatory

Supplement (Joint IRAS Science Working Group 1985) using color

temperatures estimated -from the 25 to 60 pm -flux ratio. Evidently

the stars cluster around the 900-1000 K black body points. We

inspected the 100 p/n -flux density o-f the sources to check whether

these can also be -fitted by the same black body. Two o-f the six

stars observed at 100 nm show a 100 tun excess. The signal-to-

noise ratio of the 100 jun flux densities are 3.9 for C918 and 7.7

-0.30 -D.10 0.10 0.30 0.60

LOGl 12/25) UY)
0.70

Fig. 3 The log(S^2/S25) versus logCSjg/S^Q) color-color plat for
the 15 stars being detected at 12, 25 and 60 ^ by IRAS.
The uncertainties quoted in the IRAS point source catalog
are indicated by error bars. A black body line is also
drawn«

69



for C3041. Their 100 fim flux densities are 1.3 and 8.8 Jy

respectively so that confusion with "cirrus" cannot be ruled out.

There-fore it is dubious if the observed excess is produced by the

stars. Figure 4 gives the four IRAS broad-band flux densities of

the six sources observed in all bands scaled to the 12 u/n flux

density. A curve for a 900 K black body, which is also plotted,

suggests that up to 100 fun the black body approximation holds.

III.4. VARIABILITY, SPECTRAL TYPE AND MASS LOSS

Seven of the 15 stars in the sample are listed in the General

Catalogue of Variable Stars (Kukarkin et al. 1969 and Kholopov et

al. 19B5). KV Cas, AZ Aur, CL Mon, RU Vir, T Dra, and V1426 Cyg

are Mira-type variables, while S Aur is classified as an SRa-

type. The emission lines typical for Mira-type variables are

detected in five sources for which spectra are analyzed by

Yamashita (1972,1975). The C 2 band strength is weak to moderate,

which indicates a CC3/CO3 abundance ratio slightly larger than

one.

High mass loss rates may be expected based on the regular

variability and low NIR color temperatures. This is confirmed by

the mass loss rates available for four stars (Knapp and Morris

1985). Using CO J=l-0 observations they obtained mass loss rates

of 6 10~6, 9 10~6, 1 10~6, and 2 IO~6 M© yr~l for C142

(=IRC+50096), RU Vir, T Dra, and V1426 Cyg respectively. The

rates obtained for the T"NIR > 2000 K sources are at least one

order of magnitude smaller (Paper II).

IV. THE CIRCUMSTELLAR DUST SHELL

The stars discussed in this paper are all surrounded by a

circumstellar dust shell as is evident from the low NIR color
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temperatures <T N I R < 2000 K), the shape of the LRB spectra, and

the large mass loss rates (<M>=5 10~^M© yr" 1). Besides the

obvious presence o-f SiC the best candidate -for the main

ingredient o-f the additional dust is amorphous carbon. Laboratory

measurements indicate that amorphous carbon has a continuum

opacity proportional to v longward o-f 0.45 urn (Koike et al . 1980

and Borghesi et al. 1985a).

The opacity o-f the circumstel lar dust can be estimated to

•first order from the observed -far in-frared -flux densities. In a

spherically symmetric dust shell with a grain density varying as

r , and a dust opacity proportional to vp the flux density S v

can be described by an integral over concentric dust shells with

temperatures obtained from the equation of thermal balance and

hence is proportional to

S v a v
< 1 + P / 2 ) = (1)

For the extreme carbon star CW Leo (=IRC+10216) values of q

between 1.5 and 1.65 resulting in p values between 1 and 1.3 are

found (Campbell et al. 1978; Jura 1983; Sopka et al. 1985),

consistent with the presence of amorphous carbon in this star.

U 1H

Fig. 4 The flux denisties of the six sources observed in all
four bands by IRAS scaled to the 12 urn flux densities.
For comparison a 900 K black body is drawn. The tic marks
on the vertical axis represent a factor ten in flux
density.
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Tab la II The q values -for the 15 sources with T N J R < 2000 K. The
q value is de-fined in equation C 1 ] .

q
CNUM 25 urn 60 urn SNR

56
59
142
336
433
615
776
918
2032
2512

2694
2783
2871
2976
3041

60 pin

1.76
1.71
1 .80
1.66
1.65
1 .60
1 .90
1.84
1 .B2
1 .64

1.77
1.97
1 .70
1 .79
1.72

100 ^

2.07

2.06

0.99
2.IB
1.74

1.15

m

12.1

5.1

3.9
16. B
17.0

7.7

Column 1 gives the number in the General Catalogue of Cool Carbon
Stars (Stephenson 1973). Column 2 and 3 give the q values derived
•From the 25 and 60 pm -Flux densities ( Column 2 ) and the 60 and
1OO (jun flux densities ( Column 3 ) . The signal to noise ratio for
the 100 fun flux density, if available, are given in column 4.

Q values for the 15 stars in our sample are listed in

Table II. Column 2 gives the q value derived from the 25 and

60 pjn flux density ratio and column 3 the values denvtd from the

60 and 100 >im flux density ratio. The average of the ^ S ' S ^ Q q

value is 1.76 ±0.03. Only three of the 100 nm flux densities have

a signal to noise ratio larger than 10 and are hence considered

reliable. The average of the S£0/S100 q values for those three

stars is 2.00 ±0.13. • Both averages are significantly larger than

the theoretical value of 1.5 for amorphous carbon and the

empirical CW Leo results.

The average opacity power law exponent p for the

TNIR *" 2 0 0 ° K sources between 1.5 and 2 differs significantly

from the value p=l-1.3 obtained for the extreme carbon star

CW Leo. To explain this dicrepancy we shall discuss two possible
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explanations: (i) the presence o-f different kinds of carbon

containing dust with different opacities and (ii) the existence

of an outer shell radius which invalidates eq. C13.

First we consider the possible presence of different kinds

of carbon containing dust. The process of nucleation and grain

growth in a carbon-rich environment may result in condensates

that are monocrystal1ine, polycrystalline or amorphous. Graphite,

the monocrystalline carbon condensate, has an opacity

proportional to v (cf. Leung 1975) while the opacity of

amorphous carbon is proportional to v . According to Gail and

Sedlmayr (1984) carbon grains grow by addition of monomers. They

suggest that the first condensates have a monocrystalline

structure and that during the outflow carbon grains become more

and more amorphous. This can be understood as follows. The first

condensates are small grains. When a monomer accretes on the

surface of the grain it needs only a few hops over the surface

of the grain to find the energetically most favourable lattice

site. The energy needed for the monomer to move over the surface

is provided by the thermal en&rgy of the grain. During the

outflow of the carbon grain the grain grows and cools.

Subsequently the surface area increases and the thermal energy

decreases. Due to the decrease in thermal energy the surface

hopping time increases. Newly accreted monomers in this situation

can only hop over a limited part of the surface. Futher out in

the circumstellar envelope, if still enough monomers are left in

the gas phase the grain mantle becomes completely amorphous.

Based on this scenario of carbon grain formation it is

conceivable that in the envelope of the T N I R < 2000 K sources the

density of the carbon-rich monomers is low, presumably due to a

not large enough mass loss rate, so that the monocrystalline
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graphite grains survive gxving rise to an opacity power law

exponent close to two, while in CW Leo the density is higher, due

to the very high mass loss rate, causing the grains to become

predominantly amorphous, explaining the opacity power law

exponent close to one.

Next we investigate the validity of eq. Cl] to estimate the

dust opacity. Eq. 13 is derived under the assumption that the

spectrum of the circumstellar dust shell can be described by the

integral over temperature from T=0 to T=oo of spherical shells at

different temperatures weighted with the opacity at each

temperature. The fact that the upper—limit for the temperature is

not oo but -v 1500 K does not affect the result as dust with

temperatures higher than ~ 1000 K only adds a Rayleigh-Jeans

component weighted with the opacity at that temperature in the 12

to 100 yjn wavelength range. However if shells with temperatures

that have the maximum of their spectral energy distribution in

the 12 to 100 jim region (T=5O-5OO K) are absent eq.Cl] is not

valid anymore.

This allows another explanation for the observed high q

values far the T^jo < 2000 K sources. Based on the results for

CM Leo we assume that the continuum is produced by amorphous

carbon with an opacity proportional to v but that no dust with

temperatures lower than 1OO-3OO K. is available or equivalently

that the dust shell has a well-defined outer edge. Such a sharp

edge could be due to a sudden increase in the rate of mass loss

in the near past. The contribution of the 100-300 K dust to the

total observed spectrum peaks between 20 and 50 ^m. As no cool

dust is present, the spectrum will significantly steepen at

wavelengths beyond ~ 50 yjn. This behaviour is fully consistent

with the data in Table II.
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It is possible to estimate the outer radius o-f the dust

shell according to this scenario. As shown by Rowan-Robinson and

Harris (1983) a 2000 K black body gives a good description o-f the

stellar continuum for the T N I R < 2000 K sources. The ratio of the

outer radius of the dust shell to the stellar radius is ~ 100 -for

TQut=300 K and ~ 1000 -for TQut=lOO K under the assumption o-f a v
1

opacity <TQut is the dust temperature at the outer shell radius).

Assuming a stellar radius of 3 10 1 3 cm and an outflow velocity of

10 Km s we estimate that the star switched to the present high

2 3mass loss rate ~ 10-10 yrs ago in order to produce a dust

shell with a well defined outer radius at these temperatures.

The presence of dust cooler than 100 K around CM Leo and

AFGL 3068 provides an adequate explanation for the observations

of Sopka et al. (19B5). Their value of p=1.2 obtained from

observations up to 400 jun needs mass loss rates in excess of

10 Mo yr for much longer time intervals, of the order of

~ 10 yrs. The resulting very thick circumstellar shell also

explains the fact that these stars do not show up in objective

prism surveys. Knapp et al. (1980) estimate a lower limit for the

envelope age of CW Leo of 14500 yrs. We note that, although they

only model observations up to 20 fun, Rowan-Robinson and Harris

(1983) found ratios between the outer and inner dust shell radius

of about 20 for six stars belonging to their and our sample. This

corresponds to a temperature at the outer shell radius, using

their model parameters, of ~ 3OO K. For CW Leo they found a value

of Rout/Rin of 1000.

Silicon carbide, the other dust component clearly present in

the spectra of the cool carbon stars studied here, is the first

condensate around carbon stars (cf. Paper II). McCabe (1983)

confirms this in model calculations of CW Leo in which SiC is
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•formed closer to the stellar surface than amorphous carbon. The

maximum o-f the SiC feature in the spectra of the warm

(TNIR > 2 0 0 0 K ) sources peaks at 11.6 inn (Paper II). Only few of

them show evidence for amorphous carbon. A different crystal

structure and/or size distribution may explain the difference

with <AmaK>=11.4 nm obtained for the cool <TNIR < 2000 K)

sources. The presence of amorphous carbon in the latter stars may

be related to the fact that no SiC index larger than 0.24 is

found, although the shells are optically thin. One consistent

explanation would be that only a limited fraction of the carbon

condences into SiC. Mitchell and Robinson (198O) found that only

1-27. of the dust particles around CW Leo are SiC grains.

Based on the considerations above we conclude that amorphous

carbon is the main carbon dust component in all objects studied

here. This implies that the shape of the 12-100 jim energy

distribution has to be taken as evidence for a well-defined outer

edge of the dust dust shell caused by a recent onset '100-

1000 yrs ago) of the present phase of high mass loss rate. This

result fits nicely with our carbon star evolution scenario to be

presented in Paper IV.
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PftRT I i CHAPTER IV

IRAS LRS SPECTRA OF COOL CARBON STARS:
IV. A SCENARIO FOR CARBON STAR EVOLUTION

Frits J. Willems and Teije de Jong
Sterrenkundig Instituut 'Anton Pannekoek
Universiteit van Amsterdam

ABSTRACT

We present a simple shell ejection model to explain the observed

log(S12
/S25> versus log(S25/S60) color-color diagram of an

infrared complete sample of optically identified carbon stars.

Using this model we deduce a scenario for carbon star evolution

on the asymptotic giant branch, which is subsequently tested

against infrared, spectral and pulsational information available

for these stars.

Our scenario of carbon star evolution runs as follows.

During AGB evolution of a star, while it is pulsating as an

M Mira variable, an oxygen-rich circumstellar shell is formed.

The dust in this shell exhibits strong 9.7 nm silicate emission.

The mass in this phase is probably high (~ 10~ Mo yr~ ).

Presumably triggered by a thermal pulse during AGB

evolution, carbon becomes more abundant than oxygen in the

atmosphere of the star. Related to this transition the regular

pulsations die out and the star becomes an irregular pulsator. As

a consequence the mass loss rate strongly decreases compared to

the Mira phase. The transition from oxygen- to carbon-rich is

fast, taking place in about 10 yrs.

The oxygen-rich shell produced during the high mass-loss

M Mira phase continues to expand. The expanding shell cools and

as a consequence the source describes a loop in the color-color
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diagram.

While the last oxygen-rich material moves out a new carbon-

rich circumstel lar shell is building up. The -formation o-f this

shell is a slow process as the star is pulsating irregularly and

hence loosing mass at a low rate. First an extended photosphere

with polyatomic carbon molecules like C2H2, HCN and CS is -Formed.

Later dust condenses, first silicon carbide and then amorphous

carbon. Eventually the star gradually regains its regular

pulsations and while it does so its mass loss rate increases. The

time for the transition from oxygen-rich Mira to carbon-rich Mira

is of the order of 10 yrs.

After the onset of the high-mass loss carbon Mira phase it

takes a few times 10 yrs for the star to produce a circumstellar

dust shell that completely masks the star in the optical. The

star is most easily observable in the infrared in this phase.

Ultimately the star evolves into an extreme carbon star, like

CW Leo (=IRC+100216).

The total carbon star life time is a few times 10 yrs of

which the star is easily identifiable in the optical about half

the time.

80



I. INTRODUCTION

The existence o-f carbon stars on the Asymptotic Giant Branch

(AGB) o-f the Hertzsprung-Russel 1 diagram is interpreted as

evidence that thermal pulses are taking place in the stellar

interior during AGB evolution (e.g. Iben and Renzini 19B3).

Convection is responsible for the dredge up to the stellar

surface of 3-a reaction products and s-process elements produced

during a thermal pulse. Our presently limited understanding o-f

carbon star evolution is best illustrated by the discrepancy

found by Cohen et al. (1981) between the observed (Blanco et al.

1980) and the predicted (Renzini and Voli 19F ) luminosity

distribution of carbon stars in the Magellanic Clouds.

We have carried out a study of carbon stars identified in

objective prism surveys in order to obtain a coherent

observationally based picture of carbon star evolution. The

formation of the dust shell and the evolution of the mass loss is

best studied at infrared wavelengths. IRAS LRS data (Joint IRAS

Science Working Group 1985) supplemented with IRAS broad-band,

near—infrared (NIR) photometry and optical spectroscopy are used.

The results of our study have been presented in a series of

papers (Paper I: Willems and de Jong 1986, Chapter I; Paper II:

Willems 1987a, Chapter II; Paper III: Willems 1987b, Chapter

III). In this fourth paper of the series we present a scenario of

carbon star evolution, largely based on observational data

discussed in the preceding papers. Sections II and III summarize

the observational results. A simple model for the dust shell is

presented in section IV and a scenario for carbon star evolution

is proposed and disussed in sections V and VI.
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