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Abstract. Spectroscopic and photometric data relative to a sam-
ple of 55 carbon stars showing the 11.3 µm feature have been
fitted in the wavelength range between 0.4 and 100µm by means
of a radiative transfer model using the laboratory extinction
spectra of amorphous carbon and silicon carbide (SiC) grains.
The transfer code allows to determine in a self-consistent way
the grain equilibrium temperature of the various species at dif-
ferent distances from the central star and gives all the relevant
circumstellar parameters which can be very important for the
evolutionary study of carbon stars.

In order to get meaningful information on the nature and
physical properties of the dust grains responsible for the 11.3µm
feature and the underlying continuum, the fitting procedure of
the spectra has been applied individually to every single source.
For this reason it has been possible to take into account any
variation in position and shape of the band from source to source.

Our analysis show that all the sources, in addition to the
amorphous carbon grains accounting for the continuum emis-
sion, need always the presence ofα-SiC particles while some of
them require also β-SiC. Moreover, the presence of one or both
types of SiC particles seems not correlated neither with the total
optical thickness nor with any other physical and geometrical
parameters of the circumstellar envelope.

The best-fit parameters found in this work have been used
to calculate the mass-loss rate from the central stars. The clear
correlation, that we find between the strength of the SiC feature
and the total mass loss-rate, confirms the results already found
by other authors for the same kind of sources and derived from
the observed CO emission lines.
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1. Introduction

It is well known that a large amount of dust is produced in
the envelopes of late-type stars (Jura 1985) and that a very im-
portant contribution comes from C-rich giant stars (Knapp &
Morris 1985). The atmospheres of the latter type of sources are
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generally thought to be the place were carbon and silicon car-
bide (SiC) grains can easily condense (Tielens 1990). The exact
nature of the two solid components, however, is not yet well es-
tablished and the debate on the allotropic form of carbon grains
(amorphous or crystalline) as well as of the SiC component (α-
SiC or β-SiC; Borghesi et al. 1985) is still alive. Recently a new
classification scheme of the IRAS LRS carbon stars proposed
by Goebel et al. (1995) identifies three distinct dust species:
SiC, α:C-H, a type of hydrogenated carbon film (Dischler et
al. 1983a,b) and MgS. It is clear therefore that a study of the
infrared spectra of carbon stars may improve our knowledge on
the formation processes and physical properties of the ejected
dust particles and on the mass-loss outflow in the circumstel-
lar shells (Skinner & Whitmore 1988; Groenewegen & de Jong
1991; Groenewegen 1995). Both processes are clearly related
to the life history of carbon stars thought to be a direct evidence
for evolution along the asymptotic giant branch (Chan & Kwok
1988, 1990; Willems 1988a).

The problem of the type of SiC grains formed in the out-
flows of carbon stars is of considerable interest also for the
likely connections with solar system studies. Meteoritic speci-
mens show the presence of a SiC component outside the con-
fines of the carbon-rich circumstellar environments (Tang &
Anders 1988; Zinner et al. 1989; Amari et al. 1992). Surpris-
ingly all the SiC grains found in meteorites are β-SiC (Hoppe et
al. 1994) while the majority of those present in the circumstellar
envelopes seems to be α-SiC (Blanco et al. 1994; Groenewegen
1995; Speck et al. 1996).

In a previous paper (Blanco et al. 1994, hereinafter Paper I),
we have fitted the infrared spectra of eight IRAS sources cho-
sen among the brightest carbon stars and exhibiting a prominent
circumstellar emission feature around 11.3 µm. We obtained
good fits, between 8 and 20 µm, using the optical properties
of a mixture of amorphous carbon (AC) and SiC submicronic
grains, produced and characterized in our laboratory (Orofino
et al. 1991). The extinction laboratory data were used as inputs
for a simple theoretical model which simulated the dust enve-
lope by means of a homogeneous and isothermal shell with a
spherical geometry. We were able to determine the values of
the best-fit parameters concerning the carbon stars and their cir-
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cumstellar shells, but the main result was the clear possibility
to discriminate between the sources containing only α-SiC and
those containing both α-SiC and β-SiC. We also attempted an
evolutionary interpretation of such diversity. The main prob-
lem was that the isothermal model prevented us from fitting the
whole IRAS spectra up to 100 µm. Moreover, the number of
sources was too small to allow any meaningful statistical anal-
ysis.

In this paper we extend the analysis to a larger number of
carbon stars in a wider spectral range (0.4-100 µm). The aim is
to clarify the open problems on the nature of the circumstellar
dust and to provide a set of circumstellar parameters which can
be very important for the evolutionary study of carbon stars.
Moreover we use an improved radiative transfer model which
allows to calculate the temperature profile across the shell for
each component of the grain mixture.

It is important to note that the fitting procedure of the spec-
tra is applied individually to every source. Indeeed, as already
stressed in Paper I, this is one of the leading condition in or-
der to get meaningful information on the nature and physical
properties of the dust grains responsible for the 11.3 µm feature
and the underlying continuum. Moreover, the best-fit parame-
ters can be used to evaluate the mass-loss rate from the central
stars so that the results can be compared with those derived by
means of completely independent methods as the observations
of CO emission lines.

In Sect. 2 we define the carbon star sample and report the
leading criteria used for the choice of the infrared sources. In
Sect. 3 is presented a description of the radiative transfer code
used for the model calculations, whose results are reported
in Sect. 4. Finally discussion and conclusions are reported in
Sect. 5.

2. The carbon star sample

For our detailed study we have considered the observational data
concerning 55 carbons stars (see Table 1). The basic criteria for
the choice have been two: a) the availability of photometric and
spectroscopic observational data in the widest possible wave-
length range and b) the clear presence of well defined SiC bands.

Following Willems (1988a, 1988b) we started with the 90
carbon stars for which both the visible-infrared photometry
(Noguchi et al. 1981; Hoffleit & Jaschek 1982; Gezary et al.
1987; Stephenson 1989) and the IRAS Low Resolution Spectra
(LRS; IRAS Science Team 1986) were available. The number
of sources to be analysed has been then reduced to 55 taking into
account the requested presence of the SiC band, since some of
the IRAS-LRS spectra either do not exhibit the 11.3 µm emis-
sion feature or show a band too weak and noisy for the purposes
of the present analysis. In fact, it is worthwhile to point out that
for our study we had to take into account the individual spectra
with their detailed shape and position of the SiC band while
Willems (1988a, 1988b) groups, in his analysis, these sources
in two classes according to the optical thickness of the circum-
stellar envelope. He rightfully assumes an average peak position
of 11.3 µm for the optically thick class and 11.6 µm for the op-

tically thin one. However, the peak position varies of more than
0.5 µm within each class and therefore the exact determination
of the nature of the dust grains requires the sources to be fitted
individually. To do this care has to be taken to deal with both
laboratory and observational data.

3. Best-fit model calculation

As reported in the introduction, the simplified model used in
Paper I allowed us to fit quite well the spectra of some IRAS
sources in the wavelength range 8 - 20 µm. However, when we
tried to extend the fit up to 100 µm, we found that an isothermal
shell was not able to account for the emission in the whole spec-
trum. To overcome this problem we have adopted an improved
model based on a radiative transfer code developed by Egan et
al. (1988) using the so-called ”quasi diffusion method” (Leung
1975, 1976a, 1976b). In this model the total flux emitted by a
spherical circumstellar dust envelope is evaluated, taking also
into account the effects due to first-order scattering, by means of
the energy balance equation between absorption and emission
at each point inside the envelope. This allows to calculate in a
self-consistent way the equilibrium temperature of the grains of
the various species at different distances from the central star.
The model, although originally developed for modelling of dust
in molecular clouds and star formation regions, has already been
tested and successufully applied to the case of the circumstel-
lar envelopes of late-type stars (Le Bertre 1988; Chan & Kwok
1990; Egan & Leung 1991).

The input parameters of this model are: the star temperature
T∗; the optical thickness τ of the envelope at 5500 Å; the ratios
RI/R∗ andRE/RI , whereR∗ is the stellar radius whileRI and
RE are the inner and outer radius of the envelope, respectively.
The model allows also to change the exponent γ of the grain
number density law, ng ∝ r−γ , but we worked with a fixed
value of γ = 2 which, as shown by Kömpe et al. (1995), has
been found to be appropriate for the envelopes around carbon
stars. As far as the inner radius of the envelope is concerned, it
is worthwhile to note that some authors prefer to fix it by us-
ing the condition that at r = RI the grain temperature is equal
to the condensation temperature Tc of the considered chemical
species. We preferred, instead, to keep the parameter RI/R∗
free and to take into consideration that grain nucleation and
growth around cool stars can occur only when the gas reaches
distances from the star much larger than those where T = Tc
. This conclusion has been suggested by interferometric obser-
vations of Mira variables (Beckwith 1985) and can be probably
explained by the presence of strong instabilities in the stellar
outflow (Tielens & Allamandola 1987). Taking into account
this situation in our case the temperature at the inner boundary
of the envelope is not fixed but it is calculated by the model
(see Fig. 1 for a specific example). In any case we discarded
those best fits obtained with a temperature at the inner radius
which was larger than 1500 K. Moreover, the fits we obtained in
this way are generally better than those obtained when RI/R∗
is fixed by the condensation temperature. Similar conclusions
have been obtained also by Orofino et al. (1990) in the case



A. Blanco et al.: Envelopes of carbon and SiC grains around carbon stars 507

Table 1. The carbon star sample

IRAS name NAME SPT IRC RAFGL CS 3 µm 8.6 µm 14 µm

00172+4425 VX And C4,5J +40006 50 11 c c c
00248+3518 AQ And C5,4 +40010 68 16 a – b
01080+5327 HV Cas C4,3E +50030 167 56 b – a
01105+6241 +60041 177 59 c a –
01133+2530 Z Psc C7,2 +30025 188 63 a – b
01531+5900 X Cas C5,4E +60069 270S 87 c c c
03229+4721 +50096 489 142 b – –
03374+6229 U Cam C5,4 +60124 505 154 b a –
03377+5120 V466 Per C5,5 +50100 507 155 a – –
03415+4437 AC Per C6,3 +40067 157 a – c
04459+6804 ST Cam C5,4 +70055 633 240 a – –
04483+2826 TT Tau C7,4 +30098 639 254 a – a
04573-1452 R Lep C7,4E -10080 667 276 c – –
05028+0106 W Ori C5,4 +00066 683 284 b b b
05056+3856 TX Aur C5,4 +40115 288 a – –
05185+3227 UV Aur C8,1JE +30100 735 318 c a –
05238+3406 S Aur +30114 748 336 c a –
05426+2040 Y Tau C6,3 +20121 5168 393 a – –
05576+3940 AZ Aur C7,1E +40151 853 433 c – –
06149+0832 GK Ori C5,4 +10113 910 480 b c c
06192+0722 BN Mon C4,3E +10118 920 498 b – b
06331+3829 UU Aur C6,4 +40158 966 537 a – –
06529+0626 CL Mon C6,3E +10144 1038 615 c – –
06556+0614 RV Mon C4,4 +10146 1044 632 a – –
07045-0728 RY Mon C5,5 -10149 1070 670 b b b
07057-1150 W CMa C6,3 -10152 1075 676 a – –
07270-1921 -20131 1131 776 b – –
07487-0229 +00162 1199 918 c – –
08174+0255 RY Hya C6,4E +00172 1243 1123 b b b
08525+1725 X Cnc C5,4 +20206 1298 1338 a a a
08538+2002 T Cnc C5,5 +20207 1301 1344 b c b
10416+6740 VY UMa C6,3 +70100 1433 1736 a – a
12226+0102 SS Vir C5,3E +00217 1549 1999 c b b
12427+4542 Y CVn C5,5J +50219 1576 2030 a – –
12447+0425 RU Vir C8,1E +00224 1579 2032 c a –
12544+6615 RY Dra C4,5J +70116 1588 2047 a a –
16239-1218 V Oph C7,3E -10339 1859 2334 a b a
16374-3217 SU Sco C5,5 -30268 1878 2353 b b b
17556+5813 T Dra C6,2E +60255 2040 2512 b – –
18306+3657 T Lyr C6,5J +40321 2187 2608 c c c
18410+3654 HK Lyr C7,4 +40325 2240 2651 a – –
18562+1417 UV Aql C5,3 +10389 2292 2684 a – a
19008+0726 +10401 2310 2694 a a –
19017-0545 V Aql C5,4 -10486 2314 2695 a a a
19147+2149 CG Vul +20393 2358 2717 a – a
19184+3746 U Lyr C4,5E +40354 5367S 2724 a a –
19272+4556 AW Cyg C4,5 +50295 2396 2739 a a a
19416+3422 +30385 2443 2783 b a –
19555+4407 AX Cyg C4,5 +40368 2480 2833 a a –
20028+2030 X Sge +20452 2504 2853 a – c
20082+2911 +30416 5473S 2871 b a b
20472+3302 C6,4 +30456 5547S 2935 a – a
21035+5136 +50357 2704 2976 a b –
21320+3850 V1426 Cyg +40485 2781 3041 a – –
21399+3516 V460 Cyg C6,3 +40489 2793 3060 a – a
1Notes: NAME and SPT are the name and the spectral type from Yamashita (1972, 1975). IRC and RAFGL are respectively the identifications
of the sources in the two-micron Infrared Sky Survey (Neugebauer & Leighton 1969) and in the Revised Air Force Geophysical Laboratory
(Price & Murdock 1983) catalogs. CS is the number in the General Catalogue of Cool Carbon Stars (Stephenson 1989). The last three columns
indicate the presence and intensity (a - weak, b - intermediate, c - strong) of the very common bands at 3, 8.6 and 14 µm



508 A. Blanco et al.: Envelopes of carbon and SiC grains around carbon stars

of the very well known object IRC+10216 and by Groenewe-
gen (1995) for a sample of 21 carbon stars by using different
radiative transfer models.

Other important model parameters are the extinction and
scattering cross sections and the scattering asymmetry factor of
the dust grains in the spectral range 0.1− 5000µm, and the rel-
ative amount of each component of the mixture. We have used a
three components mixture of AC,α-SiC andβ-SiC submicronic
grains, whose mean size are 0.008 µm, 0.04 µm and 0.02 µm
respectively. The extinction cross sections of these grains have
been obtained starting from the experimental values of Qext/a
(where Qext is the extinction efficiency of the grains and a their
average radius). These have been determined for AC in the spec-
tral range 0.1 - 300 µm (Bussoletti et al. 1987) and between 2.5
and 300 µm for α-SiC and β-SiC (Borghesi et al. 1985; Borgh-
esi et al. 1986). For all the materials the extrapolation up to
5000 µm has been performed by using the same spectral in-
dex determined in the 100-300 µm region. For both types of
SiC particles the extrapolation to 0.1 µm has been obtained by
using Mie theory and the optical constants of α-SiC given by
Pégourié (1988). Moreover, since the experimental extinction
spectra have been obtained with the grains embedded in a pellet
of potassium bromide (KBr), we had to take into account ma-
trix effects in order to obtain the values of Qext/a in vacuum
(Orofino et al. 1991). This has been done by extrapolating the
experimental values of Qext/a in KBr by means of Mie theory
and using the optical constants of AC (Rouleau & Martin 1991)
and SiC (Pégourié 1988) grains.

The scattering cross sections and the asymmetry factor of
the SiC grains have been calculated again with Mie theory start-
ing from the optical constants of this material (Pégourié 1988).
We have assumed that the scattering of AC particles is negli-
gible since the size of these particles is much smaller than the
wavelength in the whole spectral range of interest. Moreover
the ultraviolet component of the stellar radiation is small due to
the very low temperatures of the stars of our sample.

4. Results

In Fig.1 are shown the radial trends of the temperature calcu-
lated for the different grain components taken inside a typical
optically thin (τ = 0.1) envelope with RI/RE = 10−3 around a
star with a temperature T∗ = 2600 K. We have found that for AC
particles these numerically determined temperature profiles are
well fitted (differences less than 3%) by the law Td(r) ∝ r−f ,
where f = 2/(4 +β) and β = 0.95 is the average spectral index of
the grain opacity in the IR, that is in the region where the dust
emission is strongest. On the contrary, for the SiC grains the
temperature does not follow a power law due to the presence in
the IR of the strong absorption band around 11.3 µm. The same
conclusions hold for non optically thin envelopes.

In Table 2 we report the values of the best-fit parameters
used in modelling each source. In some cases we preferred to
choose those best-fit curves that, besides an overall good fit,
could give values of best-fit parameters close to those available
in the literature and obtained with other methods. In particular
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Fig. 1. Radial trends of the temperature calculated for the different
grain components (solid line: AC; dashed line:α-SiC; dot-dashed line:
β-SiC) taken inside a typical optically thin envelope (τ = 0.1) around
a star with T∗= 2600 K

the optical thicknesses τ have been checked against the exis-
tence of an optical counterpart. It is worthwhile to note that the
envelopes around the four J-type stars in the sample have low
optical thicknesses, in agreement with the spectral classification
of Keenan & Morgan (1941).

As it can be seen from Table 2 and in agreement with Paper
I, all the sources have been best fitted by a mixture composed of
AC, responsible for the continuum emission, and α-SiC grains.
22 sources (40% of the total) need also the presence of β-SiC
particles in significant amounts. The best-fit abundances of the
various components, expressed in terms of mass, are reported
only in steps of 5% for sake of homogeneity, even if some of
the sources, with clear and noiseless spectra, could have been
fitted with more precise percentages.

Figs. 2 and 3 show two examples of the typical best fits
of the emission spectra of two sources of the sample (namely
IRAS 04573-1452 and IRAS 06331+3829), in the wavelength
ranges 0.1 - 100 µm (a) and 8-20 µm (b). Since the IRAS data
at 25, 60 and 100 µm were obtained with broad bandpass filters
(Gezary et al. 1987), we have calculated for all sources the
color correction factors necessary to obtain flux values at the
effective wavelength of the filters. The color temperatures, Tij ,
were determined between adjacent IRAS bands i and j and the
correction factors were derived by interpolation using correction
factors listed in table VI.C.6 of the IRAS Catalog and Atlas
Explanatory Supplement (Beichman et al. 1988). For bands (25
and 60 µm) with two adjacent bands two correction factors have
been calculated and averaged.

The fits are generally quite good with the major discrepan-
cies appearing in the blue (0.43 µm) and visible (0.55 m) part of
the spectra. In this wavelength region for most of the objects the
maximum discrepancy, between theoretical curves and obser-
vational spectra, lies within a factor 4.5, with only 6 exceptions
where it can reach a maximum value of 17. The poor quality
of the fits in this region, which seems to be in common also
with other similar works (Chan & Kwok 1990; Groenewegen
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Table 2. Best-fit model parameters of our IRAS source sample and computed mass-loss rates (in solar masses per year)

IRAS name τ T∗(K) RI /R∗ RE /RI AC(%) αSiC(%) βSiC(%) Ṁ

00172+4425 0.1 2500 5.0 104 85 15 – 1.2 10−7

00248+3518 0.1 2800 3.0 103 75 25 – 1.3 10−7

01080+5327 0.4 1600 3.0 102 75 15 10 7.8 10−7

01105+6241 1.5 1600 3.0 102 75 15 10 2.9 10−6

01133+2530 0.1 2900 3.2 103 75 25 – 1.5 10−7

01531+5900 0.1 2550 4.0 104 75 20 5 1.2 10−7

03229+4721 0.8 1500 5.0 103 75 15 10 3.5 10−6

03374+6229 0.3 2400 3.0 104 75 20 5 2.2 10−7

03377+5120 0.2 2450 4.0 104 90 10 – 1.6 10−7

03415+4437 0.1 2400 4.0 104 75 25 – 9.9 10−8

04459+6804 0.1 2700 3.4 103 80 20 – 1.2 10−7

04483+2826 0.1 2750 3.0 103 90 10 – 8.8 10−8

04573-1452 0.8 1800 3.0 103 75 15 10 9.2 10−7

05028+0106 0.1 2500 4.0 104 75 25 – 1.1 10−7

05056+3856 0.2 2700 5.0 104 90 10 – 2.8 10−7

05185+3227 0.7 2400 5.0 103 90 10 – 6.4 10−7

05238+3406 0.8 1750 2.6 103 75 25 – 9.0 10−7

05426+2040 0.3 2700 3.5 104 80 20 – 3.6 10−7

05576+3940 0.6 1850 3.0 103 75 15 10 6.1 10−7

06149+0832 0.1 2400 4.0 104 75 25 – 9.9 10−8

06192+0722 0.3 2350 3.2 104 75 20 5 2.2 10−7

06331+3829 0.2 2700 3.5 104 85 15 – 2.1 10−7

06529+0626 0.5 2000 4.2 103 75 15 10 5.0 10−7

06556+0614 0.1 3000 4.0 103 75 25 – 2.2 10−7

07045-0728 0.2 2600 3.2 103 75 15 10 2.1 10−7

07057-1150 0.1 3200 5.0 103 75 25 – 3.4 10−7

07270-1921 1.0 1700 3.0 103 80 20 – 1.3 10−6

07487-0229 1.2 1600 2.0 102 90 10 – 1.1 10−6

08174+0255 0.5 2500 2.6 103 75 15 10 3.7 10−7

08525+1725 0.1 2600 2.7 103 75 15 10 8.9 10−8

08538+2002 0.2 2500 3.0 104 75 15 10 1.7 10−7

10416+6740 0.2 2950 4.8 103 75 25 – 4.9 10−7

12226+0102 0.3 2600 3.0 104 75 15 10 3.0 10−7

12427+4542 0.2 2550 4.3 104 85 15 – 2.2 10−7

12447+0425 0.9 1900 5.0 102 75 15 10 1.3 10−6

12544+6615 0.1 2800 3.0 103 90 10 – 9.4 10−8

16239-1218 0.1 2800 3.0 103 75 25 – 1.3 10−7

16374-3217 0.1 2500 5.0 104 85 15 – 1.2 10−7

17556+5813 0.8 1700 5.0 102 75 15 10 2.0 10−6

18306+3657 0.1 2400 4.0 104 85 15 – 8.1 10−8

18410+3654 0.1 2500 3.4 103 75 15 10 9.8 10−8

18562+1417 0.1 2600 2.7 103 75 15 10 8.9 10−8

19008+0726 1.8 1300 3.5 102 90 10 – 7.7 10−6

19017-0545 0.1 2500 3.5 103 80 20 – 9.1 10−8

19147+2149 0.2 2400 3.0 103 80 20 – 1.3 10−7

19184+3746 0.3 2500 3.4 104 75 15 10 2.9 10−7

19272+4556 0.1 2600 3.0 103 75 15 10 9.9 10−8

19416+3422 1.2 1600 2.0 102 90 10 – 1.1 10−6

19555+4407 0.1 2500 3.5 104 80 20 – 9.1 10−8

20028+2030 0.1 2750 3.0 103 75 25 – 1.2 10−7

20082+2911 1.2 1500 2.5 102 75 10 15 2.6 10−6

20472+3302 0.2 2500 4.6 104 75 25 – 2.6 10−7

21035+5136 1.5 1300 3.5 103 75 25 – 8.7 10−6

21320+3850 0.6 1550 3.0 104 75 25 – 1.3 10−6

21399+3516 0.1 3000 4.0 103 75 15 10 2.2 10−7
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Fig. 2. Typical best-fit curves (solid line) of the observed photometric
and spectroscopic data (dots) relative to the source IRAS 04573-1452.

1995) is due to a compromise in obtaining better results in the
infrared part of the spectrum. We have also to consider the fact
that the high variability of this kind of sources influences mainly
the blu and visible fluxes. We recall for instance, that in Mira
variables the flux at maximum can be up to 250 times the flux
at minimum.

In the 11.3 µm band region, instead, the situation is clearly
better. In fact for most sources the discrepancies, between theo-
retical and observational fluxes, are less than 10% and in no case
they exceed 25%. In the worse cases the discrepancies appear
always in the long wavelength wing of the 11.3 µm feature and
they are due to the fact that the observed bands are generally
wider than the laboratory SiC features. These differences in the
width of the bands could possibly be due either to the different
temperatures of SiC grains in laboratory and in the circumstellar
environments (Goebel et al. 1995) or to the difference between
the circumstellar and laboratory grain size distributions.

It is important to note that in our best fitting procedure we
have not taken into account some important features present in
the spectra of many sources (see Table 1) and that are clearly
visible in Fig. 4 (IRAS 05028+0106). This is the case for the
depression around 14 µm which, together with the strong ab-
sorption band at 3 µm, has been ascribed to C2H2 and HCN
molecular absorption (Ridgway et al. 1978; Noguchi et al. 1981;
Willems 1988a, 1988b). Obviously such bands, as seen in the
spectra, are the result of photospheric absorption bands modi-
fied by the contribution of the dust emission.

0.1 1 10 100 1000

06331+3829

0.1 1 10 100 1000

a

8 10 12 14 16 18 20

06331+3829

8 10 12 14 16 18 20

b

Fig. 3. Same as Fig. 2 but for the source IRAS 06331+3829.

Another feature often seen in the LRS spectra and also vis-
ible in Fig 4, is the emission band around 8.6 µm. Willems
(1988a) reports that it is well correlated with the 3 µm absorp-
tion and is probably of molecular origin. On the other hand
Baron et al. (1987) suggest that it may have a solid state ori-
gin and a good candidate could be amorphous carbon. Indeed a
broad feature around 8.5 µm is present in the extinction spectra
of the carbon grains produced by Koike et al. (1980) and Bus-
soletti et al. (1987) but we find that it is generally too weak to
explain the band seen in the spectra of carbon stars. In any case
all the above features need to be investigated and high disper-
sion observations could significantly contribute to ascertain the
mentioned hypotheses.

The best-fit curve reported in Fig. 4 is again an example of
what it may occur in the far infrared region also in other sources
of our sample: the observed broad band fluxes at 60 and 100
µm are greater than the calculated ones. This could probably
be due to the contribution to the emission coming from some
interstellar cirrus that in our model is not taken into account.

Starting from the best-fit parameters it is possible to evaluate
the total mass of the dust present in the circumstellar envelopes
and the mass-loss rates from the central stars, if the stellar radius
is known. In this respect we shall assume that the value of R∗
is related to the star temperature by means of the empirical
relations given by Bergeat et al. (1978). Therefore, as far as the
mass of the envelopes is concerned, using the best-fit values of
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Fig. 4. Best-fit of a source (IRAS 05028+0106) showing the broad
absorption bands at 3 and 14 µm and an emission feature around 8.6
µm (see text).

all the parameters listed in Table 2, we can calculate the mass
of the dust envelope, due to the i-th component alone:

Mi =
16π

3
ρiτi(
Qext

a

)
i

RE

RI

(
RI

R∗

)2

R2
∗ (1)

where ρi is the mass density of the grains of that species, τi
is the optical thickness of the envelope (at the reference wave-
length of 5500 Å) due to the i-th dust component only, while
the ratio (Qext/a)i is evaluated also at 5500 Å. The quantity τi
is obtained from the best-fit values of the total optical thickness
τ and the mass percentage of a given component, known its ex-
tinction properties. Using Eq. (1) for the three components we
have found values of the total dust mass of the envelopes ranging
from 2.4 × 10−7 (IRAS 18562+1417) and 1.5 × 10−4 (IRAS
21035+5136) solar masses. For comparison the mass of the en-
velope around a very evolved carbon star such as IRC+10216
is of the order of 10−4 solar masses (Orofino et al. 1990).

On the other hand, starting from the best-fit values of
T∗, RI/R∗ and using the empirical relations by Bergeat et al.
(1978), we can evaluate the inner radius in absolute units and
hence the mass-loss rate for the i-th dust species (Chan & Kwok
1990):

Ṁi = CiτiRIv (2)

where v, assumed equal to 15 km/s (Chan & Kwok 1990), is
the stellar wind velocity, while the quantity Ci (constant for

each species) is related to the dust-to-gas ratio Ψi through the
equation:

Ci =
16πρd

3Ψi(
Qext

a

)
i

(3)

The value of Ψi can be obtained using the general expression:

Ψi =
Aiyifi
µ

(4)

where Ai is the molecular weight of the grain material, yi the
abundance of the least abundant element in the grain, fi the
fraction of the element condensed in solid form and µ is the
mean atomic weight of the gas.

For the AC component we have taken A = 12, y = 5.3 ×
10−4 (average abundance in carbon stars - Lambert et al. 1986),
and f = 0.5 (Whittet 1992), while for the SiC component we
consideredA = 40, y = 3.6×10−4 (silicon cosmic abundance -
Whittet 1992), and f = 1.0 (Whittet 1992). Using a mean atomic
weight of the gas µ = 1.3 (Chan & Kwok 1990), we obtain from
Eq. (4) Ψ = 2.4× 10−3, for the AC and Ψ = 1.1× 10−3 for the
SiC component. Introducing these values of Ψ together with the
mass densities ρ = 1.87 g/cm3 for AC and ρ = 3.2 g/cm3 for SiC
in Eqs. (3) and (2), it is possible to obtain the mass-loss rates for
each component and from these, the total ones (see Table 2).

A comparison between our values and the mass-loss rates
derived from observations of CO emission lines for the 15 com-
mon sources reported by Skinner & Whitmore (1988), shows
that the agreement is quite acceptable. In fact, except for a single
case (IRAS 03374+6229), the maximum discrepancy between
the different values obtained with the two different methods is
contained within a factor of 2. Furthermore, when the abso-
lute band strengths of the SiC feature, as defined by Skinner &
Whitmore (1988), are plotted against the mass-loss rates found
in this work (see Fig. 5), a clear correlation appears (correlation
coefficient r = 0.78 for the 37 data points relative to the sources
for which the distances are independently known). This conclu-
sion confirms the results already found by Skinner & Whitmore
(1988) for the same kind of sources.

5. Discussion and conclusions

Let us now discuss our results by considering, from a statistical
point of view, the values of the best-fit parameters for all the
55 sources reported in Table 2. In Fig. 6 the temperature of the
central star is plotted against the optical thickness. It is evident
that a clear anticorrelation (correlation coefficient r = - 0.87
for 55 data points) exists between the two quantities so that, in
general, the thickest envelopes are associated with the coldest
stars. In fact the more evolved stars that, due to their long outflow
activity, are surrounded by the thickest envelopes, have also the
more expanded photospheres and therefore the lowest effective
temperatures.

Fig. 7 shows, as a function of the optical thickness, the num-
ber distribution of the carbon stars fitted with the two kind of
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Fig. 5. Band strength of the SiC feature, P(SiC) (in
10−26Wpc2m−2Hz−1), plotted against the mass-loss rates (in solar
masses per year) as obtained from our model. The band strength data
have been taken from Skinner and Whitmore (1988) (triangles) and
from Egan & Leung (1991) (dots).
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Fig. 6. The central star temperature of the 55 carbon stars plotted against
the optical thickness of the circumstellar envelope. A filled circle repre-
sents a single source, a square is for 2 sources, a triangle for 3 sources
and an open circle for 6 sources (see also Table 2)

mixtures composed respectively of AC and α-SiC only (33 ob-
jects) and AC with both type of SiC grains (22 objects). From
the analysis of this figure and Table 2 we draw the following
conclusions:

– a) all the sources, in addition to the AC grains accounting
for the continuum emission, need always the presence of
α-SiC particles and only some of them require also β-SiC;

– b) in those sources where both types of SiC particles are
present and except that for one object (IRAS 20082+2911),
the percentage ofα-SiC is always greater than that ofβ-SiC;

– c) the relative mass abundance (SiC/AC) is found to be be-
tween ∼ 0.1 and 0.3. These values are in agreement with

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
-5

0

5

10

15

20

 

Optical thickness

N
u
m

b
e
r

Fig. 7. Number distribution of the carbon stars as a function of the opti-
cal thickness of the circumstellar envelope. Dots and crosses represent
the number of sources fitted with a mixture composed of AC andα-SiC
only and AC with both type of SiC grains respectively

the relative abundances of carbon and silicon in the solid
component of the envelopes around carbon stars (Orofino et
al. 1991);

– d) the presence of one or both types of SiC particles seems
not correlated neither with the total optical thickness (at
least for τ greater than 0.1) nor with any other physical and
geometrical parameters of the circumstellar envelope. We
note, however, that the sources with α-SiC only and τ = 0.1
are 17 out of 33 while those with both types of SiC grains
and τ = 0.1 are 6 out of 22.

All the above considerations indicate that around carbon
stars α-SiC particles are more abundant and likely to occur than
β-SiC grains. This result although somewhat surprising is in
general agreement with the findings by other authors (Speck et
al. 1996; Groenewegen 1995), but must be reconciled with the
lack of α-SiC in meteorites.

As far as the relative abundance (SiC/AC) of the dust com-
ponents is concerned we note a discrepancy of a factor 5 in
the values found in this paper (SiC/AC = 0.3) and by Groe-
newegen (1995; SiC/AC = 0.06) for the common source IRAS
03229+4721. This can be due mainly to three reasons: 1) the
ratio SiC/AC depends on the choice of the dust absorption co-
efficients (we use two different types of SiC and not one); 2) the
free parameters used in the different models are not the same
(mainly T∗, RI and τ ) and this influences the grain tempera-
tures and hence the shape and relative intensity of the 11.3 band;
3) most importantly, Groenewegen (1995) uses the implicit as-
sumption that the radii of the two dust grain components are
the same. In our case the radius of the SiC particles is much
greater than that of the AC grains. This difference influences di-
rectly the number density of the two (or three) dust components
needed by the models and therefore the relative mass abundance
SiC/AC.
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As far as the point d) is concerned, if there exists a correla-
tion between the type of SiC and the circumstellar absorption,
this is not evidenced from our analysis even if it cannot be ex-
cluded for values of the optical thickness lower than τ = 0.1.
Concerning this point we recall that Chan & Kwok (1990) sug-
gested that such kind of correlation could be linked with the
evolution of carbon stars and to the formation sequence of the
SiC component. In fact, they suggest that, due to the differ-
ent formation temperature of α and β-SiC, there could be a
temporal sequence in which the latter is formed once the shell
becomes thick enough to lower the temperature in the outer part
of the envelope. In the light of our results we think the presence
and formation of the β-SiC particles must be linked to other
kind of parameters and/or physical processes. To this purpose
it is worthwhile to note that in all the sources analysed in this
work the temperature of the SiC grains at the inner radius of the
circumstellar envelope is always lower than 1500 K, the con-
densation temperature for SiC reported by Gilmann (1969) and
McCabe (1983).

In conclusion we have shown that only a thorough analysis,
of the type we started in Paper I and extended to a larger sample
of carbon stars in this work, can really elucidate the composition
and relative amount of the various dust components present in
the circumstellar envelopes of a homogeneous set of sources.
At the moment we think that the results presented in this paper
are the best we can obtain and the limitation is mainly due to
both the quality and quantity of observational data. We note for
example that, since we could not take into account the variability
nature of this class of sources, we cannot exclude a priori a time
variation in the composition and/or size distribution of the grains
due to the stellar variability.

New observations of improved quality taken at different
epochs of the variability cycle can be of great help since, at
present, the resolution and the signal to noise (S/N) ratio of the
observed spectra are worse than those achieved for the labora-
tory data. In this respect we hope that the ISO data which will
come soon will be of great help in this direction. On the other
hand experimental work is needed to account for other possible
components of the dust mixture and to better reproduce the real
grain size distribution.
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