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Abstract. We have reduced and analyzed the Infrared Space Observatory (ISO) Short-Wavelength Spectrometer (SWS) spec-
tra of 29 infrared carbon stars with a silicon carbide feature at 11.30 um, 17 of which have not been previously published.
Absorption or emission features of C,, HCN, C,H,, C;3 and silicon carbide (SiC) have been identified in all 17 unpublished
carbon stars. In addition, two unidentified absorption features at 3.50 and 3.65 um are listed for the first time in this paper.
We classify these 29 carbon stars into groups A, B, C and D according to the shapes of their spectral energy distribution, and
this classification seems to show an evolutionary sequence of carbon stars with an SiC feature. Moreover we have found the
following results for the different groups: on average, the relative integrated flux of the 3.05 um C,H,+HCN absorption feature
increases gradually from group A to B and C; that of the 5.20 um C; absorption feature becomes gradually weaker from group A
to B and C; that of the 11.30 um SiC emission feature increases gradually from group A to B and C but weakens in group D;
and in contrast, that of the 13.70 um C,H, absorption feature weakens gradually from group A to B and C but becomes stronger
in group D. We suggest that the evolution of the IR spectra of carbon stars along the sequence A to D is a result of the follow-
ing phenomena: as the near-IR black-body temperature (7,;) decreases, the circumstellar envelope becomes thicker; also the
effective temperature (7r) of the photosphere of the central star decreases gradually and the C/O ratio increases from A to B.

Key words. star: carbon stars — star: AGB-infrared spectra-ISO

1. Introduction

Current theories in stellar evolution predict that stars with
an initial mass of about 1 to 8 My pass through two red-
giant phases in the late stage of stellar evolution (Iben &
Renzini 1983). The second red-giant phase is referred to as
the Asymptotic Giant Branch (AGB) phase. This name orig-
inates from the fact that the temperature-luminosity (T-L) re-
lationship for low-mass stars asymptotically approaches the
T-L relationship for the stars on the first giant branch (Iben
& Renzini 1983; Chan & Kwok 1988). In the AGB phase,
the photospheric chemical abundances are changing due to the
CNO process. Depending on the abundance ratio of C and O
in the photosphere, the C/O ratio, the AGB stars are usually
classified into oxygen-rich (M), S-type (S) and carbon-rich (C)
stars (Iben & Renzini 1983). The M stars have C/O < 0.6,
the S stars C/O ~ 0.8—1.0, and the C stars C/O ~ 1.05-1.1
(Iben & Renzini 1983; Little-Marenin & Little 1988). As is
generally known, and confirmed by observations (Wood 1985;
Little-Marenin & Little 1988; Chen et al. 1990), some stars in
the AGB phase evolve along the sequence M—S—C. For most
of the AGB stars, the third dredge-up process in the He-shell
carries carbon formed after helium burning onto the surface of
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stars, and the increase of the surface carbon abundance brings
the surface C/O ratio from <1 to >1 and results in the formation
of carbon stars (Iben & Renzini 1983).

Usually, carbon stars can be divided into three groups: vi-
sual carbon stars, infrared carbon stars (Chan & Kwok 1988,
1990; Bryan et al. 1990) and extreme carbon stars (Volk et al.
1992). The visual carbon stars whose mid-infrared spectra are
mainly dominated by the photospheric continuum and that
show a large excess at 60 um, represent a transition phase
which follows the interruption of mass loss from the oxygen-
rich phase and begins a new phase of mass loss of carbon-
rich material. The excess at 60 um in these stars is due to the
emission from the residual oxygen-rich material (Willems &
de Jong 1988). The infrared carbon stars, whose infrared spec-
tra are mainly due to the dust emission in the circumstellar en-
velope, are usually believed to be surrounded by a carbon-rich
envelope characterized by the SiC emission feature at 11.3 um
(Chan & Kwok 1990). These stars are undergoing important
mass loss and are likely to represent a more evolved phase of
the stellar evolution than the visual carbon stars. The extreme
carbon stars, whose derived mass loss rates and optical depths
are both very high (Volk et al. 1992), are more evolved than the
infrared carbon stars. These stars are expected to evolve into
proto-planetary nebula (PPN) soon (Kwok 1993). The analy-
sis presented in this paper is confined to the infrared carbon
AGB stars (or SiC carbon stars) observed by ISO.

The chemical composition on the surface of an AGB star
can be quite different for different C/O ratio, and therefore so
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will the chemical composition in the circumstellar envelope.
These differences are reflected by the different infrared spectral
features observed by ISO. Because the photospheric tempera-
ture of most AGB stars is less than 3000 K and most of their en-
ergy is radiated between 1 to 60 um and the vibrational and ro-
vibrational bands of many molecules also lie in this region, the
study of infrared spectra in this wavelength range is very impor-
tant to reveal the chemical composition of the circumstellar en-
velope, the dust formation process, and the evolutionary phase
of the stars. At present, the identification of visual carbon stars
is mainly based on the Swan system of C, bands (Chan 1992)
in the optical region and a series of bands of CN and C, in
the near infrared region. Nevertheless, the identification of in-
frared carbon stars is mainly based on the existence of carbide
molecules, because most infrared carbon stars are obscured by
a thicker circumstellar envelope and observing them in the op-
tical region is very difficult. In the atmospheres of the carbon
stars, oxygen atoms are tied up in the CO molecule and the rest
of the carbon atoms often form carbides such as C,, CN, CH,
Cs, HCN, C,H; and SiC. These molecules show absorption or
emission features in the infrared spectra, and the relative inten-
sities of the bands corresponding to these molecules put strict
limits on the possible values of T.g, the gravity (specifically,
Log G) and C/O (Jgrgensen et al. 2000). In particular the ratio
of the intensities in the 3 yum band (due to HCN and C,H;) and
5 um band (due to CO and C3) is a sensitive measure of the
C/O ratio (Jgrgensen et al. 2000).

ISO, developed by the European Space Agency and
launched on 17 November 1995, provides us with a large
amount of spectral data for the studying of molecules and
dust features of AGB stars. Compared with the Infrared
Astronomical satellite (IRAS), ISO is about 1000 times more
sensitive and has about 100 times higher angular resolu-
tion. ISO made about 30000 observations during its nearly
29 months lifetime, and 26 450 observations were made of as-
tronomical objects ranging from solar system objects, stars to
galaxies, in which many AGB stars were included.

In this paper we analyze the ISO SWS spectra of 29 carbon
stars with an SiC feature at 11.30 um, and 17 of these carbon-
rich ISO sources are discussed for the first time. The 29 carbon
stars are classified into four groups A, B, C and D. These dif-
ferent carbon stars are discussed in Sect. 1. Section 2 briefly
describes the sample sources used in this paper. Different
molecular features and the classification of these sample stars
are discussed in detail in Sect. 3. Our main conclusions are pre-
sented in Sect. 4.

2. The SWSO01 observations of 29 infrared carbon
AGB stars

We have studied the infrared carbon AGB stars observed by
the ISO SWSO01 spectrometer. Infrared carbon AGB stars are
characterized by the SiC spectral feature at 11.30 um, and rep-
resent an important stage in the carbon star evolution between
visual and extreme carbon stars (see introduction). Twenty-nine
such sources are included in this paper. The ISO spectra of 12
of them have already been published in the literature; they are
listed in Table 1. The ISO spectra of the remaining 17 sources
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have been reduced and analyzed for the first time for this paper;
observational details are listed in Table 4.

We have reduced and analyzed the SWSO1 spectra of
all these 29 carbon stars, using the ISO Spectral Analysis
Package (ISAP'). Some problems found during the data re-
duction are as follows: (1) ISAP does not provide tools
for calibrating the memory effect of detectors. Small mem-
ory effects can be ignored and the average of up and
down scans can be directly made. If the memory effect
of one detector is prominent, all affected data of this de-
tector can be deleted. In our samples, IRAS 18398-0220,
IRAS 05028+0106, IRAS 06226-0905 and IRAS 02270-2619
show a memory effect in the 2A band (4.08-5.30 ym), and
IRAS 03374+6229 and IRAS 21440+7324 also show it in the
2C band (7.0—12.0 um); however the discrepancy between the
up-scan and the down-scan is not more than ten percent so
that the memory effect is neglected. (2) Another problem is
the linking of different parts of the spectrum. For the absolute
flux calibration of the different bands (“Lines” as put by ISAP)
of the SWSO01 spectrum, we use band 1A (2.38-2.60 um) as
the flux reference to calibrate the flux in the other bands. For
the SWSO01 observation, each pair of neighbouring bands has a
small overlapping wavelength region. But actually, some spec-
tra in our sources show a large discrepancy between two neigh-
bouring bands in the overlapping region. There are two objects,
IRAS 17419-1838 and IRAS 19248+0658, where one band
shows a sharp jump in the overlapping region while the other
band does not. In such a troublesome case, we simply link the
two adjacent band strictly according to the effective wavelength
range of each band. This problem does not affect our analysis of
carbonaceous molecular features, but people who are interested
in dust emission features should be aware of this problem.

The final reduced results are shown in Figs. 1 and 2. Many
spectra are shown in the range 2.4—45.2 um; however, most of
spectra are affected by higher noise in the 25.0—45.2 ym region
and these are only shown for 2.4-25.0 um.

3. Discussion of ISO SWS features

ISO SWSO01 spectral features of 29 infrared carbon AGB stars
are presented in Figs. 1 and 2, for 20 objects the range is
2.4-25.0 um and for 9 objects it is 2.4— 45.2 ym. The identified
features are marked by letters as follows: “a” for C;H,+CO;
“b” for HCN+ C,; “c” for HCN+ C,H,; “d” for Cs; “e” for
SiC and “f” for C,H,. Labels (such as “00172+4425”) above
the spectra are the IRAS names of the objects; labels (such as
“(x1,+100)”) below the spectra mean that spectra are first mul-
tiplied by a factor (such as “x1”’) and then shifted by adding an
amount (such as “+100”).

According to the Spectral Energy Distributions (SEDs) and
some molecular features of the SWS spectra, these 29 car-
bon stars can be divided into 4 groups (see Figs. 1 and 2).
Group A: the intensity of the SEDs drops down towards longer
wavelengths in the 2—15 um range and becomes flatter after

! The ISO Spectral Analysis Package (ISAP) is a joint develop-
ment by the LWS and SWS Instrument Teams and Data Centers.
Contributing institutes are CESR, IAS, IPAC, MPE, RAL, and SRON.
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Fig. 1. ISO spectra are plotted in region of 2—25 um for the 9 carbon stars (left panel) in group A and the 11 carbon stars (right panel) in
group B. Different emission and absorption features are identified and marked by vertical lines and related letters. Marks in the figures are:
“a” represents C,H,+CO; “b”, HCN+ C;; “c”, HCN+ C,Ha,; “d”, Cs; “e”, SiC and “f”’, C,H,. Labels (such as “00172+4425”) above spectra
are the IRAS name of the objects; labels (such as “(x1,+100)” below spectra mean that spectra are first multiplied by a factor (such as “x1”)
and then shifted by adding an amount (such as “+1007).
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Fig. 2. ISO spectra are plotted for the region of 2—45 um for the 4 carbon stars (left panel) in group C and the 5 carbon stars (right panel) in
group D. Different emission and absorption features are identified and marked by vertical lines and letters. The marks and labels in this figure
are the same as in Fig. 1.



Xiaohong Yang et al.: Molecular and dust features of 29 SiC carbon AGB stars

1053

Table 1. Published ISO SWS spectra of carbon stars with an SiC feature. The third column lists the features published in the literature listed in

the last column.

IRAS Name Spectral features (unit: um) References
01246 — 3248 R Scl 2.48,2.58,3.05,3.9,5.20,11.30, 13.70 (1),(2),(3)
02293 + 5748 AFGL 341 11.30,13.7 ()]

12226 + 0102 S S Vir 2.48,2.58,3.05,5.20,11.30, 13.7 ()]

12447 + 0425 RU Vir 2.48,2.58,3.05,3.9,5.20, 11.30, 13.70 (2)

15477 +3943 V CrB 3.05,11.3,13.7 4

17556 + 5813 T Dra 3.05,11.3,13.7 (5),(6)
19017 — 0545 V Agql 2.48,2.58,3.05,5.20, 11.30, 13.70 €))]

20396 + 4757 V Cyg 2.48,2.58,3.05,3.9,5.20, 11.30, 13.70 (1)

21399 + 3516 V460 Cyg 3.50,5.20,11.3 (), (8)
21489 + 5301 / 11.30, 13.70 )

22036 + 3315 RZ Peg 3.50,3.56,3.9,11.30 @)

23320 + 4316 LP And  3.05,11.30,13.70 @))]

(1) Yamamura et al. (1997); (2) Hron et al. (1997b); (3) Hron et al. (1998); (4) Aoki et al. (1999); (5) Hron et al. (1997a); (6) Loidl et al.
(1997a); (7) Aoki et al. (1998); (8) Jgrgensen et al. (2000); (9) Volk et al. (2000).

Table 2. The classification of all 29 sources and spectral features found for each group.

5.20,11.30,13.70

Classification| Main spectral features Sources
Unit: ym (IRAS)
A 2.48,2.58,3.05, 00172 + 4425, 01246 — 3248*,03374 + 6229, 05028 + 0106,

12427 + 4542% 12544 + 6615, 17419 — 1838*,19017 — 0545,
21399 + 3516*

B 2.48,2.58,3.05,3.56,
3.90,5.20,11.30, 13.70

01080 + 5327, 02270 — 2619, 06226 — 0905, 12226 + 0102*,
12447 + 0425%, 15477 + 3943*, 17556 + 5813*,20396 + 4757,
21358 + 7823,21440 + 7324, 22036 + 3315

C 2.48,2.58,3.05, 3.56, 03229 + 4721, 18398 — 0220, 19068 + 0544, 19248 + 0658*
3.90,5.20,7.30,11.30, 13.70
D 11.30, 13.70 02293 + 5748*,21027 + 5309, 21489 + 5301*,23257 + 1038,

23320 + 4316"

Notes: a) “*” means that the ISO SWS result is already published; b) “#” means that the objects do not show the 13.7 um C,H, feature;

¢) “+” means that the object does not show the 5.20 um C; feature.

15 um; for the 3.05 um absorption feature, the intensity of the
left wing is usually higher than that of the right wing. Group B:
the intensity of the SEDs first rises towards longer wavelengths
in the 3—4 um range, then drops down in the 4—15 ym range
and becomes flatter after 15 um. For the 3.05 um feature, the
intensity of the left wing is usually lower than that of the right
wing. Group C: the intensity of the SEDs rises towards longer
wavelengths in the range shorter than about 7 um and drops in
the 7-25 um region. SEDs in this group are usually compli-
cated due to more molecular absorption and emission features.
In addition, SEDs show a wide bump peaking at around 30 um.
Group D: the energy flux is nearly zero in the near-infrared
region, and spectral shapes show obvious double peaks in the
2—-45 pum region. The classification of the 29 carbon stars and
spectral features for each group are given in Table 2. It can be
seen that the main infrared features of the different groups are

quite different, for example the 3.90 and 3.56 um absorption
features only appear in groups B and C.

Some detailed information for all 29 objects is given in
Table 3 in which: Col. 1 is the classification of carbon stars
given in this paper; Col. 2 IRAS name, where ISO SWS spectra
of sources marked by “*”” have been published; Cols. 3—4, 67,
8-9, 11-12, 16, and 18-19 give the relative integrated flux
of 2.48+2.58, 3.05, 3.50+3.65, 3.56, 3.90, 5.20, 7.30, 11.30,
13.7, 14.04 and 14.30 um features respectively. The relative in-
tegrated flux is defined as the ratio of the quantity derived by
the subtraction of the integrated continuum flux from the inte-
grated line flux, and the integrated continuum flux. Although
the line widths of the different objects for the same line fea-
ture are different, we integrate over the same fixed wave-
length range for each line feature to derive its integrated flux.
The integration ranges are: 2.40-2.76 um for 2.48+2.58 um
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features, 2.85—3.50 um for the 3.05 um feature, 3.35-3.80 um
for 3.50+3.65 um features, 3.54—3.62 um for 3.56 um fea-
ture, 3.60—4.20 um for the 3.90 ym feature, 4.10—-6.50 um
for the 5.20 um feature, 6.40—-8.20 for the 7.30 um feature,
9.00-13.60 um for the 11.30 um feature, 13.40—14.30 um for
the 13.7 um feature, 14.00—14.15 um for the 14.04 um feature
and 14.20-14.43 um for the 14.30 um feature. The 2.48 and
2.58 pum absorption features are considered to be a combined
feature because they are always found to be partly overlapped.
The same applies to the combined 3.50 and 3.65 um features.
In Col. 11, the mark “?” means that identification of this fea-
ture is still controversial. The errors in the derived quantities in
Table 3 mainly originate from three sources: the ISO sensitivity
limit, which causes a relative error usually lower than one per-
cent in the 2.4-25 pum region and which does not include the
error due to the memory effect and the error caused by process-
ing the data; fitting of the continuum of these different molecu-
lar and dust features by polynomial formulae, which results in
an uncertainty of at most ten percent; the partial overlapping of
neighboring features, which causes large errors of fitting of the
continuum of these different molecular features. As the SWS01
spectrum begins at 2.38 um, it is difficult to determine the ac-
curate continuum baseline for the 2.48+2.58 um features, and
therefore the calculated values may be lower limits. Columns 5,
10, 13 and 17 are the normalized line center depths or line
peak heights of the 3.05, 5.20, 11.30 and 13.70 um features
respectively. The normalized line center depth (D) or line peak
height (H) is defined as the flux of the center of the line divided
by the flux of the center of the line continuum. Column 14 is
the peak wavelength of the 11.3 um feature in yum. Note that
the relative integrated flux of the 13.7 um feature is calculated
after removing the 14.03 and 14.30 um emission features from
its red wing, and that the normalized line peak height in Col. 13
and the actual peak wavelength in Col. 14 for the 11.3 um
feature are derived by fitting a Gaussian profile. Column 15
is the classification of SiC dust given by Sloan et al. (1998);
Cols. 20-21 are the photometrical classification and T given
by Bergeat et al. (2001) in [K]; Col. 22 is Ty of the sources
in [K], which is obtained by single-blackbody fitting for the
2.3—-11.0 um range.

The different identified features in the ISO SWSO01 spec-
tra of the 29 carbon stars, in Figs. 1 and 2, are caused by the
different vibrational bands of molecules. Based on the spectra
of some carbon stars already published, various features in the
spectra of the 17 unpublished carbon stars were identified:
the 2.48 um feature is due to C,H(10001) and CO(Av = 2); the
2.58 um feature to HCN(011) and Cy(Av = —1); the 3.05 um
feature to HCN(001) and C,H,(01011+00100); the 3.56 um
feature to HCN(110); the 3.90 um feature to C;H,(01001); the
5.20 um feature to C3(001) (Hron et al. 1997a); the 7.30 um
feature to C,H; (00011); the 11.30 um feature to SiC and the
13.70 um feature to C,H»(00001) (Aoki et al. 1999). Special
attention should be given to two absorption features at 3.50 um
and 3.65 um; although these have not been reported previ-
ously they do appear in the spectra of five sources in group A
(IRAS 00172+4425, IRAS 0337446229, IRAS 05028+0106,
IRAS 12544+6615 and IRAS 19017-0545). Figure 3 shows
these two features in more details. Although they seem to be
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Fig. 3. Diagram of the normalized spectral profiles for the two uniden-
tified absorption features (the 3.50 and 3.65 um features) found in the
five objects of group A.

very faint, their simultaneous appearance in the five sources
and the similarities of their spectral profile, combined with the
fact that they do not appear in other studied spectra, prove that
the two features cannot be caused by instrumental effects but
are actually unknown molecular absorption features.

What is the relation between the four groups defined in
this paper? Do carbon stars in groups A, B, C and D re-
spectively represent different evolutionary stages? We can try
to find answers from the data in Table 3. In fact, the se-
quence A—»B—C—D is also the sequence of decreasing Th;-.
For group A, nearly all Ty;. are between 2600 K and 3000 K ex-
cept IRAS 03374+6229 with 2070 K, and all T are between
2400 K and 3300 K, but for every object TY;; is lower than Tg;
for group B, Ty is between 1000 K and 1700 K and T.g is
mainly near to 2100 K; for group C, Ty is between 800 K and
1100 K; for group D, Ty, is between 300 K and 700 K.

Bergeat et al. (2001) have shown that the decrease of Teg
in carbon-rich stars is tightly correlated with the increase of j
in the photometrical classification CV; for carbon stars. In this
classification SEDs are classified into 14 photometric groups
(HC;, CV; and SCV with i = 0,5 and j = 1,7); the CV;
classification applies to the cool carbon (CV) variables, and is
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correlated with the increase of the C/O ratio in the photosphere.
Combining this conclusion with our classification results, we
deduce that going from A to B T decreases and the C/O ratio
shows a gradual increase.

Figures 1 and 2 and the comments made above on the clas-
sification of the SEDs clearly show that, from group A to Bto C
to D, the maximum flux of the near-infrared continuum shifts
gradually towards longer wavelengths, and the mid-infrared
bump peaking at about 30 um develops gradually, eventually
reaching a considerable height in group-D sources. This means
that the emitting circumstellar dust envelope becomes colder
and more massive along the sequence A—»B—C—D.

All figures from Figs. 5 to 16 (visualizing the data in
Table 3) show the relation of the relative integrated flux of
different features among different classification types. The fol-
lowing conclusions can be reached from these figures: (1) from
group A to B and C, the relative integrated flux of the 3.05 um
C,H,+HCN absorption and 11.30 yum SiC emission is gradu-
ally enhanced while that of the 5.20 um C;3 and 13.70 um C,H,
absorptions is gradually weakened; (2) from group B to C, no
systematic difference can be found for any of the four line fea-
tures (the 3.05, 5.20, 11.30, 13.70 um features); (3) in group D,
the 3.05 and 5.20 um features become very faint or disappear
completely while in this group on the whole the 11.3 ym emis-
sion is weaker and the 13.7 um absorption is stronger than in
groups B and C. These variations of the molecular band fea-
tures may indicate the evolution of the molecular content of
the carbon star photosphere.

3.1. Properties of the various features
in the four groups

3.1.1. Comparing group A with groups B+C
in the 3—4 um region

There are many molecular absorption features in the 3—4 um
region. The features originate from outside the stellar photo-
sphere, and thus they can reflect physical and chemical char-
acteristics of the region between the stellar photosphere and
the inner circumstellar envelope. After comparing the SWS01
spectra of groups A and B+C, we find the following: (1) the
relative integrated flux of the 3.05 um C,H,+HCN absorption
is gradually increased from A to B+C. This is shown in Fig. 5,
which is a diagram of the relative integrated flux against Ty
for the 3.05 um absorption feature. (2) The 3.05 um absorp-
tion feature is broader in groups B and C than in group A,
and the difference mainly appears in the red wing of the ab-
sorption feature, as can be seen from Fig. 4, which shows
normalized ISO spectra of 25 objects around 3.05 um. This
point is also illustrated in Fig. 6 in which the relative inte-
grated flux is shown against the normalized line center depth
for the 3.05 um absorption feature. We have fitted a line (the
solid line in the figure) for all points in Fig. 6 and this line
naturally acts as a line dividing the group-A sources from
the other two groups. Since the relative integrated flux of the
3.05 um feature coming from the objects of groups B and C
is higher than that observed for group A, with the same nor-
malized line center depth, this separation into two halves
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Fig.4. Normalized spectral profiles of the 3.05 ym C,H,+HCN ab-
sorption feature for 25 objects. They are grouped in three panels
according to our classification for comparison.

qualitatively confirms the conclusion that the 3.05 um feature is
broader in groups B and C than in group A. (3) Several group-A
sources show two unidentified absorption features at 3.50 and
3.65 um (see the profiles shown in Fig. 3) which are found for
the first time in this paper, while no group -B and -C sources
show them. (4) Most group -B and -C sources show 3.9 um
C,H; absorption, but no group-A sources do, with one excep-
tion, viz. IRAS 01246-3248. (5) Some group-B sources and all
group-C sources show 3.56 um HCN absorption, but none of
the group-A sources does. Yamamura et al. (1997) performed
a similar analysis for their ten carbon stars and divided them
into four groups according to their near-infrared color temper-
atures. All sources in their groups II and III are completely in-
cluded in our groups A and B respectively. Our conclusions (2)
and (4) confirm the conclusions of Yamamura et al. (1997).
This agreement between our classification and theirs is rea-
sonable because the shape of the infrared SED used as cri-
terion in our classification is approximately equivalent to
near-infrared color temperature. However, the origin of this
difference between group A and B (or group II and III of
Yamamura et al.) is still unclear. As Yamamura et al. (1997)
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Fig.5. Diagram of the relative integrated flux against T, for the
3 um C,H,+HCN feature. Group-A sources are represented by a cross;
group-B sources by a circle; group-C sources by a square.
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Fig. 6. Diagram of the relative integrated flux against the normalized
line center depth for the 3 um C,H,+HCN feature. Group-A sources
are represented by a cross; group-B sources by a circle; group-C
sources by a square.

put it, this difference may be caused by the difference in the
structure of the extended hot molecular layer outside the pho-
tosphere, i.e. there is a quasi-static region between the atmo-
sphere and the circumstellar envelope for group B (Tsuji et
al. 1997). The numeric computation performed by Loidl et al.
(1997b) showed that the broadening of the 3.05 um feature and
the 3.90 um feature could be the result of the strengthening of
hot bands of C,H, originating in an extended molecular layer
with temperature between 1000 K and 1500 K.

3.1.2. The 5.20 um C5 feature

The absorption feature centered at about 5.20 ym is due
to C3(001). Since C; was detected in a cometary tail in the
18th century, and Douglas (1951) identified it in the laboratory,
it has been realized that C3 plays an important role in astro-
physics, such as for the formation of carbon-chains (Cernicharo
et al. 2000). The molecule Cs in the atmosphere of cool stars
was detected in the optical bands (Zuckerman et al. 1976), and
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Fig.7. Diagram of the relative integrated flux against the normalized
line center depth for the 5 um C; feature. Group-A sources are repre-
sented by a cross; group-B sources by a circle; group-C sources by a
square.

recent work on ISO spectra indicated that Cs is very abundant
in carbon stars. The formation of C; requires a combination of
relatively high partial pressure and low temperature. Its main
spectral feature is the fundamental C-C stretching at 5.20 ym
which forms in an environment of about 2000 K (Loidl et al.
1999). Figures 8 and 7 show the relative integrated flux of
the 5.20 um feature against T and the normalized line cen-
ter depth respectively. A straight line is fitted to all points in
Fig. 7. This linear correlation implies that the basic profiles
of this feature do not vary essentially from group A to B+C,
except in their intensities. The relative integrated flux in Fig. 8
decreases with decreasing T along the A—B+C sequence and
becomes undetectable in group-D sources. This declining ten-
dency of the 5.20 um C; feature can be explained directly by
the decrease of Tt and the increase of the optical depth in the
circumstellar envelope along the same sequence, as follows:
the 5.20 um Cj feature is generally generated in the stellar
photosphere and atmosphere, and the temperature of the stel-
lar photosphere affects the amount of C;. On the other hand,
this 5.20 um Cj feature disappears in group D, which may be
due to the very high optical depth in the circumstellar enve-
lope, because it is not all certain that T.g of group-D sources
is lower than that of group-C sources (see second paragraph in
Sect. 3.1.5), and then the very high optical depth in the circum-
stellar envelope may explain the disappearance of the feature in
group D. However, it is difficult to disentangle the contributions
of Teq (of the stellar photosphere) and of the optical depth (in
the circumstellar envelope) to the 5.20 um Cj feature, because
the definite Tq of group-D sources cannot be obtained.

The intensity ratio of the 3 um band (due to HCN
and C,H») and 5 um band (due to CO and Cj) is a sensitive
measure of the C/O ratio (Jgrgensen et al. 2000). To empha-
size this point, we show Fig. 9, a diagram of the relative inte-
grated flux ratio of the 3.05 and 5.20 um features (abbreviated
as 3.05 um/5.20 um) against T;;. From this figure, we reach the
qualitative conclusion that this 3.05 um/5.20 um ratio increases
from A to B+C. On the other hand, we have earlier reached the
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conclusion that the C/O ratio increases from A to B. Therefore,
we suggest that the increase of 3.05 um/5.20 um could be trac-
ing an increase of the C/O ratio.

3.1.3. 6-9 um range

The 6-9 um spectra of carbon stars have been discussed by
many authors (Willems 1988a; 1988b; Hron et al. 1998; Aoki
et al. 1999). Willems (1988b) thought that the material pro-
ducing the 8.6 um feature forms under the same physical and
chemical conditions as HCN and C,H,, either together with
HCN and C,H, or as a result of reactions of HCN and C,H.
On the other hand, Hron et al. (1998) and Aoki et al. (1999)
thought that the 8.6 um feature originates from the interac-
tion of the 7.5 ym absorption and the 11.3 ym emission. In our
sources, the 7.3 um absorption seems more like the end of the
blue wing of 8.6 um emission in groups A and B and more like
molecular absorption in groups C and D. We also suggest that
CoH;(v4+vs) (and HCN) and SiC jointly determine the spec-
tral shape between 6—9 um. However, when the SiC dust fea-
ture changes from group A to B to C to D (see Sect. 3.1.4), the
C,H, (v4+vs) absorption shows more clearly. Note that the line
center wavelength of the 7.3 um feature is not exactly at 7.5 um,
the theoretical position of C,Hy(v4+vs) absorption band.

3.1.4. The 11.30 um SiC feature

The diagram of peak wavelength against the relative inte-
grated flux for 11.30 um SiC emission is shown in Fig. 10.
This figure indicates that the relative integrated flux of the
11.30 pum SiC feature is higher in groups B and C than in
groups A and D. This can be explained as an optical depth
effect: Group-B sources are generally optically thicker than
group-A sources, so the 11.30 um SiC emission is stronger in
the former; the optical depth of group-D sources probably be-
comes so high that only their outer SiC regions, which are the
coolest, can be detected, resulting in a weaker emission of the
SiC feature. On the other hand, it can be seen from this figure
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flux for the 11 um SiC feature. Group-A sources are represented by
a cross; group-B sources by a circle; group-C sources by a square;
group-D sources by a triangle.

that the actual peak wavelength of the 11.30 um SiC feature
varies among different sources in different groups. The sources
with the strongest SiC emission (groups B and C) peak at bluer
wavelengths. As we have discussed above, Ty, of the sources
in groups A and D is respectively highest and lowest among the
four groups. This implies that this behavior of the SiC 11.30 um
emission feature can not be explained only by a difference in
the Ty, i.e. in the increasing and cooler circumstellar dust en-
velope. For a satisfying explanation, the difference in the struc-
ture and/or composition of the SiC dust should be considered.
In Fig. 11, the different lines are derived by fitting data of
different groups, and the relative integrated flux of the 11.30 um
feature is found to be approximately linearly correlated with
the normalized line peak height for all the objects, as expected.
This linear correlation may imply that the shapes of the emis-
sion feature are similar in the objects of the different groups
with quite different optical depth. But with a closer inspec-
tion, we find three points worthy to be noted: 1) the linear
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correlation is better for individual groups than for all the ob-
jects. The correlation is best in groups A and D, and worst in
groups C and B. 2) The slope of the linear correlation becomes
steeper from group A to B to D. 3) Group-C sources are dis-
tributed around the line for group-B data. Therefore, the pro-
files of the SiC feature are uniform for objects in one and the
same group, and vary in a regular manner from group A to B+C
to D.

Column 15 of Table 3 gives another SiC feature classifi-
cation system given by Sloan et al. (1998) for most of our
samples. They divided carbon-rich emission into six types: red,
SiC, SiC+, SiC++, Broadl and Broad2. In their classification,
from SiC++ to SiC+ to SiC, 8.5-9.0 um features become grad-
ually weaker and the dust continuum becomes gradually red-
der, the type-Red sources have the reddest dust continuum and
the type-Broad1 sources show a short-wavelength excess in the
SiC dust feature. From Table 3, it is found that the dust type of
group A is mainly SiC+ with a few cases of SiC++, and that
of group B is mainly SiC with a few cases of SiC+. On the
other hand, the SEDs of the objects of groups C and D (Fig. 2)
show no obvious 8.5-9.0 um emission features. Therefore, our
classification seems to agree with Sloan’s dust classification.

The relative integrated flux of the 11.30 ym SiC emission
feature is compared with that of the absorption bands of HCN
and C,H, at around 3.05 and 13.70 ym in Figs. 12 and 13.
Unexpectedly, no clear correlation is found in these two fig-
ures except several qualitative properties as follows: Group-A
sources generally have relatively weaker 3.05 ym absorption
and 11.30 um emission but very strong 13.70 um emission; ob-
jects in groups B and C are mixed together and so it is difficult
to distinguish them by these three features alone.

3.1.5. The 13.70 um CoH, feature

In our samples, except IRAS 17419-1838, IRAS 1242744542
and IRAS 22036+3315, all stars have the 13.7 um C,H,
absorption feature. This suggests that the 13.70 um feature
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is common in the spectra of carbon stars. Nevertheless, it
is not clear why the three exceptional objects do not show
this feature. Figure 14 shows the absorption features around
13.70 um for typical objects from the four groups, and it can
be seen that the absorption in the red wing of the profiles is
generally stronger for objects from groups A and D than for
objects from groups B and C. The correlation of the relative
integrated flux with the normalized line center depth for this
feature is shown in Fig. 15, where the different lines are ob-
tained by linearly fitting the points of groups A and D respec-
tively. One object in group D, IRAS 21027+5309, is far away
from the other four objects in group D, and therefore this object
has been excluded when fitting group-D data. Figure 15 shows
that the 13.70 um feature is particularly strong in group-A
sources and most group-D sources but generally much weaker
in the sources of groups B and C, except for the group-B object
IRAS 21440+7324.
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Fig.14. Comparison of the typical 13.70 ym C,H, absorption
profiles from the four groups. The dashed line is for group-A
object IRAS 03374+0106; the dotted line for group-B ob-
ject IRAS 17556+5813; the dash-dot-dot line for group-C ob-
ject IRAS 03229+4721; the short-dotted line for group-D object
IRAS 02293+5342.

If we consider the whole set of objects as a single group for
Fig. 15, the correlation looks quite loose, although there seems
to be a general trend. However, if we consider the objects in in-
dividual groups, the linear correlation becomes much better for
groups A and D while group B still shows considerable scat-
ter. This situation is similar to the one as we have addressed
for the 11.30 um SiC emission feature in Fig. 11. One object
in group D, IRAS 21027+53009, is far away from the fitted line
for group D but close to objects of groups B and C. The slope
of the fitted lines increases from group A to D, in a similar
manner as the slope of the fitted lines for the 11.30 ym fea-
ture increased from group A to D in Fig. 11. Line features with
a similar line profile are expected to show a linear relation be-
tween the relative integrated flux and the normalized line center
depth as shown here for individual groups; the difference of the
line slopes may tell us that the basic profiles of the line feature
are different for different groups. This variation of the basic line
profiles of the 11.30 um and 13.70 um features, combined with
the different quality of the linear fit of the points in different
groups, has the following implications. On the one hand, the
grouping based on the shape of the SED has successfully sep-
arated sources with different molecular features; on the other
hand, the physical and chemical environment of groups A, B+C
and D should be different. Probably, a difference in Tt and in
the radial distribution of the dust temperature in the envelope
can influence the basic profile of the line features. However,
without radiative transfer modelling, it is difficult to say which
physical or chemical factors are responsible for the variation of
the fitted linear relation slope.

Aoki et al. (1999) attributed the absorption feature at
13.70 um to the C,H, vs bands. They found that this ab-
sorption feature is quite broad in the spectra of visual carbon
stars. They pointed out that this broad absorption is due to
not only the Q branches at 13.70 um but also the P and R
branches between 12 and 16 um, and these features in the vi-
sual carbon stars are basically explained by absorption in the

Xiaohong Yang et al.: Molecular and dust features of 29 SiC carbon AGB stars

0.12 T ! |
2144047324

010 - A -

.04 — O -
[ 'Q.O ° 5
0.02— O

relative integrated flux of the 13 um feature

0.00 1 n 1 n 1
0.1 0.2 0.3

relative integtated flux of the 3um feature

Fig. 15. Diagram of the relative integrated flux against the normalized
line center depth for the 13.70 um C,H, feature. Group-A sources are
represented by a cross; group-B sources by a circle; group-C sources
by a square; group-D sources by a triangle. The different lines are
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fitting group D, because it is far away from the other four sources in
group D.
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sources by a square. The dashed line is derived by linearly fitting the
points of group A.

photosphere or in the warm envelope close to the star. They also
gave the absorption spectra of the C,H, bands for temperatures
of T = 1000 K and 500 K which are the temperatures of the
background generating the 13.70 um absorption feature, and
remarked that the absorption bands of the P, Q and R branches
are broader and stronger and the red wings of profiles of this
feature are also stronger for higher temperatures. As shown in
Fig. 14, group-D sources show a stronger red wing absorption
for the 13.70 um feature than group -B and C sources do, which
may imply that the temperature of the inner envelope of sources
from group D is higher than that from group -B and -C sources,
because the 13.70 um feature would be formed in the warm in-
ner envelope (Aoki et al. 1999). However, Ty of group D is
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Table 4. SWSO01 observational data and speeds of 17 carbon stars.

IRAS Name Date Speed
00172 + 4425 VX Aad 1997JAN17 2
01080 + 5327 HV Cas 1997 AU G06 1
02270 — 2619 R For 1998 FEB13 1
03229 + 4721 V384 Per 1998 FEB02 2
03374 4+ 6229 U Cam 1997TAUG17 2
05028 + 0106 W Ori 1998 M AR22 3
06226 — 0905 V636 Mon 1998M AR31 1
12427+ 4542 'Y CVn 1996 AP R25 2
12544 + 6615 RY Dra 1997TM AY 12 3
17419 — 1838 SZ Sgr 1998 M AR28 1
18398 — 0220 / 1997M AR29 2
19068 + 0544 / 1997 M AR09 1
19248 + 0658 V1421 Aql 1998 M AR22 1
21027 + 5309 V1899 Cyg 1998 JANO1 1
21358 + 7823 S Cep 1997M AY 31 1
21440 + 7324  PQ Cep 1997JAN15 1
23257 + 1038 1Z Peg 1998 J AN05 1

For ISO SWS01 spectra, the models of different speeds (1, 2, 3, and 4)
are corresponding to the different sepctral resolutions. The speed mod-
els 1, 2, 3, and 4 have respectively resolutions of about 400, 500, 800,
1500 at about 35 um. The detail information about the resolutions of
ISO SWSO01 spectra can be referred to in ISO SWS Handbook.

lower than that of group C. A probable explanation is that for
group D the circumstellar envelope is very thick while the Teg
of the center stars could begin to increase, which would cause
the inner envelope to become warm.

In the 26 stars with 13.70 um absorption, there are 19 ob-
jects with weaker emission at 14.30 um, 6 of them also show
very weak emission at 14.04 um. From Table 3 we can see that
the 14.30 um weak emission commonly appears in most ob-
jects of the four groups while the 14.04 ym weak emission only
appears in several objects of groups B and C. The absence of
14.04 ym emission in groups A and D may be due to its being
buried in the strong red wing of the 13.70 ym absorption fea-
ture appearing in the two groups. Aoki et al. (1999) pointed out
that the emissions at 14.04 and 14.30 um are due to the HCN vé
and 29- v} bands respectively. The excitation is due to radia-
tive pumping of the HCN molecule from the ground level to
the 21/3 level by 7 um photons from the photosphere or from
the inner envelope. Since these two HCN emission bands are
detected in many of our samples, this means that HCN is quite
common in carbon stars over a wide range of optical thick-
ness of circumstellar envelopes, as mentioned by Aoki et al.
(1999). However, the absence of these two HCN emission fea-
tures in 10 of our samples does not necessarily imply that some
carbon stars do not have HCN in their outer envelopes.

Both C,H; and HCN show absorption features at both 3.05
and 13.70 um, although the 13.70 um absorption feature is
mainly due to C,H,. The 3.05 um feature and the 13.70 um
feature should show some kind of correlation. To determine the
relationship among these four groups, we plot the relative inte-
grated flux at 13.70 um against that at 3.05 um in Fig. 16 and fit
the points of group A with a dashed line. In this figure, group-A
sources are clearly separated from groups B and C while the
latter two groups are mixed together. Group-A sources are
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fitted by the line quite well, while group -B and -C sources
show 13.70 um absorption with approximately the same rel-
ative integrated flux. This may indicate that, at least in sources
of group A, the two features at 3.05 and 13.70 um are vary-
ing in a similar manner. On the other hand, group-A sources
generally show a much larger relative integrated flux in their
13.70 um absorption feature than group -B and -C sources,
and this tells us that C,H, should have a much higher col-
umn density in the former than in the latter. However, this point
has to be explained by detailed modelling. Note that group-B
sources follow approximately the same linear relation as group-
C sources, and this once again indicates that groups B and C
have similar properties regarding the 13.70 um feature. Noted
also that, in all of our samples, the change of the relative inte-
grated flux of the 13.70 um feature is much smaller than that
of the 3.05 um feature. In addition, special attention should be
given to group-B object IRAS 21440+7324, for it is far away
from the majority of group-B sources but very close to the fit-
ted line for group A. This object has been marked by its IRAS
name in Fig. 15. Comparing the spectral shape and line strength
of all 3.05, 5.20, 11.30 and 13.70 um features of the object with
those of the other objects, we find that this object is only simi-
lar to group-A sources in the 13.70 um feature but much more
similar to group-B sources in all other features. Thirdly, note a
group-B object, IRAS 21358+7823, whose far-infrared contin-
uum is found to fall much faster towards longer wavelengths
than all other group-B sources (see Fig. 1), which may indi-
cate that the contribution from the cooler dust for this object to
the far-infrared continuum is less than in other group-B objects.
Probably, the cooler part of the circumstellar envelope in this
object is thinner than it is in the other objects in group B.

3.2. Additional discussion of group D

The five carbon stars in group D share two properties in their
SEDs: (1) the infrared spectral flux is nearly zero in the near-
infrared; (2) all of them show the double-peak feature. These
two properties in common indicate that group-D sources have
a cooler dust envelope than objects in the other groups. Two ob-
jects in group D, IRAS 02293+5748 and IRAS 21489+5301,
were identified to be extreme carbon stars (Volk et al. 1992,
2000), while the types of the other three objects have not
yet been identified. The main difference between the two ex-
treme carbon objects and the other three is that the latter have
relatively strong SiC emission. In addition, the relative inte-
grated flux of the SiC feature of the latter three objects is
close to that of group-C sources, while their SEDs are quite
different. Considering the properties of SEDs and SiC dust
emission for group-D sources, we suggest that group-D car-
bon stars are in the stage or pre-stage of extreme carbon stars.
Another point is that two group-D objects (IRAS 02293+5748
and IRAS 21027+5309) have the very faint 3.05 ym absorption
feature, which the others do not have.

4. Summary and conclusions

We have reduced and analyzed the ISO SWS spectra of 29 in-
frared carbon stars with an SiC feature at 11.30 um, and
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among them the ISO SWS spectra of 17 carbon stars not
previously published. The absorption or emission features of
molecules C,, HCN, C,H,, C3 and SiC are identified for the
17 unpublished carbon stars, and two unidentified absorption
features at 3.50 um and 3.65 um are found for the first time.
The 29 carbon stars are classified into groups A, B, C, and D
according to the shapes of the ISO SWS spectra. Various as-
pects of the four groups are discussed and some conclusions
are obtained:

1. Various groups in our classification directly reflect various
stages on the evolutionary track of carbon stars. We suggest
that the infrared spectra of carbon stars evolve along the se-
quence of A»B—C—D, during which Ty decreases grad-
ually and the circumstellar envelope gradually becomes
thicker; at the same time, T.g decreases gradually and the
C/O ratio increases gradually from A to B. We found some
features that vary in a regular manner from group A to B
to C to D. On average, the relative integrated flux of the
3.05 um HCN+C,H, absorption feature increases gradu-
ally from group A to B and C; that of the 5.20 um C;
absorption becomes gradually weaker from group A to B
and C; that of the 11.30 um SiC emission increases gradu-
ally from group A to B and C but weakens in group D; and
in contrast, that of the 13.70 um C,H, absorption is grad-
ually weakened from group A to B and C but enhanced in
group D.

2. For the classification, besides the evolutionary relation in
the four groups (groups A, B, C and D), every group also
has individual characteristics. Molecular absorption sys-
tems in the ISO of group A are quite different from those
of group B and C, while the spectra of groups B and C
have similar properties in many aspects and the spectra
of group D are also again different from the former three
groups. Firstly, the 3.05 um absorption feature is narrower
in group A than in groups B and C. Most group-A sources
show two unidentified 3.50 and the 3.65 um absorption fea-
tures while no group -B and -C sources do. Moreover, none
of the group-A shows the 3.9 um C,H, absorption (except
IRAS 01246-3248) and the 3.56 um HCN absorption, while
these features appear in groups B and C. These differences
between group A and groups B+C, are enough to indicate
that group-A carbon stars have different properties from
those in group B and C. Secondly, groups B and C look
very similar in all aspects except line intensity, 7eg and Ty;.
Thirdly, the ISO SWS spectra of group D show an obvious
double-peak feature, which indicates that group-D carbon
stars are surrounded by a cooler dust envelope. However,
as discussed above, fitting the physical quantities of the
emission or absorption features with a linear function gives
a more satisfactory result for groups A and D than for
groups B and C; for an example, see the discussions about

decreasing T and Ty along the A—B+C sequence and
becomes undetectable in group-D sources. This declining
tendency of the 5.20 um feature can be explained directly
by the decrease of the T.g of the stellar photosphere and the
increase of the optical depth in the circumstellar envelope
along the same sequence. Because the condition for C; to
form is, within strict limits, that the temperature should be
around 2000 K, such a hot environment tends to disappear
in the atmosphere of carbon stars from group A to B+C, and
the increasing optical depth in the circumstellar envelope
can weaken this absorption feature as well.

Concerning the 11.30 um SiC emission feature, it is
stronger in groups B and C but weaker in groups A and D.
This can be explained as an optical depth effect, i.e. the en-
hancement of the dust emission from A to B+C is due to the
increase of dust content in their envelope, the opacity in-
creasing significantly for group-D sources, for which only
the outer and coolest layers of the circumstellar envelopes
are detected. The actual peak wavelength varies among dif-
ferent sources in different groups. The SiC feature tends to
peak at a shorter wavelength in sources of groups B and C
than in sources of groups A and D. The profiles of the SiC
feature are uniform for sources in one and the same group,
and vary in a regular manner from group A to B+C to D.

For the 13.70 um C,H; absorption feature, the red wing
of profiles from sources of groups A and D has generally
stronger absorption than does the red wing from sources in
groups B and C, and the line center is especially deep in
group-A sources and most group-D sources but generally
much shallower in sources of groups B and C. Group-D
sources show stronger red wing absorption than group -B
and -C sources, which may imply that the temperature
of the inner envelope of sources from group D is higher
than that of the group -B and -C sources. However, T of
group D is lower than that of group C. A prossible explana-
tion is that for group D the circumstellar envelope is very
thick while the Tg of central stars could begin to increase,
which causes the inner envelope to become warm.

For the 13.70 um C,H, absorption feature, there is an-
other point to be noted. In 26 stars with 13.70 um absorp-
tion, 19 show a weaker emission feature due to HCN at
14.30 um, and 6 of 19 objects in addition show a very
weak emission feature due to HCN at 14.04 um. Also
the 14.30 um weak emission commonly appears in most
sources of the four groups while the 14.04 ym weak emis-
sion only appears in several sources of groups B and C.
The absence of 14.04 um emission in groups A and D is
thought to be due to its being buried in the strong red wing
of the 13.70 um absorption appearing in the two groups. On
the other hand, some infrared carbon AGB stars have HCN
emission features, indicating that the HCN molecule exists
commonly in the outer circumstellar envelopes.

the 11.3 and 13.7 um features (see Sects. 3.1.4 and 3.1.5).
. Several other conclusions about the 5.20, 11.30 and
13.70 um features are as follows.

The shape of the 5.20 um C; absorption feature does
not vary essentially from group A to B and C; its intensity
does vary. Its relative integrated line flux decreases with

As our analysis only aims at infrared carbon stars with an
SiC feature, the above conclusions should only be applicable
to infrared carbon stars with such a feature.
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