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ABSTRACT 

We summarize the infrared properties of a flux-limited sample of Galactic carbon stars taken from the Two 
Micron Sky Survey (TMSS) to provide estimates of their space distribution and mass-loss rates. 

Although 88% of the stars in the sample are optical variables, only a few have 2.2 [im amphtudes exceeding 
0.5 mag. Given their relative stability, and the assumption that the Galactic carbon stars have the same observed 
narrow range of absolute 2.2 jam magnitudes as carbon stars in the Magellanic Clouds, we have determined that 
the TMSS sample penetrates a volume of radius of 1.5 kpc. The infrared colors of carbon stars are used to test 
earher assumptions, that these stars have a narrow range in luminosity at other wavelengths. 

The local space density of carbon stars is found to be log p0 (kpc-3) = 2.0±0.4; they appear to be 
concentrated toward the plane of the Galaxy with an exponential scale height log z0 (pc) = 2.3 ±0.1. Thus their 
surface density is log N(kpc-2) =1.6±0.2. 

The distribution of mass-loss rates, determined from the derived luminosities and distances, and the observed 
IRAS 60 jam flux densities, shows a peak at 2 X10-7 MG yr-1. Extrapolating to the entire Galaxy, we derive the 
total mass-return rate from carbon stars like those found in the TMSS to be 0.013 M0 yr-1; the largest 
contribution comes from stars with the highest infrared amphtudes of variation. If the apparent relationship 
between infrared amplitude and mass-loss rate exists for heavily dust-enshrouded carbon stars detected only in 
longer wavelength surveys, then these stars probably contribute far more to the total rate of mass return to the 
Galaxy than the carbon stars sampled at 2 jam. 

From our estimates of the scale heights and the average mass-loss rates of carbon stars seen in the TMSS, we 
find that the time scale for the carbon star evolutionary phase is between 105 and 106 yr, and that the 
main-sequence progenitors to these stars have masses between 1.2 and 1.6 M0, which implies that they are 
descended from F-type stars. At least 10% of all main-sequence F stars eventually pass through the carbon star 
phase. 

Subject headings: galaxies: The Galaxy — infrared: sources — interstellar: matter — 
stars: carbon — stars: evolution — stars: mass loss — stars: stellar statistics 

I. INTRODUCTION 

Because of their high luminosities and distinctively red 
colors, carbon stars can be seen to large distances in this 
Galaxy and are detected in several members of the Local 
Group. Surveys of carbon stars in these systems trace the 
distribution of intermediate-age stars, and provide a means of 
assessing the contribution of carbon stars to the interstellar 
medium. 

Examination of the large-scale Case objective-prism survey 
of carbon stars (Stephenson 1973) shows that these stars are 
strongly concentrated toward the Galactic plane. Details of 
the distribution of carbon stars within the Galactic plane, as 

1 Operated by the Association of Universities for Research in Astron- 
omy, Inc., under contract to the National Science Foundation. 

deduced from photographic surveys carried out in the near- 
infrared, have shown that (1) carbon stars are strongly con- 
centrated in the direction of the Carina spiral arm (Blanco 
1965; Westerlund 1971); (2) there is a deficiency in the 
density of carbon stars in the direction of the Galactic center, 
especially when compared with M-type stars (Nassau and 
Blanco 1958; Blanco 1965); and (3) the density of carbon 
stars in the anticenter direction is greatly enhanced over that 
found in the direction of the Galactic center, indicating an 
increase in density of a factor of 3 over galactocentric radii 
between 5 and 15 kpc (Fuenmayor 1981). 

Recently, Thronson et al. (1987) analyzed the properties of 
a group of 619 mid-infrared sources thought to be carbon 
stars on the basis of their infrared colors (as measured in the 
IRAS survey; IRAS Point Source Catalog 1985, hereafter 
PSC) and refined by removing stars known not to be carbon 
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stars. On the assumption that these stars all have the same 
intrinsic brightness at 12 ¡xm (Mu /im = —12.3 mag, or 
L12 =1100 L0), and using the fact that most of the stars 
they studied were brighter than +1.5 mag at 12 fim, Thronson 
et al. (1987) concluded that their sample penetrated to a 
distance of 6 kpc. In contrast to the optical surveys for carbon 
stars, these authors found no significant concentration of 
carbon stars in spiral arms, and no significant gradient with 
galactocentric distance. 

Knowledge of the space distribution and mass-loss rates of 
carbon stars is required to assess their role in enriching the 
interstellar medium. The mass of gas in the circumstellar 
envelopes of carbon stars has been estimated from measure- 
ments of their millimeter-wave CO rotational line emission. 
Knapp et al. (1982) and Knapp and Morris (1985) thus 
analyzed 25 carbon stars having detectable CO emission, and 
found mass-loss rates ranging from 10“7 to ~ 8X10“5 

M0 yr_1. Olofsson, Eriksson, and Gustafsson (1987) have 
observed 21 bright N stars, using the millimeter-wave CO 
emission, finding that 16 have mass-loss rates of a fewX10“7 

Mq yr-1. The mass of dust in the envelopes of carbon stars 
has been estimated from the brightness of their far-infrared 
emission. Using an assumed dust emissivity, Jura (1986), 
Knapp (1985), and Sopka et al. (1985) have thus estimated 
the dust mass-loss rates for the same carbon stars. By 
comparing these values with the gas masses derived in previous 
studies, these authors found that the gas-to-dust ratios in the 
envelopes of carbon stars were relatively constant. Thus the 
mass-loss rates for the large number of carbon stars detected 
in IRAS and other surveys can be estimated from their dust 
masses. Initial estimates of the mass-loss rates and space 
densities of carbon stars suggest that the matter ejected by 
these stars constitutes a significant fraction of the gas re- 
turned to the interstellar medium (Zuckerman et al. 1978; 
Knapp and Morris 1985; Thronson et al. 1987). 

In this paper, we provide new measures of the space 
distribution and mass-loss rates of carbon stars, using a 
flux-hmited sample drawn from the Two Micron Sky Survey 
(Neugebauer and Leighton 1969, hereafter TMSS). The sam- 
ple is expected to be complete, since the TMSS is statistically 
complete for sources brighter than m(K) = +3.0 over the 
region -330<ô<+81°, and spectral classifications are now 
available for almost all of the 5612 sources detected in the 
TMSS. Baumert (1974) previously identified the majority of 
the carbon stars in the TMSS by comparing it with the Case 
survey. This list has been augmented by additional spectro- 
scopic surveys of sources found in the TMSS. 

A survey for carbon stars at a wavelength near 2 jam has at 
least three unique advantages. First, the extinction due to 
interstellar dust is nearly an order of magnitude less at 2.2 
jam than at optical wavelengths; the importance of this effect 
is underscored by the fact that carbon stars are concentrated 
within the Milky Way. Second, since the peak in the spectral 
energy distributions of most carbon stars occurs near 2 jam, 
their apparent brightness should be relatively insensitive to 
temperature variations; this effect may help account for the 
fact that carbon stars observed in ¿he Magellanic Clouds 
exhibit a small dispersion in K-magnitude (see below). Third, 
the observed emission at 2.2 jam should be relatively un- 

affected by variations in the masses of the circumstellar 
envelopes of carbon stars (unless they are large enough to 
cause appreciable extinction at 2.2 jam), since most of the 
emission from these cool envelopes occurs at longer wave- 
lengths; thus, compared with a mid-infrared survey, a 2 jam 
sky survey is less likely to undersample carbon stars having 
low mass-loss rates. 

Much of our analysis rests on the observation that carbon 
stars found in near-infrared photographic surveys of the Mag- 
ellanic Clouds show a small dispersion in K-magnitude about 
a mean of M(K) 8.1, (e.g., Frogel, Persson, and Cohen 
1980). Schechter et al. (1987) have also found a small disper- 
sion in absolute K-magnitudes of Galactic carbon stars, from 
an analysis of the rotation curve of the outer Galaxy and their 
observed radial velocities. If carbon stars in the TMSS have 
the same narrow range in absolute K-magnitude as those seen 
in the Magellanic Clouds, we deduce that they also have a 
narrow range in bolometric luminosity, near their average of 
about 104 Lg (see below). This luminosity is produced by a 
core mass of 0.6 MQ (Iben and Renzini 1983). At the conclu- 
sion of their evolution, the degenerate cores of carbon stars 
appear as white dwarfs, and the inferred mass for most white 
dwarfs is near 0.6 MQ (Koester, Schulz, and Weidemann 
1980). The similarity of these two masses may be the result of 
mass loss during their asymptotic giant branch evolution (see 
Mazzitelli and D’Antona 1986). 

II. THE SAMPLE 

A list of 215 carbon stars in the TMSS is given in Table 1. 
This extends the 192 stars in the TMSS Usted by Baumert 
(1974). The references Usted in column (2) of the table give 
their spectral classifications. The carbon star classifications of 
some stars in Table 1 are controversial. For example, Wing 
and Yorka (1977) have classified TMSS -10104 as an S star, 
and TMSS 00103, 00123, 00404, and +10154 as SC stars. 
Bidelman (1980) classifies TMSS -10433 as K5 lb; TMSS 
-30106, -30114, 00402, 00418, +10119, +20435,+30074, 
+50389, +60375, +60409, and +60411 as M-type stars; and 
+60393 as a blend of M4 + C. Similarly, some carbon stars 
detected in the TMSS may be missing from Table 1, owing to 
an incorrect classification or identification. For example, 
Zuckerman and Dyck (19866) have argued that the colors 
and microwave emission-line strengths of TMSS +60144, 
which is not in Table 1, are consistent with a carbon star 
classification, but the only spectroscopic observation presently 
available Usts it as an M6 star (Lee et al. 1947). 

Of the 139 stars in this sample having unambiguous Draper 
subclasses, 22 are of type R and 117 are of type N. Any 
distinction between R and N subclasses within this sample 
may be somewhat artificial, however, since an alternative 
scheme for classifying carbon stars (Keenan and Morgan 
1941) suggests that late-type R and early-type N subclasses 
overlap (Jaschek 1985). 

Associations with named variable stars, infrared sources 
detected in the RAFGL survey (Price and Murdock 1983), 
and carbon stars detected in the Case survey (Stephenson 
1973) are included in Table 1 in columns (3), (4), and (5), 
respectively. The next columns give the most accurate avail- 
able position for each of the sources. In most cases, these 
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positions were measured either at the 1.3 m telescope at Kitt 
Peak National Observatory or on the POSS plates with the 
Grant measuring engine at NOAO; they have estimated 
uncertainties ±3" in each coordinate. 

The much smaller number of carbon stars seen in the 
TMSS, compared with those detected in the Case survey 
(Stephenson 1973), results from the fact that the TMSS sam- 
ples a smaller volume of space. Examination of stars lying at 
b> + 30° shows that the fraction of Case carbon stars de- 
tected by the TMSS is significantly greater for N-type carbon 
stars than for the R-type stars. The implications of this 
difference, in terms of the luminosities of the two groups, are 
reviewed in § VI. 

The TMSS found 24 carbon stars which had not been 
detected in the Case objective-prism survey (Stephenson 1973). 
Of these, 15 fell in the region of the sky covered by both 
surveys. At least three causes for the nondetection of these 
stars in the Case survey can be readily identified. First, a few 
stars, such as TMSS +10216, are extremely red (observed 
I' — K> 6 mag). Second, these and other stars missed by the 
Case survey are known infrared variables. Third, a few stars 
are located near other bright optical objects, and may have 
been lost as a result of confusion in the Case survey. 

Only 159 of the sources in Table 1 were detected in the 
AFGL survey. However, 37 carbon stars were found in the 
AFGL survey but were not seen in the TMSS (Kleinmann, 
Gillett, and Joyce 1981). These stars are in general much 
redder than those detected in the TMSS, and represent a 
group of carbon stars that is undersampled by near-infrared 
surveys. The impact of this effect on our assessment of the 
density of carbon stars is discussed in § VI. 

III. SUMMARY OF PHOTOMETRY 

The photometric properties of the sample are summarized 
in Table 2. All measurements were placed on the standard 
photometric systems defined by Johnson (1965), and were 
corrected for interstellar reddening as discussed below. The 
suffix “ v” on an entry indicates that the source is thought to 
be variable at that wavelength (§ ÏV). The TMSS 
magnitudes were converted to the standard photometric / 
band using the relation (Payne-Gaposchkin and Whitney 
1976) 

I — K = 0.745(//— K) -0.13. 

The photometric survey by Noguchi et al. (1981) provided 
J'H'K' magnitudes for 123 stars of the objects in our sample. 
We converted them to J (1.25 /¿m), H (1.65 g,m), and K (2.2 
fim) magnitudes in the Johnson system using the following 
relations, derived by comparing photometry obtained by 
Noguchi et al. (1981) with that of Bergeat and Lionel (1980): 

J = —0.14(//- AT')+0.56, 

H = H' — 0.007( r - K') +0.24, 

K'-0.034(J'- K') +0.20. 

The J, H, and K data from Noguchi et al. (1981) and the 
TMSS I and K data were corrected for interstellar extinction 

using an iterative method similar to that outlined by Cohen 
et al. (1981). The compilation of the Galactic reddening 
distributions by Lucke (1978) were used to determine the 
reddening gradient for each line of sight, and the reddening 
law given in Cohen et al. (1981) was used to obtain the color 
excesses at wavelengths of interest. The total extinction and 
distances to each carbon star in our sample were computed by 
assuming (see below) that they all had the same luminosity at 
2.2 jam, M(K) = -8.1.2 The 2.2 ¡im extinction (AK) derived 
by this method is listed along with the corrected photometry 
in Table 2. 

Photometry at 4.2 /rm was obtained from the RAFGL 
catalog (Price and Murdock 1983) for 150 sources, and at 
longer wavelengths from the IRAS survey for 210 sources. 
(Five stars in our sample, TMSS -20199, -10236, -10441, 
+ 50346, and + 20523, were in regions of the sky not included 
in the IRAS survey.) Photometry from the PSC was used for 
all but the 89 objects listed in the PSC with F(60 /im) < 2.5 
Jy. For these stars, improved signal-to-noise (especially at the 
longest wavelengths) was obtained by co-additions of all 
available IRAS survey data. To do this, we used the “Add- 
Scan” program at IP AC,3 and adopted the peak flux density 
of the median scan across each source as the true flux density 
of the source. These values were systematically higher by an 
average of 5% in the 12 fim band and 10% in the 25 jtim band 
than the flux densities listed in the PSC. 

All of the IRAS photometry was color-corrected according 
to the method described by Hacking et al. (1985). The data 
were than converted to magnitudes using the calibration 
specified in the IRAS Catalogs and Atlases Explanatory Sup- 
plement (1985). Sources with detections weaker than 5 a in 
the Add-Scan photometry are indicated by a colon following 
the value; 3 o upper limits are given for bands in which the 
sources were not detected. 

IV. TEMPORAL PROPERTIES 

The great majority (194, or 90%) of the stars in our sample 
are known or suspected variables. All but one of these are 
identified with named or suspected variables, listed in 
Kukarkin et al. (1969-1971, hereafter GCVS) and its supple- 
ments. Of these, 96 were found to be semiregular or Mira-type 
variables, whose periods range from 60 to 640 days. Informa- 
tion on the infrared variability of these objects is also avail- 
able from both the TMSS and IRAS survey data. Sources are 
noted in Table 2 as potentially variable at / or AT, if the 
dispersion of the measurements was larger than that which 
should be statistically exceeded only 10% of the time. Sources 
are listed as variable at 12 or 25 pm in Table 2 if the PSC 
indicates a probability > 50% that the source varied at one of 
these wavelengths during the course of the IRAS survey. 

2 This value is the average for 54 carbon stars observed in the Magel- 
lanic Clouds by Cohen et al. (1981) and Frogel, Persson, and Cohen 
(1980), assuming distance moduli of 18.6 and 19.1 for the LMC and 
SMC, respectively. For these stars, the dispersion about the average is 
~ 0.6 mag. 

3IPAC is funded by the National Aeronautics and Space Administra- 
tion as part of the Extended Mission Program under contract to JPL. 
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Fig. 1.— Solid-line histogram: Absolute value of the difference in 
AT-magnitude between the corrected data of Noguchi et al. (1981) and the 
TMSS for 125 stars which belong to both samples. Dashed-line histogram: 
Absolute value of the maximum difference of the AT-magnitude from the 
individual observations of the TMSS. Note that those stars which showed 
no x2 excess in the TMSS are not included in the figure. 

From a cross-check on the TMSS and the PSC, we find only 
one star (TMSS -10122) that was considered to be infrared- 
variable but was not found in the GCVS. 

Two independent estimates of the amplitudes of variability 
at 2.2 fim for stars in our sample can be made from available 
photometry. The fact that the TMSS found only 41 out of 215 
carbon stars to be variable indicates that few have large 
( > 0.5 mag) amplitude variations on time scales of months. 
The distribution of amphtudes of the carbon stars that were 
found to be variable in the TMSS is shown in Figure 1. The 
greatest of these is 2.16 mag, which is the amplitude estimated 
for TMSS +10216. An alternative method for evaluating the 
amplitudes of infrared variations of carbon stars is to com- 
pare the corrected data obtained by Noguchi et al. (1981) 
with the TMSS photometry. Like the data obtained in the 
TMSS, these K-band differences were measured at random 
phases in each star’s cycle of variations and therefore gives a 
lower limit to their true amplitudes. A histogram of these 
differences is shown in Figure 1. It is seen that, consistent 
with the results of the TMSS photometry, only a few stars 
differed by more than 0.3 mag, and that the maximum value 
of the differences is approximately the same as the maximum 
amplitude determined from the TMSS data. 

V. SPECTRAL ENERGY DISTRIBUTIONS 

A comparison of the near-infrared colors (/, H, and K) 
obtained by Noguchi et al. (1981) for carbon stars in the 
TMSS with colors of carbon stars seen in the Magellanic 
Clouds (Frogel, Persson, and Cohen 1980; Cohen et al. 1981) 
is shown in Figure 2. The carbon stars in the Magellanic 
Clouds were selected from a near-infrared photographic survey 
carried out by Blanco, McCarthy, and Blanco (1980), and 

from surveys at 2.2 and 3.5 ¡im by Frogel and Richer (1983). 
It is evident that the majority of carbon stars sampled by the 
TMSS have near-infrared colors that span the same range as 
those of the carbon stars seen in the Magellanic Clouds. We 
also note that most of the carbon stars found in the Magel- 
lanic Clouds are, like most of those in the TMSS, of type N 
(Wood 1985). We infer therefore that the carbon stars in the 
TMSS have the same average absolute K-magnitude as those 
found in the Magellanic Clouds. 

The distributions in (/— K)0 and m(K0)— m(ll fim) for 
our sample are illustrated in Figure 3. The means, standard 
deviations, and maximum ranges in these colors are sum- 
marized in Table 3. By far the reddest star in the sample is 
TMSS +10216. The broad range in observed m(K0)- m(12 
jim) undermines the assumption of a narrow range in ab- 
solute magnitude for carbon stars both at 2.2 /xm (as in the 
present paper) and at 12 /im. It is not surprising that these 
colors vary so much among the carbon stars, since (1) their 12 
fim flux densities are, in most cases, dominated by emission 
from circumstellar dust, and (2) previous studies have shown 
(Knapp and Morris 1985), and this work confirms (see below), 
that the masses of circumstellar envelopes of carbon stars 
range over at least 3 orders of magnitude. 

Figure 4 shows the distributions in (I — K)0 and K0 — 
m(12 fim) for the N stars and R stars separately. These data 
provide no evidence for color differences between the stars 
denoted as type N and those denoted type R within our 
sample. The similarity in the infrared colors of these stars 
may be attributable to the fact that, as mentioned in § II, the 
MK classification system indicates a large overlap in the 

2 

1.5 

o 
S' 

.5 

0 
0 .5 1 1.5 2 

(H - K)0 

Fig. 2.— J - H,H - K color-color diagram for 125 stars of the TMSS 
sample {open squares), compared with the photometry of Magellanic 
Cloud carbon stars (filled triangles). Filled squares are the colors of 
carbon stars discovered by Frogel and Richer (1983) in a deep AT-band 
search for red objects in the Bar West field of the LMC. 
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Corrected Colors (in magnitudes) 
0 2 4 6 

Color (mags) 

Fig. 3 Fig. 4 

Fig. 3.—(a) Histogram of the (/- K)0 color for the sample of TMSS carbon stars, (b) Histogram of the m(K0)— m(12 jam) color for the sample of 
TMSS carbon stars. 

Fig. 4.—(a) Distributions in I - K for 22 R stars from the TMSS (dashed histogram) and 117 N stars from the TMSS (solid histogram), (b) As in (a), 
but for K - m(l2 jam) color. There is no evidence for color differences between the R- and N-type stars. 

TABLE 3 
Statistical Properties of Carbon Star Colors 

(I-K)0 [K-m(l2fim)i0 

Mean  2.71 1.84 
Standard deviation.. 1.29 1.25 
Maximum range  0.3-5.8 — 0.6-9.4 

temperatures of the coolest R-type stars and the warmest 
N-type stars. 

Figure 5 shows a color-color diagram for the 193 stars in 
this sample which were detected at 60 /nn in the IRAS 
survey. The departure from the colors expected for thermal 
emission is attributed to variations in the wavelength depen- 
dence of emissivity of grains in optically thin circumstellar 
envelopes. Analyses of the 12-100 fim colors of carbon stars 
have shown that, if the emission at these wavelengths is 
attributed to heated circumstellar dust having an emissivity 
that varies according to va, then a -1.1 (Jura 1986; Zucker- 
man and Dyck 1986&). 

The total luminosity of each star in our sample is Usted in 
Table 4. The resultant range in luminosity, — 6 X103 to 
- 4X104 L0, is in agreement with current models of stars on 
the asymptotic giant branch. 

o 
CO 

lO 
C\2 

O 

500 
300 

200 

100 

-.2 0 .2 .4 .6 
LOG10 [ F( 12) / F(25) ] 

Fig. 5.—Color-color diagram for the TMSS sample of carbon stars. 
Equivalent color temperatures are plotted on the top and right-hand axis. 

An average spectral energy distribution for stars in our 
sample is shown in Figure 6. To obtain this, we normalized 
the spectral energy distribution of each star by its total flux, 
and then computed the energy per octave (vFv) for each star 
at X = 0.9, 2.2, 4.2, 12, 25, 60, and 100 ¡xm. Figure 6 shows 
the average value of vFv/jFvdv at each of these wavelengths. 
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The error bars shown in Figure 6 are formal standard errors 
from the mean of all the stars. As expected, the total luminos- 
ities of the carbon stars in our sample are dominated by 
emission from 0.9 to 5 jum, even for the reddest object, TMSS 
+ 10216. 

The relationships between period and (I — K)0 and 
m(K0)- m(12 fim) colors for the 96 stars in our sample with 
known periods is shown in Figure 7. The best (least-squares) 
linear fits to these data are 

P(days) =(61 + 4)(/-^)0 + 102 + 1.3, r = 0.6, 

/’(days) = {119±2)\K0 - m(l2 fim)] -64 + 0.8, r = 0.6, 

where r is the normalized correlation coefficient of the fit. 
Thus marginally significant positive correlation exists between 
period and color for these stars. In any case, stars with 
periods exceeding 400 days have significantly redder mean 
colors than stars with shorter periods. This conclusion is 
similar to that obtained by Jura (1986), who studied carbon 
stars selected from the GCVS (a sample which overlaps with 
the present one), and by DeGioia-Eastwood et al. (1981) for 
oxygen-rich stars. The implications of these results are discus- 
sed further in § VII. 

We find no correlation between period and bolometric 
luminosity, as illustrated in Figure 8. This is, perhaps, not 
surprising, since (1) the majority of stars in our sample have a 

\ (/im) 

Logjo v 

Fig. 6.—Average spectral energy distribution for the TMSS sample of 
carbon stars, plotted as the flux per octave at each of the observed 
wavelengths normalized to the total flux. Note that the total flux is 
derived by adding all the energy, including that from the wavelengths in 
between the observed bands. The vertical error bars represent 1 formal 
standard deviation from the mean of all the stars in the TMSS sample. 

Vol. 65 

narrow range in bolometric correction and (2) we have as- 
sumed that all stars in our sample have the same value of 
M(K). On the basis of observations of the LMC, Glass et al. 
(1987) report a period-apparent X-magnitude relationship 
for long-period variables, including carbon stars. For a dis- 

blor (magnitudes) 

Fig. 7.—(a) Distribution of the known periods of 96 sources from 
the TMSS sample with (/- K)Q color, (b) As in (a), but with m(K0)- 
m(12 fim) color. Stars with periods longer than about 400 days tend to 
have redder mean colors than those stars with shorter periods. 

Fig. 8.—Distribution of known periods as a function of derived 
bolometric luminosity. 

CLAUSSEN, KLEINMANN, JOYCE, AND JURA 
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399 FLUX-LIMITED SAMPLE OF CARBON STARS No. 3,1987 

tance modulus to the LMC of 18.5 mag, their result gives 

M(K) =1.0 —3.5 log P, 

where P is the period in days. According to this relationship, 
we would expect that M(K) would vary by more than a 
magnitude between stars with P < 200 days and those with 
P > 400 days. Such a difference in the absolute magnitude 
should mean that in our magnitude-limited sample we have 
overestimated the mean distance to the shorter period stars or 
underestimated the distances to the longer period stars. If we 
assume that the two populations have intrinsically the same 
scale height, this would mean that our inferred scale height 
for the shorter period stars would be significantly larger than 
the inferred scale height for the longer period stars. In fact, 
there is no significant difference in the mean height above the 
Galactic plane for the 19 stars with P < 200 days (|z| =180 
pc) and the 31 stars with P > 400 days (|z| =190 pc). There- 
fore, we find no evidence for a similar period-luminosity 
relationship for carbon stars in the local Milky Way. 

VI. SPACE DISTRIBUTION 

Given the assumption of constant absolute X-magnitude 
for all of the carbon stars in our sample [M(K) = - 8.1] and 
the limit of the TMSS ( + 3.0 mag), the present sample should 
include all carbon stars within 1.5 kpc of the Sun. Compari- 
sons with other surveys of carbon stars show the extent to 
which this expectation is fulfilled. At b> +30°, the Case 
survey finds 44 R-type carbon stars and 14 N-type carbon 
stars, whereas the TMSS finds only one R-type star but eight 
N-type carbon stars. Thus the TMSS is relatively less sensitive 
to R-type than to N-type carbon stars. If the Case survey had 
sufficient sensitivity to detect most of the R- and N-type 
carbon stars at these latitudes, then the R-type stars must be 
significantly less luminous at 2.2 ¡im than the N-type stars. 
Neglecting the uncertainty that results from the overlap be- 
tween the R- and N-type classifications, and assuming that 
both groups of stars have the same scale height (which is 
much less than the distance to which they could be seen in the 
Case survey), we estimate that the R-type stars may have 
X-band luminosities that are an order of magnitude lower 
than N-type stars. Since we have assumed that all carbon 
stars in the TMSS have the same absolute X-magnitude, the 
distances to R-type stars in our sample may be overestimated; 
available data suggest, however, that fewer than 15% of the 
carbon stars in the TMSS may be classified as type R. 

Comparison of the TMSS with the RAFGL survey (§ II) 
showed that the TMSS missed 37 extremely red [m(K) - m(12 
/un) > 4 mag] stars that fell in the region of sky it covered. 
Kinematic distances for 20 of these stars can be estimated 
from radial velocities obtained from observations of their CO 
line emission (Knapp and Morris 1985; Zuckerman and Dyck 
1986a; Zhckerman, Dyck, and Claussen 1986). Concentrating 
on those lying within 10° of the Galactic plane (15 out of the 
20), we find that 6 (or 40%) have distances less than 1.5 kpc. 
We thus estimate that -15 of the carbon stars detected in the 

RAFGL survey but missed in the TMSS He within the volume 
sampled by the TMSS, so that the TMSS gives a 7% 
underestimate of the number of carbon stars within this 
distance of the Sun. Presumably, the faintness of these mis- 
sing stars at 2.2 ¡xm may be attributable to extinction of 
starfight by dust in massive circumstellar envelopes. Only 12 
stars in the present sample have K — m(l2 /im) colors as red 
as the carbon stars found only in the RAFGL survey, i.e., 
> 4 mag. TMSS +10216 is the most notable of these. The 
foregoing argument suggests that the distances to these stars 
may be overestimated by assuming that their K-band 
luminosity matches that of other carbon stars in our sample. 
In particular, the estimate of the distance to TMSS +10216 
by this method is 790 pc; we have adopted a distance of 290 
pc (Herbig and Zappala 1970) for this source. Recent studies 
(Zuckerman, Dyck, and Claussen 1986) suggest that the 
distance to this source may be even smaller than this. 

The distances to all carbon stars in the TMSS sample, 
derived by assuming that all have M(K) = - 8.1 mag, are 
presented in Table 4. For those stars with K — m(l2 /im) > 3.4 
(F12 > Fk), the distance is probably overestimated, and we 
have indicated that uncertainty by marking the values with a 
colon. The values of the distances are ~ 20% larger than 
those derived by Knapp and Morris (1985). They should also 
be ~ 20% larger than those derived by Fuenmayor (1981), 
since he assumed M(I) = - 5 for the carbon stars in his 
sample, and since the stars in the TMSS sample have a mean 
(/ — K)0 of 2.7. Our distances are also 2.2 times the distances 
derived by Bergeat, Lunel, and Sibille (1978) from a model of 
the circumstellar envelopes of carbon stars and available 
kinematic data. On the other hand, the distances we compute 
are typically 4 times smaller than those estimated by Thron- 
son et al. (1987), since their estimate of the mean 12 /im 
luminosity is about 15 times higher than that derived here on 
the basis of the assumed absolute K-magnitude for carbon 
stars and their mean K — m(12 /xm) color. 

Using distances given in Table 4, and correcting for the 
regions of the sky not covered by the TMSS, we find that the 
distribution of TMSS carbon stars with height above the 
Galactic plane can be described by an exponential, 

N(z) = N0 exp I - x1q-o.4[a/(/o+8.i] j > 

where N0 is the volume number density in the Galactic plane, 
2.3+ 0.1 dex, and z0 is the scale height, 2.0+ 0.4 dex; the 
errors in these values are dominated by the dispersion in the 
absolute K-magnitudes of carbon stars (0.6 mag) and the 
uncertainty of the distance to the Magellanic Clouds (0.2 
mag). Figure 9a shows this distribution with Galactic lati- 
tude, and the fit as described above for z0 =150, 200, and 250 
pc. The deduced scale height is marginally smaller than that 
determined for the carbon stars with / = 1 0 rotational CO 
line emission studied by Knapp (1983) (2.4 dex) and for OH 
maser stars in the solar neighborhood (2.45 dex). It more 
closely approximates the scale height (2.3 dex) of OH maser 
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Fig. 9.—(a) Histogram of the number of carbon stars vs. absolute Galactic latitude, corrected for the incomplete sky coverage of the TMSS. The best 
least-squares fit to an exponential distribution in z is given by the solid curve; the derived scale height is 200 pc. Dotted and dashed curves are 
distributions with scale heights of 150 and 250 pc, respectively, normalized by the area of the fitted curve, (b) Distribution of carbon stars projected onto 
the Galactic plane. The cardinal longitude points are labeled. The apparent lack of sources in the longitude range 270o-0° is due to the incomplete sky 
coverage of the TMSS: the southern declination limit is —33°. The distribution appears to be fairly uniform in the region of the sky observed. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
87

A
pJ

S 
..

. 
65

. 
.3

85
C

 

FLUX-LIMITED SAMPLE OF CARBON STARS 401 

stars with large (20-30 km s_1) outflow velocities (Herman 
and Habing 1985). Recent models of the Galaxy (e.g., Miha- 
las and Binney 1981) suggest that stars having the scale height 
estimated here for the TMSS carbon stars belong to an 
intermediate-to-old disk population. 

To estimate the mass of carbon star progenitors, we use the 
tabulation of Miller and Scalo (1979) for the scale heights of 
main-sequence stars as a function of spectral class. They show 
that stars with a mean scale height of 200 pc have a mass 
between 1.2 and 1.4 A/0, a value fully consistent with previ- 
ous estimates of the masses of progenitors of carbon stars 
(see, for example, Dean 1976; Dominy 1984). Because the 
scale heights of stars increase with time, there may be some 
objects in our sample with progenitor masses exceeding 1.4 
Mg. In any case, few of the carbon stars in this sample have 
main-sequence masses exceeding 1.6 M0, or less than 1.2 M0. 
Although the metallicity in the Magellanic Clouds is different 
from that in the Milky Way, and the mechanism of carbon 
star formation is sensitive to metallicity (see Iben and Renzini 
1983), it is notable that Aaronson and Mould (1985) find 
carbon stars only in clusters older than - 0.8 X109 yr, which 
implies that the masses of the main-sequence progenitors are 
<2.5 Mq. Zuckerman, Dyck, and Claussen (1986) have 
recently found that carbon stars with large CO line widths 
typically have smaller average Galactic latitudes than those 
with narrower line widths, implying that they may represent a 
different population. 

The projected radial distribution of the carbon stars in our 
sample is shown in Figure 9b. It appears uniform over the 
region observed to a distance of 1.5 kpc. Like Blanco (1965), 
we find no concentration of carbon stars toward the Galactic 
center. We also fail to detect an asymmetry with Galactic 
longitude at the level deduced by Fuenmayor (1981). In fact, 
the TMSS finds the same surface density of carbon stars in 
each of the two regions of Fuenmayor’s survey (one centered 
at the Galactic center, and one centered at the anticenter), i.e., 
0.037 + 0.011 stars per square degree. 

We estimate the disk surface density of carbon stars in the 
solar neighborhood to be 1.6+ 0.2 dex. Correcting for the 
carbon stars that He within 1.5 kpc of the Sun but were 
missed by the TMSS because of their redness, we derive a 
density of 43 carbon stars per square kiloparsec. If this 
surface density is uniform, then the total number of carbon 
stars within a galactocentric radius R=15 kpc is ~ 3 X104. 

VII. THE MASS-LOSS RATE AND THE MASS RETURNED TO 
THE INTERSTELLAR MEDIUM 

An expression for the time-averaged mass-loss rate from a 
circumstellar envelope has been developed by Jura (1987) 
assuming a constant dust-to-gas ratio, and assuming a dust 
grain emissivity at 60 /im of 150 cm2 g-1. It is 

dM , , i\o\1/2 

-=i.7xio-^PC¿q-) , 

where v15 is the outflow velocity in units of 15 km s-1, rkpc is 
the distance to the star in kiloparsecs, LA is the luminosity in 
units of 104 L0, Fv 60 is the flux at 60 fim in janskys, and \10 

Fig. 10.—Histogram of the logarithm of the mass-loss rates for the 
TMSS carbon stars detected at 60 /im with IRAS. The large peak occurs 
at about 2.0x10“7 M0 yr-1 

is the mean wavelength of the Hght emerging from the star 
and its circumstellar shell in units of 10 /im. 

We have assumed, for our sample, that v15=l, and that 
\10 = 0.22 (see Fig. 4), except for those stars with m(K) — 
m(12 fim) > 3.5 mag, in which case we adopt X10 =1.0. For 
those stars with only upper limits to the 60 /im flux, we have 
estimated the mass-loss rate using the 25 /rm flux, with the 
numerical coefficient in the above relation replaced by 4.0 X 
10“8, since a typical value for the ratio of the flux at 25 fim to 
that at 60 fim is 4.5 (Zuckerman and Dyck 19866). One star 
(TMSS +40393) was not detected in either of the 25 or 60 fim 
bands, and an upper limit to the mass-loss rate is shown for 
that star. The results are Hsted in Table 4 and shown as a 
histogram in Figure 10. The peak of the distribution is 2.0 X 
10“7 Mq yr“1, and the half-peak values are 7.9X10“8 and 
3.2 XlO“7 M0 yr“1. The total range of the distribution is 
about 3 orders of magnitude, from 3.2X10“8 to 4.3XlO“5 

Mq yr“1. With the exception of TMSS -30015, which has 
very unusual colors, the mass-loss rates in Table 3 usually 
agree to within a factor of 2 with those estimated by Knapp 
and Morris (1985) for the 14 stars common to both studies, 
when they are corrected to the same distance. Our mass-loss 
rates also agree within a factor of 2 with the estimates 
provided by Olofsson, Eriksson, and Gustafsson (1987). These 
comparisons reflect the constancy of the dust-to-gas ratio in 
carbon stars. 

Figure 11 illustrates the relationship between period and 
mass-loss rate for carbon stars with large ampHtudes at 2.2 
jam (> 0.5 mag) and those with smaller amplitudes. A strong 
correlation between period and mass-loss rate is not observed; 
however, the highest mass-loss rates occur only among carbon 
stars with periods above - 300 days, and among those carbon 
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Fig. 11. — Period vs. the mass-loss rate. Open squares represent those 
carbon stars with periods which have K amplitudes (2.2 ^m) greater than 
0.5 mag as determined from the TMSS or a comparison of the TMSS 
with the data from Noguchi et al. (1981). Filled squares represent those 
carbon stars with periods which have K amplitudes less than 0.5 mag. 

stars with higher near-infrared amphtudes. These results im- 
ply that the phase of high mass-loss rates among carbon stars 
occurs during periods of Mira-like variability. 

Compared with the distribution function of mass-loss rates 
deduced by Knapp and Morris (1985), which is nearly inde- 
pendent of mass-loss rate, the distribution of mass-loss rates 
of the TMSS sample shows a strong peak at a value near the 
minimum of the range of their estimates. This is not unex- 
pected, since, as Knapp (1987) points out, the CO-selected 
sample of Knapp and Morris is strongly biased toward stars 
with high mass-loss rates. Recently, Knapp and Wilcots (1987) 
studied a sample of IRAS sources within 30° of the Galactic 
poles, and deduced that many more stars in this sample have 
low mass-loss rates than in the CO-selected sample. Also, the 
CO study of bright N stars by Olofsson, Eriksson, and 
Gustafsson (1987) shows that mass-loss rates of about 10“7 

M0 yr-1 are common among those stars. 
The integrated rate of mass return to the Galaxy from 

carbon stars is estimated on the assumption that their local 
space density is uniform over galactocentric radii 0 < R (kpc) 
<15. Using the distribution of mass-loss rates for carbon 
stars in the TMSS, we find (dM/dt)tot = 0.013 X(R/15)2 

M0 yr-1, corrected for the incomplete sky coverage of the 
TMSS. This value is dominated by only a few stars; the 
mass-loss rate for TMSS +10216 accounts for nearly a third 
of the total mass-return rate from our sample. 

The total mass return from carbon stars determined from 
the TMSS sample is about an order of magnitude smaller 
than suggested by Knapp and Morris (1985), who estimate 
equal contributions from both carbon stars and M stars with 
a total greater than 0.3 M0 yr-1. However, according to the 
discussion in § VI, the TMSS undersamples extremely red 
stars like TMSS +10216. To estimate their mass-loss rates, 

we note that recent time-series observations of stars found in 
the RAFGL but not in the TMSS show that these stars 
typically have infrared (K-band) amphtudes as great as or 
greater than that of TMSS +10216. Given our previous 
estimate, that 15 stars of this type are located within 1.5 kpc 
of the Sun but are missing from the TMSS sample, and 
assuming that each of these has a mass-loss rate equivalent to 
that of TMSS +10216, then the total mass return from 
carbon stars may be - 5 times higher than that estimated 
from the TMSS stars alone. This value is in good agreement 
with that derived previously by Knapp and Morris (1985) 
from a CO-selected sample. 

VIII. THE CARBON STAR PHASE IN STELLAR EVOLUTION 

In the previous section we showed that most of the carbon 
stars near the Sun are losing mass at a rate > 2x10“7 MQ 

yr-1. Because these stars have main-sequence masses mainly 
between 1 and 1.5 Af0, it is difficult to imagine that they can 
persist in the carbon star phase for much longer than 106 yr; 
otherwise they would lose too much material. This inferred 
lifetime of 106 yr is consistent with the analysis of LMC 
carbon stars by Richer (1981) and with theoretical predictions 
for the duration of the mass-losing phase of asymptotic giant 
branch evolution (Becker and Iben 1980; Bertelh et al. 1986; 
Iben and Renzini 1983), which seems the appropriate stellar 
evolutionary phase to assign to carbon stars. From our de- 
rived surface density of 43 stars kpc-2 and an upper limit to 
the lifetime of 106 yr, we find that the birthrate of carbon 
stars in the solar neighborhood is > 4.3 XlO-11 pc"2 yr’1. 

Miller and Scalo (1979) have compiled a large amount of 
empirical data and theoretical models to synthesize the stellar 
population in the neighborhood of the Sun. From their Tables 
1 and 2, the birthrate of stars with masses between 1.2 and 2 
Mq in the solar neighborhood is 4xlO-10 stars pc-2 yr-1. 
Therefore, at least -10% of all main-sequence stars between 
1.2 and 2 M0 eventually pass through a carbon star phase. In 
fact, if the duration of the carbon star phase is appreciably 
less than 106 yr, an even larger fraction of all these main- 
sequence objects must become carbon stars. A lower limit to 
the duration of the carbon star phase is 105 yr if all main- 
sequence F stars eventually become carbon stars. Even if the 
main-sequence progenitors of carbon stars have masses which 
range up to 6 MG, the lifetime of the carbon star phase can be 
no less than 5 X104 yr, since the birthrate of stars in the mass 
range 1.2-6 Af0 is only 8XlO-10 stars pc-2 yr-1 (Miller and 
Scalo 1979). On the basis of the detection of oxygen-rich 
features in the spectra of carbon-rich stars, Willems and de 
Jong (1986) estimate the duration of the carbon star phase to 
be between 103 and 104 yr. Their results can be reconciled 
with ours only by making the unsupported hypothesis that 
stars oscillate quite frequently between being oxygen-rich and 
carbon-rich as they evolve on the asymptotic giant branch. 
Alternative models for the existence of silicate emission fea- 
tures around carbon-rich stars also exist (Little-Marenin and 
Benson 1987) which do not require such a short duration of 
the carbon star phase of evolution. Finally, it seems that since 
carbon stars are currently on the asymptotic giant branch, 
they eventually will evolve into planetary nebulae (Zuckerman 
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et al. 1978). Our conclusion that at least 10% of all -1.5 MQ 

stars become carbon stars is fully consistent with the result 
reported by Zuckerman and Aller (1986) that approximately 
half of all planetary nebulae are carbon-rich. 

IX. CONCLUSIONS 

The similarity in colors and spectral type of carbon stars 
found in the TMSS and in the Magellanic Clouds suggests 
that they share the same narrow range in absolute X-magni- 
tude. To the extent that all carbon stars have the same 
absolute AT-magnitude, the TMSS provides a volume-limited 
sample of carbon stars within 1.5 kpc of the Sun. Compari- 
sons of the TMSS sample of carbon stars with other surveys 
shows the expected result that surveys carried out at shorter 
wavelengths miss some of the reddest stars found in the 
TMSS, and that the TMSS fails to detect some of the reddest 
carbon stars found in mid-infrared surveys. A minority of 
carbon stars must therefore have lower AT-band luminosities 
than the value assumed here. 

Infrared colors of carbon stars in the TMSS are generally 
nonphotospheric; strong excesses are apparent at mid- and 
far-infrared wavelengths. These excesses are attributed to 
emission from dust in circumstellar envelopes associated with 
the stars. Carbon stars are commonly optical variables, but 
only a few of those sampled by the TMSS show large (AX > 
0.5 mag) variations at 2.2 j^m. 

The scale height perpendicular to the Galactic plane for 
carbon stars is 200 pc. This value suggests that the main- 
sequence progenitors of most carbon stars are probably F-type 
stars, since stars of this mass have a similar scale height 
(Miller and Scalo 1979). 

The surface density of carbon stars in the Galaxy is roughly 
uniform within the volume sampled (r<1.5 kpc). Including 
extremely red stars detected at mid-infrared wavelengths, it is 

43 kpc-2. In contrast with the results of Fuenmayor (1981), 
no evidence of any asymmetry in the distribution of carbon 
stars with Galactic longitude is apparent. This difference may 
be attributed to the reduction of interstellar extinction at 2.2 
fim compared with surveys at shorter wavelength. 

The rate of mass return to the Galaxy from this flux-limited 
sample of carbon stars is found to be significantly less than 
estimated previously from samples selected at wavelengths 
dominated by emission from their circumstellar envelopes. 
Most of the mass lost by carbon stars comes from a few of the 
reddest objects, typically those with high infrared amphtudes 
of variability. We deduce that the mass-loss mechanism among 
these stars must be related to their pulsations. The mass-loss 
rate of extremely red objects like TMSS +10216 is nearly half 
that of all other carbon stars in the TMSS combined. The red 
carbon stars that were missed in the TMSS because of the 
heavy obscuration of their circumstellar envelopes have in- 
frared amplitudes similar to that of TMSS +10216 and may 
eject more than an order of magnitude more mass per unit 
volume per unit time than all of the carbon stars found in the 
TMSS. 

This paper relied heavily on an unpublished compilation of 
spectral classification and identifications of sources in the 
TMSS by C. Payne-Gaposchkin. We would like to thank D. 
McGonagle for his help in producing the tables, and W. 
Buscombe for pointing out some variable star names. We also 
wish to thank F. C. Gillett, B. Madore, P. Schechter, R. 
Jedrzejewski, and B. Zuckerman for helpful comments on the 
manuscript. This workwas partially supported by the AFOSR, 
under grant 85-0057, and by the National Aeronautics and 
Space Administration under JPL contract 947690. M. J. 
acknowledges support from NASA and the National Science 
Foundation. 
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