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ABSTRACT 
We report jK-band magnitudes of a sample of 211 carbon stars in the Galactic anticenter. Using the 

assumptions that carbon stars have a narrow range in K-band luminosity and (I — K) color, we find that the 
surface density, range of brightness, and observed colors of stars in this sample can be understood if (1) the 
K-band extinction gradient in the Galactic plane near / = 180° is between 0.15 and 0.3 mag kpc-1 and (2) the 
density of high-luminosity carbon stars is not significantly lower at 3 kpc from the Sun in the anticenter direc- 
tion than in the solar neighborhood, in contrast to the total density of disk stars, which decreases significantly 
on this scale. A plausible interpretation of this increase in the relative number of high-luminosity carbon stars 
in the anticenter direction is that (1) the metallicity of stars in the anticenter direction is lower than in the 
solar neighborhood and (2) lower metallicity stars spend a longer time [perhaps (2-3) x 105 yr] as carbon 
stars than do solar-metallicity stars, which may spend 105 yr in this stage of their evolution. The data strongly 
suggest that the anticenter high-luminosity carbon stars have a lower average mass-loss rate (1.2 x 10-7 M0 
yr-1) than do the local carbon stars, whose average mass-loss rate is larger than this value by a factor of 
about 1.7. 

I. INTRODUCTION 
Carbon stars have high luminosities, distinctive optical 

spectra and red colors. They can therefore be seen to large 
distances from the Sun and used to study Galactic structure 
(Coheneí ¿i/. 1981). 

Because they are losing large amounts of mass, carbon stars 
are an important source of interstellar material. By studying 
the stars in the anticenter direction where the metallicity is 
lower than in the solar neighborhood, we can hope to infer the 
mass-loss rate as a function of metallicity. 

Fuenmayor (1981) has reported a systematic objective-prism 
survey (to / = 11 mag) of carbon stars in the plane of the Milky 
Way in the anticenter direction. However, attempts to deduce 
the spatial distribution of carbon stars from these data are 
complicated because the amount of circumstellar and inter- 
stellar reddening of carbon stars can be significant at this 
wavelength and because carbon stars display a relatively large 
range in their intrinsic absolute magnitude at I (1.29 mag; 
Claussen et al. 1987). To overcome these problems, we have 
measured the K-band magnitudes of almost all (211 out of 216) 
of the carbon stars identified by Fuenmayor in the anticenter 
region. At this wavelength, the extinction is only about 25% of 
that at /, and the dispersion in absolute magnitude is much 
lower (0.65 mag; Schechter et al 1987). These K-band fluxes 
are used here to infer the spatial distribution of the carbon 
stars with the assumption that all carbon stars have nearly the 
same mean K-band luminosity (Frogel, Persson, and Cohen 
1980). 

Claussen et al. (1987) have used the carbon stars identified in 
the Two Micron Sky Survey (Neugebauer and Leighton 1969, 

1 Operated by the Association of Universities for Research in Astronomy, 
Inc., under contract with the National Science Foundation. 

hereafter TMSS) to derive the properties of carbon stars in the 
neighborhood (d < 1500 pc) of the Sun. They found that the 
exponential scale height of carbon stars is 200 pc and that the 
local space density of these stars is 100 kpc-3. This value is in 
disagreement with the local density of carbon stars inferred by 
Fuenmayor (1981) of 20 kpc-3. One purpose of this paper is to 
check this discrepancy, and to test Fuenmayor’s conclusion 
that the space density of carbon stars increases outward from 
the Sun in the anticenter direction. 

In this paper, we consider only the high-luminosity carbon 
stars that are detected in the Two Micron Sky Survey; we 
ignore the lower luminosity R-type objects. 

II. OBSERVATIONS 
We present K-band photometry of 211 of Fuenmayor’s stars 

in Table 1. These data were obtained during 1987 October and 
November using an InSb photometer on the KPNO2 1.3 m 
telescope. To facilitate comparison with the IRAS data, we 
convert the K-band magnitudes to janskys using 620 Jy = 0.0 
mag (Beckwith et al. 1976). 

Because these stars are variable, our K-band magnitudes are 
not always in agreement with the results given in the TMSS; a 
comparison between the two sets of data is shown in Table 2. 
Two of these stars were noted as 2.2 /mi variables in the TMSS, 
as indicated by their x2 excess. These same two stars show the 
greatest discrepancy between our K-band magnitudes and 
those in the TMSS. 

The IRAS Point Source Catalog (1985) provides additional 
photometry, at wavelengths where the circumstellar dust 

2 Kitt Peak National Observatory is operated by the Association of Uni- 
versities for Research in Astronomy, Inc., under contract with the National 
Science Foundation. 
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TABLE 2 
Comparison between K-Band Magnitudes 

mK 

Star3 This Paper TMSS 

+ 40115(7)  2.31 2.29 
+ 40120(25)   2.63 2.70 
+ 30110(29)b   1.87 2.13 
+ 30114(49)b   1.55 1.97 
+ 20115(84)    2.92 2.95 
+ 20120(100)  1.66 1.76 
+ 30127(110)   2.14 2.14 
+ 30143(179)   1.03 1.00 
+ 10121(209)   0.79 0.75 

3 We list Fuenmayor’s star number in par- 
entheses after the IRC name. We measured 
mK = 2.20 mag for Fuenmayor’s star 44, yet this 
object is not found in the TMSS, which was 
complete to mK = 3.0 mag. It is probably a star 
that has brightened. 

b Found to be variable from its %2 excess in 
the TMSS. 

envelope emission is important for many of the stars in Fuen- 
mayor’s list. For most of Fuenmayor’s stars, an IRAS source 
lies within 30" of the position given by Fuenmayor and has the 
infrared spectral energy distribution expected of a star (that is, 
flux density decreasing with wavelength). Three stars, Nos. 85, 
101, and 193 exhibit an increase in the flux density at 60 /mi, 
and they may be confused with other Galactic plane sources. 
We have found three errors in the IRAS Point Source Catalog 
magnitudes reported by Claussen et al (1987). IRC+ 60113, 
IRC +71077, and IRC +30219 have 12 gm magnitudes of 
0.10, —1.41, and —4.93, respectively. 

in. ANALYSIS 

a) Completeness 
Because we are interested in using star counts to determine 

the spatial distribution of the carbon stars, it is essential that 
we assess the completeness of Fuenmayor’s (1981) survey. 
Although he reports that the survey is complete to / = 11 mag, 
it does not include at least one carbon star, IRC +40120 
(Claussen et al 1987), which lies in the region he surveyed and 
has / = 6.8 mag. Nevertheless, Fuenmayor’s survey is probably 
almost complete because a subsequent objective-prism survey 
for carbon stars in the anticenter region by Machara and 
Soyano (1987) found only 21 additional carbon stars, some of 
which were outside the zone surveyed by Fuenmayor. Another 
class of carbon star not found by Fuenmayor is objects with 
very large amounts of circumstellar extinction. The mass- 
losing carbon star GL 809 is a bright 10 jum source and CO 
radio emitter (Zuckerman and Dyck 1986) and was not identi- 
fied by Fuenmayor, presumably because it is very faint at J. In 
any case, since the typical (/ — K) color of the stars with appar- 
ent K > 5.0 mag is almost 6 mag, Fuenmayor’s sample prob- 
ably becomes incomplete for K > 5.0 mag. 

b) Extinction 
The stars in this sample are sufficiently far away and suffi- 

ciently close to the Galactic plane that extinction by dust can 
be appreciable even at 2 pm. The effects of reddening are dis- 
played in Figure 1, where we compare the (I — K) colors with 
the K-magnitudes of the observed stars. For the brightest stars, 

those with K <3 mag, we find that (I — K) is typically near 3 
mag, in agreement with the average value of 2.71 found by 
Claussen et al. (1987). In the Magellanic Clouds, where the 
metallicity is appreciably lower than in the solar neighbor- 
hood, the /-band photometry of Richer (1981) and the K-band 
photometry of Cohen et al. (1981) show that carbon stars have 
nearly the same intrinsic color, (I — K) = 2.8 mag, as in the 
solar neighborhood. 

The stars that are fainter than K = 3 mag in the anticenter 
direction have (I — K) colors that are generally redder than 3 
mag. We interpret this result to mean that interstellar 
reddening is significant. For stars as faint as K = 5 mag, (I — K) 
colors as red as 5 and 6 mag are common in Figure 1. 

Circumstellar reddening is not normally important because, 
as can be seen in Table 1, in almost all cases, Fv(12 pm) < Fv(2 
pm) which implies that the amount of circumstellar dust is not 
very large (Jura 1986h). 

Classical optical surveys of the amount of dust do not pen- 
etrate to the distances at which the bulk of the carbon stars in 
this survey are located (FitzGerald 1968). Thus, to infer the 
amount of interstellar obscuration, we model the interstellar 
medium as a uniform slab with half-thickness vertical to the 
Galactic plane of d1/2. The extinction gradient in this slab can 
be estimated from measurements of the gas content. According 
to Scoville and Sanders (1987), most of the gas in the anticenter 
direction is atomic rather than molecular. Also, the column 
density of hydrogen gas perpendicular to the plane in the anti- 
center direction out to 6.5 kpc beyond the Sun is approx- 
imately constant at 5.5 M0 pc-2, which gives a column density 
of hydrogen atoms, NH, of 6.9 x 1020 H atoms cm-2. If we 
assume a uniform layer of gas with a half-thickness, of 100 
pc, then the average density of gas atoms is 1.1 cm , similar 
to the value in the solar neighborhood (see Spitzer 1978). With 
Ak/E(B- V) = 0.38 and Nli/E(B— V) = 5.8 x 1021 atoms 
cm 2 mag 1 (Savage and Mathis 1979), then we find that 

Ak/Nh = 6.6 x 10"23 . (1) 

with n(H) = 1.1 cm-3 in the plane, this corresponds to a K 
extinction of 0.2 mag kpc-1. If a star is at Galactic latitude b, 
and at distance d (kpc), we assume that the extinction to the 
star, Ak, is given by 

¿k = if d sin b < di/2 , (2a) 

Ar = [A04K)o/Ad]di/2/sm b if d sin h > d1/2 , (2b) 

where A(AK)0/Ad is a constant. For a conservative low estimate 
to the average amount of reddening, we adopt A(AK)0/Ad = 
0.15 mag kpc-1. 

We now proceed on the basis that we have a better under- 
standing of the absolute K-magnitude and intrinsic (I — K) 
color of carbon stars than we do of the amount of reddening in 
the anticenter direction. We assume that all carbon stars have 
Mk = — 8.1 mag and intrinsic (I — K) color of 2.8 mag. We can 
then calculate the colors of the stars as a function of apparent 
K-magnitude if we know the reddening law (Aj/A^ and the 
extinction gradient. The results for this calculation are shown 
in Figure 1 for three estimates of these parameters. 

Our simple model predicts a linear relationship between 
(I — K) color and mK. In fact, there is a substantial variation in 
the intrinsic (I — K) colors of carbon stars of 1.29 mag 
(Claussen et al. 1987). Fuenmayor’s (1981) photographic pho- 
tometry is not highly precise, and the interstellar medium is 
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K MAGNITUDE 

Fig. 1.—Plot of the (I — K) color vs. K-magnitude of the 212 stars in our sample. Because the survey was conducted to be complete to / = 11 mag, stars that are 
faint ai K (K > 6 mag) cannot have been detected unless their (I — K) color was relatively blue, even though 30% of Fuenmayor’s stars are fainter than his 
completeness limit of / = 11.0 mag. The solid line represents the prediction for a model where all the stars have MK= —8.1 mag, (I — K) = 2.8 mag, and there is 
0.15 K mag kpc-1 of extinction and Aj = 5.11,4*. The short-dashed and long-dashed curves represent models with 0.30 K mag kpc-1 and 0.15 K mag kpc 1 of 
extinction, respectively, for Aj = 3.95/1*. 

quite patchy. Thus, the wide dispersion in (I — K) color as a 
function of mK displayed in Figure 1 is not surprising. 

We find that the average colors of faint carbon stars in our 
sample are redder than indicated by the expected extinction 
gradient (0.15 mag kpc-1) and the reddening law given by 
Cohen et al. (1981), which predicts Aj/Afr = 5.11. If we adopt 
the flatter extinction curve given by Savage and Mathis (1979), 
where Aj/A* = 3.95, then the discrepancy is even worse unless 
we adopt a much higher extinction gradient, 0.3 mag kpc - L 

With 0.3 K mag kpc-1 of extinction, in order not to exceed 
the column density of interstellar gas vertical to the Galactic 
plane inferred by Scoville and Sanders (1987), we require that 
dm < 75 pc. However, the half-thickness of the interstellar 
matter is not well determined by our analysis. 

Fich and Blitz (1984) propose that in the outer Galaxy, the 
extinction is about 3 mag at V for distances about 3 kpc from 
the Sun. This corresponds to about 0.11 mag kpc-1 of extinc- 
tion at K (Rieke and Lebofsky 1985). This value of the K 
extinction gradient is smaller than we find, but the optical data 
may preferentially select lines of sight with less extinction and 
many not imply any major disagreement between these two 
estimates for the amount of extinction. 

c) Luminosities 
We assume that the average absolute magnitude for carbon 

stars is Mk = —8.1 (Claussen et al. 1987). To include the 

Malmquist bias in using star counts to determine the structure 
of the Galaxy (see Mihalas and Binney 1981), we assume a 
Gaussian distribution of the absolute K-magnitudes of the 
carbon stars such that 

n(MK) = (îtcr^o)“1/2 exp [ —(MK + 8.1)2/<j^0] . (3) 

From the data in Cohen et al. (1981), we adopt aMo = 0.65 
mag. 

d) Spatial Distribution of Carbon Stars 
In order to interpret the counts of carbon stars seen in Fuen- 

mayor’s survey, we adopt a simple model invoking an expo- 
nential dependence of source density on galactocentric radius 
(r) and height above the Galactic plane (z) : 

n = n0 exp ( — r/rdisk) exp ( -1 z |/z0) . (4) 

Here r is the galactocentric radius measured outward from the 
Sun (where r = 0) and rdisk is a parameter to measure the scale 
length of carbon stars in the plane of the Milky Way; z0 is the 
scale height above the Galactic plane. Because z0 is determined 
by the amount of matter in the disk, it can be a function of 
distance from the center of the Galaxy, but we assume that z0 is 
constant and independent of galactocentric distance. Numeri- 
cal results not shown here indicate that the observed counts 
are more sensitive to rdisk than z0 as a function of r. Also, 
numerical results show our conclusions are not very sensitive 
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to the possible range of z0 given by Claussen et al (1987). At 

^ the Galactic longitudes of interest here, we do not anticipate 
è any significant warping of the Galactic plane (Henderson, 
S Jackson, and Kerr 1982). For the total density of stars in the 
^ Milky Way, a typical spiral galaxy, we expect that rdisk = 4 kpc 

(Mihalas and Binney 1981). 
In order to compare the star counts with the models, we 

divide the irregular zone surveyed by Fuenmayor into strips 
parallel to the Galactic plane. Each strip is Io in latitude, while 
the length in longitude depends upon the height above the 
Galactic plane, which we take from Fuenmayor’s Figure 2. For 
example, for the zone 0° < h < Io the longitude strip is 36°, 
while for the zone 4° < b < 5° the longitude strip is 9°. There 
are notable differences in the longitude coverage north and 
south of the Galactic plane. 

We further subdivide the sample into stars of different 
apparent magnitudes as a function of latitude within the differ- 
ent longitude strips, displaying the results for the K-magnitude 
ranges 3-4, 4-5, and 5-6. As discussed above, the sample 
becomes seriously incomplete for K > 6 mag, and we do not 

consider the data to be useful for fainter objects. We consider 
models with both 0.15 K mag kpc"1 and 0.30 K mag kpc"1 of 
extinction. In Figures 2a-2e we display the results of our calcu- 
lations for the numbers of stars in the different lattitude bins 
versus the observed numbers of stars. 

Figure 2a shows the results for the expected star counts 
versus latitude for stars in the range 3 <mK< 4 with 0.3 K 
mag kpc-1 of extinction. Because these stars are relatively 
nearby (<2 kpc), there is not much difference between the 
models with 0.15 K mag kpc-1 of extinction and those with 
0.30 K mag kpc-1 of extinction, independent of Aj/Ak. The 
three displayed models have rdisk = 4000 pc, oo, and 
—4000 pc, respectively. (A negative value of rdisk corresponds 
to a case where the number density of carbon stars increases in 
the anticenter direction as proposed by Fuenmayor 1981.) The 
good agreement between the observations and the models indi- 
cates that the local density and scale height for the carbon stars 
inferred by Claussen et al. (1987) are reasonably accurate. 
Because Fuenmayor sampled only a very limited volume of the 
local Milky Way, there are not many stars in this region, and 

GALACTIC LATITUDE 

Fig. 2a 

Fig. 2.—(a) Plot comparing the observed numbers of stars at different latitude bins (the histogram) with models. The solid curve refers to a model with constant 
density throughout the disk (rdisk = oo) and a scale height everywhere of 200 pc. Note that this curve displays wiggles at high latitudes because, in the irregular area 
surveyed by Fuenmayor, some of the longitude strips are longer than others. The short-dashed curve represents a model where the density falls in the anticenter 
region with a scale length rdisk = 4000 pc. The long-dashed curve represents a model with rdisk = —4000 pc. We assume 0.30 K mag kpc-1 of extinction, (b) Plot of 
number count compared with models for stars in the magnitude range 4.0 <mK< 5.0. We assume 0.30 K mag kpc -1 of extinction. The solid curve refers to a model 
of constant n0 in the plane, while the short-dashed curve refers to a model where the density falls with rdisk = 4000 pc. The long-dashed curve refers to a model where 
the density increases outward in the sense that rdisk = —4000 pc. (c) Similar to (b\ except that we consider models with 0.15 K mag kpc-1 of extinction. The solid 
curve refers to a model with a constant density of carbon stars, while the dashed curve refers to a model where rdisk = 4000 pc. (d) Same as (b), but for stars in the 
magnitude range 5.0 < mK < 6.0. (e) Same as (c), but for stars in the magnitude range 5.0 < mK < 6.0. 
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his inferred density of 20 kpc 3 has much less statistical weight 
than does the value of the density inferred by Claussen et al 
(1987). 

The results shown in Figures 2b and 2c are for stars with 
4.0 <mK< 5.0 mag and indicate a substantial difference 
between the model with no gradient in the number density of 
stars and the models with gradients in the number density of 
stars. The model with no density gradient is clearly more con- 
sistent with the data than the model with a decreasing number 
of carbon stars in the outer Galaxy. Our value for the density 
of 100 kpc-3 is in reasonable agreement with the value of 50 
kpc-3 given by Fuenmayor for stars at ~4 kpc from the Sun 
in the anticenter direction. 

Figures 2d and 2c display the models versus observations for 
stars with 5 < K <6 mag corresponding to 3.3 < r(kpc) < 4.7 
for A(AK)0/Ad = 0.15 mag kpc-1. In this magnitude range, the 
star counts are probably incomplete. These figures are consis- 
tent with the hypothesis that the model that best represents the 
real Galaxy is the one with no gradient in the space density of 
carbon stars. This result is in marked contrast to the galacto- 
centric density dependence of all stars, which falls with a scale 
length of 4 kpc. 

IV. MASS-LOSS RATES 

The present sample can be used to determine whether there 
is any systematic difference in the mass-loss rates between the 
stars of solar metallicity in the neighborhood of the Sun and 
those of lower metallicity in the anticenter region. 

Claussen et al (1987) have estimated an average mass-loss 
rate for carbon stars in the solar neighborhood of 2 x 10“7 

Mq yr_1. Here we use the same formalism to estimate the 
dust-loss rate of Fuenmayor’s stars from their infrared emis- 
sion, which we presume to result from circumstellar dust. By 
assuming a dust-to-gas ratio, it is then possible to derive a total 
gas-loss rate. 

From Jura (1986b), we write 

dM/dt = 1.7 x 10"7FV(60 , (5) 

where dM/dt is expressed in units of M0 yr-1. Also, rkpc is the 
distance to the star in kiloparsecs, L4 is the luminosity of the 
star in units of 104 L0, 210 is the average wavelength of the 
light emergent from the star and circumstellar shell together in 
units of 10 fim, vl5 is the outflow speed of the circumstellar 
material in units of 15 km s-1, and Fv(60 ^m) is the flux mea- 
sured at the Earth from the circumstellar shell in janskys. Most 
of the stars that we observed in the anticenter region in the 
K-magnitude region of interest were detected at 25 fim but not 
at 60 /mi. Therefore, we scale the above equation to use the 
25 /an flux to estimate the mass-loss rate. In a circumstellar 
envelope around carbon stars we expect that Fv varies approx- 
imately as v1'5 (Jura 1986b), in agreement with the observed 
colors of carbon stars (Claussen et al 1987). We rewrite equa- 
tion (5) to give 

dM/dt = 4.6 x 10"8FV(25 fim)rlpcL^i,22\^vl5 . (6) 

We derive the distances to the stars from the assumption that 
Mk = — 8.1 mag and that there is an extinction gradient of 
0.15 K mag kpc-1. Given the known colors of carbon stars, if 
Mk = —8.1 mag, this generally implies that L4 = 1 to within a 
factor of 1.2 (see Claussen et al 1987), and we therefore adopt 
L4 = 1. Similarly, nearly all the stars we consider have 
Fv(12 /mi) < Fv(2 /¿m), so, as with the carbon stars in the solar 

neighborhood, we adopt 210 = 0.22. As did Claussen ei al 
(1987), we assume that t;15 = 1. 

The outflow velocities from the carbon stars in the anti- 
center direction have not been measured, and this may over- 
estimate the outflow rate. As discussed in Jura (1986a), 
radiation pressure on dust may control the outflow velocities 
in mass-losing stars so that stars of lower metallicities may, on 
the average, have lower outflow velocities. If / is the metal- 
licity, in the simplest model, we expect that v varies as x1/2- 
However, the constants of proportionality in equations (5) and 
(6) also depend upon the dust-to-gas ratio, which, in the sim- 
plest models, is inversely proportional to the metallicity. 
Therefore, on the average, because the outflow velocities may 
be lower but the gas-to-dust ratio may be higher, equations (5) 
and (6) may underestimate the mass-loss rates from mass- 
losing carbon stars by a factor of xi/2. 

We wish to consider a sample of stars that is far enough from 
the Sun that the metallicity is significantly lower than in the 
solar neighborhood, but sufficiently near that the sample is 
reasonably complete. Thus, we consider all the stars in the 
magnitude range 4.0 < X < 5.0 mag, corresponding to 
2.3 < r(kpc) < 3.3 for MK= -8.1 mag and a X-band extinc- 
tion gradient of 0.15 mag kpc-1. These stars may have an 
average metallicity about a factor of 0.7 of that in the solar 
neighborhood (see below). 

In Table 3 we list the 50 stars in our sample with 
4.0 < X < 5.0, their inferred distance, the measured flux at 
25 /on, and their inferred mass-loss rate. The average mass-loss 
rate for the stars in Table 3 is 1.2 x 10-7 M0 yr-1, a factor of 
1.7 less than the average value of 2.0 x 10-7 M0 yr 1 

for the stars in the solar neighborhood given by Claussen et al 
(1987). Such a difference can be understood if radiation pres- 
sure on grains plays a key role in driving the mass loss from 
carbon stars (see Jura 1986a). 

As discussed above, our determination of the mass-loss rate 
probably scales as the metallicity to the one-half power. 
Because these stars have an average metallicity of ~ 0.7 of the 
Sun’s value, the difference in the inferred average mass-loss 
rates between the two sets of carbon stars is probably not 
strongly affected by our assumption that the dust-to-gas ratio 
is the same for all carbon stars, independent of their metallicity. 

In Figure 3 we display a histogram of the X — [12 /on] 
colors of the stars in Fuenmayor’s survey for which we have 
measured 4.0 <mK< 5.0 mag and for which there are mea- 
sured fluxes in the IRAS Point Source Catalog. For the stars in 
the anticenter direction, we find X0, the apparent X- 
magnitude the stars would have in the absence of extinction 
under the assumption that they are subject to 0.15 K mag 
kpc-1 of extinction. We also find m(12), the color-corrected 
flux at 12 gm in magnitudes where 0 mag corresponds to 
28.3 Jy (see Hacking et al 1985). Note that the color-correction 
procedure essentially increases the magnitude at 12 /un by an 
additive constant of 0.25 mag. The average [X0 - m(12)] color 
of the stars in the anticenter region in the X-magnitude range 
4.0 < X < 5.0 is 1.09 mag. In contrast, the average for the same 
quantity for the carbon stars in the solar neighborhood is 1.84 
mag (Claussen et al 1987). Had we assumed a larger extinction 
gradient, this discrepancy would have been even greater. 

Another difference between the two samples is that fewer 
stars in the anticenter region display are variables. For the 
local stars, about 20% have a probability >50% of being 
variable in the IRAS Point Source Catalog. In the anticenter 
sample of stars with 4.0 <mK < 5.0 mag, only 2 out of 50 (4%) 
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TABLE 3 
Mass-Loss Rates for Stars with 4.0 < K < 5.0 

Star 
D 

(kpc) 
Fv(25 fim) 

(Jy) 
dM/dt 

(10-7 Mq yr-1) 

1 .. 
4 .. 
10. 
11 ., 
21 .. 
27.. 
28.. 
37.. 
38.. 
63.. 
64.. 
65.. 
67.. 
71 .. 
79.. 
80.. 
85.. 
86.. 
90.. 
94.. 
95.. 
101. 
102. 
103. 
108. 
114. 
117. 
118. 
122. 
124. 
126. 
136. 
141. 
153. 
158. 
160. 
162. 
167. 
170.. 
177.. 
183.. 
190.. 
191.. 
192.. 
193.. 
195.. 
201.. 
202.. 
203.. 
214.. 

3.0 
2.6 
2.3 
2.6 
2.5 
3.2 
2.9 
3.0 
2.8 
3.1 
2.7 
3.2 
3.0 
2.9 
2.6 
3.1 
2.7 
2.6 
2.8 
2.8 
3.3 
2.4 
2.9 
2.3 
3.2 
2.4 
3.1 
3.1 
2.8 
3.2 
2.5 
2.6 
3.0 
2.7 
2.9 
3.1 
2.7 
2.6 
2.7 
3.0 
2.6 
3.0 
3.0 
3.0 
2.5 
3.2 
2.6 
3.1 
3.2 
2.6 

<0.48 
0.87 
0.73 
0.98 
1.0 
0.35 
1.0 
2.4 
0.53 
0.66 
0.90 
0.37 
0.59 
0.49 
0.82 
0.86 
0.78 
0.96 
0.52 
0.65 
0.51 
1.2 
0.64 
0.97 
0.54 
0.57 
0.53 
0.51 
0.82 
0.42 
0.77 
0.58 

<0.60 
0.71 
0.54 
0.48 
0.81 
0.56 
0.71 
0.51 
0.80 
0.66 
0.95a 

0.95a 

0.95 
0.91 
0.66 

<0.51 
0.79 
0.59 

<0.93 
1.3 
0.83 
1.4 
1.3 
0.77 
1.8 
4.7 
0.90 
1.4 
1.4 
0.82 
1.1 
0.89 
1.2 
1.8 
1.2 
1.4 
0.88 
1.1 
1.2 
1.5 
1.2 
1.1 
1.2 
0.71 
1.1 
1.1 
1.4 
0.93 
1.0 
0.85 

<1.2 
1.1 
0.98 
1.0 
1.3 
0.82 
1.1 
0.99 
1.2 
1.3 
1.8 
1.8 
1.3 
2.0 
0.96 

<1.1 
1.7 
0.86 

1 Possibly confused. 

of the stars have a probability > 50% of being variable; these 
two are 191 and 192, which may appear variable because they 
are confused. As shown by Jura (1986h) and Claussen et al 
(1987), there is a strong correlation between infrared variability 
and a high mass-loss rate. Also, even though more than 80% of 
the stars in Fuenmayor’s anticenter sample with 4.0 < mK < 
5.0 mag have been identified for some time in Stephenson’s 
(1973) catalog of carbon stars, only two, Fuenmayor stars 28 
and 201, which are EF Aur and GL Ori, respectively, are iden- 
tified as optical variables in the General Catalog of Variable 
Stars (Kholopov et alA9S5). 

In contrast to the [2] — [12] colors, the [12] — [25] colors 
of the two samples of stars are nearly identical. The average 
value of Fv(25 gm)/Fv(12 /mi) from the non-color-corrected 
IRAS fluxes for the stars brighter than mK = 5.0 mag listed in 
Table 1 is 0.31. The average value for the same quantity for the 
stars in the solar neighborhood listed by Claussen et al is 0.34. 

It is clear from Figure 3 that some of the stars in the local 
neighborhood are losing much more mass than the “typical” 
value of ~2 x 10~7 M0 yr-1. However, occasionally even 
low-metallicity carbon stars have high mass-loss rates. That is, 
carbon stars losing large amounts of mass are pre-planetary 
nebulae (Zuckerman et al 1977), and carbon-rich planetary 
nebulae exist in the Magellanic Clouds (Maran et al 1982), 
where the metallicity is known to be lower than in the solar 
neighborhood. 

v. DISCUSSION 
The space density of carbon stars appears to remain con- 

stant at least to 3 kpc beyond the Sun in the anticenter direc- 
tion. This result is quite striking because there is a substantial 
decrease in the total number density of disk stars over this 
same distance. Therefore, the relative fraction of carbon stars 
apparently increases in the anticenter direction. 

This increase in the relative number of carbon stars in the 
anticenter direction has been suspected for many years (Blanco 
1965), and is consistent with other current data for the 
numbers of carbon stars. In regions of high metallicity, such as 
the Galactic bulge, there are relatively few carbon stars 
(Blanco, McCarthy, and Blanco 1984; Frogel and Whitford 
(1987) while in regions of low metallicity, such as the Magella- 
nic Clouds, the relative number of carbon stars is quite high 
(Cohen et al 1981). 

According to Pagel and Edmunds (1981), the metallicity gra- 
dient in the solar neighborhood (—0.05 dex kpc-1) is such that 
at 3 kpc from the Sun the metallicity should have decreased to 
about 0.7 of the solar value. This drop in metallicity could 
significantly enhance the probability that a star will evolve into 
a carbon star (see Iben and Renzini 1983). 

There are relatively more carbon stars in the anticenter 
direction, either because more stars evolve into carbon stars in 
the solar neighborhood or because stars spend a longer dura- 
tion in the carbon star phase. In the solar neighborhood, at 
least half of the stars that die and become planetary nebulae 
are carbon-rich (Zuckerman and Aller 1986). Therefore, it is 
plausible that the explanation for the increase in the total frac- 
tion of stars that are carbon stars in the anticenter direction is 
that the anticenter stars spend a longer time in this carbon-rich 
stage of their evolution. Claussen et al (1987) argued that if 
most F stars on the main sequence become carbon stars, then 
the duration of this phase is about 105 yr. For the low- 
metallicity carbon stars, the duration of the carbon star phase 
might be (2-3) x 105 yr. This lifetime as a carbon star is fully 
consistent with theory where it is predicted that a star spends 
more than 106 yr on the asymptotic giant branch (Iben and 
Renzini 1983). 

VI. SUMMARY 
There are three main results of our analysis : 
1. The K-band extinction gradient in the anticenter direc- 

tion is between 0.15 and 0.3 mag kpc-1 in the plane of the 
Milky Way. 

2. In contrast to the total density of stars, the density of 
high-luminosity carbon stars apparently does not decrease in 
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Fig. 3.—Histograms of the [K — m(12)] color of the stars in the solar neighborhood (solid lines) and in the anticenter region (dashed lines). To have a complete 
sample, we consider only stars with 4.0 <mK< 5.0 mag. The number of such stars in the anticenter region is scaled by a factor of 4.4, so that each histogram subtends 
the same area. We assume 0.15 K mag kpc"1 of extinction. 

the anticenter region out to at least 3 kpc from the Sun. A 
plausible explanation for this result is that lower metallicity 
stars spend more time as carbon stars than do stars of solar 
metallicity. 

3. The average mass-loss rates from high-luminosity carbon 
stars in the anticenter direction appear to be lower by a factor 
of 1.7 than for carbon stars in the solar neighborhood. This 
effect could be a consequence of the lower metallicity of these 
stars so that radiation pressure on dust is less effective in 
driving the mass outflows. Because the relative number of 
high-luminosity carbon stars increases while the mass loss 

from each individual carbon star may decrease, the net contri- 
bution of all carbon stars into the interstellar medium does not 
change drastically at anticenter distances greater than 3 kpc 
from the Sun. 

We thank Paul Schechter and Ben Zuckerman for their 
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and the Air Force Office of Scientific Research, grant 88-0070, 
at the University of Massachusetts. 
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