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ABSTRACT 
We present observations at 2.6 mm wavelength of the CO J = 1-0 line made with the Bell Laboratories 7 

m antenna in the directions of 105 cool, evolved stars having envelopes produced by mass loss. Emission was 
detected from 50 stars, of which about half are M-type Mira variables, half are carbon or S stars, and two are 
supergiants. Twenty of these envelopes are detected for the first time in the CO(l-O) line, including the OH/IR 
supergiant IRC + 10420 and the OH maser-bipolar nebula OH 231.8 + 4.2. The data are used to derive values 
for the stellar systemic velocity, the terminal outflow velocity of the wind, and the mass loss rate M for the 
envelopes. 

The values of M were found by matching the observed line profiles to those calculated from detailed models 
of the circumstellar envelopes. The data suggest that [CO]/[H2] is about 3 times higher in the carbon stars 
than in the M-type Mira variables, whose relative C and O abundances are similar to the solar values. For 
OH/IR stars, the values of M determined from CO observations agree very well in almost all cases with those 
found from observations of the maser shell size. The values of M derived from CO observations cover a range 
of ~10"7 to a few x 10-4 M0 yr-1. A preliminary estimate of the total galactic rate of mass return to the 
interstellar medium by such stars gives MT ~ 0.3 M0 yr-1. 
Subject headings : stars : abundances — stars : carbon — stars : circumstellar shells — 

stars : long-period variables — stars : mass loss 

I. INTRODUCTION 

This is Paper III in a series investigating the properties of the 
circumstellar envelopes produced by mass loss from evolved 
stars. These envelopes are of importance both because of their 
role in the cycling and processing of the interstellar gas and 
because of what they can tell us about the influence of copious 
mass loss on the evolution of the star. Further, it is becoming 
increasingly evident that, at least for stars with M < 5-6 M0, 
the copious mass loss immediately precedes the production of 
a planetary nebula (e.g., Zuckerman 1978). 

In Paper I of this series (Knapp et al. 1982) observations 
were given of the CO J = 2-1 line of a sample of circumstellar 
envelopes. From these observations, approximate mass loss 
rates were derived using simple models. The high spatial 
resolution available with the CO J = 2-1 line allowed an esti- 
mate of the radii of some envelopes to be made, thus providing 
a minimum estimate of the total envelope mass. The implica- 
tions of the large values of the mass loss rate for planetary 
nebula evolution and the results of a radio continuum survey 
of pre-planetary nebula envelopes were discussed in Paper II 
(Spergel, Giuliani, and Knapp 1983). In the present paper, we 
describe observations of 105 evolved stars in the J = 1-0 line 
of 12C160 (hereafter CO); emission was detected from 50 of 
them. From these data we calculate the physical parameters of 
the envelopes: the systemic stellar velocity, the terminal 
outflow velocity of the wind, and the loss rate of CO molecules. 
The first two quantities may be found directly from the data by 
the fitting of a simple line-shape function. Finding the last 
quantity requires knowledge of the distance to the star as well 
as the use of a model of line formation in the envelope to fit the 

observed emission profile. If the model is sufficiently detailed 
or if independent data exist on the relative CO abundance, the 
total mass loss rate can be determined. The goal of the present 
paper is to derive physical parameters as accurately and uni- 
formly as possible for a large sample of objects. Analysis of 
these results will be described in future work. 

In the next section, the observations are described, and 
values for the peak line temperature, stellar velocity, and wind 
outflow velocity are given for the detected envelopes, whose 
line profiles are presented in Figure 24, which appears at the 
end of this paper. In § II, we also describe monitoring observa- 
tions of the CO emission from CIT 6 and the observation of the 
115.4 GHz line of SiC2 in IRC +10216 and CIT 6. In § III, we 
describe calculations of CO emission from model circumstellar 
envelopes, which are used to derive values of the mean mass 
loss rates. The results and their reliability are critically dis- 
cussed in § IV. In § IV we also discuss the rate of return of gas 
to the interstellar medium from evolved stars, and in § V we 
give the conclusions of this work. 

II. OBSERVATIONS 

a) Equipment and Observations 
The observations were made in the winters of 1980/1981 and 

1982/1983 using the 7 m antenna of Bell Laboratories at 
Holmdel, New Jersey. The telescope half-power beamwidth is 
measured to be 100" at 115 GHz. The pointing and tracking 
were found to be accurate to about 20". The spectral line receiv- 
er used for these observations was a filter bank consisting of 
256 0.25 MHz and 512 1 MHz channels. Half of the 0.25 MHz 
filter bank can be processed by a spectrum expander to give 

640 

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



19
85

A
pJ

. 
. .

29
2 

. .
64

0K
 

MASS LOSS FROM EVOLVED STARS 641 

higher frequency resolution. For a few of the observations 
described herein, a resolution of 100 kHz was used, but for the 
great majority of the observations, the observed parameters 
were taken from the 256 x 0.25 MHz filters. 

The receiver response (antenna temperature scale) was cali- 
brated every hour or so during the observations by terminating 
the optical path at the receiver using hot (room temperature) 
and cold (liquid nitrogen) loads. The temperature of the atmo- 
spheric emission was measured at the same time, and the 
attenuation found by fitting to an atmospheric model. Almost 
all of the observations described herein were made during cold, 
clear whether, with the attenuation typically 0.4-0.7 at the 
zenith. 

The observed antenna temperatures were corrected for 
atmospheric attenuation and spillover and finally corrected for 
the beam efficiency of 85% (which was measured using obser- 
vations of Jupiter, whose uniform-disk brightness temperature 
was taken to be 170 K). This calibration involves the assump- 
tion that the source size is of the same order as that of Jupiter 
and of the telescope half-power beamwidth, i.e., in the range of 
l'-2' or less (cf. the discussion in Paper I). The resulting tem- 
peratures are thus expressed in units of TJ, the Rayleigh-Jeans 
equivalent brightness temperature seen by a perfect antenna 
above the atmosphere (Phillips, Jefferts, and Wannier 1974). 

In 1980-1981, a cooled Schottky-barrier diode receiver at 
the Cassegrain focus of the telescope was used for the observa- 
tions. This is a WR-8 version of the WR-12 receiver described 
by Linke, Schneider, and Cho (1978). For the 1982/1983 obser- 
vations, a liquid helium-cooled SIS receiver (Phillips et al 
1981) mounted at the Nasmyth focus was used. The efficiency 
of the telescope/receiver combination was the same to 2% in 
both cases. The single-sideband receiver temperatures were 
typically 340 K for the diode receiver and 280 K for the SIS 
receiver. The effective value of the system temperature (the 
equivalent single-sideband system temperature for a perfect 
telescope above the atmosphere) was ~ 700-1200 K for these 
observations, depending on the zenith angle at which the 
source was observed. 

The observations were made in a position-switched mode, 
with individual observations lasting about 10 minutes. Each 
observation was examined, and those few with nonlinear base- 
lines were rejected. The satisfactory observations were averaged 
and linear baselines removed, using the velocity range(s) deter- 
mined to be free of CO emission. The reference points for 
position switching were generally chosen to be offset by +10' 
in right ascension from the stellar position. For some of the 
sources which are close to the galactic plane and/or have ve- 
locities close to 0 km s-1, the source and reference positions 
sometimes contained emission from galactic molecular clouds, 
resulting in confusion with the observed or expected circum- 
stellar envelope emission. 

b) Sample of Stars 
A sample of 105 stars was observed, with typical total inte- 

gration times of 5 hours for each object. The stars were selected 
according to several criteria. The most important list was that 
of stars known to be CO sources. These previously detected 
stars were included because, as will be discussed in § IV, the 
published data provide insufficient information for the calcu- 
lation of mass loss rates in most cases. IRC +10216 was first 
detected by Solomon et al (1971) and observed with greater 
sensitivity by Kuiper et al (1976). CIT 6 was detected by 
Wilson, Schwartz, and Epstein (1973), and more sensitive 

observations are given by Mufson and Liszt (1975), Knapp, 
Kuiper, and Zuckerman (1979), and Zuckerman (1981). Frogel, 
Dickinson, and Hyland (1975) detected IRC +10450, as did 
Zuckerman et al (1977), who also report detections of IRC 
+ 10011, R Scl, IRC +50096, NML Tau, CRL 865, V Hya, 
IRC +20370, V Cyg, IRC +40485, and CRL 3068. Emission 
from IRC +60150, IRC -10236, CRL 2135, CRL 2155, CRL 
2199, and W Aql was found by Zuckerman et al (1978). NGC 
7027 was first detected by Mufson, Lyon, and Marionni (1975), 
and more recent observations were reported by Thronson 
(1983). R Cas was detected by Lambert and Vanden Bout 
(1978). Lo and Bechis (1976) detected CRL 2688 and CRL 618, 
and Lo and Bechis (1977) reported detections of o Cet, VY 
CMa, S CMi, RS Cnc, IRC +20326, and x Cyg. IRC +40004, 
IRC +10365, IRC -10529, and IRC +70066 were detected 
by Zuckerman (1981). In addition, four stars have been 
detected only in the CO(2-l) line: a Ori (Knapp, Phillips, and 
Huggins 1980) and R Leo, R LMi, and RX Boo (Paper I). In 
the above list of objects, the detections of IRC +40485, S CMi, 
R LMi, and IRC +70066 are considered tentative. Upper 
limits for the CO(l-O) emission from many other stars are 
given by these authors. 

In the present paper, we report observations of all of these 
stars except CRL 2135, and confirm all of the detections except 
those of a Ori, VY CMa, S CMi, and R LMi. For a Ori, we 
have only a very tentative detection of the CO(l-O) line. For 
VY CMa, the narrow line reported by Lo and Bechis (1977) is 
present and likely arises from the large molecular cloud with 
which the star is associated (Lada and Reid 1978); we find no 
emission as broad as the thermal SiO emission line from the 
star (Buhl et al 1975; Morris et al 1979). For S CMi, our 
observations are sensitive enough to be in disagreement with 
the tentative detection by Lo and Bechis (1977). Our observa- 
tion of R LMi is not sensitive enough to conflict with the 
results in Paper I. For the remaining stars, the present observa- 
tions are in substantial agreement with previous work; the 
comparison of the data will be further discussed in § IV of this 
paper. 

Other candidates for observation were selected from lists of 
(1) nearby 1612 MHz OH masers; (2) objects in the AFGL 
catalog (Price and Walker 1976) identified with carbon stars 
(Altamore et al 1980); (3) the “reddest stars in the 2p sky 
survey ” (Kleinmann and Payne-Gaposchkin 1979); (4) nearby 
Mira variables (Bowers and Hagen 1984); and (5) thermal SiO 
emitters (Morris et a/. 1979). In all cases, nearby objects with 
accurately known positions were chosen. In all, 71 additional 
stars were observed, and 19 of them were detected. 

If the velocity of the star was known, the frequency of obser- 
vation was set at this velocity, and was otherwise centered at 0 
km s-1 (LSR). The coverage of the 250 kHz filter banks is 
~ +80 km s-1. However, the chance of missing a star with a 
high velocity is negligible, since observations were simulta- 
neously made with the 1 MHz filter bank, which covers a 
velocity range of ~ 1300 km s-^ 

In all, CO(l-O) emission was detected from 50 stars. The line 
profiles are given in Figure 24. The emission from a Ori is very 
weak, and only an estimate of the CO flux (or its upper limit) 
can be made. The detections of a Ori, Vy 2-2, R Lep, RT Vir, 
IRC + 10420, Y CVn, and IRC + 40483 are tentative. 

c) Results 
The results are summarized in Figure 24 and in Table 1. The 

first three columns of Table 1 list the standard name of the star 
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TABLE 1 
CO(l-O) Observations of Evolved Stars 

Star 
R.A. 

(1950) 
Decl. 
(1950) 

rms 
(K) 

Line Flux 
(K km s-1) n (K) 

FC(LSR) 
(km s-1) (km s x) Notes 

IRC +40004 .. 
VX And   
RAnd    
IRC +10011 .. 
IRC +50030 .. 
Z Psc   
RScl   
OH 127.8 + 0.0 
NGC 650   
WAnd  
o Cet  
SPer  
CRL 341  
UAri   
CRL 482  
IRC +50096 .. 
IRC +40070 .. 
NMLTau  
IRC +60144 .. 
CRL 618  
IRC +50130 .. 
IRC +60150 .. 
R Lep  
IRC +50137 .. 
R Aur  
IRC +30114 .. 
IC 418   
CRL 799  
U Aur   
CRL 809  
IRC +70066 .. 
a Ori  
U Ori  
V Cam  
CRL 865   
IRC +60169 .. 
R Gem  
W CMa  
VYCMa ...... 
SCMi   
OH 231.8 + 4.2 
R Cnc   
RYHya    
X Cnc  
RS Cnc   
R LMi   
IRC -20197 .. 
R Leo   
IRC +10216 .. 
CIT 6   
IRC -10236 .. 
R UMa  
VY UMa   
V Hya    
R Com  
SS Vir   
RVir   
V CVn  
RUVir   
U CVn   
RT Vir  
RHya   
WHya......... 
RX Boo  
RS Vir   
S CrB  
WX Ser  
S UMi   
R Ser   
U Her   
IRC +30292 .. 

00h04m18s 

00 17 15 
00 21 23 
01 03 48 
01 08 03 
01 13 18 
01 24 40 
01 30 28 
01 39 10 
02 14 23 
02 16 49 
02 19 15 
02 29 21 
03 08 15 
03 18 39 
03 22 59 
03 48 55 
03 50 44 
04 30 49 
04 39 34 
04 50 25 
04 56 43 
04 57 20 
05 07 20 
05 13 15 
05 23 47 
05 25 10 
05 37 56 
05 38 52 
05 40 33 
05 41 08 
05 52 28 
05 52 51 
05 55 58 
06 01 18 
06 30 01 
07 04 21 
07 05 43 
07 20 55 
07 30 00 
07 39 59 
08 13 49 
08 17 31 
08 52 34 
09 07 38 
09 42 35 
09 42 56 
09 45 15 
09 45 15 
10 13 12 
10 14 35 
10 41 
10 41 
10 49 
12 01 
12 22 41 
12 35 58 
12 42 47 
12 44 46 
1244 57 
13 00 06 
13 26 58 
13 46 
14 21 
14 24 45 
15 19 22 
15 25 32 
15 31 27 
15 48 23 
16 23 35 
16 25 59 

08 
37 
11 
42 

12 
57 

+ 42°48,21" 
+ 44 25 54 
+ 38 18 02 
+ 12 19 45 
+ 53 27 53 
+ 25 3041 
-32 48 07 
+ 62 11 31 
+ 51 19 22 
+ 44 04 29 
-03 12 12 
+ 58 21 33 
+ 57 48 53 
+ 14 36 48 
+ 70 1647 
+ 47 21 19 
+ 39 43 48 
+ 11 1531 
+ 62 1011 
+ 36 01 15 
+ 49 49 05 
+ 56 0648 
-14 52 47 
+ 52 4853 
+ 53 31 57 
+ 34 06 53 
-12 4415 
+ 13 45 48 
+ 32 01 06 
+ 32 4048 
+ 69 57 15 
+ 07 23 58 
+ 20 1006 
+ 74 30 23 
+ 07 26 03 
+ 60 58 49 
+ 22 46 57 
-11 50 38 
-25 4011 
+ 08 25 35 
-14 36 11 
+ 11 52 53 
+ 02 55 42 
+ 17 25 22 
+ 31 1006 
+ 34 44 33 
-21 48 05 
+ 13 3045 
+ 13 30 45 
+ 30 49 24 
-14 24 31 
+ 69 02 19 
+ 67 40 26 
-20 59 04 
+19 03 38 
+ 01 02 50 
+ 07 15 47 
+45 42 47 
+ 04 25 02 
+ 38 38 23 
+ 05 27 14 
-23 01 24 
-28 07 05 
+ 25 55 49 
+ 04 53 54 
+ 31 32 46 
+ 19 4413 
+ 78 48 10 
+ 15 17 01 
+ 19 0018 
+ 34 54 36 

0.04 
0.08 
0.05 
0.09 
0.04 
0.05 
0.13 
0.05 
0.05 
0.03 
0.04 
0.03 
0.03 
0.07 
0.04 
0.07 
0.05 
0.04 
0.05 
0.12 
0.10 
0.04 
0.05 
0.05 
0.03 
0.06 
0.06 
0.03 
0.05 
0.05 
0.04 
0.02 
0.03 
0.05 
0.04 
0.03 
0.04 
0.13 
0.05 
0.03 
0.02 
0.03 
0.04 
0.05 
0.03 
0.03 
0.12 
0.03 
0.05 
0.02 
0.04 
0.04 
0.04 
0.12 
0.04 
0.04 
0.03 
0.03 
0.04 
0.07 
0.06 
0.08 
0.13 
0.02 
0.05 
0.03 
0.03 
0.08 
0.07 
0.04 
0.06 

2.9 ± 0.3 

1.4 ± 0.2 
5.6 ± 0.6 

10.8 ± 0.8 

2.6 ± 0.1 

2.4 ± 0.2 
4.7 ± 0.3 

6.0 ± 0.2 
3.2 + 0.2 

12.3 ± 0.7 

2.0 + 0.2 
(2.5 ± 0.3) 
1.6 + 0.3 
0.9 ± 0.1 

2.2 + 0.2 
(0.3 ± 0.1) 

3.3 ± 0.2 
1.9 + 0.1 

3.5 + 0.4 

1.0+ 0.1 

0.3 ± 0.1 
123.1 + 0.2 

19.9 + 0.1 
3.0 ± 0.2 

5.4 ± 0.5 

(0.7 ± 0.1) 
1.4 + 0.2 

(1.3 ± 0.2) 

1.4 ±0.1 

0.09 ± 0.01 

0.13 ± 0.01 
0.18 ± 0.01 

0.32 ± 0.02 

0.38 ± 0.01 

0.11 ±0.01 
0.21 ± 0.01 

0.20 ± 0.01 
0.12 ± 0.01 
0.43 ± 0.02 

0.12 ± 0.01 
(0.09 ± 0.01) 
0.08 ± 0.01 
0.06 ± 0.01 

0.08 ± 0.01 

0.16 ± 0.01 
0.08 ± 0.01 

0.04 ± 0.004 

0.12 ± 0.01 

0.05 ± 0.01 
5.10 ± 0.02 
0.74 ± 0.01 
0.21 ± 0.01 

0.22 ±0.02 

(0.06 ± 0.01) 
0.07 ± 0.01 

(0.08 ± 0.01) 

0.09 ± 0.01 

—19.7 ± 1.2 

-16.0 ±0.4 
+ 9.5 ±0.8 

—17.7 ± 1.2 

+ 46.8 ± 0.1 

-12.2 ± 1.3 
-17.2 ±0.7 

+ 34.6 ±0.4 
-44.5 ± 0.9 
-21.3 ±0.6 

+ 13.4 ±0.3 
(+15.6 ± 1.4) 

+ 6.8 ± 1.3 
-0.4 ±0.6 

+ 42.3 ± 0.4 
-22.3 + 0.7 

+ 25.0 + 4.4 

+ 6.8 ±0.3 

-2.5 ±0.5 
-26.2 ± 0.0 
-1.8 ±0.2 
+ 3.3 ±0.3 

-13.8 ± 1.2 

24.2 ± 1.5 

8.7 ± 0.4 
23.0 + 0.9 

24.7 + 1.7 

6.0 ± 0.2 

16.0 ± 2.1 
16.8 ± 0.9 

22.0 ± 0.6 
20.4 ± 1.5 
21.5 ± 0.9 

12.5 ± 0.1 
(20.5 ± 1.6) 
14.7 ± 1.9 
10.9 ± 0.6 

+ 0.9 ±1.2 21.1 + 1.2 

15.3 ± 0.4 
16.9 ± 0.5 

68.5 ± 3.5 

5.3 ± 0.4 

4.0 ± 0.6 
15.2 + 0.0 
16.9 ± 0.1 
10.9 ± 0.4 

20.9 ± 1.1 

( + 21.7 + 0.3) (7.9 ±0.3) 
+ 0.5 ± 1.0 16.9 ± 1.3 

(+15.4 + 0.4) (11.3 + 0.5) 

+ 1.6 ±0.4 11.5 + 0.6 

1, 2 

4, 5 

4, 5 

4, 5 

3, 6 

6 

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



19
85

A
pJ

. 
. .

29
2 

. .
64

0K
 

MASS LOSS FROM EVOLVED STARS 643 

TABLE 1.—Continued 

Star 
R.A. 

(1950) 
Decl. 
(1950) 

rms 
(K) 

Line Flux 
(K km s“1) n (K) 

KC(LSR) 
(km s"1) 

K 
(km s A) Notes 

IRC +10322 
IRC +20326 . 
T Dra  
IRC -10396 
CRL2154 ... 
CRL2155 ... 
IRC +00351 
CRL2199 ... 
IRC +10365 
IRC +20370 
WAql   
Vy 2-2  
IRC +10420 
X Cyg   
IRC -10529 
V Cyg  
NML Cyg ... 
CRL2688 ... 
IRC +00499 
NGC 7027 ... 
T Cep  
IRC +40483 
IRC +40485 
fi Cep   
CRL2901 ... 
MY Cep   
R Peg  
CRL3068 ... 
NGC 7662... 
CRL 3099 ... 
IRC +40540 
R Aqr  
R Cas  
WZ Cas   

17hllm56s 

17 29 42 
17 55 37 
18 04 05 
18 23 57 
18 24 01 
18 24 25 
18 33 20 
18 34 58 
18 39 42 
19 12 42 
19 21 59 
19 24 27 
19 48 39 
20 07 48 
20 39 41 
20 44 34 
21 00 20 
21 03 18 
21 05 09 
21 08 53 
21 25 25 
21 32 06 
21 41 59 
22 24 04 
22 52 32 
23 04 08 
23 16 43 
23 23 29 
23 25 45 
23 32 00 
23 41 14 
23 55 52 
23 58 42 

+ 08°59'22/' 
+17 47 35 
+ 58 13 24 
-09 41 37 
-06 55 34 
+ 23 27 01 
+ 01 07 14 
+ 05 33 17 
+10 23 04 
+ 17 38 16 
-07 08 07 
+ 09 47 59 
+ 11 15 11 
+ 32 47 12 
-06 25 02 
+ 47 57 44 
+ 39 55 56 
+ 36 29 43 
-00 24 48 
+ 42 02 02 
+ 68 17 13 
+ 36 28 53 
+ 38 5100 
+ 58 33 00 
+ 60 04 29 
+ 60 33 36 
+ 10 16 21 
+ 16 55 07 
+ 42 15 36 
+10 38 07 
+ 43 16 17 
-15 33 41 
+ 51 06 36 
+ 60 04 36 

0.05 
0.11 
0.04 
0.05 
0.10 
0.06 
0.04 
0.06 
0.05 
0.07 
0.06 
0.02 
0.03 
0.06 
0.10 
0.06 
0.08 
0.13 
0.06 
0.13 
0.05 
0.03 
0.05 
0.04 
0.03 
0.04 
0.06 
0.06 
0.11 
0.04 
0.05 
0.08 
0.04 
0.03 

5.4 ± 0.5 
1.3 + 0.1 

3.6 ± 0.3 

1.9 + 0.2 
3.0 + 0.2 
6.9 ± 0.4 
9.6 + 0.3 

(0.3 + 0.1) 
(2.4 + 0.3) 
4.0 ± 0.2 
6.7 + 0.6 
6.5 + 0.3 

33.7 + 0.7 
2.0 + 0.3 

23.1 + 0.6 

(0.9 ± 0.1) 
2.6 ± 0.2 

6.9 + 0.3 

2.1 ±0.1 
9.2 + 0.2 

1.9 + 0.2 

0.23 ± 0.02 
0.07 ± 0.01 

0.18 + 0.01 

0.16 ± 
0.13 ± 
0.32 + 
0.36 ± 

(0.02 + 
(0.03 ± 
0.29 + 
0.30 ± 
0.37 + 

0.02 
0.01 
0.01 
0.01 
0.004) 
0.005) 
0.01 
0.02 
0.01 

1.27 ± 0.02 
0.09 + 0.01 
0.98 + 0.03 

(0.04 ± 0.004) 
0.11 ±0.01 

0.36 ± 0.01 

0.16 ± 0.01 
0.47 ± 0.01 

0.12 + 0.01 

-5.0 ± 0.8 
-12.3 ± 0.7 

+ 60.4 ± 0.6 

+ 36.0 + 0.6 
-31.4 + 0.5 
-0.7 ± 0.4 

-25.0 + 0.4 
(-44.3 ± 1.0) 
( + 80.9 + 5.4) 

+ 9.7 ±0.3 
-15.1 ±0.7 
+ 13.3 + 0.4 

-36.0 + 0.2 
+ 1.5 ±0.5 

+ 24.8 + 0.3 

( + 42.4+ 1.5) 
-4.5 ± 1.1 

-31.1 ±0.2 

+ 46.6 ± 0.4 
-14.7 ± 0.3 

+ 25.7 + 0.5 

17.5 + 0.7 
14.0 ± 0.9 

15.1 ± 0.8 

8.0 ± 0.4 
16.7 ± 0.4 
15.6 ± 0.6 
19.9 ± 0.5 

(12.1 ± 1.0) 
(51.7 ± 7.3) 
10.2 ± 0.4 
15.8 + 0.9 
13.1 ± 0.5 

19.7 ± 0.3 
16.4 ± 0.6 
17.9 ± 0.2 

(18.0+ 1.1) 
14.9 ± 1.4 

14.5 ± 0.2 

10.1 ± 0.5 
14.7 ± 0.3 

12.3 ± 0.6 

4, 5 
3 

Notes.—(1) Parameters from Gaussian fit. (2) Observed with 100 kHz filters. (3) Galactic emission either at expected velocity of star or near 0 km 
s-1. (4) Confusion by galactic CO emission. (5) Line flux calculated from parameters of parabolic fit. (6) Parameters from 1 MHz filter bank. (7) 
Flattened parabola fitted to data. See text, § lie. (8) The quoted errors are internal errors only. The systematic errors in the line flux and TJ are 
~ 20%. The errors in Vc and V0 are increased by at least a factor of 2 for weak detections by baseline ripple. 

and the 1950 position used in the observations. Column (4) 
gives the rms noise in the 250 kHz filter banks. Since the 1 
MHz filter bank observations were examined also, upper limits 
may be calculated assuming half of the value of the rms noise 
given in Table 1. Next, in column (5), is the integrated flux in 
the CO line found by summing over the velocity range of the 
observed emission, in units of K km s-1. Finally, in columns 
(6), (7), and (8) we list the peak emission temperature TJ(peak), 
the central velocity Vc of the line, and the terminal outflow 
velocity of the envelope, V0. 

The last three quantities were found as follows. If the 
envelope is spherically symmetric with constant outflow veloc- 
ity, unresolved by the instrumental beam, and optically thick 
everywhere in the CO(l-O) line, the resulting emission line is 
parabolic in shape (Morris 1975, 1980). The observed line 
shape allows strong constraints on the parameters of the cir- 
cumstellar envelope to be set (Morris 1980); for the present 
observations, this is further discussed in the next section. The 
line profiles, which are presented in Figure 24, were examined 
and their line shapes indeed found to be consistent with being 
parabolic, within the noise, in most cases. The line shape may 
then be described by 

T*a(V) = T*(peak) 1 - 

= 0, 

\v-vc\<v0 

\V-VC\>V0. (1) 

A function of this form was fitted to the observed data to 
give the results in Table 1. [The quantity T5(peak) is referred 
to as TJ for brevity.] The fitting was done using a grid-search 
least squares technique (Bevington 1969, p. 220). In each 
case, the fitted line was plotted on top of the data for visual 
examination of the goodness of fit. The residuals of the fit were 
also examined. An example of the calculated fit for the observa- 
tion of CRL 3099 is shown in Figure 1. The exception to the 
above is Mira, whose profile (see Fig. 24) was Gaussian in 
appearance. The parameters in Table Fare those of a Gaussian 
fitted to the data for Mira. 

The flux in a parabolic emission line is given by 4T%VJ3. 
For a few of the observations, galactic emission, either at the 
position of the star or in the reference positions, contaminates 
the observed line profile. In these cases (indicated in the notes 
to Table 1), the line area listed is calculated from the pa- 
rameters of the parabola fitted to the uncontaminated portion 
of the profile. 

The parabolic line shape can become flatter on top either as 
a result of resolution by the telescope or because the emission 
is optically thin (Morris 1975, 1980). The former is known to 
occur for IRC +10216 (Kuiper et al 1976) and the latter for 
CIT 6 (Knapp, Kuiper, and Zuckerman 1979). For both of 
these objects, we have acquired profiles with a high signal-to- 
noise ratio (see § lid) which are observed to be flat-topped, and 
equation (1) does not provide a good fit to the observations. A 
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Fig. 1.—The CO(l-O) line profile of CRL 3099 observed with the Bell 
Laboratories 7 m antenna. The ordinate is Rayleigh-Jeans equivalent bright- 
ness temperature TJ in K, and the abscissa is velocity with respect to the LSR 
in km s-1. The observed points are shown by dots, and a parabolic profile 
fitted by least squares by the solid line. 

flat-topped parabola may be approximately parameterized by 
replacing the first part of equation (1) by 

TS(F) - T„[l - exp {-{l - - *-r‘ • 

(2) 

where T0 = T$(peak) (e.g., Kuiper et al 1976; Knapp, Kuiper, 
and Zuckerman 1979). A function of this form was fitted to the 
profiles for IRC +10216 and CIT 6 using a similar grid-search 
method, and provides excellent fits to the data (see Figs. 2 and 
3). The calculated values are listed in Table 2, and the resulting 

Fig. 2.—The CO(l-O) line profile of IRC +10216. The fitted curve is a 
flattened parabola (see text). 

TABLE 2 
Four-Parameter Fits to the CO(l-O) Line Profiles of 

IRC +10216 and CIT 6 

Parameter IRC +10216 CIT 6 

Tpeak (K)    5.76 + 0.01 0.86 ± 0.005 
(a    2.2 +1.0 2.0 ±1.0) 
T0{K)   5.10 + 0.02 0.74 ±0.01 
V0 (km s_1)  15.20 ± 0.02 16.91 ± 0.06 
Vc (kms_1)   -26.23 ± 0.02 -1.78 ±0.06 

Note.—Quoted errors are internal statistical errors only. 
The systematic errors in the temperature scale are ~ 20%. 

values of Vc, V0, and T5(peak) in the appropriate columns in 
Table 1. As can be seen, the fitting of equation (2) optimizes, to 
first order, the product aT0, and observations with a very high 
signal-to-noise ratio are needed if equation (2) is to be more 
useful than equation (1). In the present set of data, only the 
profiles of IRC +10216 and CIT 6 fulfill this criterion. Note, 
however, that if a profile is not parabolic but is flat-topped, the 
use of equation (1) rather than equation (2) can result in V0 
being overestimated. 

The errors quoted in Tables 1 and 2 are internal errors found 
from the fitting procedure. Systematic errors due, for example, 
to calibration uncertainties and baseline ripple are likely to be 
much larger, of order 20% in the peak temperatures and line 
fluxes, and up to twice the quoted values for the errors in V0 
and Vc for weak lines. 

For IRC +10216, the value of Vc in Table 2 agrees very well 
with values for several molecules given by Olofsson et al 

Fig. 3.—The CO(l-O) line profile of CIT 6. The fitted curve is a flattened 
parabola (see text). 
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Fig. 4.—Time dependence of the integrated line intensity of CIT 6 (relative to that of IRC +10216). The phase of the stellar variation (relative to maximum light) 
is given on the top horizontal axis. 

(1982). The value of V0, 15.2 km s- \ is larger than the values of 
14—14.5 km s-1 found by these authors, but agrees with the 
value found by Kuiper a/. (1976). 

d) Monitoring of CIT 6 
At sufficiently low values of the mass loss rate and/or relative 

CO abundance, the CO in circumstellar envelopes is excited 
primarily by infrared radiation from the central star. There 
thus exists the possibility of variations in the intensity of the 
CO emission, because of changes in the infrared output of the 
star due to its intrinsic variability and, possibly, to other epi- 
sodic occurrences (Cohen 1980). CIT 6 is a star whose emission 
has been suspected of such variability; the evidence for this, 
and a model to account for the possibly variable emission, are 
discussed by Morris (1980). 

As part of this series of observations, the CO emission from 
CIT 6 was monitored at intervals of about one week, weather 
permitting, during the winter of 1980/1981. Two further obser- 
vations were made at the beginning and end of 1982. To avoid 
large spurious effects, due, for example, to weather conditions 
or bad telescope pointing, an observation of IRC + 10216 was 
made at the same time. In Figure 4 we show the results of these 
monitoring observations, plotted as the ratio of the integrated 
line intensity for the two objects. The error bars are calculated 
from internal errors (noise) only. The phase of the variations of 
CIT 6, relative to maximum light, is also shown in the figure, 
from the ephemeris given by Alksnis and Khozov (1975). Apart 
from a possible decrease in 1981.1-1981.2, no significant varia- 
tion of the CO flux of CIT 6 is evident in the figure, and neither 

was variation in the line shape found. This agrees with the 
results of monitoring observations by Knapp, Kuiper, and 
Zuckerman(1979). 

e) The 115A GHz Line o/SiC2 in CIT 6 
Among the several unidentified lines discussed by Rodriguez 

Kuiper et al. (1977) is one at 115.383 GHz found in IRC 
+ 10216. This has recently been identified as due to SiC2 by 
Thaddeus, Cummins, and Linke (1984). We summed the moni- 
toring observations of IRC +10216 and CIT 6 and examined 
this frequency range in the 1 MHz resolution spectra. The line 
profile for IRC +10216 is shown in Figure 5. The pronounced 
asymmetry in the line shape described by Rodriguez Kuiper et 
al. (1977) may be present in the spectrum shown in Figure 5. 
(This asymmetry is not present in the spectrum given by 
Cummins, Morris, and Thaddeus 1980.) Interestingly, the 
asymmetry is in the opposite sense from the slight asymmetry 
seen in the CO line (e.g., Fig. 2). Cummins, Morris, and Thad- 
deus (1980) also find that the intensity of the 115.4 GHz line 
relative to that of the CO line is 0.040 measured with the 
NRAO 11m antenna. This value is very similar to that mea- 
sured by the 7 m antenna (Table 3), suggesting that CO and 
SiC2 have a similar spatial distribution in the envelope of IRC 
+ 10216. 

In Figure 6 we show the same spectral region for the 
summed data for CIT 6; the line is marginally detected. Its 
strength relative to the CO line is similar to that of IRC 
+10216, as summarized in Table 3, consistent with the many 
other similarities of these two stars (e.g., Henkel et al. 1985). 

V (G H £ ) 
Fig. 5.—Profile of the SiC2 (115.4 GHz) line for IRC + 10216, observed with a frequency resolution of 1 MHz. 
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TABLE 3 
Observations of the SiC2 Line in IRC -1-10216 and CIT 6 

Parameter IRC +10216 CIT 6 

Line intensity (K km s- ^  5.7 ± 0.6 0.70 ± 0.06 
SiC2/CO     0.046 + 0.005 0.035 + 0.003 

III. MODELS OF CIRCUMSTELLAR ENVELOPE EMISSION 

a) Qualitative Behavior of Models 
In principle, the circumstellar envelopes represent a straight- 

forward group of objects to be modeled; the velocity field, 
density distribution, and radiation field are all reasonably well 
known if there have not been strong variations in the mass loss 
rate. Calculations of the expected emission for various mole- 
cules have been made by Kwan and Hill (1977), Morris and 
Alcock (1977), Morris (1980), and Kwan and Linke (1982). 

The special case of CO emission from circumstellar clouds 
presents some unique complications and difficulties. Other 
molecular species in circumstellar envelopes, less abundant 
than CO and with larger permanent dipole moments, are 
excited primarily by infrared radiation from the central star 
(with the possible exception of HCN; Jura 1983a). For CO, the 
infrared radiation competes with rotational excitation by colli- 
sions and by trapped rotational line photons to determine the 
populations of the rotational levels. This not only makes the 
coupled equations of level population and radiative transfer 
difficult to solve, but also has the result that there is no simple 
relationship between the envelope parameters and the 
observed emission which holds in all cases. Calculations 
by Morris (1980) indicate two well-defined regimes. When 
Mf/V0AV < 0.7 x 10“10, where M is the mass loss rate in M0 
yr-1, / the abundance of CO relative to H2, V0 the outflow 
velocity in km s-1, and AV the local velocity dispersion due to 
the rms and turbulent broadening (km s“1), the envelope is 
optically thin both tangentially in the rotational lines and radi- 
ally in the i; = 0—> 1 line at 4.6 /mi, and infrared excitation 
dominates. In this case, Morris finds for a limited range of 
parameters, and for resolved envelopes, 

T^(line center) - T0fMD~12V;2 (3) 

for the CO(l-O) line, where T0 is weakly dependent on the 
infrared radiation field of the star, and D is the distance to the 
star. (Throughout this paper we denote antenna temperatures 
calculated from models by 7^.) 

The distance dependence in equation (3) arises because of the 
large outer radius of the model envelope, 5 x 1017 cm. At dis- 
tances less than about 1 kpc, such envelopes are partially 
resolved. The resulting line profile is flat if D > 1 kpc and 
becomes double-peaked at smaller distances. In general, 
Morris’s models show that for optically thin envelopes it is 
difficult to avoid double-peaked profiles unless the effective 
envelope radius is small or the distance large. 

For envelopes in which Mf/V0AV > 1.3 x 10"10, Morris 
(1980) shows that the CO opacity exceeds unity for both the 
i>=l—>0, J=l—>0 line at 4.6 /¿m (radially) and, throughout 
much of the envelope, in the 2.6 mm J = 1 —► 0 line 
(tangentially). In this case, the resulting line profiles are 
rounded or parabolic. The profiles become increasingly flat- 
topped as the envelope becomes more resolved, IRC +10216 
being a case in point. For optically thick envelopes with con- 
stant outflow velocities, the infrared field is relatively unimpor- 
tant, and the level populations are dominated by collisions and 
radiative trapping of rotational line photons. Of course, a sub- 
stantial radial velocity gradient, or an abrupt velocity shift in 
the outflow, would enhance the importance of IR excitation. 
Indeed, observations of multiple outflowing shells in some 
stars suggest that such an effect should ultimately be taken into 
account. In any case, the intensity of the CO line increases with 
M, if / is held constant and if the radial temperature distribu- 
tion is assumed not to depend on M. 

b) Input Data for Models of Circumstellar Envelope CO 
Emission 

The above summary forms a context in which the present set 
of observations can be examined to discover the required range 
of parameters for models of the emission. Useful information 
can be obtained from an examination of the profile shapes and, 
in principle, by a comparison between the J = 1-0 intensities 
observed with the Bell Laboratories 7 m antenna and the 
NR AO 11m antenna, and the J = 2-1 intensities observed 
with the OVRO 10 m antenna (Paper I). 

The line profiles accumulated during the present investiga- 
tion are presented in Figure 24; from these, an estimate of the 
profile shape can be made for most objects. The signal-to-noise 
ratio of the observations is such, however, that we often cannot 
reliably determine whether a given profile is flat or rounded. 

Some stars (R Lep, a Ori, R Leo, Y CVn, RT Vir, Vy 2-2, 
IRC +10365, R Aur, and IRC +40483) were not observed 
with sufficient sensitivity to define their profile shapes. A few 
profiles (those of CRL 482), T Dra, RU Vir, and W Aql) appear 

Z/(GH?) 
Fig. 6.—Spectrum near 115.4 GHz of CIT 6, observed with a frequency resolution of 1 MHz. 
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to be flat-topped. The profile of o Get is Gaussian or triangular. 
The remaining line profiles are rounded. None of the line pro- 
files shows any signs of being double-peaked, with the possible 
exceptions of those for R Sel, V Hya, and IRC +10365. This 
examination of the profile shapes suggests that many of the 
envelopes have optically thick CO emission. 

In Table 4 we summarize the data for the detected stars, 
including the estimated distance to the star (col. [3]), and refer- 
ences for the distances (col. [4]). Many of these distances are 

obtained by assuming that the bolometric luminosity of the 
star is 104 Le (Smak 1966) and comparing this with the bolo- 
metric flux derived from infrared measurements. Interstellar 
extinction was ignored. The infrared data were taken from the 
extremely useful compilation by Gezari, Schmitz, and Mead 
(1982). Some of the distance estimates in Table 4 differ some- 
what, though not greatly (except for x Cyg), from those used in 
Paper I. The distance of Vy 2-2 is taken as 1 kpc to provide 
agreement between the CO line and the radio continuum 

TABLE 4 
Distances and Envelope Chemistry for Evolved Stars 

Star 
(1) 

Envelope 
Chemistry 

(2) 

Distance 
(pc) 
(3) 

Sources for 
Col. (3) 

(4) 

T* 
(NRAO)a 

(5) 
R 
(6) 

Spectrum 
(7) 

IRC +40004 .. 
RAnd   
IRC +10011 .. 
R Scl  
o Cet  
CRL 482   
IRC +50096 .. 
NML Tau  
IRC +60144 .. 
CRL 618  
IRC +60150 .. 
R Lep  
IRC +50137 .. 
R Aur  
IRC +70066 .. 
a Ori  
CRL 865   
IRC +60169 .. 
OH 231.8 + 4.2 
RS Cnc   
R Leo  
IRC +10216 .. 
CIT 6  
IRC -10236 .. 
V Hya   
Y CVn  
RUVir   
RT Vir  
RX Boo  
IRC +20326 .. 
T Dra  
CRL 2155   
CRL 2199   
IRC + 10365 .. 
IRC +20370 .. 
WAql   
Vy 2-2  
IRC + 10420 .. 
% Cyg   
IRC -10529 .. 
VCyg  
CRL 2688   
IRC +00499 .. 
NGC 7027   
IRC +40483 ... 
IRC +40485 ... 
CRL 3068   
CRL 3099   
IRC +40540 ... 
R Cas  

O 
S 
o 
c 
o 
c 
c 
o 
o 
c 
o 
c 
o 
o 
o 
o 
c 
o 
o 
o 
o 
c 
c 
c 
c 
c 
c 
o 
o 
c 
c 
c 
c 
o 
c 
s 
o 
o 
s 
o 
c 
c 
c 
c 
o 
c 
c 
c 
c 
o 

1100 
309 
510 
840 

77 
1600 
680 
270 

1000 
1300 
360 
450 
820 
366 
800 
400 

1600 
750 

1300 
410 
304 
290 
190 
950 
400 
350 

1470 
697 
225 

1200 
525 

1330 
2000 

500 
790 
470 

1000 
3400 

390 
620 
510 

1000 
900 

1000 
1100 
780 
570 
500 
960 
216 

1 
2 
3 
1 
4 
1 
1 
3 
1 
5 
1 
1 
3 
2 
1 
6 
1 
1 
7 
1 
2 
8 
9 
1 
1 
1 
1 
2 
1 
1 
2 
1 
1 
3 

1, 9 
1 

10 
11 
1,6 

3 
2 

12 
1 

13 
3 
1 
9 
1 
9 
2 

0.21 
0.26 
0.52 
0.69 
1.12 

<0.38 
0.43 
0.34 

0.60 
0.26 

<0.46 

<0.15 
<0.15 

0.69 
<0.15 

0.31 
<0.15 

7.5 
0.95 
0.29 
0.52 

<0.38 
<0.38 

0.69 
<0.23 

0.34 
0.34 
0.17 
0.86 
0.69 

0.52 
0.26 
0.78 
1.72 

1.7 

0.43 
0.95 

<0.31 
0.95 
0.21 

0.45 
0.51 
0.35 
0.45 
0.34 

0.48 
0.60 

0.72 
0.48 

0.23 

0.32 

0.68 
0.78 
0.70 
0.44 

0.34 

0.52 
0.47 
0.74 
0.37 
0.52 

0.55 
1.17 
0.48 
0.74 

0.58 

0.27 
0.37 

0.49 
0.57 

M9 
S6e 
M 
C6 II 
M5e-M9e 
C 
N 
M6-10Me 
M6 
PN, B0 
M9 
N6e 
M10 
M7e-M9e 
M8 
M2 lab 
C 
M8 
M6 I-M9 III 
M6 I-II 
M7e-M9e 
C9, 5 
C4, 3 
C 
C6, 3e 
C5, 4 
R3ep 
M8 
M7-M8e 
C 
NOe (C8e) 
C 
C 
M9 
C7, 3e 
S3, 9e-4, 9e 
PN 
F8 la 
S7 Ie:S10Ie 
M 
C7, 4e 
F5 la 
Ne, C 
PN 
M9 
C 
C 
C 
C8, 3.4 
M6e-M9e 

a The symbol < denotes tentative detection. 
Sources for col. (3).—(1) Calculated from bolometric flux, assuming L = 104 L0. (2) Bowers and Hagen 

1984, or using Bowers and Hagen’s P-L relationship. (3) Hyland et ai 1972. (4) Allen 1973. (5) Westbrook et al. 
1975. (6) See text. (7) Bowers and Morris 1984. (8) Herbig and Zappala 1970. (9) From Cohen 1979, or using 
Cohen’s luminosity-spectral class relationships. (10) Distance unknown; 1 kpc assumed (see text). (11) Bowers, 
Johnston, and Spencer 1981. (12) Distance unknown; D = 1 kpc used by Ney et al. 1975. (13) Pottasch et al. 
1982. 
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Fig. 7.—Distribution of the ratio of the TJ observed with the Bell Laboratories and NR AO telescopes for circumstellar envelopes. The value expected for an 
unresolved source, 0.42, is indicated by the arrow. 

observations—this will be discussed in § IV. These distance 
estimates are in general very crude, but the kinematics of this 
group of objects shows that, statistically at least, the distance 
scale is reasonable (Knapp 1983). 

Table 4 also lists the dominant envelope chemistry (col. [2]) 
and, where known, the spectral type of the star (col. [7]). The 
peak CO(l-O) temperature of the star measured with the 
NRAO 11m telescope is given, when available, in column (5). 
These values are taken from the references given in the pre- 
vious section and corrected where appropriate as described in 
Paper I. Column (6) gives the ratio R of the T% values mea- 
sured with the 7 m and 11m antennas. 

The distribution of R is shown in Figure 7. For a source of 
angular size much less than the beam width of either the 7 m or 
the 11m telescope, R is expected to have the value 0.42, the 
square of the ratio of the half-power telescope beam widths. 
Figure 7 illustrates the large observational scatter in this ratio, 
but also suggests that most of the envelopes are unresolved by 
either the 7 mor the 11m telescope. The exceptions appear to be 
NML Tau, CRT 618, IRC +10216, CIT 6, IRC -10236, CRT 
2688, NGC 7027 (?), and IRC —10529. The distance estimates 
given in Table 4 show that these objects are generally nearby. 

Six of the stars in the present study have also been observed 
in the CO(l-O) line with the 20 m telescope (with 
HPBW = 33") at the Onsala Space Observatory (Nyman, 
Sahai, and Wannier 1985). In Table 5 we summarize the obser- 
vations of these stars with the Bell Laboratories, NRAO, and 
Onsala telescopes. We give the ratio TJ(BTL):T5(NRAO): 
TJ(OSO) expected for a point source, and calculated for each 
of the observed sources. Assuming that the CO emission does 
not vary, these observations suggest that CRL 618, x Cyg, and 
NGC 7027 are essentially unresolved by our observations with 
the Bell Laboratories 7 m telescope, while CIT 6 and CRL 
2688 are partially resolved, and are certainly resolved with the 

TABLE 5 
Ratios of Temperatures Observed 

Star T*(BTL) T*(NRAO) T*(OSO) 

Point source ........ 1 2.37 9.18 
CRL 618   1 1.40 6.74 
CIT 6   1 1.28 2.43 
X Cyg  1 1.72 5.17 
V Cyg —   1 2.11 3.78 
CRL 2688   1 1.31 3.15 
NGC 7027   1 1.74 5.71 

Note.—BTL: Bell Laboratories 7 m telescope; NRAO: NRAO 
11m telescope; OSO : Onsala 20 m telescope. 

Onsala 20 m telescope. The large uncertainties in the observa- 
tional data are also very apparent. 

The above qualitative discussion thus places two constraints 
on the models to be examined; many of the envelopes appear 
to be optically thick, and most of them are unresolved. A series 
of such models of the CO(l-O) emission is described imme- 
diately below. 

c) Description of the Numerical Computations 
The model for CO emission assumes a spherically symmetric 

envelope expanding at constant velocity. The local approx- 
imation is made in the excitation and radiative transfer calcu- 
lations (following Kwan and Hill 1977 and using the formalism 
of Castor 1970), so that the level populations are independently 
calculated at each of 30 logarithmically spaced radii. The pro- 
cesses contributing to the molecular excitation are (1) inter- 
action with the 2.7 K microwave background, (2) locally 
transferred rotational and vibrational line radiation, (3) colli- 
sions with H2, and (4) infrared continuum radiation in the 
vibration-rotation lines emitted from the stellar photosphere 
and from heated dust near the central star. The equations were 
solved for the lowest 15 rotational levels. Cross sections for 
collisional excitation by H2 were linearly interpolated at each 
temperature from values calculated by Chapman and Green 
(1977) and McKee et al. (1982). 

This model differs from that of Morris (1980), in which the 
local approximation is not used and different radial zones 
interact radiatively. The treatment used here has the advantage 
of simplicity and computational economy, but suffers the dis- 
advantage that the local approximation gives a poor account- 
ing of radially streaming radiation, such as the infrared 
radiation arising near the central star, when the outflowing 
matter has reached its terminal velocity and the radial velocity 
gradient is essentially zero [we have assumed that 
V(r) oc (1 — 4 x 1014 cm r-1)1/2, which is essentially constant 
in the region of interest, 1016-1018 cm). Fortunately, for CO 
the vibrational lines become optically thick in the radial direc- 
tion when the mass loss rate is greater than or about equal to 
the value at which collisional excitation dominates the excita- 
tion throughout the envelope. Therefore, IR excitation is 
important only when the vibration-rotation lines are optically 
thin, in which case the use of the local approximation in com- 
puting the radially streaming IR flux does not introduce a 
significant error. 

The kinetic temperature profile within the envelope was 
assumed in all cases to be that derived by Kwan and Linke 
(1982) for IRC + 10216. In principle, the heating and cooling at 
any point in the envelope depend on the physical character- 
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istics of the outflow (see, e.g., Tielens 1983), but since several of 
the input parameters in the temperature calculation are very 
uncertain, we choose not to attempt a self-consistent tem- 
perature determination. For the optically thick envelopes, our 
assumption of a universal temperature profile introduces some 
uncertainty into our suggested values for the CO loss rate 
(perhaps as much as a factor of 2), but they should not be too 
badly determined, since the temperature should change only 
weakly with M and V0 (assuming that M is proportional to 
luminosity) unless grain properties vary strongly with these 
parameters. In optically thin envelopes, on the other hand, the 
CO is excited primarily by IR radiation, and the kinetic tem- 
perature distribution plays an insignificant role. 

Other details of the excitation calculations are similar to 
those described by Morris, Lucas, and Omont (1985). The cal- 
culations of profile shapes and intensities were carried out as 
described by Morris (1975). The model profiles depend on the 
distance D to the object (here measured in pc), the terminal 
outflow velocity F0, the mass loss rate M (here measured in M0 
yr-1), the relative CO abundance / = [CO]/[H2], the 
maximum extent of CO molecules in the envelope, rm (here 
measured in cm); and weakly upon the local line width A F (see 
Morris 1980). The dependence of the resulting emission on 
each of these quantities (except AF) was examined separately. 
For all of the computations except those in § IIId[iv] a value 
rm = 3 x 1017 cm was used, and for all of the calculations in 
this paper except those for the models of Vy 2-2 and NGC 
7027 the inner envelope radius was assumed to be 1015 cm. 

d) Optically Thick Envelopes 

i) Dependence on Distance D 
Models were computed for distances in the range from 50 pc 

to 4 kpc. An example is shown in Figure 8, where the tem- 
peratures seen by the Bell Laboratories and NRAO antennas, 

100 

10 

+* < 

0.1 

100 1000 

D (pc) 
Fig. 8.—Values of the peak CO(l-O) line temperature T\ for a model 

circumstellar envelope versus distance D for the 7 m and 11m telescopes. The 
ratio of the line temperatures as a function of distance is also given. 

n I I I I M l| I I I TTTTTj 1 1—r t I'MT: 
° NRAO Mm 
• BTL 7m 
x = T*(7m)/ 

TjJ( Mm) 

V0 = 15 km/sec 
M = 3xI0’5 M0yr"1 

f = 2xl0'4 

rm = 3 x 10 l7cm 

x x x x xxx 

_j i i i m I d i—i—Ti iinl 

Fig. 9.—Three examples of the variation of with outflow velocity V0. 
The shapes of the dependences T\ oc V~1 and oc V~ 2 are indicated by the 
dashed lines. 

and the temperature ratio, are plotted. The ratio shows the 
behavior discussed above; R—>0.42 as D—► oo. Closer than 
about 1 kpc, the envelope begins to be resolved. Since the 
observed values of R (Table 4; Fig. 7) suggest that most of the 
envelopes are unresolved, we adopt the distance dependence 
n oc Z) 2. To avoid confusion by resolution effects, the fol- 
lowing parameter investigations were carried out for D = 1500 
pc, for the Bell Laboratories 7 m telescope. 

ii) Dependence on Outflow Velocity V0 

The computations were carried out for a variety of models, 
with D = 1500 pc and rm = 3 x 1017 cm, and a sample is 
shown in Figure 9. Figure 9 shows that the dependence on V0 
falls into two regimes: (1) the envelope is extremely optically 
thick (here does not depend on any of the parameters of the 
envelope except rj and (ii) Tf

A ~ F“2 (e.g., Morris 1980). In 
the intermediate region, T\ ~ F“1 (e.g., Paper I). In Figure 10 
we show a histogram of the observed values of V0 from Table 1 ; 
it can be seen that most of the observed velocities are > 10 km 
s_1. In addition, the product fM is <3 x 10~8 for most 
envelopes (see below), so that the opacity is low enough to 
ensure that ~ F“2. 

iii) Dependence on Mass Loss Rate M and CO Abundance f 
Examples of the dependence of T\ on M and on / are given 

in Figures 11 and 12. rises almost linearly with both quan- 
tities, and begins to saturate when M/exceeds 10 ~8. In Figure 
13, T\ is shown plotted against M/, and is seen to rise slightly 
more slowly with / than with M. T\ rises more slowly than 
linearly with / because of partial saturation in the microwave 
lines, but the importance of saturation as M increases is offset 
by the increase of collisional excitation in the outer envelope as 
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V0 (km/sec) M ( M0 yr M 
Fig. 10 Fig. 11 

Fig. 10.—Distribution of the outflow velocities V0 observed via the CO(l-O) line for the stars in Table 1. In the upper panel, the values for the S stars are indicated 
by dashed lines. 

Fig. 11.—Example of the dependence of on M for a model circumstellar envelope 

the density increases with larger M (e.g., Paper I). For the 
range of interest, 3 x 10“5 < / < 10“3, we find that ~ 
fG.ss correSpondence is illustrated in Figure 14, where we 

plot 7^ versus Mf°-85V~2 for a series of different calculations. 
Thus, in the range 5 x 10“12 < Mf°-85/V2 < 6 x 10“1X, the 
temperature of the CO line at the systemic velocity of the star is 
given by 

(rm = 3 x 1017 cm). This relationship is also shown in Figure 

14. For larger values of Mf°'85V~2 the temperature saturates 
(Fig. 14), although equation (4) is still accurate to ~30%. 
Equation (4) shows that, if D and / are known, M can be found 
from observations of the CO(l-O) line. 

In Figure 15 are shown histograms of the quantity T%V2 D2, 
which, according to equation (4), should be roughly pro- 
portional to Mf These histograms suggest that the mean value 
of Mf tends to be higher for carbon stars than for oxygen-rich 
stars, which could be accounted for in part by the larger 
expected value of / for carbon stars (Fujita and Tsuji 1977). 
However, the distribution functions may differ as well; 
although both types of object exhibit the same overall range of 
mass loss rates, the distribution of fM in carbon stars appears 
to be substantially peaked at relatively larger values oîfM, 
whereas it is apparently flat for oxygen-rich stars. 

TOr 

^ 0.*\r 
4:< 

o.ou 

“T I I I i i i i I I I I I I I I I I I I I I MIL 

/ / / / • 

40 -5 
i i 1.1 

M =3x10-5 M0 yr-1 

Vo = 15 km /sec 
D = 4500 pc 
Tm = 3xIO cm 

_J I I 1.1 IjLJ 
40 -2 40 4 0" 

f=[C0]/[H2] 
Fig. 12.—Example of the dependence of Tf

A on fractional CO abundance, / = [CO]/[H2], for a model circumstellar envelope. The dependence TAocf is 
indicated by the dashed line. 
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1.0 

0.1 

0.01 L 
10" 

o f * 10~4 

x M « 3x10’5M#yr-< 
Vq * 15 km /sec 

D « 1500 pc 
Tm « 3 x10<7cm 

10" 10‘ 
Mf 

Fig. 13.—Dependence of on the product of the mass loss rate M and 
the relative CO abundance / for two model circumstellar envelopes. For the 
models shown by circles, / was kept constant at 10"4 and M was varied; for 
those indicated by crosses, M was kept constant at 3 x 10“5 M0 yr"1 and / 
varied. 

iv) Dependence on rm 

Finally, the dependence of T\ on rm was examined. The 
models used did not include the effects of dissociation by the 
interstellar radiation field; this will be discussed below. 
Because the effects of very large rm were explored, the calcu- 
lations were all done with a distance of 4 kpc to avoid possible 
resolution effects. Some examples of the calculations are shown 
in Figure 16. These calculations show that for rm ;$ 1017 cm, 
T\ is approximately proportional to the envelope area; then 
n rises approximately linearly with rm. However, for very 
large values of rm the emissivity drops and levels off (Fig. 
16). For a wide range of values of M and/, the turnover occurs 
at values of rm of a few x 1017 cm; at large radii, the density has 
dropped too low to collisionally excite the CO rotational levels 
above the excitation caused by the 2.7 K background. At 
such radii, each collision between a CO molecule and an H2 
molecule leads to the emission of aN CO(l-O) photon, and 
'TßM-r-3 (Jura 1984). 

v) Values off 
Figure 15 suggests that, if the mean value of M does not 

depend on envelope chemistry, then the values of 
/ = [CO]/[H2] are about 3 times higher for carbon stars than 
for oxygen stars. For solar abundances (Allen 1973), we expect 
/ = 6.6 x 10 ~4 for oxygen Mira variables if all the C is in CO, 
while for carbon stars we expect / = 1.3 x 10“3 if all the O is 
in CO. However, the molecular abundances are poorly known, 
and the CO abundances may be strongly affected by the forma- 
tion of dust. Here, we arbitrarily assume / = 3 x 10 “4 for the 
oxygen Mira variables and 8 x 10“4 for the carbon stars (but 
see Kwan and Linke 1982). Values of M for other assumed 
values of / can be obtained using equation (4). 

vi) The Values of M 
The values of M for the envelopes in Table 1 were calculated 

as follows. From the values of T$, V0, and D in Tables 1 and 4, 
an approximate value of Mf was found from equation (4). If 
this value is such that Mf/V0 > 1.3 x 10"10 (Morris 1980), the 
envelope could be presumed to be optically thick in the CO 
lines; however, infrared excitation from the central star was 
included for both the optically thick and the optically thin 
envelopes. As expected, this makes a negligible difference for 
the optically thick envelopes; its effect for optically thin 
envelopes will be discussed below. 

Equation (4) can be rearranged to give 
T* v2n2 

(5) 

where D is in pc and V0 in km sec, for rm = 3 x 1017 cm. For 
rm = 1018 cm, the constant in the denominator becomes 
2.1 x 1015. 

In the following computations, rm was assumed to be either 
1018 cm or rc, whichever is smaller. The quantity rc is the 
radius at which the flow rate of CO molecules is approximately 
equal to the photon flux of CO-dissociating interstellar ultra- 
violet radiation. If we assume that line dissociation dominates, 
Morris and Jura’s (1983) equation (14) (with L = 2) becomes 

where Mis in M© yr"1 and F0is in km s“1. 

(6) 

Fig. 14.—Dependence of T\ on 10 4 M(//10 4)0-85Fo 
2 for several model circumstellar envelopes. The relationship corresponding to eq. (4) is shown by dashed 

lines. 
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10"1 1 40 402 103 

Ta^ Vq D2 

Fig. 15.—Histogram of the values of T^V^D2 (approximately proportion- 
al to Mf) from the quantities in Tables 1 and 4. In the upper panel is the 
histogram for oxygen stars ; the two doubtful detections (a Ori and Vy 2-2) are 
indicated by dashed lines. In the lower panel is the histogram for carbon stars, 
with the S stars indicated by dashed lines. 

e) Models for Individual Optically Thick Envelopes 
Models were calculated for each of the stars whose envelope 

was found to be optically thick in the CO(l-O) line. For each 
envelope the value of M was estimated from equation (5) and 
the parameters given in Tables 1 and 4, and was used in con- 
structing a numerical model to give for the 7 m telescope. 
The value of M was then adjusted if necessary to give as close a 
fit as possible to T*¡(l-0). Equation (5) gives values of M accu- 
rate to ~20% (if D, and / are perfectly known), except for 
cases in which the CO is very optically thick or where the 
envelope is highly resolved (e.g., IRC +10216). Also, for each 
fit, a profile was calculated to make sure that it agreed with the 
observed line shape. The fit was made in each case to the 7 m 
observation, but the values of T^(l-O) expected for the NR AO 
telescope and for the OVRO 10 m telescope were also 
calculated. The calculated CO(2-l) temperatures, and a com- 
parison with the observations of Paper I, are summarized in 
Table 8. 

The results of the calculations for optically thick envelopes 
are given in Table 6, and are discussed below for some of the 
stars. The relevant observational information for each star 
from Tables 1 and 4 is summarized in Table 6, i.e., the peak CO 
line temperature as observed by the Bell Laboratories 7 m 

telescope (col. [2]) and the outflow velocity (col. [3]). The 
assumed value of / is given in column (4). In column (5) is the 
value of M found for each star, and in columns (6) and (7) the 
central CO(l-O) line temperature predicted from the model for 
the Bell Laboratories 7 m and NR AO 11m telescopes, respec- 
tively. In column (8) is the value of M corrected for the cosmic 
He, and in column (9) the critical radius rc for CO photo- 
dissociation, calculated from equation (6). All of the values of rc 

are close to or greater than 1018 cm. Thus, dissociation is not 
important for this group of objects unless the number of disso- 
ciating UV lines is substantially greater than 2, the number 
which we have assumed. 

Model profiles for some of the individual stars, as observed 
with the 7 m and 11m telescopes, are given as examples in 
Figure 17. 

/) Optically Thin Envelopes 
i) General Behavior of Models 

For envelopes which are optically thin in the CO v = 1-0 
line the effects of IR excitation must be included. The intensity 
and shape of the profile then depend on the IR flux, W (see 
below), as well as on F0, M,f and rm. In this section we discuss 
the derivation of an approximate general formula relating the 
above physical parameters of the envelope to the observed CO 
J = 1-0 line intensity T% in the case where the IR lines are 
optically thin in the radial direction, as was done for optically 
thick envelopes in § III above. The formula of Morris (1980), 
quoted in equation (3) above, was modified because the objects 
studied in the present paper cover a wide range of distances, 
and also because the effect of photodissociation on limiting the 
effective envelope size must be taken into account. For all of 
the calculations described below except those in which the IR 
flux was varied, the 4.6 pm flux is taken to be that emitted by a 
blackbody of temperature 2000 K and radius 5 x 1013 cm (i.e., 
W = 1; Morris 1980), appropriately diluted. 

ii) Dependence on Distance D 
The observed values of R = T5(BTL)/T5(NRAO) in Table 4 

and Figure 7, as well as the Onsala observations (Table 5), 
suggest that many of the optically thin as well as optically thick 

Fig. 16.—Examples of the dependence of on the envelope radius rm for 
several model circumstellar envelopes. 
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TABLE 6 
Mass Loss Rates for Evolved Stars with Optically Thick Envelopes 

Model 

Star 
(1) 

T* 
(BTL) 

(2) 

K 
(km s 

(3) 

/ 
(KT4) 

(4) 

M 
(M0 yr"1) 

(5) 
(BTL) 

(6) 

n 
(NRAO) 

(7) 

Mcorr 
(M0 yr ^ 

(8) 

rc 
(1018 cm) 

(9) 

IRC +40004 .. 
IRC +10011 .. 
R Scl  
CRL 482   
IRC +50096 .. 
IRC +60144 .. 
CRL 618  
IRC +70066 .. 
CRL 865....... 
OH 231.8 + 4.2 
IRC +10216 .. 
IRC - 10236 .. 
V Hya   
RUVir    
IRC +20326 .. 
CRL 2155   
CRL 2199   
IRC +20370 .. 
WAql    
IRC + 10420 .. 
IRC -10529 .. 
CRL 2688   
IRC +00499 .. 
NGC 7027b  
CRL 3068   
IRC +40540 .. 

0.09 
0.18 
0.32 
0.11 
0.21 
0.12 
0.43 
0.08 
0.16 
0.04 
5.10 
0.21 
0.22 
0.07 
0.23 
0.18 
0.16 
0.32 
0.36 
0.03 
0.30 
1.27 
0.09 
0.98 
0.36 
0.47 

24.2 
23.0 
24.7 
16.0 
16.8 
20.4 
21.5 
21.1 
15.3 
68.5 
15.2 
10.9 
20.9 
16.9 
17.5 
15.1 
8.0 

15.6 
19.9 
51.7 
15.8 
19.7 
16.4 
17.9 
14.5 
14.7 

2.4 x 10“5 

1.2 x 10“5 

2.7 x 10"5 

1.5 x 10“5 

5.5 x 10"6 

2.0 x 10“5 

6.7 x 10“5 

1.0 x 10“5 

2.0 x 10“5 

1.1 
4.8 
4.1 
3.5 
8.3 

10“4 

10“5 

10“6 

10“6 

10“6 

2.0 x 10“5 

1.5 x 10“5 

1.1 x 10“5 

9.1 x 10“6 

8.6 xTO“6 

2.6 x 10“4 

1.3 x 10“5 

1.4 x 10“4 

3.8 x 10“6 

9.7 x 10“5 

6.4 x 10“6 

2.1 x 10“5 

0.09 
0.18 
0.33 
0.11 
0.21 
0.12 
0.43 
0.08 
0.16 
0.04 
5.10 
0.21 
0.22 
0.07 
0.23 
0.18 
0.16 
0.32 
0.36 
0.03 
0.29 
1.26 
0.09 
0.98 
0.36 
0.48 

0.20 
0.37 
0.69 
0.25 
0.46 
0.26 
0.94 
0.18 
0.37 
0.09 
8.00 
0.46 
0.44 
0.16 
0.51 
0.40 
0.37 
0.68 
0.74 
0.07 
0.61 
2.42 
0.21 
1.87 
0.78 
1.02 

2.7 x 10“ 
1.4 x 10“ 
3.1 x 10“ 
1.7 x 10“ 
6.3 
2.3 
7.7 
1.1 
2.3 
1.3 

10“6 

10“5 

10“5 

10“5 

10“5 

10“4 x 
5.5 x 10'5 

4.7 x 10“6 

4.0 x 10“6 

9.5 x 10“6 

2.3 x 10“5 

1.7 x 10“5 

1.3 x 10“5 

1.0 x 10“5 

9.8 x 10“6 

3.0 x 10“4 

1.5 x 10“5 

1.6 x 10“4 

4.4 x 10“6 

1.1 x 10“4 

7.3 x 10“6 

2.4 x 10“5 

0.86 
0.63 
1.5 
1.4 
0.81 
0.86 
2.5 
0.60 
1.6 
1.1 
2.5 
0.87 
0.58 
0.99 
1.5 
1.4 
1.7 
1.1 
0.87 
1.9 
0.79 
3.8 
0.68 
3.3 
0.94 
1.7 

a In col. (9) the mass loss rate corrected by 15% for the cosmic helium abundance (Allen 1973) is given. 
b Inner shell radius corresponding to planetary nebula radius used (see text). 

envelopes are unresolved by the Bell Laboratories antenna. 
Thus the dependence of intensity on distance is T$ ~ D-2. To 
avoid confusion by resolution effects, all of the calculations 
described below are made for a distance of 1500 pc. 

iii) Dependence on Wind Velocity V0 

Since the line opacity t is proportional to V~2 (Morris 
1980), the antenna temperature should also be proportional to 
V~ 2 in the optically thin case. This is borne out by the models. 

iv) Dependence on f = [CO]/[H2] 
A series of models showing the dependence on / over the 

range (2-10) x 10“ 4 is shown in Figure 18, demonstrating that 
n ~ /. 

v) Dependence on M 
A set of models showing the dependence of T\ on M is given 

in Figure 19; over a wide range of M, ~ M. The effects of 
increasing opacity in the v = 1-0 line at large / and M can be 
seen in Figures 18 and 19. 

vi) Dependence on rm 

A series of models showing the dependence of on rm is 
shown in Figure 20. Here rm was varied independently of the 
value of Mf/V0, which sets the radius at which CO dissociation 
takes place. Over an appropriate range of rm, we find that 
Tt ~ r0-4 

A ' max’ 
vii) Dependence on W 

As will be seen below, the range of values of W for the 
observed stars is about 0.1-5, where W measures the ratio of 
the 4.6 /im flux to that of the “ standard” 2000 K, 5 x 1013 cm 

blackbody. The results for one set of models (Fig. 21) over this 
range of W indicate an approximately logarithmic dependence, 

T\ cc log (7) 

In the limited range of W considered, this logarithmic depen- 
dence does not differ greatly from the W1/2 dependence sug- 
gested by Morris and Alcock (1977) for the intensities of the 
SiO rotational lines. 

The calculations presented in Figures 17-21 yield 

Tt = 3.7 x 10"4 log K 
0.04 

Y- 
D 

4 x 1017 cm/ V1500 Pc 

M 
10'7 Mq yr-1/\2 x 10~4 

/ (K) (8) 

for the Bell Laboratories 7 m antenna, with about 30% accu- 
racy over the range of parameters considered here. For the 
NRAO 11m and Onsala 20 m telescopes, the numerical coeffi- 
cients for equation (8) are ~1.7 x 10~3 and 5.9 x 10-3, 
respectively. Equation (8) is not quite the final answer, because 
rm depends on M. If it is assumed that the envelopes are of 
arbitrarily large age, the value of rm can be found using equa- 
tion (6), since, for these optically thin envelopes, the radius at 
which CO is dissociated is of order several x 1017 cm. Thus, if 
D, W, V0, and/are known, the combination of equations (6) 
and (8) can be used to find M from the intensity of the CO(l-O) 
line. This was done for the individual optically thin envelopes, 
and the results are discussed below. 
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Fig. 17.—Examples of model CO(l-O) line profiles for six stars with optically thick envelopes, as observed with the NRAO 11m (upper curves) and Bell 

Laboratories 7 m telescopes. 

t do’4) 
Fig. 18.—Dependence of T\ on fractional CO abundance / for model 

optically thin envelopes. The dashed line is the relationship T\az f 
Fig. 19.—Dependence of T\ on mass loss rate M for model optically thin 

envelopes. The dashed line gives the slope of the relationship T\ oc M. 
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_ 5b 

ro 
b k 

D = I500 
W= I 
M =I0’6 

V0 = I5 
f = 2x10’' 

J I I I—L 

rm (I017 cm) 

Fig. 20.—Dependence of on maximum envelope radius rm for 
model optically thin envelopes. The dashed line has a slope corresponding to 
nocrr. 

g) Models for Individual Optically Thin Envelopes 
For each star, an approximate value of M was found from 

equations (8) and (6), and then checked and adjusted by calcu- 
lating a specific model to fit the data for each star. The values 
of the 4.6 pm flux were found from the compilation of Gezari, 
Schmitz, and Mead (1982). For variable stars, a mean value of 
the flux was used. 

The results are given in Table 7, where we list (1) the star’s 
name, (2) the assumed value of f (3) TJ measured with the 7 m 
telescope, (4) the IR flux in ergs cm “ 2 s ~1 ¿on ~1 measured near 
4.6 pm, (5) the wavelength of observation, (6) the reference for 
the IR photometry, and (7) the implied value of W. The results 
of the model fitting are in columns (8)-(12): M, the computed 
values of for the 7 m and 11m telescopes, and the profile 
shapes for the 7 m and 11m telescopes. In column (13) is the 
value of rc, the radius at which we estimate the CO to be 
dissociated, and in column (14) the value of M corrected for the 
He content. For both the optically thick and the optically thin 
envelopes, the predicted values of T^(2-l) which would be 
observed with the Owens Valley 10 m telescope were calcu- 
lated. These are compared with the data in Table 8. The data 
are taken from Paper I, with the temperature scale adjusted for 
a half-power beamwidth of 30". Observations made separately 

Fig. 21.—Dependence of on infrared flux W for model optically thin 
envelopes. The dashed line has a slope corresponding to T ^ oc log (PF/0.04). 

of spectral line profiles or maps at the systemic stellar velocity 
(see Paper I) are listed separately. The agreement between the 
observations and the predictions is of the same order as the 
observational uncertainty. 

IV. DISCUSSION 

a) Uncertainties in the Derived Values of M and 
Comparison with Previous Results 

Equations (4), (6), and (8) show that the mass loss rates can 
be estimated from the CO observations using an equation like 

M = A{w, rj 
T* VjD2 

f 

where A is the numerical coefficient found from modeling. 
Some of the quantities are obtained from molecular line obser- 
vations such as those discussed here; others, such as f are 
estimates; and the values of distance D are taken from the 
literature. 

By far the largest uncertainties are those in the distances. 
Since most of the distance estimates are quoted without error 
bars, it is impossible to make a realistic estimate of the errors in 
the resulting values of M. In this section the case of each indi- 
vidual star will be discussed, and the various values of D com- 
pared. Several methods are used in the literature for estimating 
distances. These include the following : 

1. The phase-lag-angular size comparison for OH masers 
(Booth, Diamond, and Norris 1984; Bowers, Johnston, and 
Spencer 1983). These should provide very reliable distance 
values, but are at present available for only a few stars, and in 
any case apply only to stars with OH maser emission. 

2. The assumption that Lbol = 104 L0 (e.g., Hyland et al. 
1972; present paper). These distance estimates could be in error 
by a factor of 2. 

3. Spectral type-luminosity relationships (Herbig and 
Zappala 1970; Cohen 1979); similar relationships are used by 
Rowan-Robinson and Harris (1982,1983a, b, hereafter RH). 

4. Period-absolute magnitude relationships (van den Bergh 
1984; Celis 1981,1984). 

The application of these relationships in the visible range of 
the spectrum is very susceptible to large errors caused by inter- 
stellar and, especially, circumstellar extinction. Bowers and 
Hagen (1984) have found distances using these relationships 
and extinction models. 

These errors in distances are sufficient to ensure that individ- 
ual mass loss rates are usually uncertain by a factor of 10. Until 
much better distances are widely available, data such as the 
present compilation are best used in distance-independent 
studies, such as that of the total rate of return of mass to the 
interstellar medium, described in the next section. 

The numerical coefficient A(W, rJ is probably known to 
about 50% from the modeling; the uncertainties arise because 
we have assumed a constant kinetic temperature gradient Tk(r) 
for all stars. The dependence on W and rm is relatively unim- 
portant for high values of M, while the dependence of Tk(r) is 
relatively unimportant for low values of M, where much of the 
excitation of the CO(l-O) line is due to infrared radiation. The 
assumed value of W is affected by the assumed distance; 
however, if D (hence W) is overestimated, M will also be over- 
estimated, and hence the effect of infrared radiation is lessened. 
Thus distance errors do not cause a significantly larger error 
due to miscalculation of W. The value of rm is not well known 
because the effect of photodissociation of circumstellar CO is 
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MASS LOSS FROM EVOLVED STARS 657 

TABLE 8 
Comparison of Observed and Model CO(2-l) Intensities 

n(2-i) 

Star Spectrum Map n(2-D 

IRC +10011 
o Cet  
CRL 618  
a Ori  
CRL 865   
RS Cnc   
R Leo  
IRC +10216 
CIT 6  
RX Boo  
IRC +20370 
% Cyg   
CRL 2688 ... 
NGC 7027 ... 
CRL 3068 ... 

1.6 
6.2 
3.5 
1.1 
1.9 

0.6 
14.7 
2.5 
1.7 
1.9 
0.8 

2.1 

2.3 
10.3 

1.8 
1.2 
1.3 
0.7 
0.5 

23.7 
2.6 

1.9 
5.0 
1.7 

1.2 
9.1, (2.0) 
2.1 
0.5, (0.2) 
1.0 
1.1 
0.8 

16.4 
4.2 
0.6 
1.8 
1.7 
4.5 
2.7 
2.3 

Note.—Values of T^(2-l) are from Paper I, corrected to a 
beamwidth of 30". 

little understood; the appropriate value of rm can, however, be 
roughly calibrated using observations of IRC +10216 (cf. eq. 
[6]). In any case, the coefficient A(W, rm) is probably in error 
by ~50%. In Paper I, values of AT were calculated with the 
effect of infrared radiation ignored ; for stars with small values 
of M, then, the values of M in Paper I are likely to be overesti- 
mates. 

We have no direct knowledge of the value of 
/ = [CO]/[H2] in any individual case, and the values of M are 
likely to be uncertain to about a factor of 2 because of uncer- 
tainties in the assumed values of /. The approximate formulae 
of Paper I do not take account of composition differences 
among stars; comparison with the present work shows that 
these formulae probably provide reasonably good values of M 
for Mira variables, but overestimate M for carbon and S stars. 

Equations (4), (6), and (8) depend on the observed pa- 
rameters of the CO line according to M oc £ T^AV x V0. The 
integrated CO line intensity £ T%AV is measured to ~20% 
for the stronger lines and ~50% for the weaker lines, where 
the uncertainties are due to calibration errors and nonflat 
baselines. Likewise, errors in V0 can be larger than the values 
quoted in Table 1 if there is low-level baseline ripple present. 
Also, as described in § II, the fitting procedure used in the 
present paper could overestimate V0 if the line profile is flat 
rather than parabolic. Eye estimates of V0, found from the full 
width of the line at zero power, are difficult because of noise, 
and are likely to underestimate V0. In the following discussion 
of individual stars, the present estimates are compared with 
those previously published; however, much of the previous 
observational work on the CO(l-O) line has been presented in 
terms of AV, the full line width at half-power. If the line profile 
is parabolic, V0 = AV J2, while if it is flat-topped, V0 = AV¡2. 
Since most of the previous work is presented with neither error 
estimates nor any information on profile shape, the resulting 
values of V0 are very uncertain. References to previous CO(l-O) 
observations are given in Paper I. 

Overall, the uncertainties in the values of M listed in Tables 
6 and 7 are about a factor of 1.5-3, in addition to distance 
uncertainties, which give an additional factor of 2-10. The 
values of M found in the present paper are somewhat higher 
than those of Morris (1980) because we have included the effect 
of interstellar ultraviolet light in truncating the effective 

envelope radius. In this last context, it is now clear that the 
observational fact that resolved envelopes are rarely seen 
(either by their expected double-peaked line profiles or by the 
relative intensities seen by telescopes of different sizes) is due to 
this dissociative truncation of the CO envelope. The individual 
stars are now discussed. 

IRC +40004.—The observations of the CO(l-O) line report- 
ed here and by Zuckerman (1981) are in good agreement. 
However, the distance estimate in Table 4 (1100 pc) differs from 
that of RH, who find a value of 700 pc. 

R And—The value of M listed in Table 7 is a factor of 6 
lower than that in Paper I. This is partly due to the neglect of 
IR excitation in Paper I, but most of the effect is due to the 
lower value of V0 measured here—the value of V0 in Paper I, 
taken from a measurement of A F by Lo and Bechis (1977), was 
probably overestimated, as discussed above. 

IRC +10011.—Model profiles for this object are given in 
Figure 17. If we assume that / = 3 x 10“ 4, a fit to the 7 m data 
alone gives M =1.4 x 10“5 M0 yr“1, close to the value of 
2 x 10“5Moyr_1 found using measurements of the linear size 
of the OH maser-emitting region (Bowers, Johnston, and 
Spencer 1983; Booth, Diamond, and Norris 1984), but smaller 
than the value of 5 x 10“5 M0 yr“1 found by Jura (1983fr) 
from the mapping data of Paper I or the value of 2.6 x 10“5 

given in Paper I. The predicted values of T\ îov both the 
NRAO CO(l-O) and the OVRO CO(2-l) data are somewhat 
lower than the observed values, suggesting that the mass loss 
rate may be as much as twice as high for this star as the value 
given in Table 6. The values of V0 given in the literature are in 
reasonable agreement with that in Table 1. RH estimate the 
star’s distance to be 1200 pc, although the OH measurements 
support the value of 510 pc used here (Booth, Diamond, and 
Norris 1984). 

R Scl.—The value of V0 in Table 1 is much larger than the 
value of 16 km s“1 quoted in Paper I; data with a better 
signal-to-noise ratio are needed for an adequate measurement 
of V0. The period-My relationship of van den Bergh (1984) 
suggests D = 910 pc, in reasonable agreement with the value 
derived here of 840 pc, but RH suggest D = 400 pc. 

o Cet.—A first attempt was made to fit the CO(l-O) line 
intensity for this star, using equation (6) to define the outer 
envelope radius. The resulting fit was very poor; the line profile 
was strongly double-peaked, and the predicted CO(2-l) line 
intensity (T\ = 2 K) much smaller than that observed (T\ = S 
K). It was found that a much more satisfactory fit to the CO 
line data could be obtained by arbitrarily making rm smaller 
than rc. With rm = 1.5 x 1016 cm and M = 6.5 x 10“7 M0 
yr“1, we find T^(l-O) = 0.38 K for the BTL 7 m telescope and 
T\(2-l) = 9.1 K for the OVRO 10 m telescope, in good agree- 
ment with the observations. In both cases, the model line pro- 
files are centrally peaked, in qualitative agreement with the 
observations. The observations of o Cet thus imply that rm is 
smaller than rc for this star (but note that the required value of 
rm is much less than that estimated from mapping observations 
[ ~ 1017 cm] in Paper I). However, these values of M are higher 
than the values of ~1.2 x 10“7 M0 yr“1 deduced from optical 
line measurements (e.g., Hagen, Stencel and Dickinson 1983) or 
from the extinction (e.g., Knapp 1985, hereafter Paper IV). The 
star is known to have a compact companion, and it is possible 
that the o Cet circumstellar shell is a bipolar nebula seen pole- 
on; this could lead to a centrally peaked line with the larger 
value of rm and a smaller value of M (1.2 x 10“7 M0 yr-1; cf. 
also Paper I). 
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CRL 482.—The present measurements are rather uncertain 
because of the contamination of the line profile by galactic- 
plane CO emission. Our distance estimate (1600 pc) is lower 
than that of RH (2300 pc). 

IRC +50096.—The value of M found here (6.3 x 10~6 M0 
yr_1) is about 3 times smaller than the value derived in Paper 
I. Most of this difference is due to the higher value of / 
assumed here. The distance estimate used here (680 pc) is in 
reasonable agreement with RH’s value of 760 pc, and the value 
of F0 is in good agreement with previous values. 

NML Tau.—The present value of M, 5.1 x 10“6 M0 yr~\ 
is in reasonably good agreement with the value of 4.2 x 10-6 

found in Paper I. The value of V0 found here, 22 km s- \ lies in 
the midrange of previous values in the literature (17-28 km 
s"1). The distance estimate of RH (520 pc) is about twice that 
used here. 

IRC +60144.—The present CO data provide the only mass 
loss estimate available for this star. The value of M, 2.3 x 10“5 

M© yr“1, is in reasonable agreement with the value obtained 
from the simpler formulation of Paper I, 3.Ox 10_5M©yr_1. 
However, the position used for these observations (Table 1) 
was ~ 25" from the accurate position given by Kleinmann and 
Payne-Gaposchkin (1979), and our value of T% and hence M, 
may be underestimated by ~20% as a result of this position 
error. 

CRL 618.—Model profiles for this star are given in Figure 
17. The predicted value of T^(NRAO) is 0.95 K, higher than 
the observed value (TJ = 0.60 K). However, the predicted 
CO(2-l) temperature (Table 8) is in satisfactory agreement 
with the observed value in Paper I, as is the predicted CO(l-O) 
temperature for Onsala (T^ = 2.8 K; T% = 2.9 K), and the 
derived mass loss rate, 7.7 x 10“5 M© yr-1, agrees reasonably 
well with that suggested by Jura (1983h). This present value is 
about half of that derived in Paper I (1.6 x 10~4 M© yr-1) 
because of the larger value of / assumed here. 

IRC +60150.—The value of M found here, 1.1 x 10-6 M© 
yr-1, is about a third of that found in Paper I. Most of the 
difference can be attributed to the much smaller value of V0 
(12.5 km s~1) found here as compared with the value quoted in 
Paper I (18 km s-1). The distance estimate of RH, 220 pc, is 
smaller than the value 360 pc used here. 

R Lep.—The uncertain detection reported here provides the 
only estimate so far of the mass loss rate for this star. The 
distance used here is 450 pc, but the P-Mv relationship of van 
den Bergh (1984) suggests a smaller distance, 140 pc. 

IRC +50137.—The value of M found here, 6.5 x 10“6 M© 
yr-1, is similar to that found by Bowers, Johnston, and 
Spencer (1983) and Booth, Diamond, and Norris (1984) from 
OH measurements (M ~ 10“5 M© yr-1). It is several times 
smaller than the value quoted in Paper II, mostly because of 
the smaller values used here for the distance and outflow veloc- 
ity. The value of V0 found from the present observations, 14.7 
km s-1, may be an underestimate; the OH measurements of 
Bowers, Johnston, and Spencer (1983) give V0 = 17.7 km s-1. 

R Aur.—Distance estimates from period-My relationships 
give similar values; that used by Bowers and Hagen (1984) 
gives 366 pc, while that of van den Bergh (1984) gives 380 pc. 
The value of M found here, 5.3 x 10“7 M© yr-1, is about a 
third of the value which would be derived from the equations 
of Paper I; the difference can be attributed to the inclusion of 
the effects of stellar IR excitation in the present calculations. 

IRC + 70066.—The distance estimate used here, 800 pc, is 
lower than that of RH (D = 1220 pc). The mass loss rate found 

here, 1.1 x lO-5 M© yr-1, agrees well with that found using 
the formulae in Paper I, i.e., M = 1.5 x 10_5M©yr-1. 

a Ori.—Jlecent estimates for the mass loss rate for a Ori vary 
considerably, although they average a few times 10_6M©yr_1 

if the assumed distance is 200 pc. For example, from observa- 
tions of light scattered in the K i >17699 resonance line, 
Mauron et al. (1984) conclude that M = 4 x 10“6 M© yr-1, 
and Hagen, Stencel, and Dickinson (1983) find M = 3 x 10-6 

M© yr-1 from their interpretation of the Sr n absorption line. 
On the other hand, if the gas-to-dust ratio is normal, then the 
circumstellar dust abundance gives M = 5.2 x 10“7 M© yr-1 

(Paper IV), consistent with that suggested by Sanner (1976). 
Setting aside the existing information about the size of the 

CO emission region, we can model the J = 1 —► 0 intensity with 
M = 1.3 x 10“7 (3 x 10“4//) M© yr“1 and rm = rc = 1.3 
x 1017 cm. This mass loss rate appears to be untenably low; 

moreover, the .7 = 2-1 intensity is poorly fitted (0.2 K predict- 
ed vs. 1.1 K observed), and the model profiles are strongly 
double-peaked, unlike those observed. If we instead adopt the 
envelope radius observed (Knapp, Phillips, and Huggins 1980), 
viz., rm = 3 x 1016 cm, agreement with the CO(l-O) data is 
obtained with M = 6 x 10“7 M© yr“1 (3 x 10“4//), and 
better agreement (0.6 K) is obtained with the CO(2-l) data. 

It is difficult to understand why rm should be small for the a 
Ori envelope, since circumstellar dust extends to ~2.1 x 1017 

cm (McMillan and Tapia 1978). The circumstellar molecular 
envelope may be truncated by UV radiation, e.g., arising from 
the star’s recently discovered hot companion (Goldberg 1984) 
or if the star is actually in the Orion association at a distance of 
400 pc. At this distance we obtain good fits to the data with 
M = 1.4 x 10“6 (3 x 10“4//) M© yr“1 andrm = 6 x 1016 cm. 
These values will be assumed in subsequent discussion. 

CRL 865.—The distance estimate used herein, 1600 pc, 
agrees reasonably well with that of RH (1300 pc) and the value 
of the outflow velocity V0, 15.3 km s“1, is in reasonable agree- 
ment with the value measured in Paper I, 14.2 km s“1. 
However, the CO(l-O) line intensity measured here is only 
about half of that expected on the basis of the CO(2-l) line 
intensity (Paper I). The mass loss rate found here, 2.3 x 10“5, 
is 7 times lower than that found in Paper I. Part of this discrep- 
ancy is due to the larger value of / used in the present calcu- 
lations, and part to the differences in the observed line 
intensities. 

IRC +60169.—The measurements reported herein give the 
only values to date of the distance, mass loss rate, etc., for this 
star. 

OH 231.8 + 4.2 The model profiles are given in Figure 17. 
The derived value of M, 1.3 x 10“4 M© yr“ ^ is in good agree- 
ment with the value of M = 1.3 x 10“4 M© yr“1 found from 
OH measurements (Morris, Bowers, and Turner 1982; Bowers 
and Morris 1984). However, the value of the outflow velocity 
V0 found from the CO observations (68 ± 12 km s“1) is larger 
than that (51 km s“1) found from the OH observations, 
although the central velocities of both lines are similar 
[J^(CO) = +25, I^(OH) = +32], and much larger than the 
value of 20 km s“1 measured at Nobeyama by Zuckerman 
(1984, private communication). The value of M given in Table 
6 for this star may thus be too large by about a factor of 10. 
This large value is, however, supported by the value found 
from OH observations, quoted above, and the large value of 
the 400 pm flux found by Sopka et al. (1984). The distance 
measurement for this star is based on OH phase-lag observa- 
tions (Bowers and Morris 1984) and is therefore reasonably 
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accurate ; however, observations of the CO(l-O) line with better 
sensitivity are necessary to provide more reliable estimates 
of M. 

RS Cnc.—The mass loss rate for this star is very poorly 
known. The distance estimate used in this paper (410 pc) agrees 
with neither the value given by RH (170 pc) nor that calculated 
from van den Bergh’s P-My relationship (880 pc). There are at 
least two problems with this last distance estimate, however. 
First, the star is a semiregular variable, so that application of 
this P-Mv relationship may not be appropriate, and, second, 
the model atmosphere calculations of Scargle and Strecker 
(1979) indicate that the extinction (circumstellar plus 
interstellar) is large (£B_F = 0.62 mag). 

Apart from distance problems, the value of M quoted in 
Table 7 (2.9 x 10-7 M0 yr-1) is a factor of 10 less than that 
found in Paper I (3.4 x 10-6 M0 yr_1)- This can be attributed 
to the effect of taking into account the IR expectation of the 
CO emission in the present paper, and to the difference in the 
values of V0 (measured to be 5.3 km s_1 in the present paper, 
taken from the literature as 11 km s ~1 in Paper I). 

R Leo.—The distance used here, 304 pc, found by Bowers 
(private communication) using the methods of Bowers and 
Hagen (1984), is in disagreement with the value of RH (102 pc) 
and that found from van den Bergh’s (1984) P-Mv relationship, 
1040 pc. The last value again may be much overestimated— 
Scargle and Strecker (1979) find EB_V = 1.2 mag for this star. 
Apart from distance errors, the value of M found here 
(9.2 x 10-8 M0 yr_1) is a factor of 10 lower than that found in 
Paper I (8.5 x 10"7 M0). Again, this can be attributed to the 
inclusion of IR excitation in the present work and to the lower 
value of V0 (4 km s-1 versus 7 km s-1). However, the value of 
V0 found herein is smaller than that found from the thermal 
SiO line (Morris et al 1979) and the SiO maser lines 
(Dickinson et al 1978), and our value of M may be too low by 
about a factor of 2 (apart from distance uncertainties). 

IRC +10216.—The model line profiles are given in Figure 
17. The value of M (5.5 x 10"5 M0 yr-1) is in reasonable 
agreement with the value of ~6 x 10“5 M0 yr“1 found by 
Kwan and Linke (1982) when their results are converted to our 
assumed distance (290 pc) and CO abundance (8 x 10 “4). The 
model values of are in good agreement with the NRAO 
observations and in reasonable agreement with the OVRO 
CO(2-l) observations (Table 8). The distance estimate of RH 
(260 pc) agrees well with that used here. The value of M derived 
here is lower than that in Paper I because of the higher 
assumed value of/. 

CIT 6.—The source is resolved on a scale of 30", as observed 
directly by Nyman, Sahai, and Wannier (1985). The mass loss 
rate found here, 3.0 x 10“6 M0 yr “ / is similar to values found 
by Sahai, Wootten, and Clegg (1984) (3.2 x 10“6 M0 yr-1), 
Henkel et al. (1985) (6 x 10“6 M0 yr“1), and in Paper I 
(3.2 x 10“6 M0 yr“1). The distance used here, 190 pc, is 
smaller than that estimated by RH (400 pc). 

IRC —10226.—The value of V0 found here, 10.9 km s “ ^ is in 
reasonable agreement with the value of 10 km s“1 quoted in 
Paper I, although our distance of 950 pc is in disagreement 
with that of RH (550 pc). The value of M, 4.7 x 10“6, is again 
about one-third of that found in Paper I, because of the higher 
value of / used here. 

V Hya.—For this star, the distance value assumed here (400 
pc) is in good agreement with that of RH (390 pc). The derived 
value of M (4 x 10“6 M0 yr“1) is about half the value found 
in Paper I, owing to the higher value of / assumed here. 

Y CVn.—The distance used here, 350 pc, is higher than that 
of RH (250 pc). Otherwise, the present results give the first 
available estimate of the mass loss from this star. The distance 
to the star is likely to be difficult to measure—the extinction 
toward it is high (Scargle and Strecker 1979 estimate EB_V = 
1.3 mag). 

RU Vir.—The distance for this star is very uncertain; that 
used in the present work (1470 pc) is about twice the value (700 
pc) predicted by van den Bergh’s (1984) P-Mv relationship. 

RT Vir.—Both the distance and the outflow velocity for this 
star are very uncertain. The P-Mv relationships give quite dif- 
ferent values for the distance: that of Bowers and Hagen (1984) 
gives 697 pc, while that of van den Bergh (1984) gives 2374 pc. 
The value of V0 found in this paper is 11.3 km s“1, while that 
found by Morris et al. (1979) is 7 km s“ Z The value of M given 
in Table 7 for this star is thus extremely uncertain. 

RX Boo.—The distance used in this paper, 225 pc, is in good 
agreement with that of RH (D = 200 pc). The mass loss rate 
derived here, 3.8 x 10“7 M0 yr“1, is 5 times smaller then the 
value found in Paper I. Some of this difference can be attrib- 
uted to the influence of the inclusion of IR excitation, but, as is 
illustrated in Table 8, there is a discrepancy of about a factor of 
3 between the CO(2-l) observations of Paper I and the present 
CO(l-O) observations. The outflow velocity found in the 
present paper, 11.5 km s“1, is in good agreement with values 
found from SiO maser and thermal emission (Dickinson et al. 
1978; Morris et al. 1979), but higher than the value of 8 km s“1 

found in Paper I. 
IRC +2032(5.—The distance value used here, 1200 pc, is in 

disagreement with that of RH (690 pc). The value of V0 agrees 
well with that given by previous CO observations (cf. Paper I). 
The value of M found here is about 4 times less than that given 
in Paper I; much of the discrepancy can be attributed to the 
higher value of / assumed here. 

T Dra.—The distance estimates for this star are rather dis- 
crepant; the value used here is 525 pc, van den Bergh’s (1984) 
period-luminosity relationship gives 318 pc, and RH give 750 
pc. 

CRL 2155.—The value of V0 found here, 15 km s /is lower 
than that quoted in Paper I (20 km s“ /, and the value of M is 4 
times lower. This can be attributed to the higher value of / 
assumed here and to the discrepancies in the values of V0. 

CRL 2799.—The value of V0 found here, 8 km s“ / is half the 
value quoted in Paper I. This discrepancy, and the higher value 
of / assumed here, accounts for the factor of 10 difference 
between the values found in Paper I and those in the present 
work. 

IRC +10365.—The value of V0 found here, 16.7 km s“ / is in 
reasonable agreement with the maser measurements of 15 km 
s “1 (Dickinson et al. 1978) but much lower than the value of 22 
km s“1 inferred from Zuckerman’s (1981) value of AF. 

IRC +20370.—The distance estimate used here, 790 pc, in 
reasonable agreement with RH’s value of 830 pc. The value 
of F0, 15 km s“1, is, however, twice that (8 km s“1) used in 
Paper I. 

W Aql—The value of V0 found here, 20 km s“1, is larger 
than that found for the SiO thermal line (Morris et al. 1979) 
but agrees with that found from previous CO observations (see 
Paper I). The distance estimate used here (470 pc) agrees very 
well with that (440 pc) predicted by van den Bergh’s (1984) 
relationship. The value of M found here is about half that 
found in Paper I, and the difference can be attributed to the 
higher value of / used here. 
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Vy 2-2.—If it is assumed that this object has a luminosity of 
104 L0, we find a distance of 9 kpc. This is unlikely for several 
reasons; the object is visible, and the expected galactic extinc- 
tion for a distance of 9 kpc is large. Second, the distance of the 
object from the galactic plane would be ~400 pc. We have 
instead assumed a distance of 1 kpc, which brings mass loss 
rates derived from the CO and radio continuum observations 
into agreement. 

Vy 2-2 is a radio continuum source and an OH maser, and 
therefore is likely to be a proto-planetary nebula (Davis, Sea- 
quist, and Purton 1979; Seaquist and Davis 1983). Only one 
OH component is present, at — 62 km s - \ and its profile shape 
suggests that it is the blueshifted (near side) component. Sea- 
quist and Davis (1983) suggest that the reshifted OH com- 
ponent is absorbed by the H n region, which is optically thick 
at 1.7 GHz. Our tentative detection of CO emission at —44 km 
s -1 supports these conclusions. 

The radius of the ionized region is 8 x 1015 cm at 1 kpc 
(Seaquist and Davis 1983). We calculated our model CO pro- 
files using both this value and 1015 cm for the inner radius of 
the circumstellar shell, but found that it does not make a sig- 
nificant difference to the model line intensities. A comparison 
of the CO and OH velocities suggests F0 = 18 for the circum- 
stellar material around this object. With our value of M 
(2.4 x 10-6 M0 yr~ ^ we expect a mass of ionized hydrogen of 
about 9 x 10“5 (D/1 kpc)3 M0, in reasonable agreement with 
the observations of Seaquist and Davis (1983), which give 
M(H+) - 7 x lO"5 (D/1 kpc)2 5 M0. 

IRC +10420.—The distance to this object, based on OH 
observations and galactic kinematics, is probably reasonably 
well determined. The calculated line profiles are given in 
Figure 17. Our derived value of M, 3.0 x 10-4 M0 yr_1, is in 
good agreement with the value derived from OH maser obser- 
vations (Bowers, Johnston, and Spencer 1983). The CO profile 
marginally suggests a larger value of the outflow velocity 
(52 ± 20 km s_1) than do the OH (33 km s_1) or SiO (34 km 
s_1) observations (Bowers, Johnston, and Spencer 1983; 
Olofsson et al. 1982), although the values of the central velocity 
are similar for all three lines. 

X Cyg.—The first attempt to fit the emission from this star, 
assuming a distance of 97 pc (cf. Paper I), failed; the calculated 
line was strongly double-peaked, and the source was highly 
resolved, neither of which properties agrees with the observa- 
tions (Fig. 24, Table 5). A reasonable fit with D = 390 pc (see 
Morris 1980) was obtained. We note, however, that all of the 
derived distance values (RH; references given in Paper I) are 
less than 100 pc. The present value of M for this star is thus 
extremely uncertain. 

IRC —10529.—The distance estimate used here for this star 
(620 pc) is in conflict with the value of RH (410 pc). The value 
of V0, 16 km s_1, is in good agreement with the value of 17.5 
km s~1 deduced from Zuckerman’s (1981) estimate of AF. 

V Cyg.—The distance estimate used here, 510 pc, is in rea- 
sonable agreement with that of RH (580 pc), and the value of V0 
(13 km s-x) agrees well with the value of 14 km s"1 found from 
previous CO observations. The mass loss rate given in Table 7 
is about 5 times lower than that of Paper I ; the difference is due 
to the higher value of / used here and to the inclusion of IR 
excitation. 

CRL 2688.—The calculated line profiles are given in Figure 
17. The model gives a value of Tj* for NR AO of 2.4 K, while 

= 1-7 K. For Onsala, T\ = 5.5 K, while TJ = 4.1 K. For 
OVRO, T^(2-l) = 4.4 K, while T% = 1.9 K. These results 

suggest that the object is resolved, and may therefore be closer 
than the assumed distance of 1 kpc. The value of V0, 19.7 km 
s“1, is in good agreement with that found in Paper I, and the 
derived mass loss rates are in good agreement. 

IRC +00499.—The only information available for the mass 
loss rate for this object is given in the present paper. 

NGC 7027.—A first model for this object used a value of 
1015 cm for the inner radius of the circumstellar material; the 
resulting value of M was 9.0 x 10"5 M0 yr_1. However, the 
central regions of the circumstellar cloud are ionized, and the 
H ii region radius is 5" (e.g., Paper II), or 7.5 x 1016 cm at a 
distance of 1 kpc. Using this value for the inner radius of the 
molecular envelope in the models, it was necessary to raise M 
to 1.1 x 10-4 M© to obtain agreement with the BTL CO(l-O) 
observation. This value is given in Table 6. 

NGC 7027 emits strongly in the CO lines, but emission in 
other molecular lines, e.g., 13CO (Knapp and Chang 1985), 
HCN, and CS (Bally 1984), is weak. This is probably because 
the CO(l-O) emission from molecular envelopes is predomi- 
nantly from the gas at large radii, while the emission from 
other, radiatively excited species is from the inner regions of 
the envelope, which are ionized in the case of NGC 7027 (while 
13CO is coextensive with CO, it is largely radiatively excited). 

The value of V0 found here, 18 km s_1, is smaller than the 
value of 22 km s _ 1 quoted in Paper I. The value of M is about 
a third of that found in Paper I, and the difference can be 
attributed to the higher value of / assumed here. 

IRC +40483.—The parameters given for this star in the 
present paper provide the first estimates of M for this object. 

IRC +40485.—The distance used here, 780 pc, agrees rea- 
sonably well with that of RH (900 pc), and the outflow velocity, 
14.9 km s_1, is in reasonable agreement with the values in 
Paper I. The value of M is a factor of 6 lower than that given in 
Paper I, where abundance and radiative excitation effects were 
not taken into account. 

CRL 3068.—The distance used here, 570 pc, is discrepant 
with RH’s value of 1190 pc, while the values of V0 here and in 
Paper I agree well. After adjusting for the different distance 
values used here and in Paper I, the value of M found here 
for this carbon star is several times lower than that found in 
Paper I. 

CRL 3099.—The distance used here, 500 pc, is very discrep- 
ant with RH’s value of 2100 pc, and the mass loss rate for this 
star is correspondingly exceedingly uncertain. 

IRC +40540.—The distance estimates given here (960 pc) 
and by RH (940 pc) are in good agreement. 

R Cas.—The value of V0 measured here (12.3 km s_1) is in 
good agreement with previous CO observations (e.g., Paper I) 
but is higher than that found from SiO data (9 km s -1 ; Morris 
et al. 1979). The values of M for this Mira variable found here 
and in Paper I are in good agreement. Our distance (216 pc) is, 
however, discrepant with that of RH (122 pc). 

b) Mass Loss Statistics 
The results obtained for the mass loss rates (corrected for 

helium content) from the 50 evolved stars studied in this paper 
are summarized in Figures 22 and 23. Figure 22 shows a histo- 
gram of the number of stars per pc3 versus M, Figure 23 shows 
the mass loss rate per pc3 versus M. In both cases, the stars are 
divided into those with [O] > [C] and those with [O] < [C]. 

The space density for stars of a given M was calculated by 
determining a volume corresponding to each star, not from the 
assumed distance D (Table 4), but from the maximum distance 
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Fig. 22.—Histogram of calculated mass loss rates for evolved stars. The 
abscissa is log M and the ordinate log {N pc-3). The upper panel is for the 
Mira stars, and the lower panel for carbon and S stars. 

Fig. 23.—Dependence of mass loss rate per unit volume (in M© yr-1 pc- 3) 
on mass loss rate M. The upper panel is for oxygen stars and the lower panel 
for carbon and S stars. 

Dm at which the star could have been detected in the CO(l-O) 
line in the present observations. The volumes were then calcu- 
lated from 

V = 7iDl(235h), Dm > 1.2/1 

Dm<l.2h, (9) 

where h is the Gaussian scale height of the type of star observed 
[i.e., defined here by iV(z) ~ exp ( —z2/2/i2)]. Knapp (1983) 
showed that h is a function of the outflow velocity V0, being 
smallest for the group of stars with the largest values of V0. The 
value of h for each star was found from the tabulations by 
Knapp (1983). 

The values of Dm were found from the quantities in Tables 1 
and 4 from 

Drn 
D 

(10) 

Here, TJ is the peak CO line temperature observed for each 
star, and T*ms is the noise in the 250 kHz filter bank. It is 
assumed that a star could be detected if is 3 times the noise 
in the 1 MHz filter banks (= T*ms/2). As can be seen from Table 
1, an observation was carried out to a sensitivity of T*ms = 0.03 
K or until the star was reasonably well detected. Thus a value 
of 0.03 K was used for T*ms in equation (10) for all the observa- 
tions, except those few at low declinations (e.g., R Scl), where 
increased atmospheric noise renders the observations much 
less sensitive. 

Once the volumes were determined, the reciprocal volumes 
were then added in each interval of M in order to derive the 

density. It must be emphasized at this point that the histogram 
presented in Figure 22 is not a true “luminosity function” of 
M ; first, the effect of the upper limits (Table 1) has not yet been 
taken into account. This is deferred to future work, where the 
data in the present paper will be analyzed. It is unlikely that 
inclusion of the upper limits will make a large qualitative dif- 
ference to the comparison between O and C stars in Figure 23, 
however, since the percentage of detections for the oxygen- and 
carbon-rich stars is about the same. Second, the influence of 
selection effects (directly or indirectly, the stars in Table 1 are 
selected on the basis of their flux at a few microns) has not been 
investigated, and the CO observations are not sensitive to stars 
with M < 3 x lO-8 M0 yr"1. 

The cutoff at high values of M shown in Figure 22 is prob- 
ably real; here, stars are losing mass at such a rate that they 
cannot last for long. At the low end (M < 3 x 10"8 M0 yr"1) 
the cutoff is probably due to sensitivity, to selection effects, and 
to the possibility that at low values of M some of the stars may 
be hotter and their circumstellar material atomic. Within the 
observed range of M, the distributions for the C and O stars 
are quite similar, although there is a very weak suggestion from 
Figure 22 (and Fig. 15) that at low values of M (<10"7 M0 
yr "x) the oxygen stars dominate. 

The distribution of M per unit volume (Fig. 23) can now be 
integrated to estimate the total rate of mass return to the inter- 
stellar medium in the Galaxy. The data analyzed herein are 
representative of the solar neighborhood; let us assume that 
the evolved stars are part of the disk population, so that their 
galactic distribution may be described by 

Z(R) = Z0exp(l-R/KoPpc“2 (H) 
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(Knapp, Tremaine, and Gunn 1978), where R0 is the distance 
between the Sun and the galactic center, 2 is the disk scale 
length in units of R0, and £0 is the surface density of mass- 
losing stars in the solar neighborhood. Then the total mass loss 
rate in the Galaxy can be found from 

Mt = 
^ oo 

2nRdKL{R)(My 
Jo 

(12) 

(the fact that the disk does not extend to R = 0 is only a small 
correction), or 

Mt = 2kL0 Rq exp (1/2)<M) , (13) 

where <M> is the mean mass loss rate per mass-losing star, and 
the correction factor A2 exp (1/A) has the value 1.95 for A = 0.4. 
If the scale height is assumed constant at 200 pc (the mean 
scale height for our group of stars), MT can be found from the 
values of M per unit volume shown in Figure 23. 

We can estimate Z0 by adding M for all the stars within 1 
kpc of the Sun, and multiplying by 2 to account for incomplete- 
ness due to lack of southern hemisphere observations 
(although objects as far south as —30° have been observed, the 
sensitivity at low declinations is very poor because of atmo- 
spheric extinction). This gives <M)20 = 2 x 10“10 M0 yr-1 

pc“2, or, using equation (13), MT = 0.17 M0 yr“1 (R0 = 8.5 
kpc). We can also integrate the distributions in Figure 23, 
again multiply by 2, and find MT = 0.28 M0 yr“1. The differ- 
ence suggests that a substantial contribution to Mr comes 
from the very few stars losing mass at >10“4Mo yr“1; these 
stars, being few and far between, are found at great distances. 

We note that these values of the total galactic mass loss rate 
are not much affected by distance errors, since M scales as D2, 
while the surface density of stars scales as D “ 2. 

V. SUMMARY AND CONCLUSIONS 

The results of this paper can be summarized as follows : 
1. A total of 105 evolved stars was surveyed in the GO(l-O) 

line using the Bell Laboratories 7 m telescope. CO emission 
from circumstellar shells formed by cool winds was detected for 
50 stars (including seven tentative detections), with 20 stars 
detected for the first time in the CO(l-O) line. The line profiles 
give values for the stellar systemic velocity and the terminal 
wind outflow velocity, as well as some information on the 
opacity of the envelope and on the degree to which it is re- 
solved by the antenna. Monitoring of the CO line profile for 
CIT 6 failed to find significant evidence for variability. 

2. A series of models for the CO emission from the 
envelopes, incorporating the effects of collisions, IR excitation, 
and radiative trapping, was calculated. These models fall into 
two classes : those for which the envelope is opaque to both the 

tf = 0—>1 line (radially) at 4.6 /un and the J = 1-0 line 
(tangentially) at 2.6 mm, with the result that IR excitation is 
unimportant; and those for which the envelopes are more or 
less transparent in the IR lines and the primary excitation is 
from stellar or near-circumstellar IR emission. 

3. The models were fitted to the observed data. It was found 
that about half of the objects fall into each category. The fitting 
necessarily involves compromises, since many of the necessary 
quantities (e.g., distance, outer envelope radius) are known 
poorly or not at all. 

4. The model fitting also took rough account of the effects of 
CO dissociation by interstellar UV. It was found that the criti- 
cal dissociation radius is large enough to be unimportant 
(>1018 cm) for the line profiles from “optically thick” 
envelopes. 

5. Most of the optically thick envelopes were found to have 
their emissivity limited by the low particle density (hence low 
collision rate) at large radii, while the optically thin envelopes 
are likely to be limited in radius by dissociation by interstellar 
UV. 

6. The models allow the construction of an approximate 
formula giving values of M for the stars from the CO observa- 
tions. The data presented herein and by others weakly suggest 
that the values of / are 2-3 times higher for the carbon stars 
than for the oxygen stars, although more data are needed to 
demonstrate this conclusively. 

7. The derived values of M cover the range ~3 x 10“8 to 
~2 x 10“4Moyr“1. The range is similar for oxygen-rich and 
C stars; however, most of the stars losing mass at a rate < a 
few x 10“7Moyr“1 are oxygen-rich stars. 

8. The total amount of mass returned to the interstellar 
medium for the Galaxy is estimated to be ~0.3 M0 yr“1 from 
these observations; this is probably a lower limit because of 
selection effects. 

The line profiles for the 50 stars from which CO(l-O) emis- 
sion was observed are shown in Figure 24. 
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