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ABSTRACT

The IRAS survey data for 512 red giant stars and young planetary nebulae, most of which have been
detected in rotational transitions of CO, were examined. The data for those objects which were not located in
highly confused regions of the sky were processed using a computer program which fitted the data to an
idealized model of a circumstellar shell. Of these stars 76 were found to have a circumstellar shell (CSS) that is
resolved in the 60 um survey data. Some of these stars are also resolved in the 100 um survey data. Of the 76
stars, 40% are carbon stars. Three of the carbon stars, W Pic, RY Dra, and R CrB, have shells with radii of 3
pc or more. Only two of the resolved objects detectable in CO, NGC 2346 and IRC+ 10216, are surrounded
by shells with masses =1 M. Most of the nearby stars which are resolved are semiregular variables, while
most of the nearby unresolved stars are Miras. No evidence was found that the shapes of the shells were
distorted by interaction with the ISM. The average dust temperature in the outer region of the shells is ~35
K. Using this temperature and the mass-loss rates derived from observations of the inner shell, it is shown
that the expansion velocity of the dust cannot greatly exceed that of the gaseous material. Some of the shells
appear to be detached from the central star. The distribution of the inner radii of the detached shells indicates
that CO is dissociated at a distance of ~0.3 pc from the star. Analysis of the colors of the shells resolved in
both the 60 and 100 um bands shows that the central star is the dominant dust heating source at radii less
than ~0.5 pc, whereas an external source dominates beyond ~1 pc. Thirteen of the stars found to be
extended are Mira variables. A simple model of the evolution of these shells, involving the interaction of the
expelled material with the ISM, suggests that the period during which Mira variables lose mass lasts for ~ 107
yr. The same model indicates that carbon stars shed mass for ~2 x 10° yr. For the largest shells the expan-
sion velocity of the outer shell will typically be lower than the expansion velocity obtained from CO observa-
tions, by a factor of 3-5.

Subject headings: circumstellar matter — infrared: stars — planetary nebulae: general — stars: late-type —

stars: mass-loss

1. INTRODUCTION

Much of the mass returned to the interstellar medium by
stellar evolution processes is shed during the asymptotic giant
branch (AGB) stage (Knapp & Morris 1985). AGB stars are
cool (T, < 2000 K), very luminous (L, ~ 10* L), and are
observed to shed mass copiously, with observed mass-loss
rates in the range 1078 to 107* M yr~! (Knapp et al. 1982).
Since the stars are cool, the mass is shed in the form of mol-
ecules and dust and can therefore be studied at radio, milli-
meter, and infrared wavelengths. Studies of the mass shed by
evolved stars are important for understanding stellar evolu-
tion, for example, why so few stars ever approach the theoreti-
cal peak luminosity for an AGB star (Reid, Tinney, & Mould
1990) as well as the formation of planetary nebulae, the initial
mass range of the progenitors of Type I supernovae, and the
chemical evolution of our Galaxy’s interstellar medium. The
focus of the work presented here is on measuring the angular
extent of the emission from circumstellar dust in these
envelopes. Molecular line observations tell us the velocity at
which material is expelled from the star, and, together with an
estimate of the distance, the envelope extent yields the linear
size and age of the envelope. Since the molecular line observa-
tions also give estimates of the stellar mass-loss rate, the total
envelope mass can be found. We can then obtain a lower limit
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for the mass lost by these stars (which, given data on a large
enough sample of objects, can be used to give an estimate of
the total mass returned to the interstellar medium).

At first sight, it might be thought that these goals could be
accomplished by mapping the millimeter wavelength molecu-
lar line emission, but the sizes of molecular envelopes are trun-
cated by photodissociation (Letzelter et al. 1987; Mamon,
Glassgold, & Huggins 1988). Also, although H 1 is not photo-
destroyed in the normal interstellar radiation field, the 21 cm
emission from the circumstellar shells is extremely weak, and
H 1 is ubiquitous and strong in the Galactic disk, so that H 1
observations are of very limited utility for this work (Knapp &
Bowers 1988).

The IRAS Point Source Catalog (1985, hereafter PSC) con-
tains some 246,000 detections, of which about 81,000 have
colors suggesting the presence of circumstellar emission
(Olofsson 1988; van der Vee & Habing 1988). We wished to
determine which of these stars had a CSS which had been
spatially resolved in the IRAS survey. An AGB star with a
luminosity of 2 x 10* L, and an effective temperature of 2000
K could be as distant as 2.5 kpc, and still have a 60 um flux
density above the PSC cutoff of 0.5 Jy. If that same star were
obscured by a thick dust shell with a temperature of a few
hundred K, it could be detected anywhere within our Galaxy.
However, since a typical large CSS is expected to have a radius
of about 0.3 pc (Rowan-Robinson et al. 1986), it must be no
further than 1 kpc to be resolved by the 60” beam IRAS pro-
vided at 60 um. We therefore needed a way to select the small
percentage of AGBs in the PSC which were nearby and had
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large circumstellar envelopes. Initially we chose to examine
only those stars which have been detected in a rotational tran-
sition of CO. Such a star must be relatively nearby and have a
large envelope, or else telescope beam dilution would prevent
detection of its molecular line emission. In addition, the CO
observations provide a direct measurement of the envelope’s
outflow velocity within the region <0.1 pc from the star
(Olofsson 1989), and an estimate of the star’s mass-loss rate.
We knew of at least one star, R CrB, which has a very large
dust envelope (Gillet et al. 1986) but which has not been
detected in CO, despite having been examined in several CO
surveys (e.g., Wannier et al. 1990; Zuckerman & Dyck 1986a).
In order to find other such shells, we looked at many addi-
tional stars selected by their IRAS colors and catalog associ-
ations. Stars from this second group will be referred to as the
Additional List, and the prescription by which its members
were selected is given in Young, Phillips, & Knapp (1992b,
hereafter Paper I).

We found a total of 76 stars which appear to have CSS shell
radii greater than 2’ in the IRAS 60 um data. The details of
how we examined the stars for signs of extended emission, as
well tables and figures presenting the results, are also presented
in Paper I.

2. PHYSICAL PARAMETERS

The angular size may be used to calculate the linear size of
the CSS once the distance to the star is known. Table 1 lists the
estimated distance and calculated envelope size for each star.
The distance estimates were culled from the literature when
available. Otherwise, the distances were estimated in one of the
following ways. For the Mira variables, the period-luminosity-
spectral type relationship (Bowers & Hagen 1984) was used to
calculate M,, then m, was used along with an estimate of the
extinction, to calculate the distance. This technique was
analyzed by Celis (1981), who estimated that the mean error in
the derived distance is 19%. All other stars without published
distances were assumed to have My = —8.1 (Kleinmann 1989).
The My was obtained from either the 2 um sky survey (TMSS)
or the survey of Fouqué et al. (1992), and extinction was
ignored when the distance was calculated.

If it weren’t for the interstellar medium, the age of each CSS
could easily be calculated from its size and the expansion
velocity obtained from CO observations. However the ISM
should appreciably slow the expanding envelope once the
density of the expanding shell has decreased to equal the
density of the ISM. If the star’s envelope is expanding at 15 km
s~ ! and the mass-loss rate is 10~ M, yr~*, equal density will
occur at a shell radius of 0.3 pc, assuming an ISM density of
1 H cm ™3, The envelope will have expanded to this size after
only 2 x 10* yr, which is much shorter than the period of time
that any star remains on the AGB. Therefore the effect of the
ISM on the shell expansion cannot be ignored.

The mean free path for scattering against hydrogen atoms
even at a low ISM density of 1 H cm ™3 is only ~1073 pc, so
we can assume that the interaction between the ISM and the
stellar wind occurs very near the edge of the expanding shell.
The shell loses speed as it expands into the ISM and must
accelerate the ambient material. Once the outer edge has been
slowed by the ISM it will be pushed by material behind it
which is still expanding at the original outflow speed.

The rate at which the outer edge expands can easily be
calculated. Let p be the total momentum of the expanding

F1G. 1.—A dust shell expanding into the ISM. The leading edge of the
expanding shell is slowed as it sweeps up material from the ISM. The edge is
prevented from slowing to a halt by the pressure of the material behind it,
which is still moving at the original speed of v,.

envelope edge, moving with a speed of v and having mass m
(see Fig. 1):

dp dm dv
F—dt_vdt+mdt' (1)

The material behind the shell edge is still moving with its
original expansion velocity v,, and it exerts a force on the shell
edge of

F= 47"200 Por(vo — 1),

where r is the shell’s outer radius. This force acts to maintain
the velocity of the expanding shell. During a short time interval
of length dt, the shell edge gains material of mass

dm = 4nr?pop(ve — v)dt + dnr?pgy v dt . )

The first term in dm accounts for the stellar wind colliding with
the edge from behind, and the second term accounts for the
mass of ISM material that is swept up. If the mass-loss rate M
and outflow speed v, are assumed to be constant, then

M

—.
4nrév,

&)

Por =

With these assumptions equation (2) can be integrated to give
the total mass of the shell edge

‘ dr dr
m= 47‘J; "zl:POF(vo - E) + Pism d_tjldt

. r 4
= M(t - v—) +3 73 prsu - @

0

Substituting equations (2) and (4) into equation (1) gives

dr dr dr | dr

4nrv, POF(UO - E) = 47”‘2[1’0}7(”0 - E) + Pism d_t] 7
. r\ 4 d?r

+ [M(t - U_0> + g nr3pISM] P .

The above equation can be solved for d2r/dt? = dv/dt, yielding
equations (5a) and (5b), a system of two coupled differential
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gi SHELL SIZES, AGES, AND MASSES

1

& (1) 2 () (5) (6) (7) (®) ) (10) (11) (12)

Name Distance Radius Vo 107 x M Ref. for Age Mass Spectral  Class
(pc) Ref. Outer Inner (kms™1) (Mgyr™l) (6) & (7) (103 yr) (Mp) Type

AQ And 870 17 084 < 0.25 N SR
R Sd 400 1 076 0.13 24.7 71.0 3D 32 0.23 cell SRb
CRL 278 250 9 037 <0.07 7.6 1.9 10B 73 0014  M7IO .
o Cet 4 100 19 006 <0.03 5.0 11.0 3D 12 0013 M5e-M9¢ Mira
UX And E 420 9 044 <0.12 M6III  SRb
V Eri 310 9 073 0.25 13.0 1.5 10B % 0014 M5/M6IV SRc
U Men B 490 20 1.9 0.56 M3 SR
R Dor 60 21 0.12 < 0.02 Ms8Illq:e SRb
ST Cam 480 2 043 <0.14 10.0 1.6 2 67 0.011 N5 SRb
R Lep 410 1 057 <O0.12 20.5 17.0 3D 33 0.057 Célle  Mira
W Ori 340 2 063 0.21 11.8 1.9 2 9 0.018 CslI SRb
R Aur 370 3 042 <O0.11 10.9 5.3 3D 55 0029 M7IIle Mira
R Oct B 500 22 15 0.77 M5.5¢  Mira
W Pic 660 1 12 0.19 7.0 0.5 1 310  0.016 N Lb
« Ori 4 200 3 061 <O0.06 15.0 5.6 3D 75 0.042 M2I SRc
U Ori 240 4 048 0.09 7.5 2.7 14 110 0030 Mé6.5llle Mira
UU Aur 200 2 036 <008 13.4 2.4 5D 43 0.010 cu SRb
IRC-10139 F 570 9 27 0.46 Milab .
NGC 2346 460 5 084 0.20 19.0 100.0 5 57 0.57 C envelope PN
Y Lyn 330 9 041 0.13 5.4 0.73 8B 120 0008 Msb-II  SRc
KK Car £ 470 9 1.5 0.44 M3pe Mira
X Cnc 460 2 12 0.16 12.0 2.7 2 170 0.045 cu SRb
RS Cnc 200 9 033 0.06 5.3 0.69 3D %0 0.006 Msélllase SRc?
R Leo 120 24 013 <0.03 4.0 0.14 3D 47 0001 Msllle Mira
Y Hya 510 1 14 0.19 10.2 2.0 1 290  0.058 c SRb
ciITe4 190 3 039 <0.06 16.9 30.0 3D 26 0.077 C envelope Mira
U Ant 320 1 043 <0.09 21.2 14.0 1 27 0.038 N Lb
U Hya 200 1 024 0.11 7.9 1.2 1 37 0.004 cn SRb
VY UMa 520 2 046 <O0.15 8.4 1.3 2 64 0.008 CsII Lb
R Crt 240 9 041 0.13 11.0 2.3 10 B 88 0.002 M7III  SRb
IRC-30163E 300 13 0.59 0.20 8.0 1.2 10 B 140 0017  MT7II .
RU Crt 450 9 038 <013 M3 Lb?
BK Vir 280 9 045 0.12 4.7 0.48 1B 130 0006 M7II  SRb
Y UMa 330 9 036 0.16 4.7 0.67 nb 92 0006 M7ILIII  SRb
Y CVn 280 2 045 0.23 9.0 1.1 2 66 0.007 Clab SRb
RY Dra 4550 2 25 0.25 10.0 1.8 2 500  0.090 c SRb
RT Vir 270 3 0.32 0.08 11.3 2.2 3D 34 0007 MSIII  SRb
SW Vir 210 13 070 < 0.08 9.4 3.2 6 110 0035 M7II  SRb
R Hya 110 19 0.8 0.06 7.5 0.22 8B 42 0001 M7Ile Mira
W Hya 8 19 024 <0.02 9.7 0.20 g8 B 58 0.001 Ms8e SRa
6 Aps E 320 21 11 < 0.09 Mé6.5III  SRb
RX Boo 140 19 027 <0.04 11.5 1.5 3D 32 0005 M75¢ SRb
RW Boo £ 49 9 o071 0.20 MSIII  SRb
X TrA 300 1 036 0.11 9.2 0.9 1 73 0.007 C5 Lb
RCB G 1600 23 46 0.70 Golab:pe R CrB
ST Her 290 9 048 <O0.08 6.0 0.33 26 B 130  0.004 Més SRb
X Her 220 9 039 <006 8.5 1.4 s B 65 0.009 Mse SRb
S Dra 430 9 096 0.25 8.3 0.61 27 B 220 0013 MeIIl  SRb
V Pav 460 9 051 017 16.0 3.1 27 B 52 0.016 Cc+ SRa
NGCce720C 780 15 1.2 <0.23 24.0 16 PN
62 Lyr 360 21 1.7 0.41 M4II SRc?
V Tl E 430 9 068 0.21 M7 SRb
V1942 Sgr 630 1 059 <018 10.0 1.1 1 110 0012 cu Lb
UX Dra 430 2 050 <013 6.9 1.8 2 100  0.018 cu SRa

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


http://adsabs.harvard.edu/abs/1993ApJ...409..725Y

728 YOUNG, PHILLIPS, & KNAPP Vol. 409
TABLE 1—Continued
(1) 2 @) @ (5) (6) (7) ®) (9) (10) (11) (12)
Name Distance Radius Vo 107 x M Ref. for Age Mass  Spectral Class
(pc) Ref. Outer Inner (kms™1l) (Mgyr™l) (6)& (7)) (103yr) (Mg)  Type

AQ Sgr 570 1 0.50 0.20 6.0 1.8 6 120 0.021 CII SRb
R Cyg 4 420 5 0.59 0.24 11.3 1.6 5 100 0.016 S Mira
S Pav & 210 19 042 <0.06 M7lle  SRc
V1943 Sgr 300 7 043  <0.09 8.0 1.9 6 76 0015 M7II Lb
X Pav 240 9 035 <0.07 10.5 1.9 18 B 37 0.009 Mc SRa
RZ Sgr 660 9 0.82 0.19 12.5 15.0 27 B 72 0.11 Se SRb
RT Cap 510 1 1.2 0.15 9.1 0.6 1 320 0.019 CII SRb
T Mic 200 9 033  <0.06 8.1 0.27 27 B 83 0.002 MT7III  SRb
T Ind 550 1 046 <0.16 5.5 0.4 1 100 0.004 o)1 SRb
Y Pav 450 1 075 <0.13 9.4 1.5 1 120 0.017 cII SRb
S Cep 300 4 033  <0.09 22.4 5.3 10B 20 0.011 cII Mira
RV Cyg 470 2 0.82 0.21 14.7 5.6 2 100 0.057 CII SRb
EP Aqr 200 9 0.35 0.09 8.6 2.0 10B 56 0011 MSIII SRb
PQ Cep 710 13 15 0.43 21.7 17.0 12B 110 0.19 o)
W Peg 270 19 0.57 0.27 6.4 0.68 14 160 0.011 M7e Mira
SV Peg 320 9 0.44 0.14 11.0 0.76 25 B 82 0.006 M SRa
=l Gru 200 7 028  <0.06 14.9 13.0 6 21 0.027 S5 SRb
V PsA 330 7 0.49 0.12 21.0 6.9 6 27 0019 M7III  SRb
TX Psc 280 1 0.25  <0.08 12.1 0.7 1B 27 0.002 CII Lb
RSAndEZ 440 9 25 0.45 .. M7-M10 SRa
R Cas 220 3 0.27 0.06 12.3 5.1 3 29 0.015  M7Ille  Mira

2 These results are from processing the small data set provided by the default ADDSCAN parameters. All others used the data set obtained by changing the

ADDSCAN search radius to 10"

® The mass-loss rates for these objects were calculated from the CO (1-0) or CO (2-1) line strengths and widths, using formula (9a) or (9b) from van der Veen &

Rugers 1989.

¢ Much of the molecular envelope of NGC 6720 has been dissociated by the central star, therefore observations of CO cannot be used to determine the precursor

star’s mass-loss rate.
4 The value for M has been rescaled for our estimate of the distance.
¢ Observed, but not detected in a CO (1-0) survey by Nyman et al. 1992.
f Observed, but not detected in a CO (1-0) survey by Heske 1989.
8 Observed, but not detected in a CO (2-1) survey by Wannier et al. 1990.

REFERENCES.—(1) Olofsson et al. 1988; (2) Olofsson et al. 1987; (3) Knapp & Morris 1985; (4) Using P-L-S, relationship from Bowers & Hagen 1984; (5) Knapp
1986; (6) Knapp unpublished; (7) Knapp et al. 1992; (8) Wannier & Sahai 1986; (9) Using the K-magnitude from the IRC or Fouqué et al. 1992, and assuming an
absolute K-magnitude of — 8.1 (Kleinmann 1989); (10) Zuckerman & Dyck 1986a; (11) Zuckerman & Dyck 1989; (12) Zuckerman et al. 1986; (13) van der Veen &
Rugers 1989; (14) An unpublished CO (3-2) spectrum taken at the CSO was used, along with an LVG radiative transfer program (Morris 1980); (15) Huggins &
Healey 1986; (16) Leene & Pottasch 1988; (17) Claussen et al. 1987; (18) Deguchi et al. 1990; (19) Jura & Kleinmann 1992; (20) van den Bergh 1984; (21) Judge &
Stencel 1991;(22) Onaka et al. 1989;(23) Gillet et al. 1986; (24) Gatewood 1992; (25) Zuckerman & Dyck 1986b; (26) Margulis et al. 1990;(27) Nyman et al. 1992.

equations which can be solved to give the shell’s radius as a
function of time:

dr _

dt
dv M(vy — v) — [M(1 — v/vo) + 4nr’vpisy]v
dt M(t — 1/vo) + %Wsplsm '

Equations (5a) and (5b) were numerically integrated to solve
for the age of each CO-detected star which was found to be
extended. For consistency, the CSS radius from the 60 um data
was used in all cases, even if a 100 um radius was available. The
results are given in Table 1. The ISM density was assumed to
fall off exponentially, in the direction z perpendicular to the
Galactic plane, from a value of 2 H cm ™3 (Spitzer 1978), with a
scale height of 100 pc (Mihalas & Binney 1981). As is shown by
Figure 2, the expansion rate of the shell edge is not strongly
dependent upon pygy; the final size of the shell is reduced by
less than a factor of 2 when pgy is increased by a factor of 10.
The mass-loss rates were taken from calculations in the liter-
ature. These calculations were made by solving the radiative

v, (5a)

(5b)

transfer problem for thermal CO emission using the Sobolev
approximation (Knapp & Morris 1985), and they are not
dependent on any measurements of the continuum emission
from the CSS. If our assumed distance differed from the value
that had been used to calculate M, we rescaled the value
assuming that M oc D2, which is appropriate if, as was usually
the case, the molecular envelope was unresolved. The dust was
assumed to have been ejected from the star at the terminal
velocity derived from the CO profile. The velocity difference
between the dust and the gas (the “ drift velocity ”) was ignored,
which is apt to have caused us to overestimate the shell’s age.
While the drift velocity is probably small for optically thick
shells with M > 2 x 1075 My yr~! (Gail & Sedlmayr 1985),
calculations for the drift velocity in optically thin shells
(Berruyer & Frisch 1983; Goldreich & Scoville 1976) predict
drift velocities larger than the terminal velocity for the molecu-
lar material. Dougados, Rouan, & Léna (1992) directly deter-
mined the dust velocity of the inner ~0.01 pc of IRAS
0937141212, by measuring Doppler shifts in the scattered
photospheric emission. They found dust velocities 10-15 km
s~ ! lower than the CO velocity (i.e., a negative drift velocity).
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F1G. 2.—Results of numerically integrating egs. (5a) and (5b) are shown for two values of the ISM density pjgy. In both cases M = 1076 M, yr~* and v, = 15 km
s~ '. The period of copious mass-loss for an AGB star probably lasts for ~5 x 10° yr, and over that period the expansion velocity of the shell edge drops from 15 to
under 3 km s~ *. This deceleration would be difficult to detect from molecular line observations. The CO envelope is expected to be truncated at a radius of about 0.3
pc by photodissociation, even for very large mass-loss rates (Mamon et al. 1988). If the CSS has expanded beyond the dissociation radius, then the molecular
emission lines won’t show signs of deceleration because the molecular material will only be present in a region where the ISM has already been swept away. On the
other hand, if the CSS has not yet expanded to the dissociation radius, the shell is so small that the velocity of the shell edge will not yet have been significantly

reduced.

While these authors show that the apparent dust velocity could
be lowered by a variety of radiative transfer effects, their data
certainly do not support large drift velocities. In the outer
regions of the envelope it is unlikely that the drift velocity can
greatly exceed 20 km s~ !, because beyond that velocity the
grains will be destroyed by sputtering (Kwok 1975). The fact
that extended continuum emission surrounding these stars is
visible at all places an upper limit on the magnitude of the drift
velocity (see § 2.4).

The value for the total shell mass in column (10) of Table 1 is
the product of the estimated age multiplied by the mass-loss
rate from CO observations. Calculating the mass in this way
assumes that M is constant over periods comparable with its
AGRB lifetime, which is almost certainly not true. Evidence
suggests that the mass-loss rate increases as the star progresses
up the AGB (Iben & Renzini 1983), so our use of the CO-
derived mass-loss rate (which samples only material ejected
within the last few thousand years) is apt to result in the total
mass being overestimated. With the exception of NGC 2346,
the estimated masses are strikingly small when one considers
that an average star is expected to shed ~1 M during its
AGB lifetime (Herman & Habing 1985). IRC+ 10216 was not
included in Table 1, because its 60 um IRAS data is so anom-
alous. If we combine IRC+10216’s 100 um size with the dis-
tance, expansion velocity and mass-loss rate from Knapp &
Morris (1985), we obtain a CSS with a radius of 0.8 pc contain-
ing 3 M of material. It appears that only IRC + 10216, out of
all the red giants in the solar neighborhood, and the planetary
nebula NGC 2346 have lost a significant fraction of their total
envelope mass. This strongly implies that mass is not lost at a
constant rate on the AGB, or even at a gradually increasing
rate, but rather most of an AGB star’s envelope is ejected
during a brief period which may terminate the AGB phase.

The average radius of the shells in Table 1 is 0.74 pc. Since
this table consists only of those stars which appear to have
been resolved, stars with large shells are overrepresented. The
shells surrounding 28 of the stars are at least twice as large as
the maximum size of 0.3 pc predicted by Rowan-Robinson et
al. (1986). The mass-loss rates and ages from Table 1 show no
correlation.

2.1. Detached Shells

One of the parameters fitted by our model fitting program
(MFP) was the inner radius of the CSS. Table 3 of Paper I lists
these radii in angular units, while the value in pc is given here
in Table 1 (if the radius is less than the 1’ resolution of IRAS at
60 pum, an upper limit corresponding to 1’ is given). Nineteen of
the stars have radii larger than 1!5. These stars may have
entered a quiescent period of reduced mass loss. Figure 3
shows the 60 and 100 ym maps produced by analyzing the
survey data for Y CVn with the IPAC HIRES processor
(Aumann, Fowler, & Melnyk 1990). While the HIRES image
shows that the CSS has a more complex structure than the
simple dust model used by the MFP, the outer edge of the
MFP model dust shell matches the maximum extent of emis-
sion in the map quite well. The MFP calculated an inner radius
of 28 for the 60 um data, and the map also shows a similar
inner radius for the extended emission. However the 12 inner
radius derived from the 100 um data is nearly equal to the
resolution of IRAS at 100 um and probably has no physical
significance.

If the inner radii reported by the MFP are not spurious, then
one would expect those shells with large inner radii to lack the
spectral features associated with high-density gas. Maser emis-
sion from OH, H,0, and SiO arise from radii of about 10*°,
103, and 103 cm, respectively (Herman & Habing 1985). SiO
thermal emission also traces higher density material than CO,
because of its much larger dipole moment. Table 2 lists which
of the oxygen-rich objects with inner radii larger than the
IRAS diffraction limit have emission from these high-density
tracers. All but two of the seven objects with inner radii less
than 0.1 pc show one of these lines, while only six of the 20
objects with a larger inner radius do. For the shells with inner
radii larger than 0.3 pc, even the thermal CO emission is
absent. These trends indicate that the inner radii fitted by the
MFP are physically significant.

Figure 4a shows a histogram of the CSS inner radii. While
the largest number of shells have very small inner radii, those
stars whose inner radii were actually resolved have a fairly
uniform distribution between 0.05 and 0.25 pc. The distribu-
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F1G. 3.—Results of processing the survey data covering Y CVn with the IPAC HIRES program suite are shown. In (a), the 60 um map, the lowest contour level is
0.45% of the peak intensity, and the contours are logarithmically spaced with ratios of 1.5. The central source appears elongated, however, this is almost certainly an
artifact caused by the large size of the 60 um detectors in the cross-scan direction. Panel (b) shows the 100 um HIRES map. Here the lowest contour is 2% of peak
intensity, and the ratio between successive contours is 1.7. In both panels the inner and outer extents of the dust model fitted by the MFP are shown as dotted lines.

The filled circles show the IRAS resolution (80% encircled energy).

tion falls off dramatically beyond 0.3 pc, and all but one of the
seven objects with inner radii larger than 0.3 pc do not have a
detectable CO envelope. This suggests that the CO is photo-
dissociated at a radius of 0.25-0.30 pc. This is in good agree-
ment with the CO radius calculated by Mamon et al. (1988) for
stars with very large mass-loss rates (M > 1075 Mg yr ™).
Figure 4b shows the age of 59 of the dust shells from Table 1,
plotted as a function of the inner shell radius in parsecs. These
two quantities appear to be weakly correlated. The linear
correlation constant, r, for these two variables is 0.48. The
probability of r having this high a value if the age and inner
shell radius are uncorrelated is less than 0.001 (Young 1962).
However, since the age of the shell is strongly correlated with
its outer radius (r = 0.85), a spurious correlation could occur
between the age and the inner radius. This would happen if the
assumed dust emission profile or the MFP itself had a defect
which caused shells with large outer radii to be fitted with large
inner radii. Since the outer radii must be larger than the inner

radii, the two radii will be correlated even if the MFP is not
defective, and this tautologous correlation could give rise to an
age—inner radius correlation. There is no correlation between
the IRAS colors of the object, and the shell’s inner radius. This
is surprising if the calculated inner radii are correct, since one
would expect a detached shell to be cooler, allowing the star’s
photosphere to dominate the 12 and 25 um bands.

If the weak correlation of age with inner radius is not spu-
rious it suggests that the mass-loss process becomes more epi-
sodic as the star loses its atmosphere. For AGB stars, this
might occur as a consequence of the thermal pulse cycle.
Throughout the thermal pulse phase, the amplitude of the
luminosity variation caused by a thermal pulse increases with
each successive pulse (Iben & Renzini 1983). Since it is likely
that the stellar winds from these stars are driven by radiation
pressure, these luminosity variations could modulate the mass-
loss rate and produce shells which appear to be detached from
the central star.

TABLE 2
CO, OH, H,O AND SiO EMISSION FROM OXYGEN-RICH SHELLS WITH RESOLVED INNER RADI

Rinner OH Rinner OH

(pc) CO 1612 H,O SiO Name (pc) CO 1612 H,O0 SiO
0.06 T 0.20 T (1)

0.06 T M T 0.20

0.06 T M M 0.21 (1)

0.08 T e M T 0.24 T ...

0.09 T M M T 0.25 T

0.09 T 0.25 T - ...
0.12 T 0.27 T M T
0.12 T 0.41 )

0.13 T 0.44 1)

0.13 T M T 045 e M

0.14 T M 0.46
0.16 T 0.56 (1) T
0.19 T (1) 0.77 (1) T

NOTES.—M = Maser emission, T = Thermal emission. (1) Not in the region covered by the catalog of H,O masers. (2) We were unable to locate
any published detections or nondetections of rotational CO emission from this object. Sources: CO—see Table 1; OH 1612 masers—Hekkert et al.
1989; H,O masers—Cesaroni et al. 1988; SiO emission (thermal and maser)—Engels & Heske 1989.
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F1G. 4—(a) A histogram of the inner shell radii is shown. The bold line histogram shows the values for those shells whose inner radii had an angular size of 1’ or
more, and may have actually been resolved. The thin line histogram shows the values for objects whose fitted inner radii are smaller than the IRAS 60 um diffraction
limit, and probably have little or no physical significance. Solid lines are used for the objects which have been detected in CO, while a dashed line is used for objects
with published nondetections. For the stars with CO emission, the radii are distributed rather uniformly through the range of 0.05-0.25 pc and only PQ Cep has an
inner radius larger than 0.3 pc. (b) The calculated age of the dust shells for 59 of the stars in Table 1, plotted as a function of the inner shell radius. Carbon stars are
plotted as filled circles; oxygen-rich objects are unfilled. NGC 6720 and the stars without CO detections were not included in this plot because their ages were not
calculated. Also shown is the least-squares best-fit line. The weak correlation is stronger for the carbon-rich envelopes.

2.2. Comparison of Resolved and Unresolved Objects

For the remainder of this paper, unless stated otherwise, we
will consider only those stars which have been detected in CO,
because they form a more homogeneous group than do the
stars from the Additional List. A large fraction of the stars with
distances of 500 pc or less appear to be resolved (see Paper I).
While seven of the eight stars with distances less than 200 pc
are resolved in the 60 um data, there are many stars within 500
pc which are not. The 33 unresolved stars which are within 500
pc are listed in Table 3. If we adopt Kleinmann’s (1989) scale
heights of 200 pc for carbon stars and 400 pc for oxygen-rich
stars, the total number of stars in our CO-selected list (both
resolved and unresolved) as a function of distance is well fitted
by an exponential disk, out to a distance of 400 pc for the

oxygen-rich stars, and 600 pc for the carbon stars. The best-fit
space densities are 110 kpc ™3 for carbon stars and 270 kpc 3
for oxygen-rich stars in the Galactic midplane (here and else-
where in this paper N stars are grouped with carbon stars and
S stars are considered oxygen-rich). Beyond 400 pc our list
must be quite incomplete because the number of stars per unit
distance drops off rapidly. The fact that the list of resolved
stars in Table 1 contains nearly equal numbers of carbon and
oxygen-rich objects, even though the oxygen-rich stars are
twice as common, is a reflection of the larger average size of the
carbon star shells.

The average distance to the unresolved stars is 370 pc. At
that distance a CSS with a radius >0.2 pc could be clearly
resolved. This is less than one-third the average CSS size of the

TABLE 3
STARS WITHIN 500 pc WHICH ARE UNRESOLVED
DISTANCE Vo DISTANCE Vo

NAME (pc) Reference (km s™!) Reference CLASS NAME (pc) Reference (km s~!) Reference CrLass
TCas ..cooeveinninninennn.. 360 1 52 12 Mira | RVBOO ....cvviiininnin 380 10 8.1 13 SRb
R And 310 2 8.7 2 Mira | CRL4211* .................. 330 4 20.5 4
UY Cet 470 10 8.1 13 SRb SCrB..oiiiiiiiiiiiis 300 8 7.8 17 Mira
W And 280 3 11.0 14 Mira IRAS 15194—5115* ........ 400 4 233 4
R Hor 270 4 6.6 4 Mira 330 8 5.6 17 Mira
TW Hor 420 5 53 5 SRb 370 1 9.2 17 Mira
NML Tau 270 2 22.0 2 Mira 360 3 11.6 17 Mira
TX Cam 360 2 16.9 15 Mira 160 9 10.0 15 SRb
SPic....... 390 6 11.8 13 Mira 500 2 16.7 2 e
Y Tauv* 480 5 10.7 5 SRa 300 1 55 17 Mira
V Cam 390 6 12.2 16 Mira 280 7 20.7 19 e
S CMi 480 1 4.1 17 Mira WAQl .o 470 2 19.9 2 Mira
R Cnc 310 1 34 17 Mira | IRC+ 80040 .... 500 10 12.0 20 SRb
CRL 5254* 420 7 12.8 12 TCep .oovvvvnnvviinnns ... 200 1 5.0 16 Mira
R LMi 260 8 6.0 18 Mira | V460Cyg® ............ ... 440 11 114 11 Lb
V Hya® 400 2 20.9 2 SRa CRL 3099 .....ccoenvnnnnn 500 2 10.1 2
SVir..ooovviiiiiiiiiiiin.. 450 8 3.5 17 Mira

2 These stars are carbon stars or have carbon-rich envelopes.

SourcEs—(1) Sivagnanam et al. 1988 (2) Knapp & Morris 1985; (3) Using P-L-S relationship from Bowers & Hagen 1984; (4) Knapp et al. 1989; (5) Olofsson et
al. 1988; (6) Onaka et al. 1989; (7) van der Veen & Rugers 1989; (8) Jura & Kleinmann 1992; (9) Eaton & Johnson 1988; (10) Assuming an absolute K-magnitude of
—8.1;(11) Olofsson et al. 1987; (12) Zuckerman & Dyck 1986a; (13) Lyman et al. 1992; (14) Zuckerman et al. 1986; (15) Wannier & Sahai 1986; (16) Zuckerman &
Dyck 1989;(17) Young et al. 1992; (18) Knapp et al. 1982;(19) Zuckerman & Dyck 1986b; (20) Knapp (unpublished); (21) Zuckerman & Dyck 1989.
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resolved stars listed in Table 1. Therefore if the distance esti-
mates for the unresolved stars are not too low by a factor of 3
or more, their shells must either be much smaller on average
than those of the resolved stars, or not dense enough to be
detected by IRAS. If the unresolved stars have shells which are
just as large as those of the resolved stars, but less dense, then
either the mass-loss rates for these stars must be lower, or the
outflow velocity must be higher. However, the average CO
velocity for both the unresolved and resolved groups
(excluding the resolved stars with distances greater than 500
pc, we shall call this group “the nearby resolved group”) is 11
km s~ !. Radiative transfer models of the CO emission from
evolved stars show that the mass-loss rate is strongly corre-
lated with the expansion velocity (Knapp et al. 1982), so it is
likely that the mass-loss rates of these two groups are also
similar. Therefore the unresolved stars on average should not
have less dense envelopes, implying that they must have
smaller envelopes than those surrounding the resolved stars.
Note, however, that the closest unresolved Miras do have very
low expansion velocities and may have large undetectable
shells (see below).

The envelopes surrounding the unresolved objects might be
smaller for one of three reasons. The first possible reason is
that the ISM surrounding the unresolved objects might be so
dense that it confines the ejected material within a relatively
small distance from the star. If the unresolved objects are in
regions of very high ISM density, then they should cluster
more closely about the Galactic plane, but they do not; the
average absolute Galactic latitude of the unresolved objects is
29?2, which is not significantly different than the nearby resolv-
ed group’s average value of 3571 and merely reflects the larger
average distance of the unresolved objects. The second possible
reason is that the CSSs surrounding the unresolved objects
have been stripped off by ram pressure arising from the star’s
large peculiar velocity. All but three of the resolved stars and
two-thirds of the unresolved stars within 500 pc are near
enough to have measurable proper motions. The proper
motion may be combined with the radial velocity from the CO
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detections to calculate the full three-dimensional velocity of the
star, with respect to the local standard of rest (v, ). For stars
this near the Sun, |v; g | should be a good approximation to
the speed of the star with respect to its local interstellar
medium. For the unresolved stars the average speed is
[visr| = 61.5 km s~ !, which is slightly larger than the value of
54.8 km s~ ! obtained for the resolved stars. Also the average
magnitude of the radial v, gz, which is available from the CO
observations for all the stars, is 18.1 km s~ ! for the unresolved
stars and 15.5 km s~ for those which were resolved. While the
unresolved stars do appear to be moving ~ 15% faster than the
resolved ones, this difference is much less than the standard
deviation of the velocities in either sample, and probably is just
another reflection of the greater average distance to the unre-
solved stars. Therefore it does not seem likely that all the unre-
solved stars have had their envelopes stripped away by ram
pressure. The third explanation for the unresolved stars is the
simplest—perhaps they simply have not yet grown large
enough to be resolved. If this is the case, the close agreement of
the average CO expansion velocities in both groups tells us
that the unresolved stars must be younger than the resolved
ones.

A color-color diagram for these nearby unresolved stars,
along with all the stars found to be resolved, is shown in Figure
5. While the stars found to be resolved are divided nearly
evenly between carbon stars (27 objects) and oxygen-rich (M)
stars (31 objects), only 8 of the 33 unresolved nearby stars are
carbon stars. This suggests that the carbon stars have been
losing mass for a longer time, on average, than have the M
sters. The calculated shell ages in Table 1 provide additional
evidence of this. The average age of the carbon star shells is
1.1 x 10° yr, whereas the average age of the oxygen-rich shells
is 7.9 x 10*yr. ,

The Mira variables in Tables 1 and 3 are of particular inter-
est. Since Miras obey a period-luminosity relationship, their
distances can be estimated much more accurately than is pos-
sible for the other objects in this study. The average age of the
shells around the resolved Miras in Table 1 is 5.7 x 10* yr.

a A = Resolved Carbon Star
t CRL3099 ® = Resolved Oxygen Star
° a= Unresolved Carbon Star .
-0.2 | o© 0= Unresolved Oxygen Star || Rz sgr
xx X = Resolved Star, no CO
e 0 ° .
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FIG. 5—An IRAS two-color diagram is shown for all extended objects (filled symbols), including those beyond 500 pc, along with objects within 500 pc which
were not found by the MFP to be extended (open symbols). No color corrections have been applied to the fluxes from the PSC. Not shown are two planetary nebulae
with very blue [25 — 12] colors, NGC 6720 and NGC 2346. IRAS 09372+ 1212, Y Hya, and IRC — 10139 are not shown because of problems with one or more of the

IRAS fluxes for these objects.
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The Mira variable with the youngest shell, 1.2 x 10* years old,
is Mira itself. W Peg’s shell is 1.6 x 10° years old, the oldest of
any of the Miras. Evidence that the nearby unresolved Miras
do not have less dense shells is provided by the PSC 12 um
fluxes. The 12 um emission should arise from the inner portion
of the CSS. If the unresolved shells are less dense than those
which are resolved, one would expect them to have lower
12 um intensities. However, if we normalize the PSC fluxes by
the distance squared, there is no significant difference between
the 12 um fluxes of the resolved and unresolved groups.

There are several ways by which we could estimate the life-
time of a Mira, using our age calculations. The simplest way is
to take the average age of the resolved Mira shells in Table 1
and assume that on average these stars have lived half of their
Mira lifetimes. This yields a lifetime of 1.1 x 10° yr. This is apt
to be an overestimate, since an old star has a greater chance of
being resolved than does a young star. Some of the nearby
unresolved stars in Table 3 may be young Miras with small
shells. Let’s assume for the moment that all the nearby unre-
solved Miras have shells which are slightly smaller than our
resolution threshold. We required the outer radius to be at
least 2’ in order for the shell to be considered resolved. We can
use equations (5a) and (5b) to calculate how long these stars
would require to produce a shell of this size. Assuming that
these stars do not have large, tenuous shells, this gives the
maximum age for each of these Miras. For the 19 unresolved
Miras within 500 pc, this maximum age is 3.6 x 10* yr on
average. If we now assume that these unresolved stars have
lived half of their maximum age and combine this result with
the average ages of the resolved Miras within 500 pc, we obtain
an estimated lifetime of 6.5 x 10* yr. This is apt to be an
underestimate, because as discussed above, the nearby Miras
may have large shells which IRAS could not detect. This esti-
mate again suggests that the lifetime of a Mira is ~10° yr,
excluding any period before the star begins to lose mass at a
detectable rate. This is twice the estimated lifetime obtained by
comparing the numbers of Miras and planetary nebulae in our
Galaxy (Wood 1990), and the discrepancy may indicate that
not all Miras produce planetary nebulae.

Because most of the carbon stars within 600 pc which were
processed are resolved (24 out of 38, ignoring IRC + 10216), the
ages of these stars can be used to estimate the duration of the
carbon star phase for stars in the solar neighborhood. If we
assume that these stars are, on average, halfway through the
carbon star phase, the average age of 1.1 x 10° yr implies the
duration of this phase is about 2 x 10° yr. This result agrees
with the carbon star lifetime derived by Claussen et al. (1987),
who estimated that the carbon star phase lasts for 105-10° yr.
From the distribution of carbon stars in the TMSS, these
authors deduce that carbon stars had main-sequence masses
between 1.2 and 1.6 M. They obtained their upper limit age
by dividing the envelope mass that must be shed (~0.8 M) by
the average mass-loss rate (=2 x 10”7 Mg yr~ ). Their lower
limit is set by the birthrate of the main-sequence F stars they
believe evolve into carbon stars. On the other hand our esti-
mate is an order of magnitude longer than the lifetime of
2 x 10* yr calculated by Willems & de Jong (1988). Even if the
interaction of the CSS with the ISM is ignored, and the age is
calculated by simply dividing the CSS size by the molecular
expansion velocity, and all of the unresolved stars are assumed
to have an age of 0 yr, the average is 6.1 x 10* yr, implying a
carbon star lifetime of 1.2 x 10° yr. One potential source of
error in our calculation is that the molecular velocity has been
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used, rather than the unknown dust expansion velocity.
However, the dust velocity would have to be at least 5 times as
large as the molecular velocity, requiring an average drift
velocity of >80 km s~ to force the lifetime calculated here to
match that of Willems and de Jong. A drift velocity this large
will result in grain sputtering and also implies a dust density
which is too low to produce the flux detected by IRAS at a
reasonable temperature (see § 2.4). Bringing our estimate for
the carbon star lifetime into agreement with Willems & de
Jong would require that all or most of the CSS material at
large radii is oxygen-rich. It is not clear whether the composi-
tion of the dust at large radii can be determined spectro-
scopically. While a few carbon stars do show the 9.7 um silicate
feature in their IRAS low-resolution spectra (Willems & de
Jong 1986), probably arising from material expelled when the
star had an oxygen-rich envelope, the overwhelming majority
do not. Willems & de Jong (1986) estimate that the silicate
feature will disappear ~ 100 yr after the abundance of carbon
exceeds that of oxygen, but van der Vee & Habing (1988)
report that about 30% of stars in region V of their IRAS
two-color diagram, which is populated by stars with detached
shells, show the 9.7 um feature in absorption. It seems unlikely
that such a large fraction of these stars would exhibit this
spectral feature if it disappeared only 100 yr after the cessation
of mass loss.

Not surprisingly, the resolved stars have redder [100 — 60
um] = log, (100 um flux/60 um flux) colors on average than
do the unresolved objects. Only one of the stars with [100 — 60
um] < —0.54 was resolved, while all but one of the stars with
[100 — 60 um] > —0.37 (including NGC 6720 and NGC 2346
which are not shown in Fig. 5) were resolved. However, many
of the extended stars have bluer [25 — 12 um] colors than the
nearby unresolved stars. All but one of the objects with
[25 —12 um] < —0475 were found to be extended. A
[25 — 12 pum] value less than —0.56 corresponds to a tem-
perature of 2000 K or more, and indicates that there is very
little dust close to the star. If the resolved objects are older than
the unresolved objects, their bluer [25 — 12 um] color is addi-
tional evidence that the mass-loss process is increasingly epi-
sodic as the star ages. With the exception of the S star RZ Sgr,
the objects with the reddest [100 — 60 um] colors are all
carbon stars. This 100 um excess has been noted by several
authors and has been analyzed by Egan & Leung (1991), who
modeled the IR emission from carbon stars and found that a
large (~1 pc) detached outer shell is required to produce the
IRAS 25, 60, and 100 um fluxes.

One final difference between the nearby resolved and unre-
solved groups is the much higher percentage of semiregular
variables in the resolved group. The percentage of Miras and
semiregulars is 58% and 21%, respectively, in the unresolved
group, but 25% and 63% in the nearby resolved group. Semi-
regulars are more common in the nearby resolved group even
if the oxygen-rich or carbon stars are considered separately, or
if the SRc stars (which are supergiants not on the AGB) are
eliminated, or if all the unresolved stars of unknown type are
counted as semiregulars. The prevalence of semiregular vari-
ables in the resolved group is surprising; these variables have a
much smaller average amplitude of variation than do Miras,
and at least among Mira variables the mass-loss rate is posi-
tively correlated with the amplitude of the star (Whitelock,
Pottasch, & Feast 1987).

There are three simple effects that could cause the semi-
regular variables to have larger shells than the Miras; their
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shells could be expanding more rapidly, they could have higher
mass-loss rates producing denser, more easily detected shells,
or they could have been losing mass for a longer time than the
Miras. If the velocity from the CO observations is a good
indication of the dust expansion velocity, then the resolved
semiregulars are not expanding faster than the resolved Miras,
because the two groups have nearly identical average CO veloc-
ities. The average mass-loss rate for resolved semiregulars is
only about half the average value for the resolved Miras, so
their shells should be less dense, on average. It is conceivable
that the semiregulars have larger shells because their lower
mass-loss rates allow the dust to decouple from the gas at a
smaller radius, and thereby develop a larger drift velocity.
However, this would imply that the size of a dust shell should
be anticorrelated with the mass-loss rate (if the mass-loss rate
is constant). Instead, the shell sizes and mass-loss rates in Table
1 show a weak (and probably insignificant) positive corre-
lation. The most likely explanation seems to be that the semi-
regular variables have on average been losing mass longer than
have the Miras.

2.3. The Interaction of the Shells with the ISM

The resolved stars are all less distant than 1 kpc, and most
are within 500 pc. Being this nearby, almost all of these objects
have measurable proper motions, which allows us to calculate
(v sr)- Borkowski & Sarazin (1990) have found that the
envelopes of planetary nebulae with large velocities relative to
the local ISM are often distorted by the ISM ram pressure. The
simple model fitted by the MFP includes this effect only insofar
as the model is ellipsoidal. Distortion caused by the ISM might
increase the eccentricity of the fitted shell. Any distortion
should be most easily seen in larger shells which, for a given M
and v,, will have less dense outer edges more easily deformed
by the ISM ram pressure. However, no correlation was found
between the eccentricity of the shell and the shell size. Because
ram pressure increases quadratically with the star’s velocity
with respect to the ISM, and since this velocity will nearly
equal v g in the solar neighborhood, the shells of stars with
large |v s | should suffer the greatest distortion, but no such
correlation is seen. The shells of stars near the Galactic plane
are no more eccentric than those located far from the plane,
where the ISM density should be less. Finally, there is no
correlation between M and the eccentricity. We therefore find
no evidence in this study that the shape of the CSS is distorted
as a result of ram pressure from the surrounding ISM. Perhaps
the eccentricity caused by bipolar outflow dominates any effect
of ram pressure from the ISM.

2.4. The Dust Temperature

The estimated shell masses from Table 1 can be combined
with the extended emission flux values from Table 3 of Paper I,
to calculate mean temperatures for the resolved region of the
dust shells. Hildebrand (1983) showed that for spherical dust
grains

F()D? 4/3ap [ M,
shell = P (6)
B(V, T) Q(V) Mdusl
where
M e = the mass of the resolved portion of the dust
shell,
F(v) = the 60 um flux from the resolved region,
D = the distance to the star,
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B(v, T) = the Planck function at frequency v and
temperature T,
a the radius of a dust grain,

P = the density of the dust material, assumed here

3
o(v)

tobe 3 gcm™°,
= the emissivity of the dust at frequency v,
M, /M4, = the gas-to-dust mass ratio, assumed here to
be 100.

An iterative procedure was used to find a temperature which
satisfied equation (6), for each resolved shell except that of
NGC 6720, for which no mass-loss rate was available. The
mass of the material within a radius of 1’ was subtracted from
the mass listed in Table 1 to produce an estimate of the mass of
the resolved region. The dust grains were assumed to have
radii of 0.1 um, and a 60 um emissivity of 0.0046 was used. This
emissivity was obtained by interpolating values tabulated by
Draine (1987). The emissivities of graphite spheres and spheres
of “astronomical silicate ” differ negligibly at 60 um. The 60 um
flux values from Table 3 of Paper I were multiplied by 1.03, to
color correct them for a 40 K blackbody.

Figure 6a shows a histogram of the temperatures calculated
by solving equation (6). The average and median temperatures
are 37 and 35 K, respectively. The average outer radius for
these shells is 0.57 pc. Collison & Fix (1991) modeled the tem-
perature profiles of axisymmetric circumstellar dust shells by
solving the radiative transfer problem. They found that all
temperature profiles exhibited the same basic shape

0.4 ro O
T(r) = TO<T°> e~ T o TO<7> et (r>ry), (D

where r, is the radius at which dust condenses with a tem-
perature of Ty, and ¢ ranges from 0.48 near the pole to 0.86
near the equator of their model shells. Equation (7) implies that
the temperature at large r is not strongly dependent upon r, so
the average temperature of 37 K obtained by solving equation
(6) should be a good estimate of the temperature at half the
average outer radius (0.29 pc). This temperature is in fair agree-
ment with the value of 30 K obtained from equation (7) with
T, = 1000 K, o = 50 AU, ¢ = 0.67 (these are typical values for
T, and r, from the models of Collison & Fix; this value of £ is
the average of the polar and equatorial values), and r = 0.29
pc.
Figure 7 shows the radial dependence of Igg um/I100 um fOT
the stars which were found to be extended in the 100 um data.
IRC + 10216 was not included, because of the low reliability of
its 60 um model parameters. This ratio decreases for all the
stars from a radius of 0.1 pc to a radius ~0.5 pc. Assuming
there is no radial gradient in the grain emissivity, this decrease
must arise from a decrease in dust temperature. The dust
within this region must be heated either by radiation from the
central star, or by collisions with the expelled gas. The data
become progressively more noisy as the edges of the envelopes
are approached, but the four stars (V Eri, W Pic, RY Dra, and
R CrB) with the largest envelopes show that Iso um/I100 um
stops decreasing at a radius of about 0.9 pc. The nearly con-
stant ratio beyond 0.9 pc indicates that in the outer envelope
the dust is externally heated.

These temperature gradient regimes have been noted sep-
arately in earlier work. Hawkins (1990) presented IRAS 60 um
and 100 um maps of W Hya obtained from the same survey
data used here, and also found it to be extended in both bands.
The maps show the CSS has a radius of 15'-20'. This is in fair
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smaller than average, therefore the average temperature of the dust should be higher. (c) Calculated shell temperatures as a function of distance. All of the warmest
shells are also closer than average, allowing material nearer the star to be resolved.

agreement with the 10' 60 yum and 15 100 um sizes for this
object listed in Table 3 of Paper I, obtained from the MFP.

dust by W Hya. Though not remarked upon by the author, the
Hawkins data also indicate I ,m/I100 um DO longer decreases

Hawkins compared the 60 and 100 um data and derived a dust
temperature of ~40 K in the outer envelope, in good agree-
ment with the average temperature of 37 K obtained by solving

beyond a radius of 0.33 pc (assuming the distance used here, 80
pc, rather than 115 pc used by Hawkins). For R CrB, Gillet et
al. (1986) found that g /100 um i cOnstant across the entire

18’ diameter shell, excluding an unresolved central hot spot
which covers the inner 1 pc radius of the shell. The dust tem-

equation (6). He found that I ,n/I100 .m decreases radially
and showed that this is consistent with radiative heating of the

1 . . . . T ~ . - T T
o V Eri a W Hya ’
0.8 e W Pic o SW Vir -
4 Y CVn o RX Boo ‘
0.6 =m RY Dra & R CrB —

160;4 / I100;1.

0.4

0.2

Tkt ]

Radial Distance (pc)

FIG. 7—Radial dependence of the ratio of the 60 and 100 um brightness is shown for the stars which are extended in the 100 pm data. In this figure, the raw
CRDD data have been summed after baseline removal in 1’ wide annular bins of increasing radial distance from the central star. Filled symbols, for W Pic, Y CVn,
RY Dra, and R CrB, represent carbon star data. Data at radii smaller than 2’ are not shown. Several points from radii less than 0.2 pc with Io ym/I 100 um > 1.0 are
not shown. The error bars represent the value of 6(60 #m/100 um) = (1/1100 w580 un/N60 um) + 20 um 5300 um/T 300 um N 100 um)1'/> Where 0 g m and 0100 m are the
standard deviations in I¢g ,p, and 1,04 ym» a0d Ng 4y and N 40 ,, are the numbers of points in the annular bins. For clarity of the figure, the very substantial error
bars for the abscissa are not shown. The curves are from the model of Gillet et al. (see text).
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perature inferred by the authors is 25-30 K. Both of these
earlier works, plus the results in Figure 7, indicate that within
the central ~0.5 pc the dust is heated primarily by the central
stars’ radiation, while an external heat source dominates
beyond about 1 pc.

Gillet et al. (1986) developed a model for the radial tem-
perature profile and infrared brightness of an envelope heated
by both its central star and an external heat source, the effects
of which are constant throughout the envelope. This model
was used to produce the three curves shown in Figure 7. The
three curves represent the expected value of Igg ,m/I00 um fOT
stars of 10* Ly (upper curve), 5 x 10* Ly, and 3 x 10° Lg
(lowest curve). In all three cases the central star was assumed to
be at a distance of 340 pc and emit as a 2500 K blackbody, the
dust emissivity ocA™!, and the external heating rate is equiva-
lent to that of a 10* L, star at a radius of 0.9 pc. The curves are
truncated at 0.4 pc (4'), because at smaller radii the value of
I60 ym/I100 um DECOmMES Very sensitive to the orientation of the
IRAS detector with respect to the central star. Lowering the
exponent of the dust emissivity (m) below —1 causes
I60 um/I100 um toO increase, for a fixed rate of external heating.
By calculating models with no external heating we can place a
lower limit on the value of m by requiring I¢ ym/I100 um tO
match the data at large radii. For a 10* L model, m cannot go
below —1.4, and for a 3 x 10* Ly model m must be greater
than — 1.6, to match the color near 1 pc. It should be empha-
sized that changing m cannot remove the need for an external
heat source, because central heating cannot produce the flat
color distribution seen beyond 1 pc.

In § 3.5 it was shown that our results indicate that the
carbon star phase of evolution lasts substantially longer than
the lifetime estimate of Willems & de Jong (1988). One way in
which our results could be brought into agreement with those
of Willems and de Jong is by assuming that the dust has a
substantially larger terminal velocity than the molecular
material. This is by no means excluded by the results of some
of the models of dust acceleration which can be found in the
literature. For example Wickramasinghe (1972) calculated that
the dust should typically be accelerated to a terminal velocity
of several thousand km s~ ! However if the dust is expanding
at a much higher velocity than the molecular material, then
equation (3) tells us that the density of the dust in the CSS must
be less than the value that the molecular expansion velocity
and the dust/gas ratio near the star would suggest. This means
that we must obtain the far-infrared fluxes measured by IRAS
from a much smaller total amount of solid material. If we
assume the dust velocity is 5 times that of the CO (the
minimum increase required to make our carbon star age esti-
mates consistent with Willems & de Jong’s lifetime estimate),
then equation (6) must be solved with a correspondingly
smaller effective dust/gas ratio. This increases the average esti-
mated dust temperature from 37 to 50 K, which does not agree
as well with the 30 K predicted by equation (7), or the tem-
peratures implied by T4 um/I100 um-

3. NOTES ON PARTICULAR OBJECTS

W Pictoris: The 184 radius of the 100 um emission sur-
rounding this star (see Fig. 184 of Paper I) is the second largest
of any of the CSSs presented here (after R CrB), corresponding
to 3.5 pc (assuming a distance of 660 pc). The 60 um emission
(Fig. 6b in Paper I) covers a much smaller area, however no
well-defined outer edge is seen in the 60 um emission, suggest-
ing noise may be obscuring emission from beyond a radius of

Vol. 409

~7'. The size of the 100 um envelope is so large, that it is
questionable whether the extended emission is actually associ-
ated with the star. The extended emission at both 60 and 100
um is well centered on the star’s position, and the MFP report-
ed the emission arises from a nearly circular region with an
aspect ratio of 0.96 in both bands. The object is at a fairly high
Galactic latitude (b = —31), however, its PSC CIRR?2 flag is 4,
indicating the field may be contaminated by infrared cirrus.
The CIRR1 flag, which is a count of the objects within 30’
which were detected by IRAS only in the 100 um band and are
apt to be cirrus structures, is 0. A search of the SIMBAD and
NED data bases revealed no objects within 20’ of W Pic which
could produce the 100 um emission.

Assuming the 100 ym emission is circumstellar in origin, the
mass-loss rate and outflow velocities derived from CO obser-
vations (Olofsson, Eriksson, & Gustafsson 1988) imply that
near the outer edge the CSS has a density of only 4 x 1073 H
cm ™3, Even at this star’s distance of 330 pc above the Galactic
plane, the surrounding ISM should be dense enough that the
CSS would require more than 10 yr to expand to 3.5 pc. It
therefore seems likely that in order for the CSS to reach this
size, either W Pic must lie in a region of very low ISM density,
or its mass-loss rate must have been much greater in the past,
or our distance estimate must be much too high.

RY Draconis: This object is surrounded by the third most
extensive region of emission of all those examined. If the
extended emission is circumstellar, the radius is 2.9 pc
(assuming a distance of 450 pc and using the 100 um size). As
with W Pic, the size is so large, that it is possible that the
extended emission arises from a chance alignment with an
object not associated with the star. RY Dra has a high Galactic
latitude (b = 51°), so it is unlikely that this region is contami-
nated by infrared cirrus. Also, the PSC CIRR1 and CIRR2
flags are 0 and 3, respectively, indicating the region is relatively
free of cirrus contamination. We obtained 2° x 2° FRESCO
(IPAC 1989) images centered on RY Dra. They reveal very
little cirrus contamination at 60 um. There is cirrus emission
visible in the 100 um image, but it is neither as intense nor as
large as the extended emission surrounding RY Dra. A search
of the SIMBAD and NED data bases revealed only two cata-
loged objects within 20’ of RY Dra; SAO 15949, a 10th magni-
tude F2 star 9" away and IRAS F12532+ 6600, a faint galaxy
17" away whose 60 um flux is 2.5 mJy, and which was unde-
tected at 100 um. Neither of these objects could be responsible
for the extended emission around RY Dra.

RY Dra differs from W Pic in that the size and shapes of the
60 and 100 um regions are very similar (see Figs. 10b and 19¢
in Paper I). Throughout most of the extended emission,
I ym/T100 um = 0.25 which is near the middle of the range for
infrared cirrus clouds (Low et al. 1984). If the extended emis-
sion is circumstellar in origin, the temperature of the dust shell
is nearly constant throughout the outer envelope. As with W
Pic, the CO-derived mass-loss rate and outflow velocity
(Olofsson, Eriksson, & Gustafsson 1987) imply a very low
density near the outer edge of the CSS, again indicating that
either the surrounding ISM has a very low density, or the star’s
mass-loss rate was greater in the past.

NGC 6720 (the Ring Nebula): Hawkins & Zuckerman (1991,
hereafter HZ) also analyzed the survey data for this object, by
performing a one-dimensional deconvolution. The results they
obtained differ significantly from those presented here. The 60
um diameter they obtained is 50", far smaller than the 10’
diameter we obtained. The source of this disagreement is
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an expanded vertical scale. Note that emission is seen several arcminutes further from the source than can be explained by the detector’s point-spread function alone.
(c) Binned data for y Cygni (solid line) and the best-fit point source (dotted line). The extended emission region is very flat, suggesting the CSS is hollow. (d) Same data

as in panel (c) plotted with an expanded vertical scale.

shown in Figures 8a and 8b. The HZ diameter is a full width at
half-maximum, whereas the MFP reports a size at zero inten-
sity. Since the extended emission is very weak, it has very little
effect on the FWHM. However, HZ also examined the individ-
ual detector scans in an attempt to find low-level emission
which might arise from a weak infrared halo, and found none.
We believe that because our program fit a model to all the
scans passing near the object, it lowered the noise floor by
averaging, and this allowed us to detect extended emission that
is too faint to be seen in individual scans.

x Cygni: This object is not listed in Table 1 or Table 3 of
Paper I, because its PSC CIRR?2 flag is 5, which indicates the
field may be contaminated by infrared cirrus. Nevertheless, this
object does appear to be extended (see Figs. 8¢ and 8d), and the
60 pum survey scans covering the object have reasonably flat
baselines. Unfortunately the 100 um scans show abundant evi-
dence of cirrus contamination. The 60 um shell has a radius of
7, and it is $trikingly flat-topped, implying that the shell is
detached, with an inner radius of 3!5. If a distance of 115 pc
(Stein 1991) is adopted, the inner and outer radii are 0.12 and
0.23 pc, respectively, and the shell age obtained by solving
equations (5a) and (5b) is 3.5 x 10* yr. Further evidence that
Cygni has a detached shell is provided by its IRAS [12—25]
and [25—60] colors, which correspond to a temperature of
2000-2500 K. This indicates most of the infrared radiation
from this star arises from the star’s photosphere. This is in
sharp contrast to the situation for most of the AGB stars with
detectable molecular emission, the colors of which usually indi-
cate the presence of dust at a temperature below 1000 K. Had

this star not been rejected due to its CIRR2 flag (which is only
1 unit above the rejection threshold), it would have been the
best example of a detached shell in the entire sample. However,
« Cygni is located only 7 pc above the Galactic plane, so the
detached shell might be composed of swept-up ISM material,
and may not indicate that the star’s mass-loss rate was greater
in some past era. The IRAS small-scale structure catalog does
not list y Cygni.

4. CONCLUSIONS

The IRAS survey data for 512 red giant stars were processed
using a simple model fitting program. This program was devel-
oped to detect the presence of low-intensity extended emission
surrounding a bright unresolved source. Of these stars, 76 were
found to have shells which are resolved in the IRAS 60 um
data. The average shell radius is 0.74 pc. Forty percent of the
76 resolved stars have carbon-rich envelopes. A model for the
interaction of the expanding shell with the surrounding ISM
was developed. This model predicts that the edges of the
largest shells (those with radii >1 pc) will be expanding at
much lower speeds than the inner envelope, where the CO
emission arises. From examining the resolved envelopes we
conclude the following:

1. Most of the CSSs, including many surrounding stars
which have been losing mass for ~10° yr, have small total
masses. Yet NGC 2346 and IRC+ 10216 are surrounded by
much more massive envelopes, implying that duration of the
“superwind ” is only a small fraction of star’s AGB lifetime.

2. The average age for the shells surrounding the 13 Mira-
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type stars which are extended is 6 x 10* yr. This suggests that
the period during which these stars lose mass lasts for ~ 10 yr.
The oldest shell found surrounds W Peg, and the youngest
surrounds Mira itself.

3. Some shells appear to be detached from the central star
and have resolved inner radii.

4. Most of the shells with inner radii of 0.25 pc or less have
detectable CO emission, while most with inner radii larger
than 0.3 pc (such as R CrB) do not. The simplest explanation
for this is that CO is destroyed by the interstellar UV field at a
radius of about 0.3 pc.

5. Although all but one of the eight stars less distant than
200 pc are resolved in the IRAS 60 um data, 33 stars within 500
pc with CO envelopes, were not. These stars probably have
younger CSSs than those which were resolved.

6. Almost all the carbon stars with distances of 500 pc or
less have resolved shells, while only half of the oxygen-rich
stars do. The resolved carbon star shells also are older on
average than the oxygen-rich ones. These facts imply that
carbon stars have been losing mass for a longer period, on
average, than oxygen-rich red giants. The average age of these
nearby carbon stars is 1.1 x 10° yr, which indicates the lifetime
of an average carbon star is ~2 x 10° yr.

7. Most of the nearby unresolved stars from the CO selected

list are Mira variables, while most of the nearby resolved stars
are semiregular variables. The simplest explanation for this is
that the semiregular variables have been losing mass for a
longer period than the Miras.

8. Radiative transfer models and the value of I ,m/T100 ym
allow the average dust temperature in the outer regions of a
CSS to be estimated. The typical value obtained is about 35 K.
This provides a constraint on the value of the dust drift veloc-
ity, because a very large drift velocity results in a low dust
density in the outer shell which in turn requires a high dust
temperature to produce the 60 and 100 um fluxes measured by
IRAS. The radial dependence of I um/I ;00 um SUgEESLS that an
external heat source supplies most of the thermal energy to the
dust beyond a radius of 1 pc.
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