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ABSTRACT
We have observed the proto—planetary nebula CRL 2688 with 14” resolution in the following submillimeter-

‘wavelength lines: CO J = 3-2, 13CO J = 3-2, C'’0 J =3-2, CS J = 7-6, HCN J = 4-3, H'3CN J = 4-3,

CN N = 3-2, HC;N J = 38-37 and J = 39-38, and HN'3C J = 4-3. We mapped the envelope in CO, '3CO,
CS, and H!'3CN. The submillimeter lines show strong emission from two components of the envelope: a cold,
dense, optically thick slow wind and a warm, optically thin fast wind. In our maps, the slow wind appears
compact and circularly symmetric. The fast wind is somewhat extended and asymmetric; it appears to have
two bipolar components, one along the N-S axis in which blueshifted emission is to the north and redshifted
emission to the south, the other along the E-W axis in which blueshifted emission is to the east and redshifted
emission to the west. We estimate a mass-loss rate in the fast wind of about 2 x 1073 My yr™?, if the wind
was continuous. The '2C:13C ratio in the fast wind is 5, compared to about 20 in the slow wind. The value in
the fast wind is equal to the CN-cycle equilibrium ratio and suggests that envelope burning has occurred. The
HCN:CO abundance ratio may be lower in the fast wind than in the slow wind.

The CO J = 3-2 and HCN J = 4-3 lines are brighter than is consistent with the model of Truong-Bach et
al. The discrepancy may be due to emission from fast wind material at projected velocities near line center. It
is clear that the kinetic temperature falls rapidly with radius, accounting for the compact nature of emission
from the dense slow wind. Despite the compactness of the emission, we observed variations with position in
the velocity centroid of the line profiles. These variations were similar to those observed in HCN J = 1-0 by
Bieging & Nguyen-Q-Rieu, which they attributed to rotation of the envelope. We believe that the velocity
gradients are not caused by rotation, but rather by asymmetries in the envelope associated with the fast wind.

Subject headings: ISM: kinematics and dynamics — ISM: molecules —
planetary nebulae: individual (CRL 2688)

1. INTRODUCTION

The transitional (proto—planetary nebula, or PPN) stage
between the asymptotic giant branch (AGB) and the formation
of a planetary nebula (PN) may be, next to the period of star
formation, the least understood phase in the life of an
intermediate-mass star. Study of the PPN phase has been ham-
pered by the relatively small number of these objects. Most
PPN candidates lie at large distances and therefore envelopes
are hard to resolve or observe in detail. In addition, obscur-
ation by their massive envelopes can prevent direct observa-
tion of the central stars and make it difficult to distinguish
PPN and AGB stars. Currently the leading PPN candidates
fall among the class of bipolar nebulae. The optically bright F
or G type giants with large infrared excesses are probably
bipolar nebulae seen face-on (Hrivnak & Kwok 1991; van der
Veen, Habing, & Geballe 1989).

Bipolar nebulae differ from most AGB stars in many
respects. Most AGB stars appear to lose mass with approx-
imate spherical symmetry, whereas bipolar nebulae seem to
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have large mass-loss rates along an equatorial plane and rela-
tively small mass-loss rates along a polar axis. Mass-loss rates
in the bipolar nebulae are much higher than in AGB stars, and
unlike AGB stars the mass loss is super-Eddington, in the sense
that momentum in the winds exceeds the momentum in radi-
ation (Knapp 1986). While AGB stars generally have slow
winds with expansion velocities typically about 15-20 km s ™!,
bipolar nebulae exhibit both slow and fast molecular winds.
The fast winds typically have expansion velocities of 50-200
km s~ ! (e.g., Kawabe et al. 1987; Morris et al. 1987; Gammie
et al. 1989). The bipolar nebula stage appears to begin before
the star evolves off the AGB. The central giant of the bipolar
nebula OH 231.8+4.2, for instance, has a spectral classi-
fication consistent with a late AGB star (Cohen 1981), and in
other bipolar nebulae the development of asphericity in the
mass loss predated the evolution of the central star off the
AGB. However, with the exception of OH 231.8+4.2 the
central stars of known bipolar nebulae are warmer than AGB
stars (e.g., Crampton, Cowley, & Humphreys 1975 and West-
brook et al. 1975), indicating that the bipolar phase of the AGB
is not long compared to the PPN lifetime, which is itself typi-
cally only a few thousand years.

It is not entirely clear whether all PPN or only some share
the bipolar symmetry pattern of a dense equatorial plane and a
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more tenuous polar axis. Most PNs possess approximate
bipolar symmetry (Zuckerman & Aller 1986), and models with
bipolar symmetry have been successful in explaining a wide
variety of observed PN shapes (Masson 1990; Icke, Balick, &
Frank 1992). Even the youngest PNs show bipolar structure
(Aaquist & Kwok 1991), and in the one PN in which both the
ionized gas and its surrounding molecular envelope have been
studied in detail, NGC 7027, it is clear that bipolarity devel-
oped long before the formation of the PN (Jaminet et al. 1991).
These observations and models of PNs suggest that the PPN
phase of all or most stars, not just binary stars, is bipolar.

A controversial issue is whether the bipolar symmetry
pattern is caused by the gravitational influence of a binary
companion or by centrifugal forces due to rotation of the
central star; both forces are weak. Morris (1981), for instance,
has suggested that bipolar nebulae represent the late AGB or
PPN stage of binary stars. There are indications of binary
systems in several bipolar nebulae. Morris & Reipurth (1990)
have suggested that the apparent oscillation of the bipolar
symmetry axis in IRAS 09371+ 1212, the Frosty Leo nebula,
may be due to precession of the central giant. OH 231.8+4.2
may have a blue companion to its central M-type giant (Cohen
et al. 1985). However, most bipolar nebulae are not known to
be binary systems. The fact that even PNs not usually classed
as bipolar—NGC 7027, for instance—share the bipolar sym-
metry pattern suggests that the differences between bipolar and
nonbipolar nebulae are one of degree, not of kind.

There is evidence that the bipolar nebulae arise from high-
mass progenitors, while spherical nebulae arise from low-mass
progenitors. It has long been known (Greig 1972) that the
bipolar PNs (Greig’s class B) lie in circular orbits in the galac-
tic plane, characteristic of Population I or younger, higher
mass stars, while many of the spherical nebulae (Greig’s class
C) lie in the halo and presumably derive from Population II,
lower mass stars. Moreover, bipolar PNs tend to have high
N/O ratios, indicating that they were massive enough to
undergo envelope burning, while spherical nebulae have low
N/O ratios characteristic of lower mass progenitors (Kaler
1983). Because higher mass progenitors rotate faster, one
would expect this correlation between progenitor mass and
bipolarity if rotation causes the bipolarity. If binary compan-
ions cause bipolarity, it is not obvious that progenitor mass
should correlate so well with bipolarity.

Among the nearest, and best studied, of the bipolar nebulae
is CRL 2688, also known as the Egg nebula for its location
beneath the hindquarters of the Cygnus Swan. The central star
has an effective temperature of 8000 K (Crampton et al. 1975;
Cohen & Kuhi 1977). CRL 2688 may have been on the AGB,
with an effective temperature less than 3000 K, as little as 200
yr ago (Jura & Kroto 1990). In the optical and infrared CRL
2688 appears strongly bipolar (Ney et al. 1975), and the axially
symmetric model of Yusef-Zadeh, Morris, & White (1984) suc-
cessfully accounted for the optical nebulosity. However, in
molecular line emission the nebula appears more complex.
Bieging & Nguyen-Q-Rieu (1988, hereafter BNQR) found that
the velocity centroid of HCN J = 1-0 emission from CRL
2688 varied, not only along the N-S symmetry axis of the
Yusef-Zadeh et al. model, but also along the orthogonal E-W
axis. If the envelope is in fact axially symmetric, this variation
implies rotation of the envelope, with huge angular momen-
tum. Smith et al. (1990) found that emission from the S(1) line
of molecular hydrogen occurs in four lobes, with two blue-
shifted lobes located north and east of nebula center and two
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redshifted lobes located south and west of nebula center. This
velocity distribution resembles the HCN velocity distribution
found by BNQR. However, the H, S(1) velocity distribution
could not have been caused by envelope rotation, and it is not
clear how the H, S(1) morphology can be reconciled with the
bipolarity of the optical nebulosity.

Submillimeter observations, for the most part, observe
excited lines from molecules which have ground-state lines at
millimeter wavelengths. Therefore, submillimeter observations
are helpful in understanding the excitation and abundances of
molecules observed at millimeter wavelengths. But sub-
millimeter observations are especially valuable in the case of
PPN. Because spontaneous emission rates rise rapidly with
frequency, the submillimeter lines can be considerably brighter
than millimeter lines in warm, optically thin gas. Thus the
submillimeter is the frequency region of choice for observing
emission from the fast winds of PPN, which tend to.be opti-
cally thin and arise in warm, excited gas. These fast winds are
especially interesting because neither their morphology, nor
their mass-loss rates, nor their elemental and chemical abun-
dances, have yet been determined with confidence in any PPN.

2. OBSERVATIONS

The observations were made during 1990 March, at the 15m
James Clerk Maxwell Telescope, located on Mauna Kea,
Hawaii, using the 345 GHz SIS receiver constructed at the
University of California at Berkeley (Sutton et al. 1990). The
observations were performed using a beam-switching mode,
with chopping between on-source and off-source positions at 1
Hz. Off-source positions were typically offset 2’ in azimuth
from the on-source position. This technique generally gave
quite flat spectra with a consistent continuum level, except at
the very edges of the bandpass where roll-off in the response of
the AOS contributed to poor baseline subtraction. We have in
all cases subtracted the level of the continuum emission from
the spectra. In a few cases in which baseline errors were intro-
duced (these errors are easily detected because the baseline
acquires the shape of the receiver/AOS IF gain profile), we
have subtracted a linear fit to the apparent continuum from the
region of the spectral line. Baseline fluctuations, which are
caused by inexact subtraction of the atmospheric emission,
were typically about 0.1 K peak to trough within the central
400 MHz of our IF band.

Calibration was obtained by the chopper-wheel method in
which intensities are scaled by dividing the difference between
spectra of the source and the sky by the difference between
spectra of a blackbody at ambient temperature and the sky.
Because CRL 2688 has a size comparable to our main beam,
we present our data in units of main beam brightness tem-
perature. A main beam efficiency of 0.54 was derived from
observations of Venus, Jupiter, and Saturn, and an extended
source efficiency of 0.72 was derived from observations of the
Moon. Beam maps were made on Mars and show a circularly
symmetric, Gaussian beam with a full width at half-maximum
of 1377 at the 2CO J = 3-2 frequency. We estimate cali-
bration uncertainties of about 20% for CO J =3-2, CS
J =7-6 and HC;N J = 38-37; of 30% for most other lines;
and of 40% for 3CO J = 3-2, which is subject to large and
unbalanced (between the sidebands) atmospheric attenuation
and lies at a frequency for which the receiver sideband balance
is less certain than at other frequencies.

Although the whether was excellent during these observa-
tions, pointing was a concern. CRL 2688 rises during March
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only slightly earlier than the Sun, and many of these observa-
tions were performed after dawn. The atmosphere was gener-
ally quite stable during this period, but the warming of the dish
after sunrise affected the pointing. We checked the pointing
every 15 minutes after dawn, but even with such frequent
adjustments, corrections of as much as 3"—4” had to be made
occasionally. In a compact source such as CRL 2688, 3"—4" can
be significant. In general, the data presented in this paper were
acquired during times of stable pointing. Some data not pre-
sented here, in particular our map in the '3CO J = 3-2 line,
were acquired during periods of unstable pointing.

We adopted a central position for CRL 2688 of «(1950) =
21P00™19%9, &(1950) = +36°29'45”. In the maps, we used
square grids with spacings of 7” in right ascension and decli-
nation, except in the case of H!3CN J = 4-3, in which we used
a grid spacing of 6”.

3. DATA AND ANALYSIS

We present in § 3.1 spectra toward the central position in
each of the lines we observed, and our interpretation of each
line in terms of its opacity and the excitation and abundance of
the species involved; in § 3.2, we present our maps. We have
performed detailed statistical equilibrium calulations and
modeling for CO and its isotopic variants; for other molecules
the grounds for our interpretations of line opacities and molec-
ular excitation and abundances are described in the text. Our
CO model is similar to that described in the appendix to
Jaminet et al. (1991), but vibrationally excited levels are
included.

In the discussion which follows it is important to treat emis-
sion from the fast and slow winds separately. This division is
necessary because the slow and fast winds in CRL 2688 have,

as we will show, radically different excitation conditions and

differences in some molecular abundances. However, the divi-
sion is also somewhat artificial, because in these observations
we cannot completely distinguish between slow and fast wind
emission. Emission from fast wind material can appear at the
same projected velocities as emission from slow wind material,
a fact which must be kept in mind when discussing emission
near line center. In many lines emission from slow wind
material dominates over emission from fast wind material near
line center, but this is not always true. And when subtle
changes in line profiles are discussed, as in § 3.2, it should be
remembered that both fast wind emission and slow wind emis-
sion may contribute to the observed variations.

3.1. Spectra
3.1.1. CO, *3CO, and C'’O

The brightness of the CO J = 3-2 line (Fig. 1a) appears to be
consistent with the progression in brightness temperatures
found in J = 1-0 and J = 2-1 observations. In observations
with similar beam size to ours, Kawabe et al. (1987) found a
peak main beam brightness temperature in the J = 1-0 line of
about 7.5 K in a 15” beam, while Truong-Bach et al. (1990,
hereafter TB90) found a peak J = 1-0 brightness of 8 K in a
23” beam. (The TB90 J = 1-0 brightness calls into question
the Kawabe et al. calibration, as the emission should be bright-
er in the smaller beam.) TB90 found a peak temperature in the
J = 2-1line of 15 K in a 12” beam. We find a peak temperature
in the J = 3-2 line of 16 K in a 14” beam. The pattern of
increased brightness temperature at higher J is evidence for
effective thermalization of the CO in all these lines. If the level
populations are thermalized then the rapid increase in sponta-
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neous emission rates with J tends to make higher J lines more
optically thick, and brighter. However, as we discuss in § 4.3,
our observed brightness temperature is not consistent in detail
with the model of TB90. TB90 estimate a mass-loss rate.
(1.7 x 107* M yr Y) and a CO:H, ratio (6 x 10~ %) that are -
together sufficient to make the J =2-1 and J = 3-2 lines
highly optically thick. Under these circumstances our J = 3.-2
brightness temperature would be somewhat less than TB90’s
J = 2-1 brightness temperature, partly because of our larger
beam and partly because of the less effective excitation of the
higher J levels under TB90’s temperature distribution. That
the reverse is true implies, for a single-component, spherically
symmetric model, that the envelope is warmer, and the CO less
optically thick, than predicted by TB90. In § 4.3, we speculate
that the difference between our observations and the TB90
model predictions may be due, in part, to emission near line
center by warm, optically thin material in the fast wind.

In the less optically thick 13CO lines the observed brightness
temperatures increase more rapidly with J than in *2CO. The
ratio of the line intensities 2CO:!3CO is approximately 7-12
in the J = 1-0 line Spoka et al. 1989; Bujarrabal et al. 1988,
hereafter BGBM), 4.4 in the J = 2-1 line (Wannier & Sahai
1987), and 3 in the J = 3-2 line (this work; see Fig. 1b),
showing that the !3CO lines are not optically thick. The
12C0O:13CO ratio in the J = 3-2 lines varies from about 2 near
the line edge to about 3.5 at line center; this pattern indicates
that opacities are smallest at line center, as is usually the case
in CSE line profiles, and that the 13CO J = 3-2 optical depth
is on the order of or less than unity at most projected velocities.
The '3CO J =3-2 line shows evidence for modest self-
absorption at v, = —53 km s~ !, suggesting the existence of a
shell with an optical depth of at least several tenths in which
the J = 2 level is excited but the J = 3 level is subthermally
populated. This opacity in the self-absorption feature typically
indicates a radial line opacity on the order of or somewhat
larger than unity. The '3CO J = 3-2 line profile has an
interesting shape; it is roughly parabolic, like the CO J = 3-2
line profile, at velocities more than about 7 km s~ ! from line
center, and has a bowl-shaped dip within 7 km s~! from line
center. This pattern suggests optically thin emission at line
center. Such patterns are not unusual in CSE’s, because radial
opacities tend to be much larger than tangential opacities even
in aspherical envelopes. Thus line opacity tends to vary sub-
stantially with projected radial velocity, having its minimum at
line center and maximum at the line edge. The shape of the
13CO J = 3-2 line profile suggests that its line opacity passes
through 7 = 1 at about 7 km s~ ! from line center.

The C'’0O J = 3-2 line (Fig. 1¢) is definitely optically thin;
its brightness is consistent with that found by Wannier & Sahai
(1987) in the J = 2-1 line. The *3CO and C!”0O intensities we
observe appear consistent with a 12CO: 13CO abundance ratio
of 20 and a '2CO:C'”0 abundance ratio of 300, as estimated
by Wannier & Sahai. It should be kept in mind, however, that
these isotope ratio estimates are model-dependent, and a satis-
factory model for CRL 2688 has not yet been developed.

The CO line wings are optically thin. The brightness tem-
peratures in the CO line wings for the 1-0 line observed at the
45 m Nobeyama Radio Observatory (Kawabe et al. 1987), the
2-1 line observed at the 30 m IRAM telescope (TB90), and the
3-2 line observed at the 15 m JCMT (this work), all with
comparable beam sizes, are in proportions of 1:3:5, a progres-
sion which is possible only for optically thin emission from
warm gas. Moreover, the ratio of intensity at line center to

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


http://adsabs.harvard.edu/abs/1992ApJ...400..535J

538 JAMINET ET AL. Vol. 400
20_I_Illlllll||||l|l|lll_|__|_||||]l|ll||Illlllll_l_
C a) CO J=3-2 JE d) HCN J=4-3 3
15 — —= —
< - 1F .
S 10fF | =
i — e -
E — — b —
e - a1k -
S = — —
_lllllllllllllllllllll_
:llll‘llllllllllll'llvll_
= e) HCN J=4-3 B
5 = E
3 - E
= — -
lIIIIllIIlIlllIl||III'—
~75 50 —25 _ 0 25
Visr (km s
%)
el
B
B
_I|IIII|IIII|IIII [N

=75 -50 25 _ 0

Visr (km s_l)

25

FIG. 1.—Spectra toward the central position of CRL 2688.(a) CO J = 3-2; (b) *CO J = 3-2;(c) C'"0 J = 3-2;(d) HCN J = 4-3;(¢) H'*CN J = 4-3.

intensity in the line wings, which is independent of possible
calibration errors, also decreases rapidly as J increases, provid-
ing further proof that the line wing emission is not optically
thick.

Our data include, for the first time, an observation with
good signal-to-noise ratio of the line wings in *CO. We also
observe prominent line wings in H*>CN (see Fig. le); Nguyen-
Q-Rieu & Bieging (1990; hereafter NQRB) previously
observed line wings in this molecule. The line wings are
remarkably bright in these two molecules; integrated intensity
is one-fifth that in the corresponding CO and HCN line wings.
As the line wings are optically thin, we infer that the **C:'3C
ratio in the fast wind is 5. This ratio is different from that in the
slow wind, where '2C:13C ~ 20 (Wannier & Sahai 1987), a
ratio which itself is unusually small for a carbon star. Implica-
tions of the low '2C:*3C ratio in the fast wind, and its evolu-

tion from the value in the slow wind, for nucleosynthesis within
the central star are discussed in § 4.5.

3.1.2. HCN and H'3CN

It is difficult to determine the fractional HCN abundance in
the slow wind because the emission region is compact (see
§ 3.2), only two HCN lines have been observed, and both are
somewhat optically thick. The three most recent estimates, all
of which relied solely on HCN J = 1-0 observations, produced
radically different estimates: BGBM, assuming optically thin
emission and therefore probably underestimating the ratio,
estimated HCN:H, = 4 x 1077; Sopka et al. (1989) estimated
HCN:H, = 3.3 x 107%; and NQRB estimated HCN:H, > 2
x 1075, BGBM and Sopka et al. may also have underesti-
mated the HCN abundance by neglecting the absorption of
HCN hyperfine components of higher rest frequencies by those
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of lower rest frequencies. The NQRB estimate is based upon a
model which is not consistent with the HCN J = 4-3 intensity;
as with the CO model of TB90, the NQRB model underesti-
mates the submillimeter brightness. If the envelope were
described by a single-component model, this discrepancy
would imply higher temperatures and lower opacities, and
therefore a lower HCN abundance than predicted by NQRB.
However, the analysis is complicated by the possibility of opti-
cally thin emission from fast wind material at projected velo-
cities near line center. A two-component model might be able
to make the HCN J = 1-0 line very optically thick, as predict-
ed by NQRB, and yet allow the HCN J = 4-3 line to be as
bright as is observed because of the contribution from the
warm and optically thin fast wind gas. Because the sub-
millimeter line, and perhaps also the millimeter line, is highly
optically thick, and because of the likely mixture of optically
thin and optically thick emission components, it is not easy to
derive an HCN abundance from the HCN line intensities.

The H!3CN J = 4-3 line (see Fig. le) is somewhat more
optically thick than the 13CO J = 3-2 line; its opacity at line
center is probably about unity. The HCN:H'3CN J = 4-3
intensity ratio is less than the CO:'3CO J = 3-2 intensity
ratio because of higher opacities in the HCN lines. The HCN
J = 4-3 brightness temperature is less than that of the CO
J = 3-2 brightness temperature, despite the larger HCN
opacity, because the CO J = 3 level is excited over a larger
region than the HCN J = 4 level. The HCN J = 4-3 line is
much harder to excite than the CO J = 3-2 line, because of its
much higher A-coefficient and because the HCN J = 4 level
lies higher above the ground state than the CO J = 3 level.

While the HCN abundance is difficult to estimate in the slow
wind, it is much easier to estimate in the optically thin fast
wind. The simplest method is probably to estimate a
CO:HCN abundance ratio, assuming that the two species are
coextensive and similarly excited; then an HCN:H, ratio can
be inferred from the CO:H, ratio. Under the assumption that
both CO and HCN are in LTE at 100 K, the CO:HCN abun-
dance ratio in the fast wind is 700. However, this is probably an
underestimate. HCN, with its much larger dipole moment, is
much harder to thermalize than CO, and high-J HCN levels
are more likely to be subthermally populated than high-J CO
levels. For this reason, we estimate a CO : HCN ratio in the fast
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wind of 900 + 200. (Subthermal excitation of high-J HCN
levels probably leads to a decrease in the required HCN abun-
dance, because the opacity in the still-thermalized low-J HCN
lines is then increased. If the subthermal excitation were sub-
stantial enough to affect the J = 4 level then the opposite effect
could occur, but there is no evidence that the J = 4 level is
subthermally populated.) Assuming CO:H, =6 x 1074
(TB90), then HCN:H, =7 x 1077 in the fast wind. This
HCN : H, ratio is smaller than that which seems to hold in the
bulk of the envelope (e.g., NQRB and discussion above).

Thus HCN seems to be less abundant in the fast wind than
in the slow wind. Another way of arriving at this conclusion is
to notice that the H*3CN J = 4-3 and *CO J = 3-2 lines are
about equally bright in the fast wind, as are the HCN J = 4-3
and CO J = 3-2 lines. If these species are coextensive and
thermalized at the same temperature, then their opacities must
be the same. But in the bulk of the envelope H'3CN J = 4-3 is
clearly more optically thick than '3CO J = 3-2, and HCN
J =4-3 also is likely to be more optically thick than CO
J = 3-2. Barring peculiar excitation effects, this pattern sug-
gests that the HCN : CO ratio is higher in the slow wind than
in the fast wind. We discuss possible causes of this apparent
evolution in the HCN : CO abundance ratio in § 4.5.

3.1.3. HC,N

Figure 2a and b show the J = 38-37 and J = 39-38 lines of
HC;N. The J = 38 level lies 307 K above the ground state.
Nevertheless, this difficult-to-excite line has been detected in
several circumstellar envelopes, including the PPN CRL 618
(Gammie et al. 1989) and IRC +10216 (W. E. C. J. van der
Veen, private communication). Toward CRL 2688 a number of
HC;N lines have been observed, including the J = 8-7, 12-11,
and 17-16 lines with the IRAM 30 m (BGBM), the J = 12-11
line with the NRAO 11 m (Jewell & Snyder 1984), and the
J = 10-9 line by NQRB with the Berkeley-Illinois-Maryland
Array (BIMA). However, the intensity of the BIMA line is
lower than would be expected given the intensities of the
IRAM and NRAO data, which agree with each other assuming
the emission is unresolved. This discrepancy may be due to
missing extended flux in the interferometer map, or perhaps to
possible calibration errors. Because the IRAM observations
contain more lines and have spatial resolution comparable to
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FiG. 2—Spectra toward the central position of CRL 2688 of the (@) HC,;N J = 38-37 line and (b)) HC,N J = 39-38 line. We detected the J = 38-37 line with a
considerably higher signal-to-noise ratio in spectra at a different LO setting. We show the spectrum in (a), even though the line is at the very edge of our passband,
because it is our only spectrum not contaminated by emission from the CS J = 7-6 line.
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ours, we have compared our J = 38-37 data with the IRAM
data in order to estimate an HC;N excitation temperature. We
assume optically thin, unresolved emission. Not surprisingly,
we find that no single-temperature component can fit the emis-
sion. The relative intensities of the J = 38-37 and J = 17-16
lines suggest a 90 K excitation temperature, while the lower J
lines clearly sample a more abundant component with a much
lower excitation temperature. An excitation temperature equal
to or somewhat greater than 90 K is consistent with vibra-
tional excitation by radiation from the infrared core, which has
a temperature of 100-230 K (Ney et al. 1975; Sopka et al. 1985;
Jaye et al. 1989). Alternatively, the HC;N lines could be col-
lisionally excited. They have a critical density of a few times
107 cm 3, and these densities are obtained in CRL 2688 at
radii where the temperature is about 100 K. The high-J HC;N
lines are broad and may be dominated by emission from the
fast wind.

3.14. CN

Figure 3 shows spectra of the CN N = 3-2 hyperfine multi-
plet toward CRL 2688. Since each of the two principal com-
ponents is dominated by hyperfine components very close
together in frequency, the hyperfine splitting does not strongly
perturb the shape of the line profiles. The ratio of peak inten-
sities in the two components is about 3:2, approximately what
would be expected for optically thin emission. The intensity
ratio is lower at velocities 10—15 km s~! from line center,
suggesting moderate opacities. The opacities are large enough
to affect the shapes of the line profiles. The N = 3, J = 7/2-
N =2, J=5/2 line is centrally peaked and has a self-
absorption feature at —53 <wv, < —49 km s~!, which
indicate moderate optical depths. The N =3, J = §/2-N = 2,
J = 3/2 line is flat-topped, which is probably a result both of
slightly lower opacities and of smearing of the line by the two
principal hyperfine components.

An interesting feature of the CN line profiles is the appear-
ance, especially in the N=3, J=7/2-N =2, J=5/2 line
which is more optically thick and relatively free of smearing by
hyperfine components, of weak line wings against which the
blueshifted self-absorption feature appears. If high-velocity line
wings exist, then CN must be abundant in the fast wind. It is
not clear whether this possibility is consistent with the usual
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CSE chemistry models, which suggest that CN should be
abundant only at larger radii where HCN can be dissociated
by interstellar radiation (Glassgold et al. 1987). As the fast
wind does seem to extend to relatively large radii (see § 3.2), it
is probably not necessary to invoke dissociation by shocks or
other processes at small radii, or to rely on the suggestion of
Jura & Kroto (1990) that dissociating interstellar UV may
penetrate to small radii along the low-density polar axis.

As interesting feature of the CN line wings is that, unlike the
HCN and CO line wings, the redshifted wing is as bright as the
blueshifted wing. However, one cannot infer a true variation in
HCN:CN abundance ratio between the redshifted and blue-
shifted gas because, as the maps presented in § 3.2 will show,
pointing offsets could create such variations in the relative
intensities of the line wings.

3.1.5. CS

The CS J = 7-6 line (Fig. 4) is spatially unresolved and of
uncertain optical depth. This line is considerably weaker than
HCN J = 4-3, which has a similar spontaneous emission rate,
probably because of both excitation effects and an abundance
difference. The CS J = 7 level lies 65.8 K above the ground
state, compared to 42.5 K for the HCN J = 4 level, and is thus
considerably harder to excite.

The excitation of CS, and its opacity, can best be understood
by comparing different lines. The only available published CS
observations of CRL 2688 are in the J = 3-2 line, observed at
IRAM by BGBM. They observed a brightness temperature
only slightly less than we observe in the J = 7-6 lines, a differ-
ence which may be due to their larger beam. This pattern could
be consistent with either optically thick or optically thin emis-
sion. Observations in a third line will be necessary to dis-
tinguish between the two cases. The absence of a clear
blueshifted self-absorption feature—the spectrum in Figure 4
has a dip at the appropriate velocity, v,, = —54 km s ™1, but it
is of the same magnitude as the noise—is not by itself proof
that the line is optically thin.

The CS J = 7-6 line has prominent high-velocity line wings;
this line is undoubtedly more readily excited in the warm fast
wind than in the cold slow wind. Emission from the fast wind
may strongly perturb the shape of the line profile even near line
center.
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F1G. 3.—Spectrum toward the central position of CRL 2688 of the CN N = 3-2 lines. The left panel shows the N = 3, J = 5/2-N = 2, J = 3/2 component, the
right the N = 3,J = 7/2-N = 2, J = 5/2 component. The frequencies and relative intensities of the various hyperfine components are shown in the standard way. In
order to translate the abscissa to LSR velocity, we used line frequencies of 340.0334 GHz for the J = 5/2-3/2 component and 340.2480 GHz for the J = 7/2-5/2

component.
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Fi1G. 4—Spectrum toward the central position of CRL 2688 of the CS
J = 7-6 line. On the redshifted side of the spectrum the redshifted edge of the
CO J = 3-2 line (in the opposite sideband) is visible. In all of our CS spectra
one of the CS line wings is blended with another line, either the blueshifted
wing with the HC;N J = 38-37 line or, as here, the redshifted wing with the
COJ = 3-2line.

3.1.6. HN*3C

Figure 5a and b shows spectra of HN!3C J = 4-3; this line
appeared in the opposite sideband of our H'*CN J = 4-3
spectra. The H'3CN:HN!3C intensity ratio in the J = 4-3
line is 31. As the H'3CN J = 4-3 line is modestly optically
thick, the actual abundance ratio is somewhat larger. This
ratio is somewhat difficult to interpret because, according to
theoretical chemistry models (Glassgold et al. 1987), the abun-
dance ratio H'3CN:HN*!3C is not uniform throughout the
envelope. However, the general trend in intensities follows the
predictions of Glassgold et al.: HCN appears most abundant,
CN less abundant, and HNC least abundant. A more detailed
comparison with theory will probably require more extensive
observational data, including 3CN and HNC, and better
spatial resolution.

Our detection of HN'3C seems inconsistent with the
HCN : HNC ratio of 400 estimated by NQRB. H!3CN J = 4-3
is unlikely to be so optically thick as to raise the
H!'3CN:HN!3C ratio this much. We note that the integrated
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intensity in the HNC 1-0 line observed by NQRB with an
8” x 7" beam was about 4% of the HCN 1-0 integrated inten-
sity observed by BNQR with a 5” beam. The large HCN: HNC
ratio estimated by NQRB arises because of the very large opa-
cities they assumed to be present in the HCN 1-0 line. It is this
same assumption which led to their comparatively large esti-
mate for the HCN:H, ratio, which we discussed in § 3.1.2. It
seems likely that HCN is somewhat less abundant than esti-
mated by NQRB, that HCN J = 1-0 is only mildly optically
thick (near line center), and that the HCN:HNC and
H'3CN:HN!3C ratios are on the order of 100. Alternatively,
HNC could be relatively more abundant in the fast wind than
in the slow wind. This would lead to lower HCN: HNC ratios
in the J = 4-3 line (which is relatively more sensitive to the
warm optically thin component) than in the J = 1-0 line
(which is sensitive to the cold optically thick component).

3.1.7. HCO*

Our failure to detect HCO* J = 4-3 is consistent with the
failure by BGBM to detect HCO™* J = 1-0. The central star
appears insufficiently evolved to have generated HCO™
through UV photochemistry, and such shock chemistry as may
occur in CRL 2688 seems not to have generated a detectable
abundance of HCO™*.

3.2. Maps of CRL 2688
3.2.1. Emission near Line Center: The Slow Wind

The submillimeter emission from CRL 2688 is quite
compact, as is demonstrated by Figure 6, which shows channel
maps of the CO J = 3-2 line. At no velocity interval is the
emission much more extended than our beam. This line is the
most extended of the lines we observed; other lines appear
even more compact and structureless. The channel maps show
no obvious evidence that emission is more extended along
either the axis of the optical reflection nebulae or the optical
dark lane.

However, a slight bipolarity can be found in the maps of
Figure 6. Blueshifted emission is centered somewhat toward
the north and east of the nebula center (see the —66 to —43
km s ~* velocity channels), while redshifted emission is centered
toward the south and west of the nebula center (see the — 30 to
—1 km s~ velocity channels). Difference spectra help demon-
strate the reality of this bipolarity. In Figure 7 the difference
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F1G. 5—The HN'3C J = 4-3 line. (@) Toward the central position. (b) Average of the spectra toward positions 6” east and west of the central position.
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FiG. 6—Channel maps of the CO J = 3-2 emission from CRL 2688. Each map presents the average emission over a 3km s~ ! channel. Contour levels are spaced
every 1.6 K in the range —51 kms™* <, < —19 km s~ * every 1.0 K for v,, < —52 km s™*, and every 0.7 K for v, > —18 km s~ *. The rms noise level in all

spectra is approximately 0.3 K for 3 km s ™" bins.

between northern and southern spectra and between eastern
and western spectra are plotted for a number of lines, with the
spectra normalized by dividing by average line intensities. In
all lines in which a statistically significant difference exists, the
northern and eastern spectra are blueshifted from the southern
and western spectra.

We detected velocity gradients in all lines except the '*CO
J = 3-2 line, the least optically thick line. It is not clear in our
data that the N-S velocity gradients are larger than the E-W
ones, the pattern found by BNQR. (See their Fig. 7; along the
N-S axis the HCN J = 1-0 velocity centroid varies between
—34 and —29 km s~ !, while along the E-W axis it varies
between —32 and —30 km s~ 1) In all lines the shape of the
difference spectra is similar, but the amplitude varies between
lines. The degree to which the velocity centroid varies with
position is markedly different in the different lines. The velocity
centroid is strongly dependent on position in lines with a large
difference spectrum amplitude, like CS J = 7-6, and weakly
dependent on position in lines which have small difference

spectrum amplitudes, like H3CN J = 4-3 and '*CO J = 3-2.
CO J = 3-2is intermediate both in difference spectrum ampli-
tude and velocity centroid shift.

The amplitude of the difference spectrum correlates with the
ratio of line wing brightness to brightness at line center. The
CS J = 7-6 line has a ratio of peak brightness in the line wings
to brightness at line center of 0.35 and has the largest ampli-
tude difference spectra. CO J = 3-2 has a line wing to line
center ratio of 0.26, and the next largest amplitude difference
spectra. H'3CN J = 4-3 and !3CO J = 3-2 have line wing to
line center intensity ratios of about 0.18 and have the lowest
amplitude difference spectra. This pattern suggests that emis-
sion from the fast wind is largely responsible for the velocity
gradients.

For comparison, Figure 7e shows difference spectra we have
formed from the observations by Smith et al. (1990) of the H,
S(1) line at 2.12 um. These observations presumably sample
interaction regions between the fast and slow winds. The shape
of the vibrationally excited hydrogen difference spectra is
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Smith et al. (1990). The vertical scale in (¢) is in units of 107 ** W em ™2 ym ™.

remarkably similar to the shape of the molecular line difference
spectra, especially after accounting for the 12 km s~ ! velocity
resolution of the Smith et al. data. This, too, suggests that the
fast wind may be responsible for the velocity gradients
observed in millimeter and submillimeter wavelength lines. As
we will discuss in § 3.2.2, our maps of the fast wind show a clear
pattern of blueshifted emission in the east and north and red-
shifted emission in the west and south.

3.2.2. The Fast Wind

Figure 8 presents a map of the CO J = 3-2 blueshifted and
redshifted high-velocity line wings. The emission is integrated
over —64 km s™! < v, < —54 km s™' in the case of the
blueshifted line wing (solid contours) and —17 km s~ < vy, <
—7 km s~ ! in the case of the redshifted line wing (dashed
contours). The rms deviation from zero in 10 km s~ ! wide bins,

calculated in regions of our spectra which we believe to be free
of line emission, is 0.19 K, and the contours shown in Figure 8
are multiples of 0.38 K, or 2 ¢. This ¢ includes contributions
from baseline errors as well as random noise.

Structure is readily discernible in this map. First, the fast
wind emission is somewhat extended. The rate of radial fall-off
in intensity is substantially slower than is consistent with emis-
sion from a point source. Second, the fast wind seems to be
more extended along the N-S and E-W axes than along other
directions. Third, there is a strong asymmetry between the
blueshifted and redshifted components of the fast wind. The
blueshifted line wing emission is much stronger than the red-
shifted emission north and east of nebula center, while the
reverse is true south and west of nebula center. For instance, at
the map point which is nominally 7” east of nebula center, the
blueshifted line wing intensity is 12 ¢ while the redshifted line
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FiG. 8—Map of CO J = 3-2 high-velocity line wing emission from CRL
2688. Solid contours represent average intensity between —64 km s™! <
v, < —54 km s~ ! (the blueshifted wing) and dashed contours average inten-
sity between —17 km s™! <o, < —7 km s~?! (the redshifted wing). The
contour levels are multiples of 0.38 K. The rms noise level is 0.19 K for 10 km
s~ ! bins.

wing intensity is only 4 ¢. At the map point which is nominally
7" west of nebula center, the blueshifted line wing intensity is
only 6 ¢ while the redshifted line wing intensity is 9 6. A similar
asymmetry exists along the N-S axis.

Other observations, including some with higher spatial
resolution, have also detected an E-W bipolarity in the fast
wind. The —11.5km s~ ! and —48.5 km s~ ! panels of BNQR’s
Figure 4 show that the blueshifted line wing emission peaks
about 4” ENE of the redshifted line wing emission. Similarly,
Figures 4b and 4e of TB90 also show the redshifted line wing
emission peaking to the west of the blueshifted emission. It is
not easy to tell from the published figures, which cover limited
velocity ranges, that our data are completely consistent with
theirs. Nevertheless, there seems to be conclusive observational
evidence that the CRL 2688 fast wind is extended and has large
velocity gradients along the E-W axis as well as along the N-S
axis.

Our map of the fast wind shown in Figure 8 suggests that the
fast wind consists of two distinct bipolar winds, one extended
along the N-S axis and one along the E-W axis. This was the
pattern observed in H, S(1) emission by Smith et al. (1990);
they detected four lobes of emission, two along the N-S axis in
which a blueshifted emission lobe lies north and a redshifted
lobe south of the central star, and two along the E-W axis in
which a blueshifted lobe lies east and a redshifted lobe west.
We have investigated the morphology of the fast wind by con-
volving model brightness distributions with our beam and
plotting the results using the same plotting package which
produced Figure 6. The best-fit distribution of the CO J = 3-2
line wing emission is strikingly similar to the H, S(1) brightness
distribution observed by Smith et al. (1990).

4. DISCUSSION

As a picture of the morphology of CRL 2688 is essential in
interpreting our data, let us begin the discussion by trying to
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imagine a morphology which is consistent with all published
observations.

4.1. The Morphology of CRL 2688

4.1.1. The Distribution of Densities in the Envelope

Optical and infrared continuum observations show that the
CRL 2688 has a bipolar appearance on both small and large
size scales. Bipolarity in the optical reflection nebula, for
instance, is visible at radii from 1” to more than 10” (Ney et al.
1975). On small spatial scales, 11-18 um observations by
Danchi et al. (1991) with about 1” resolution show that the
mid-infrared continuum emission, which is sensitive to dust
temperature, is elliptical in shape. The major axis is aligned
with the optical reflection nebulae and has length 5”, while the
minor axis is aligned with the optical dark lane and has length
3"”. The observations of Danchi et al. have better spatial
resolution and a better instrumental point-spread function
than the observations of Jaye et al. (1989). As emission con-
tours within 1” of the central star share this pattern, these
observations indicate that aspherical mass loss is ongoing.
Probably the current mass loss, like earlier mass loss, has high
densities (and low temperatures) in an equatorial plane which
we see edge-on and aligned with the E-W axis, and low den-
sities (and high temperatures) along its symmetry axis, which is
nearly aligned with the N-S axis. High densities are associated
with low temperatures because high dust densities inhibit the
outward propagation of warming radiation from the central
star and high gas densities lead to effective cooling by molecu-
lar line radiation.

Observations of molecular lines at radio and millimeter
wavelengths tend to be somewhat insensitive to these density
variations. On physical grounds one would expect optically
thin lines and optically thick but subthermally populated, col-
lisionally excited lines to appear elongated along the high-
density E-W axis, and optically thick, thermalized lines to
appear most extended along the warmer N-S axis. Unfor-
tunately most of the high-resolution molecular observations
have been made in lines which are thermalized and moderately
optically thick. In these lines the effect of larger gas columns
along the high-density axis is somewhat compensated by two
competing effects. First, the higher temperatures along the low-
density axis will tend to increase emission there. Second, the
lower densities affect the excitation of high-J levels much more
strongly than the low-J levels and lead to a decrease in the
partition function and an increase in the opacity of low-J
levels, without necessarily reducing the excitation temperature
of the low-J levels substantially. Partly because of these effects,
and partly because of inadequate spatial resolution, the devi-
ations from spherical symmetry in molecular line maps have,
with rare exceptions, been slight. Kawabe et al. (1987) found
CO J = 1-0 emission to be extended along the E-W direction,
coincident with the optical dark lane, while Heiligman et al.
(1986) found CO J = 1-0 emission to be extended along
the N-S direction. VLA observations by Nguyen-Q-Rieu,
Winnberg, & Bujarrabal (1986) found the (1, 1) inversion line of
NH; to be elongated in the E-W direction, but with a narrow
spur aligned with the N-S axis. NQRB found emission in
H!3CN, HC;N, and HNC to show weak deviations from
spherical symmetry, in the form of slight elongation in the
E-W direction. None of these observations contradict the
interpretation derived from the optical and infrared data that
the envelope is dense along an equatorial plane which we see
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edge-on along the E-W axis, and more tenuous along the N-S
symmetry axis.

The radial distribution of the density is not so clear. The
molecular observations lack sufficient spatial resolution and
coverage of the rotational ladder to determine the density as a
function of radius. Infrared observations may be able to do
better at small radii. The mid-infrared emission was interpreted
by Jay et al. (1989) as thermal emission from a mildly extended
source in which the temperature is independent of radius. The
morphology which would most easily reproduce this result is a
thin shell located at a radius of 1”, with an empty inner cavity.
It was this model morphology which led Jura & Kroto (1990)
to conclude that CRL 2688 had evolved off the AGB 200 yr
ago, under the assumption that a sharp decrease in mass-loss
rate would have occurred at that time. All of these interpreta-
tions are dubious. The brightness distribution observed by
Jaye et al. was virtually identical to their instrumental point-
spread function, and it is not clear that they could have resolv-
ed a radial dependence of the dust temperature, if one existed.
The recent mid-infrared observations of Danchi et al. (1991)
have sptially resolved the infrared emission and show no evi-
dence for a thin shell of emission. Rather, they indicate that
mass loss has been continuous and is ongoing. Moreover, the
assumption that the mid-infrared emission is necessarily
thermal is called into question by observations showing that
nonthermal emission from UV and optically excited tiny grains
can dominate the mid-infrared continuum near stars with
T, > 5000 K (Sellgren, Luan, & Werner 1990). Color tem-
peratures from this nonthermal emission are naturally inde-
pendent of radius. Evidence that nonthermal emission is
present is provided by Geballe et al. (1992), whose infrared
spectra of CRL 2688 show lines associated in other sources
with nonthermal emission from tiny grains or large molecules.

4.1.2. The Distribution of Expansion V elocities

Though the density distribution seems to be simple, the
velocity distribution is complex and poorly understood. There
are grounds for believing that the expansion velocity may vary
both with radius and polar angle. Even nonradial motions may
exist; Nguyen-Q-Rieu et al. (1986) observed peculiar line pro-
files in ammonia inversion lines which they suggested might be
due to an outflow from the dense equatorial plane superposed
on the outflow from the central star, and BNQR have sug-
gested that the envelope is rotating.

First let us consider the dependence of the expansion veloc-
ity upon radius. On theoretical grounds one might expect the
expansion velocity to have increased as the central star evolved
away from the AGB, mainly because the stellar radius has
shrunk by more than a factor of 10 in that time. Because of this
shrinkage the escape velocity from the central star, assuming a
core mass of 0.7 M , has risen from about 15 km s~ ! when the
central star was on the AGB to about 60 km s~ * at present. A
rule of thumb derived from observations is that wind expan-
sion velocities tend to scale with the stellar escape velocity,
with a proportionality constant that is a slow but monotoni-
cally increasing function of stellar temperature (e.g., Pauldrach
et al. 1988). This rule of thumb would suggest that the wind
expansion velocity will have increased by more than a factor of
4 since CRL evolved off the AGB.

A further argument for a recent increase in the expansion
velocity comes from the standard ideas about the mechanisms
driving mass loss from evolved stars. Mass loss is probably
caused by a two-part mechanism (Lafon & Berruyer 1991).
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Some undetermined mechanism(s) eject stellar material to at
least the radius where dust forms. This radius corresponds to a
temperature on the order of 1200-1500 K and can be as little
as 2.5R,, for an AGB star, but is more than 30R,, for CRL 2688.
Beyond this radius radiation pressure on dust accelerates the
gas, and radiation pressure ultimately determines the asymp-
totic expansion velocity (Knapp 1986). In this picture, it is
natural to suppose that CRL 2688’s mass-loss rate has declined
since it evolved off the AGB, since the mechanism which ejects
matter to the radius of dust formation is likely to be less effec-
tive now that the stellar radius is smaller. Moreover, since the
central star evolved off the AGB its UV luminosity has
increased significantly, as post-AGB evolution occurs at
roughly constant luminosity but rapidly increasing stellar tem-
perature, and UV radiation couples more effectively to dust
than infrared radiation. Thus the radiation pressure on dust
has increased at the same time that the inertia of the wind has
probably decreased. This combination is likely to result in an
increased wind expansion velocity.

Observations are consistent with radial dependence in the
expansion velocity, subject to one caveat. The parabolic shape
of most molecular line profiles indicates that the bulk of the gas
in the dense equatorial plane is expanding at a velocity on the
order to 16-19 km s™'. Thus, any upward evolution in the
wind expansion velocity must have begun relatively recently,
probably within the last 400 yr. If CRL 2688 evolved off the
AGB 200 yr ago, as Jura & Kroto (1990) suggest, and the wind
expansion velocity along our line of sight to the center of the
nebula has increased over that time from 18 to 50 km s %, then
material which could contribute to the molecular line wings
would have reached a radius of at most 3 x 10!® cm ~ 2”. The
available observations are consistent with the possibility that
all gas within this radius is rapidly expanding. The molecular
maps (discussed in § 3.2) indicate that both slowly and rapidly
expanding gas exist at radii of 2"-6".

Variations in the width of the blueshifted self-absorption
feature between different lines may indicate evolution in the
slow wind expansion velocity at larger radii. The CO J = 1-0
and J = 2-1 features are 1-2 km s~ ! wide and centered near
U = —55 km s~ (Kawabe et al. 1987; Young et al. 1991;
TB90). The CO J = 3-2 feature is about 4 km s~ ! wide and is
centered near v, = —54 km s 1. The HCN J = 4-3 feature is
about 5 km s ! wide and is centered near v, = —52.5 kms ™!,
The common pattern is that the higher the excitation of the
line—and, therefore, the smaller the radius at which absorp-
tion begins—the broader the absorption dip becomes and the
closer to line center its inner edge moves. This evolution sug-
gests that the expansion velocity may have decreased from
about 20 km s~ ! at large radii to perhaps 16 km s~* at the
radius where the HCN J =1 level becomes subthermally
populated. (Young et al. 1992 have proposed an alternative
explanation for the shapes of the self-absorption features,
which relies on absorption of slow wind material against fast
wind emission which is spatially extended in the plane of the
sky but not along our line of sight. As our observations show
that the fast wind is indeed spatially extended in this way, the
Young et al. model is certainly plausible.) A pattern of decreas-
ing expansion velocity, with decreasing radius at relatively
large radii, would be consistent with the idea that the time span
of bipolar mass loss at rates greater than 10™* Mg yr™! is
short, perhaps 1000 yr, and that the expansion velocity
decreases as the mass-loss rate increases from the 107° Mg
yr~1 rates typical of late AGB stars. In NGC 7027, there is
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evidence for a similar pattern: that gas at large radii is charac-
terized by smaller mass-loss rate, and perhaps, also larger
expansion velocities, than the gas at smaller radii (Jaminet et
al. 1991).

The notion that the expansion velocity varies with polar
angle has mainly theoretical support. The theoretical argument
is that, if radiation pressure determines the ultimate expansion
velocity, then the low mass-loss rate directions will tend to
acquire larger expansion velocities. The direct observational
evidence is limited. Morris et al. (1987), in observations of the
bipolar nebula OH 231.8+4.2, found that its fast wind is
extended and bipolar, while its slow wind is compact and unre-
solved. Morris et al. suppose the slow wind to consist of a disk
and the fast wind to be collimated orthogonal to the disk.
However, this interpretation is unproven.

A number of authors have adopted the view that the fast
wind in CRL 2688 is strongly collimated along the low-density
N-S axis. Evidence in support of this view may be provided by
the NH; observations of Nguyen-Q-Rieu et al. (1986), who
found that ammonia emission is largely concentrated in the
E-W equatorial plane, but found also a narrow northern spur
which was aligned with the low-density axis and was unre-
solved by the VLA. Authors who have supposed the fast wind
to be highly collimated have often gone on to estimate the
expansion velocity of the fast wind by dividing the observed
half-width of the line wings by the sine of the inclination angle
of the low-density axis. Thus, for instance, Young et al. (1992)
suggest that the deprojected outflow velocity of the CRL 2688
fast wind may be as much as 360 km s~ . In our view this
analysis is not indicated by the observational data. If the
envelope were characterized by a highly collimated fast wind
expanding at some characteristic velocity, the line profiles
would resemble the profile which Trams et al. (1990) found
toward the peculiar star HD 101584. That is, there would be
sharp peaks in emission at velocities redshifted and blueshifted
from line center by the product of the wind expansion velocity
and the sine of the inclination angle. This is not the sort of line
profile which CRL 2688 and most other bipolar nebulae show.
On the contrary, in CRL 2688 the line wings show a contin-
uous distribution of emission, with the intensity increasing as
the velocity nears line center. This distribution of intensities
could conceivably be caused by a collimated fast wind if the
amount of material expanding at a given velocity is continuous
and monotonically decreasing function of expansion velocity.
However, the most likely explanation for the observed shape of
the line profiles is that the fast wind is flowing in all directions.
The fast wind may well be more extended along low-density
directions than high-density directions, and the expansion
velocity may well be larger along low-density directions, but
the divergence in radial extent and expansion velocity need not
be large to account for the observed spectral line profiles.

In summary, there have been two leading models for the
morphology of the CRL 2688 fast wind. In one, the radial
variation in expansion velocity is regarded as dominant, and
the fast wind therefore is approximately spherically symmetric
and lies at small radii. In the other, the variation in expansion
velocity with polar angle is regarded as dominant, and the fast
wind therefore is bipolar and is extended only along the polar
axis. Young et al. (1992), for example, considered both these
models. We now propose a third model for the fast wind: that
it consists predominantly of four blobs of rapidly expanding
material ejected in bipolar fashion during two discrete mass
loss episodes.
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4.1.3. High-Velocity Blobs

Our observations have produced three new pieces of evi-
dence about the origin and nature of the fast wind material.
First, the temperature of the fast wind material is quite high, on
the order of 100 K. This indicates either that fast wind material
lies within a few arcseconds of the central star, or that the fast
wind is strongly heated by shocks or collisions as it streams
into or through more slowly expanding material. Second, our
map of the high-velocity line wings suggests that the fast wind
material does not lie only at small radii, but also at rather large
radii. It seems likely that much of the emission comes from
near the four lobes of H, S(1) emission seen by Smith et al.
(1990). Third, the evolution of the *2C:*3C ratio between the
slow wind and fast wind is strong evidence that most if not all
of the fast wind material was lost at a later epoch than most of
the slow wind material. The fast wind material seems to have
undergone much more extensive CN processing than the slow
wind material. As CN processing occurs in a thin layer just
outside the core, heavily CN processed material would prob-
ably be lost only when the core has nearly been exposed by
mass loss. This near exposure of the core occurs in the PPN
stage, not the AGB stage. If material in or near the H, S(1)
lobes represents the dominant source of the line wing emission,
and was lost during the PPN stage as the 2C:*3C ratio indi-
cates, the lobe material must have been ejected with expansion
velocities greater than 100 km s~ ! in order to have obtained its
present radii.

Ejection of high-velocity blobs or bullets seems to have
occurred in other bipolar nebulaec and PNs. The very young
PN M2-9 has several knots ejected in bipolar fashion that
show very large proper motions (Kohoutek & Surdej 1980).
The PNs NGC 2440 and NGC 6210 show bipolar knots (e.g.,
Icke, Preston, & Balick 1989). Many PNs show bipolar ansae
which may have been produced by highly collimated bipolar
mass loss episodes. Among PPNs the F-type post-AGB star
HD 101584 has bright spectral bumps shifted 40 km s~! and
130 km s~ ! from line center on both the redshifted and blue-
shifted sides of its CO J = 1-0 line profile (Trams et al. 1990).
These spectral bumps likely represent emission from blobs or
collimated jets ejected in bipolar fashion and having consider-
able mass. As no isolated spectral bumps of the type seen by
Trams et al. are apparent in the spectra of CRL 2688, these
postulated blobs must reside within about 20° of the plane of
the sky (if they are expanding at 50 km s~ *) or have developed
a very large velocity dispersion. Smith et al. (1990) found that
the emission from these blobs peaked 10-15 km s ™! from the
nebular rest velocity, but that the emission has a broad profile
extending to about 50 km s~ ! from the nebular rest velocity.

Passage of high-velocity blobs through the envelope would
disturb and heat the nearby slow wind material. The dis-
turbance caused by the ejection of the blobs would be most
apparent at large radii, near the blobs themselves. The pressure
gradient between low-density regions swept clear of gas by the
passage of the blobs and the surrounding dense slow wind
would accelerate the slow wind material to transverse velo-
cities v &~ (2P/p)*? ~ (T/100 K)'/? km s ~! where P is the pres-
sure, p the density, and T the temperature in the slow wind
material. At small radii, where the width of the blobs would be
comparable to the diameter of the central star, about 10'3 cm,
an evacuated wake would be filled in by slow wind material in
about 3 yr and the disturbance caused by the passage of a blob
would probably have decayed by now. At large radii, where the
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size of the H, S(1) emission regions indicates that the width of
the blobs may have grown to as much as 10'® cm, the lifetime
of a disturbed, low-density wake might be on the order of
centuries. Turbulence in such a region could lead to heating of
the gas.

4.2. Velocity Gradients: Due to Rotation
or Envelope Asymmetries?

In order to account for the observed velocity gradients along
the E-W axis, BNQR proposed that the envelope is rotating.
At the time of their work there was no strong evidence for
deviations from axial symmetry in CRL 2688, and, if CRL 2688
is axially symmetric, the only possible cause for E-W velocity
gradients is rotation. However, the evidence is no longer con-
sistent with the assumption of axial symmetry. Both the Smith
et al. (1990) observations and our map of the line wing emis-
sion indicate the existence of hot, rapidly expanding material
that appears blueshifted on the east side of the envelope and
redshifted on the west, and which definitely (in the case of the
H, line) or probably (in the case of the submillimeter lines)
emits at projected velocities close to line center.

There are many possible reasons why the velocity centroid
of a line might vary with position in observations toward a
circumstellar envelope. One is rotation of the envelope.
Envelope asymmetries can also cause such an effect. For
instance, in NGC 7027 the velocity centroid of CO line profiles
shifts dramatically with position due to an asymmetry in mass
loss (Jaminet et al. 1991). In NGC 7027, the CO J = 3-2 line,
observed in a 14” beam toward a point 10" NW of the nebula
center, has a velocity centroid of +28.0 km s~ !, while the same
line observed 10” SE of nebula center has a velocity centroid of
+24.8 km s~ 1. The lines NE, SW, and toward nebula center
have velocity centroids of about +26.5 km s ~*. Comparison of
the CO J = 3-2 line with the J = 1-0 line shows that the J = 3
level is subthermally populated on the blueshifted side of the
envelope NW of nebula center and on the redshifted side of the
envelope SE of nebula center. Despite the variation of the
velocity centroid along the NW-SE axis, there is no real veloc-
ity gradient in NGC 7027; so far as we know all the gas is
expanding radially with a uniform expansion velocity.

We mention the example of NGC 7027 only to emphasize
that envelope asymmetries must be considered, and ruled out,
before rotation can be inferred from velocity gradients. We
now turn to a discussion of possible causes for the velocity
gradients in CRL 2688. We begin by considering the gradient
along the axis of the optical reflection nebula.

4.2.1. The North-South Gradient

In CRL 2688 the velocity gradient along the symmetry axis
of the optical reflection nebula is generally agreed to be due to
the envelope asymmetry. However, the conventional explana-
tions for the N-S gradient are not without problems. Accord-
ing to the model of Yusef-Zadeh et al. (1984), the northern lobe
of the reflection nebula lies mostly on the blueshifted side of the
envelope, and the southern lobe lies mostly on the redshifted
side. These lobes are regions of unusually low density. The
millimeter and submillimeter-wavelength observations show
that on the north blueshifted emission is brighter than red-
shifted emission, while on the south redshifted emission is
brighter. Thus it seems the low-density gas is brighter than the
high-density gas.

It is not easy to explain this pattern. Remember that the
opposite pattern holds in NGC 7027, where high-density
regions are brighter than low-density ones (Jaminet et al. 1991)
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due to their higher collisional excitation and larger molecular
columns. It is conceivable that certain other effects might lead
to velocity gradients of the appropriate sign. For instance,
high-density regions tend to be colder than low-density
regions. Also, the partition function is reduced in low-density
regions, increasing the fraction of gas which lies in low-J levels,
and this increase in opacity partially compensates for the
larger molecular columns in high-density regions. Further-
more, the low-density directions might have higher expansion
velocities than high-density directions. BNQR suggested that
the variation of expansion velocity with mass-loss rate might
cause the N-S velocity gradients. However, this is not so clear,
because the effects of a change in expansion velocity are quite
complex. A larger expansion velocity leads to changes in exci-
tation, because the density is inversely proportional to the
expansion velocity and kinetic temperature also depends on
the expansion velocity. Also, the lowest order effect of an
increased expansion velocity on (for example) the blueshifted
side of the envelope is not to increase the blueshifted emission,
but rather to stretch out the blueshifted emission toward
higher velocity shifts. This can lead to a blueward shift in the
line velocity centroid, but would not make the blueshifted side
of the envelope intrinsically brighter than the redshifted side,
which is what is observed.

An explanation for the velocity gradient along the N-S axis
that is free of these difficulties is that the N-S gradient is caused
by the N-S asymmetry in the fast wind. Fast wind material
which lies near the plane of the sky and therefore emits near
line center could itself create the gradients. Alternatively, the
passage of the putative high-velocity blobs through the slow
wind material may have heated the gas to produce a tem-
perature asymmetry which might account for the observed
velocity gradient. The idea that the excess emission which leads
to the observed velocity gradients arises from an interaction
region between fast and slow wind material is consistent with
the data presented in § 3.2, especially the observation that the
difference spectra in Figures 7a-7d have similar velocity pro-
files to difference spectra of the vibrationally excited molecular
hydrogen line emission observed by Smith et al. (1990) and
shown in Figure 7e.

4.2.2. The East—-West Gradient

The proposal by BNQR that the envelope is rotating about
the symmetry axis cannot explain the observed E-W asym-
metry in the fast wind, because the required orbital velocity of
the fast wind material would be unphysically large. The rota-
tion hypothesis is viable as an explanation of the pattern of
emission at velocities near line center. But it is an ad hoc
explanation which accounts for neither the E-W asymmetry at
more extreme velocities, nor for the N-S velocity gradient
which is so similar to the E-W gradient. A more natural expla-
nation is that the E-W velocity gradient is caused by emission
from the high-velocity blobs postulated in § 4.1.3, or by emis-
sion from surrounding gas disturbed, heated, and perhaps
accelerated by the passage of the blobs. This explanation is the
same as that we suggest for the N-S velocity gradients and
accounts for the observed gradients at all velocities.

4.3. Temperature Distribution of the Envelope

The compactness of emission from the slow wind is probably
not due to subthermal excitation of CO at small angular radii;
rather, it is likely that the kinetic temperature itself is very
small except at the smallest radii. The low densities required if
the excitation is to be subthermal are inconsistent with the
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large observed molecular abundances, unless fractional abun-
dance ratios such as the CO:H, ratio are anomalously high.
However, the coldness of the envelope is consistent with pre-
dictions of thermal balance models (Kwan & Linke 1982;
Sahai 1990), in which CSEs formed by very large mass-loss
rates are cold, because the high densities make for effective
cooling by molecular line radiation and ineffective heating due
to gas-dust collisions. For CRL 2688, TB90 have calculated a
kinetic temperature distribution from a thermal balance
model, with free parameters adjusted to agree with IRAM
observations of CRL 2688 in the CO 1-0 and 2-1 lines. Their
kinetic temperature distribution falls rapidly with radius near
the central star, like » ~ -5, and reaches a kinetic temperature of
15 K at a radius of 8 x 10'® cm (corresponding to only 5” at 1
kpc). This kinetic temperature is sufficiently small to make CO
J = 3-2line emission weak.

It is clear that the picture of the CRL 2688 envelope derived
by TB90 is qualitatively correct. The envelope becomes cold at
an angular radius of a few arcseconds, accounting for the
limited spatial extent of the submillimeter line emission. The
rate of radial decrease in the kinetic temperature slows abrupt-
ly as a temperature of about 10 K, accounting for the more
extended emission seen in CO J = 1-0.

We have compared our observed CO line profiles with line
profiles calculated using a model identical to that of TB90. Our
model differs slightly from the published description of the
TB90 model: a typographical error in the TB90 paper caused
the diameter of the central infrared core to be described as the
radius. The actual TB90 calculations used the correct infrared
core size (Truong-Bach, private communication). Our com-
parison indicates that the TB90 kinetic temperature distribu-
tion is too cold to account for the observed CO J = 3-2 line
intensity. Calibration differences between the IRAM and
JCMT data could account for some of this discrepancy, but the
observations of Young et al. (1992) support the JCMT cali-
bration. A more likely explanation for the discrepancy is that
the TB90 model has neglected some important features of the
envelope. In their model the envelope consists of a single,
spherically symmetric component: the dense, cool slow wind.

A similar discrepancy between the line intensity predictions
of models based on low-J CO observations and the high-J CO
observations existed for the AGB star IRC + 10216. This dis-
crepancy has generally been attributed to a decrease in the IRC
+10216 mass-loss rate from 5-10 x 1075 Mg yr™! a few
thousand years ago to about 2-3 x 1075 M yr~! currently
(see, for instance, Sahai 1987, and references therein). This
decrease in mass-loss rate greatly increases the ratio of high-J
to low-J intensities at small radii, because the lower mass-loss
rates make for higher temperatures. In the limit of low opacity
and high temperature—appropriate for IRC + 10216 in the
J =1-0 line at small radii—CO J = 1-0 brightness tem-
perature varies as T !, while the high-J CO line brightness
temperatures tend to increase as T increases. Thus, the hot,
low mass-loss rate inner envelope model is effective at increas-
ing the high-J to low-J line intensity ratios. Something similar
could contribute to the discrepancy between the CO J = 3-2
observations in CRL 2688 and the predictions of the TB90
model. Indeed, it is natural to suppose that the mass-loss rate
in CRL 2688 may have decreased in recent centuries as the
central star evolved off the AGB.

However, our model calculations indicate that, even if radial
variations in mass-loss rate are allowed, spherically symmetric
models cannot readily account for the shapes of the CO line
profiles. (TB90 fit only the emission at line center, perhaps
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because of this problem.) It is especially difficult to make the
CO J = 1-0 line profile as strongly centrally peaked as is
observed. To make the J = 1-0 profile match its observed
shape, a spherically symmetric envelope with uniform mass-
loss rate would have to be extremely optically thick, requiring
a mass-loss rate and/or CO : H, ratio considerably higher than
even the values estimated by TB90. Such high opacities would
force the line intensities to decrease with increasing J, contrary
to the observed progression of line intensities. Moreover, any
increase in the model mass-loss rate would lead to more effec-
tive cooling of the envelope, decreasing the model temperature
and further exacerbating the discrepancy between model and
observed intensities. This last problem is especially piquant in
that the TB90 model significantly underestimates the rate of
cooling by molecular line radiation. TB90 included only
cooling due to CO transitions in their model, but at small radii,
where most of the cooling occurs, the cooling rate from other
molecules is greater than that from CO. Our observations
show that the CO J = 3-2 line at 345 GHz contributes less
than 25% of the cooling by molecular line radiation in the
330-360 GHz window. Cooling from CO may represent about
10% of the total cooling by molecular line radiation at small
radii.

How can these difficulties be resolved? A successful model
must include both important emission components: the dense,
cold, optically thick slow wind and the warm, optically thin
fast wind. In the submillimeter both of these components con-
tribute significantly to the emission seen within 20 km s~ ! of
line center. CO J = 3-2 emission is brighter than CO J = 2-1
emission due to the contribution from the fast wind, which is a
rapidly increasing function of J. The line profiles are centrally
peaked partly because of the deviation from spherical sym-
metry in the envelope, in which the lowest density (and there-
fore warmest) regions, and also regions heated by the putative
blobs, lie more or less in the plane of the sky, while dense (and
therefore cold) gas lies along our line of sight. Another impor-
tant effect tending to make the line profiles more centrally
peaked is the possibility of absorption by slow wind material
against fast wind material in the plane of the sky; the work of
Young et al. (1992) emphasizes the importance of this effect. A
final possibility is that the slow wind may in fact be colder than
the TB90 model predicts, a possibility which is consistent with
the omission of non—CO cooling lines from the TB90 model
and TB90’s neglect of contaminating emission from the warm,
optically thin fast wind. Then, if the slow wind emission is
relatively more dominant at velocities 15 km s~ ! from line
center than at line center, the line profile would tend to be
more centrally peaked than predicted by the TB90 model.

4.4. Mass-Loss Rates

Given the absence of a clear understanding of the tem-
perature and morphology of the CRL 2688 envelope, only
crude estimates of the mass-loss rate for the slow wind have
been possible. These estimates ultimately come down to (1)
assuming a CO:H, ratio based on observations of other cir-
cumstellar envelopes or of C:H and O:H ratios in PNs, and
then (2) finding a mass-loss rate which would produce sufficient
CO to reproduce the observed opacities in the CO lines. CRL
2688 seems to be optically thick in the CO lines, and therefore
very high mass-loss rates, around 1.5 x 107* Mg yr™! or
larger, are necessary if a standard CO:H, ratio is assumed
(Knapp & Morris 1985; TB90).

We are in a much better position to estimate the mass of the
fast wind material, because the fast wind emission is optically
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thin. The integrated intensity from an optically thin line in
LTE at a temperature T is

87C2VS[12 Ne—Eu/kT
W: T =
f vo=" T

where Ty is the Rayleigh-Jeans brightness temperature of the
source, v is the line frequency, S is the line strength, u is the
dipole moment, N is the beam-averaged column density, E, is
the energy relative to the ground state of the upper level of the
transition, and Z is the partition function (e.g., Cummins,
Linke, & Thaddeus 1986). For CO that is thermalized at high
temperatures, Z ~ 2kT/hv,_,, where v,_, is the frequency of
the J = 1-0 transition. The total number of CO molecules
subtended by the beam is the product of the column density
and the area subtended by the beam, which is 4 = nD?B?/
(41n2) for a telescope beam with FWHP angular diameter B
and source distance D. If the fast wind is unresolved, its total
mass is

n  D?B’*my, 3kW
= e
4In2 feom, 8mvSy?

where myy, is the mass of an individual hydrogen molecule and
Jeon, i the abundance ratio of CO to H,. Substitution shows
that, if the CO in CRL 2688’s fast wind is in LTE at 100 K, the
CO:H, ratio is 5 x 1074, and the distance to CRL 2688 is 1
kpc, the total mass contributing to blueshifted line wing emis-
sion is 2.5 x 107* M, and the total mass contributing to
redshifted line wing emission is 1.5 x 1072 M. An additional
4 x 1073 M, of fast wind material might emit at velocities
confused with slow wind emission. If the blob model is an
accurate description of the fast wind morphology, then each
blob has a mass comparable to Jupiter’s.

If the mass loss occurred predominantly in discrete episodes
rather than in a continuous wind, estimating a mass-loss rate
might not be very meaningful. However, a substantial fraction
of the mass loss may have occurred in a continuous wind. The
mass-loss rate of the fast wind is

2kT
hvy o’

Eu/kT

Mfw

M = Mfw ~ MfwvexE
T R

where 7 is the time scale over which the mass was lost, and R,
is the maximum radius which the wind has attained. The most
natural estimate for the age of the fast wind is about 400 yr, the
approximate period CRL 2688 has been off the AGB. The
average mass-loss rate for the fast wind is then 2 x 107° M,
yr~1. In 400 yr an unimpeded wind expanding at 50 km s~ *
would have reached a radius of 6.3 x 10'® cm, corresponding
to 4” at 1 kpc. This is approximately the radius which we
observe the fast wind to have obtained.

An interesting parameter for the winds of PPN is the ratio
of momentum in the wind to momentum in radiation from the
central star,

_exp ”

Mo, c
p= =2

*

At a mass-loss rate of 2 x 1073 M yr ! and expansion veloc-
ity of 50 km s~ ! the fast wind has B = 2.5, assuming a lumi-
nosity of 2 x 10* Ly (Ney et al. 1975). This compares to
B = 1.5 for the slow wind.

Our estimate for the mass-loss rate of the fast wind is much
lower than the mass-loss rate of 1073 M yr~! estimated by
Young et al. (1992) for their “high-velocity wind” (HVW) in
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CRL 2688. Our fast wind corresponds to their “medium-
velocity wind ” (MVW), for which they do not estimate a mass-
loss rate. (According to Young et al. the CRL 2688 fast wind
has two components, an HVW expanding at 100 km s~ and a
MVW expanding at 40-50 km s~ 1) If Young et al. had esti-
mated a mass-loss rate for the MVW it probably would have
been similar to or smaller than ours. Their very high estimate
for the mass-loss rate of the HVW, which results in a 8 of 250,
must be treated cautiously. These very large mass-loss rates are
not required by the observational data, but are the result of
model assumptions. Inspection of the above equations shows
that

M Ty

g
The temperature and maximum radial extent of the fast wind
must be estimated in order to derive a mass-loss rate. Young et
al., who did not resolve their HVW, assume R_,, = 5 x 103
cm, which corresponds to an angular radius of 0”3 and an
HVW lifetime of only 16 yr. Moreover Young et al. seem to
assume a rather high temperature for their HVW. This is
natural considering the small radius they suppose the HVW
attains—the infrared core has a radius of 0”5 and a tem-
perature of about 200 K—but it has the effect of biasing the
estimated mass-loss rate upward. A larger radial extent and
lower temperature for the HVW would greatly reduce its esti-
mated mass-loss rate. Within the constraints set by the avail-
able observational data, the HVW mass-loss rate could be as
small as 107> Mg yr~ %

max

4.5. The Nucleosynthetic History of CRL 2688

CRL 2688 shows evidence for CN-cycle processed material
in its stellar wind. In the slow wind, *2C:13C = 20 (Wannier &
Sahai 1987), while in the fast wind we find *2C:!3C = 5. These
rather low values place CRL 2688 among the J-type carbon
stars, which have a considerably lower 12C:!3C ratio than that
of 40-80 found in most carbon stars (Lambert et al. 1986). The
12C:13C ratio of 5 in the fast wind is equal to the CN-cycle
equilibrium value and indicates that envelope burning of
carbon occurred. That the slow wind ratio is larger indicates
that the stellar envelope was not fully mixed down to the CN-
burning shell. The relatively low 1°0:170O ratio, about 300, is
consistent with (though it does not prove) NO-cycle processing
to an extent consistent with equilibrium in the CN-cycle
(Caughlan 1965).

If the fast wind material was heavily processed by the CN-
cycle but incompletely processed by the slower NO-cycle, it is
likely to be enriched in nitrogen and to have a lower C: O ratio
than the slow wind. The possible enrichment of nitrogen in the
fast wind is difficult to test observationally as long as the wind
remains largely molecular, because the dominant nitrogen
reservoir, N,, is unobservable. However, the C: O ratio strong-
ly affects the chemistry in the wind and should be observable.
A decrease in the C:O ratio may be responsible for the lower
HCN : CO abundance ratio we find in the fast wind. The HCN
abundance is known to be quite sensitive to the C:O ratio.
Observers have found that in oxygen-rich stars the HCN:H,
ratio is typically about 3 x 10~ 7 (Lindqvist et al. 1988), while
in carbon-rich stars the HCN:H, ratio is typically about
2 x 107° (Olofsson, Eriksson, & Gustafsson 1990). The
HCN :H, ratio of 7 x 10~7 which we find for the fast wind is
close to the usual value in oxygen-rich environments, while the
estimates by other authors for the HCN: H, ratio in the slow
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wind (e.g., NQRB) are closer to the value found in carbon-rich
environments.

5. CONCLUSIONS

The submillimeter spectrum of CRL 2688 is rich, and even
though the emission region is compact, it is bright in a number
of lines. The high-velocity line wings first detected at millimeter
wavelengths are much brighter in the submillimeter and can be
observed in many molecular species.

We have observed velocity gradients similar to those found
by BNQR. However, we do not believe these observed gra-
dients prove that the envelope is rotating, because deviations
from axial symmetry in the envelope could also cause the
observed gradients, and we have indeed observed asymmetries
in the fast wind which can account for the observed gradients.
In particular, the fast wind seems to be extended and bipolar
along both the N-S and E-W axes, contrary to the conven-
tional description for the structure of bipolar nebulae. The
morphology of the fast wind may be best accounted for by
discrete mass-loss episodes involving the ejection of massive
blobs, rather than continuous mass loss through a radiatively
driven wind. Our submillimeter maps and spectra of the fast
wind are strikingly similar to the H, S(1) line maps and spectra
of Smith et al. (1990), after accounting for differences of spatial
and spectral resolution. However, if a continuous wind is
responsible for the high-velocity line wings, its mass-loss rate is
onthe orderof 2 x 107> Mg yr~ 1.

The envelope appears hotter in the submillimeter lines than
was predicted by the model of TB90, derived by fitting milli-
meter wavelength lines observed at IRAM. This is due mainly
to contamination of the submillimeter line profiles by emission

from the warm, fast, wind material. However, the TB90 model
is also unable to reproduce the observed line profiles from
CRL 2688, probably because of the envelope’s strong devi-
ations from spherical symmetry, the uncertain contribution to
the line profile of fast wind emission near line center, and varia-
tions with velocity in the absorption of fast wind emission by
intervening slow wind material.

The fast wind has different elemental abundances, and
perhaps a different chemistry, than the slow wind. The 12C:13C
ratio is only 5 in the fast wind, compared to 20 in the slow
wind. We interpret the difference as due to the different nucleo-
synthetic histories of the fast and slow wind material. The
HCN:CO abundance ratio seems smaller in the fast wind than
in the slow wind, although it is difficult to say by how much as
the HCN abundance in the slow wind is uncertain.
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