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ABSTRACT

We present high angular resolution (07096 x 07066) observations of the radio continuum emission at 23
GHz and of the (2, 2) line of NH; toward the protoplanetary nebula CRL 618. The integrated flux density in
the continuum indicates that the source has not experienced any systematic increase since 1980. The contin-
uum emission is elongated in the east-west direction and shows an elliptical shell structure, reminiscent of an
extremely young planetary nebula. While the southern part of the elliptical shell is rather uniform, the north-
ern portion shows clumpy structure. The walls of the shell are unresolved by our 07066 beam. The continuum
structure indicates that the H 11 region is not isothermal, but the electron temperature increases toward the
edges.

Ammonia is detected only in absorption toward the continuum source. The deepest absorption occurs at
—50 km s, blueshifted with respect to the radial velocity of the approaching part of the expanding envelope
(about —40 km s~ !). The ammonia lines show a bipolar distribution with the blueshifted (radial velocities
< —45 km s™') and redshifted (radial velocities = —45 km s™!) absorptions found toward the eastern and
western parts of the H 11 region, respectively. The most blueshifted gas is found at the eastern edge of the
continuum source, possibly indicating that acceleration of the high-velocity gas is taking place at scales of a
few 100 AU. The optical depth of the absorption lines is not uniform, but increases from the center to the
western and eastern edges of the H 11 region. The data indicate that the ammonia absorption does not arise in
the slow expanding asymptotic giant branch (AGB) envelope, but from the high-velocity molecular outflow.
The NH; fractional abundance increases by more than three orders of magnitude from <8 x 107° in the
AGB envelope to at least 2 x 107> in the molecular outflow. The chemistry of NH; in protoplanetary nebulae

is briefly discussed.

Subject headings: H 11 regions — ISM: individual (CRL 618) — ISM: jets and outflows —
ISM: kinematics and dynamics — planetary nebulae: general —

radio continuum: interstellar

1. INTRODUCTION

It is well established that planetary nebulae are formed from
red giants once the central star becomes hot enough to ionize
the circumstellar envelope. However, the physical processes
involved in the formation, shaping, and evolution of planetary
nebulae are poorly known (see, e.g., Pottasch 1984). In order to
ascertain the predominant mechanism (ionization after the
superwind phase, sudden ejecta, and interacting winds), one
must make more detailed studies of objects in the protoplane-
tary stage. The major problem related to this kind of study is
the lack of known objects in this elusive phase of stellar evolu-
tion. At a distance of 1.7 kpc, the protoplanetary nebula (PPN)
CRL 618 is one of the best candidates to study the formation of
planetary nebulae. It shows the characteristics of an evolved
star in the red giant stage, namely strong emission in a large
variety of molecules arising from a slow, 20 km s~ !, expanding
envelope remnant of the asymptotic giant branch phase—
hereafter AGB envelope—(Zuckermann et al. 1977; Bachiller
et al. 1988; Bujarrabal et al. 1988), and has the properties of a
nascent planetary nebula: a time-variable ultracompact H 11
region (Westbrook et al. 1975; Kwok and Feldman 1981,
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Spergel, Giuliani, & Knapp 1983; Martin-Pintado et al. 1988;
Walmsley et al. 1991). In addition to these characteristics, CRL
618 also shows a bipolar outflow of diffuse ionized gas from the
central star to the optical lobes (Calvet & Cohen 1978; Car-
senty & Solf 1982) and the presence of H, vibrationally excited
emission (Beckwith, Beck, & Gatley 1984; Burton & Geballe
1986). Furthermore, molecular observations have revealed the
presence of very energetic molecular outflows with terminal
velocities of up to 200 km s~ ! (Cernicharo et al. 1989; Gamie
et al. 1989). Mapping of the high-velocity molecular outflow
with an angular resolution of 2” barely resolves the redshifted
and blueshifted emissions, indicating the outflow to be bipolar
in the east—west direction (Neri et al. 1992). They conclude that
the high-velocity molecular gas is produced by the impact of a
primary wind from the central star on a few well-localized
dense clumps in the inner envelope.

Recently, Martin-Pintado & Bachiller (1992, hereafter MB)
have detected ammonia absorption and emission toward the
continuum source in CRL 618. The absorption is observed in
all metastable lines from the (1, 1) to the (7, 7). Two velocity
components are clearly distinguished: the broad absorption
(line width of ~25 km s~ ') at a radial velocity of —56 km s !
and the hot core (line width of 3 km s~ ') at a radial velocity of
—28 km s~ 1. Both components arise from hot gas with kinetic
temperatures of, at least, 150 and 270 K, respectively. Based on
kinematical arguments, MB have proposed that both com-
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ponents correspond to the high-velocity gas of the molecular
outflow in front of the H 1 region. In particular, the hot core
and its unusual radial velocity have been interpreted as a
clump which has been torn off from the inner circumstellar
envelope by the stellar wind and now participates in the high-
velocity molecular outflow.

The VLA is the only instrument which provides the angular
resolution (well below 1”) and the sensitivity required to study
in detail the characteristics (bipolarity, clumping, acceleration,
kinetic temperature, molecule formation in the postshocked
clumps, etc.) of the molecular outflow in CRL 618. In this
paper we present the first maps of the high-velocity outflow in
the (2, 2) line of NH; toward CRL 618 at an angular resolution
of 07096 x 07066 (07066 = 130 AU at a distance of 1.7 kpc).

2. OBSERVATIONS

The observations occurred 1990 March 29 in the spectral
line mode of the VLA.? All available antennas were used in the
A-array which provides baseline lengths from 0.7 to 36 km.
The observations of CRL 618 were centered at o(1950) =
4"39m34303, §(1950) = 36°01'15"9. The source 3C 84 was used
as a flux density, phase, and bandpass calibrator. The observ-
ing sequence consisted of a 15 minute scan of CRL 618 fol-
lowed by a 4 minute scan of 3C 84 repeated throughout the 3
hr duration of the run. The VLA spectral line system was used
in a single IF mode. The total bandwidth of the IF was 12.5
MHz. The IF was separated into 32 channels. The first channel
was a wide-band channel with a width of 94 MHz. The
remaining 31 Hanning smoothed narrow channels were each
391 kHz wide (4.9 km s~'). On-line autocorrelation normal-
ization was used to improve the amplitude portion of the
bandpass. Channel 16 of the 31 narrow channels was tuned to
the frequency of the (J, K) = (2, 2) inversion transition of the
NH, moleclule (23.722631 GHz) at an LSR velocity, Vs, of
—30kms™ "

3 The VLA is a telescope of the National Radio Astronomy Observatory
(NRAO) which is operated by Associated Universities, Inc., under cooperative
agreement with the National Science Foundation.
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The AIPS software package of the NRAO, as implemented
on NRL computer systems, was used to calibrate, reduce, and
analyze the data. The flux density scale was set by assuming a
flux density of 28 Jy for the calibrator 3C 84. Antenna gain
solutions were improved through the application of a self-
calibration algorithm operating on the wide-band channel.
The improved antenna gains were applied to the entire spectral
line data set. The data for all channels were edited and trans-
formed into 256 by 256 pixel images (pixel size 0702). Two sets
of channel images were made. One with natural weighting of
the data in the u-v plane, and the other with uniform weighting.
Natural weighting of the data typically results in greater sensi-
tivity, at the cost of degraded resolution. A mean continuum
image was constructed from a total of four narrow-line chan-
nels. Two channels at the redshifted end of the bandpass
(center velocity of 44.1 and 39.1 km s~ ') and two channels at
the blueshifted end of the bandpass (center velocity of —89.2
and —94.2 km s~ ') were averaged. The mean continuum
image was subtracted in the image plane from all line channels
to produce a “line only” data cube. The effect of beam side-
lobes was removed from the line-only data with a beam decon-
volution algorithm. The FWHM. beam size of the resulting
images was 07096 x 07066, P.A. = —85° (uniform weighting)
and 07157 x 07103, P.A. = —71° (natural weighting).

3. RESULTS
3.1. Radio Continuum Emission at 23 GHz

Figure 1 shows the radio continuum emission obtained from
the uniform weighted data. The overall distribution is similar
to that obtained by Kwok & Bignell (1984). The integrated flux
density in the map, 189 + 20 mJy, is also in good agreement
with previous measurements (Kwok & Feldman 1981; Spergel
et al. 1983; Martin-Pintado et al. 1988) and indicates that the
source has not experienced any systematic increase since 1980.
This is in contrast with the 1.3 mm emission which seems to
show important changes from 1987 to 1990 (Walmsley et al.
1991). The better sensitivity of our map and the favorable beam
shape (07096 x 07066, P.A. = —85°) reveals for the first time
the inner structure of the nascent planetary nebula. The contin-
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FiG. 1.—Map of the radio continuum emission of CRL 618 at 23 GHz. The contour intervals are — 10, 10, 20, ..., 90% of the peak flux density of 16.7 mJy
beam ~!. This image was obtained with uniform weighting of the u-v data and has a FWHM restoring beam of 07096 x 07066, P.A. = —85°.
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ratios between the edges and the center are 1.2-1.6. The shell
walls seem to be unresolved in declination by our 07066 beam.
Since the radio continuum is known to be optically thick up to
100 GHz (Martin-Pintado et al. 1988), the brightness tem-
perature must be close to the electron temperature in the H 11
region. The peak main beam brightness temperature in the
shell is ~7000 K ; a factor of 1.7 smaller than the LTE electron
temperatures derived from recombination lines at millimeter
wavelengths (Martin-Pintado et al. 1988). The errors in the
determination of the LTE electron temperatures derived from
recombination lines at mm wavelengths are basically domi-

006 | i nated by the uncertainties in the side band rejection. Assuming
T T typical values and uncertainties in the image rejection (8 + 2
-90 -60 -30 0 30 dB) would account for an error in the LTE electron tem-
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F1G. 2—Profiles of the (2, 2) line of NH, as measured with single-dish
telescope and the VLA (histogram). The VLA profile has been obtained by
averaging the line emission over the radio continuum emission, and the single-
dish data have been taken from MB.

peratures of ~30%. One possible explanation for the low elec-
tron temperatures derived from the radio continuum map at 23
GHz might be the small thickness of the shell, which is unre-
solved by our beam. Assuming that both the electron tem-
perature derived from the mm wavelength observations and
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FiG. 3.—The radio continuum map of CRL 618 obtained by natural weighting the u-v data is shown in the upper panel. The contours are —5, 5, 10, 20, ..., 90%
of the peak flux density of 35.1 mJy beam ~!. The rectangular areas represent the regions where the line data have been averaged to obtain the profiles of the (2, 2) line
of NH; shown in the lower panel. The FWHM of the restoring beam is 07157 x 07103, P.A. = —71°.
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F1G. 4—(a) Spatial distribution of the blueshifted (dot-dashed) and redshifted (dashed) NH; (2, 2) absorption line toward CRL 618 superposed on the radio
continuum emission (solid contours). The blueshifted and redshifted absorptions have been obtained by integrating from —69 to —45km s~ ! and from —40to —25
km s~ !, respectively. The contour levels for the continuum are 10, 30, 50, 70, 90% of the peak flux density of 35.1 mJy beam ~!. The contour levels for the redshifted
and blueshifted absorption are 60, 70, 90% of —89.8 mJy beam ™! km s ! and —172.8 mJy beam ! km s~*, respectively. The uncertainty in the line-to-continuum
ratio at the edges is ~0.1. (b) Contour lines of the velocity averaged line to continuum ratios for the redshifted and blueshifted NH; superposed on the radio
continuum emission (see Fig. 4a). Each contour line is labeled with the appropriate line-to-continuum ratio.

the 1.3 cm flux density are correct, the thickness of the shell
should be ~07035.

3.2. The(2,2) Line of NH;

In Figure 2 we show the line profile of the (2, 2) line of NH
integrated over the continuum emission as observed by the
VLA superposed on the single-dish spectrum. The single-dish
NH,; data show a very complex profile with a mixture of
absorption and emission features (see MB). We have clearly
detected the broad absorption (BA in the MB terminology) at
about —50 km s~ !. However, the limited velocity coverage
and the sensitivity of our observations did not allow the detec-
tion of the weaker and broader emission line seen in the single-
dish observations. The VLA profile seems to be deeper than
the single-dish profile for radial velocities between —30 and
—60 km s~1. Such differences are expected if the emission
arises in a more extended region than the absorption, and
therefore is resolved out by the VLA. However, better sensi-
tivity VLA data would be required to conclude if the differ-
ences between the single-dish and the VLA profiles are
significant. In any case, the VLA line data seem to contain all
the flux density for the BA component.

Single-channel maps show the spatial distribution of the
NH, absorption changing with radial velocity. There is a sys-
tematic trend for the absorption to be located toward the
western part of the H 11 region for Vg = —45 km s~ ! and to
the eastern part for Vg < —45 km s~ !. Figures 3 and 4
clearly illustrate the bipolar structure of the ammonia absorp-
tion. In the lower panel of Figure 3 we show the line profiles
toward the eastern and western edges of the H 11 region. To
improve the signal-to-noise ratio, the profiles in this figure
were produced by integrating the line absorption over the rec-
tangular areas shown in the top panel of Figure 3. These lines
show that absorption with —69 < Vg S —45 km s™! and
with —40 < Vigg S —25 occurs only in the eastern and
western parts of the radio continuum emission respectively.
Figure 4a shows the spatial distribution of the blueshifted and
redshifted material in front of the H 11 region. It is remarkable
that the bipolarity is not found with respect to the systemic
velocity of the central star, —20 km s~ !, but with respect to the

terminal velocity of the expanding asymptotic giant branch
(AGB) envelope in front of the H 11 region. The data also show
hints of larger radial velocities as one moves away from the
center of the H 11 region. Figure 4b shows the spatial distribu-
tion of the line-to-continuum ratio. The line-to-continuum
ratio of the blue and redshifted NH; is far from uniform. It
increases from 0.1 at the center to 0.4-0.7 at the east and
western edges and also shows the presence of small-scale struc-
ture (clumps) especially in the blueshifted lobe. Since the lines
are optically thin, the effects of the hyperfine components (only
5% of the main line) on the shape of the profile are negligible.
Then, the shape of the line profiles must be dominated by the
kinematics in CRL 618.

4. THE NASCENT PLANETARY NEBULAE SHELL

CRL 618 provides a unique opportunity to study the physi-
cal processes taking place at the birth and the first evolution-
ary stages of planetary nebulae. Therefore the understanding of
the structure, the physical conditions, and the kinematics of
this compact planetary nebula is very important for the com-
prehension of this elusive phase of the stellar evolution. The
bipolar morphology of the H 11 region suggests that the ionized
material is ionization bounded in declination as a result of an
anisotropic density distribution in the circumstellar envelope
(Kwok & Bignell 1984). Two models have been proposed to
explain the characteristics of the radio continuum emission of
CRL 618: a core-halo structure (Kwok & Bignell 1984), and an
isothermal ionized stellar wind with an empty cavity around
the star (Martin-Pintado et al. 1988). While the core-halo
model explained the different sizes of the H 11 region in R.A.
measured at different centimeter wavelengths with the VLA
(Kwok & Bignell 1984), the ionized wind with a cavity was
invoked to explain both the size-frequency dependence and the
entire radio continuum spectrum from 1.4 to 230 GHz. The
map in Figure 1 is inconsistent with the core-halo model,
which predicts that most of the flux density at 23 GHz should
arise from the core, and supports the ionized stellar wind
model. In fact, the predicted size for the empty cavity and the
thickness of the shell, 07082 and 07028, respectively (Martin-
Pintado et al. 1988), are consistent with the values derived from
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the continuum map. However, this model fails to explain the
observed inner structure. In the isothermal stellar wind model
the continuum emission arises in a cylinder of ionized gas with
an empty cavity around the star, constant electron tem-
perature, and a electron density law which varies like r 2. At
23 GHz, the continuum emission is optically thick in decli-
nation, and any small-scale structure changes in the H 11 region
are not related to density variations, but to electron tem-
perature differences. This would indicate that the stellar
ionized wind is not isothermal, requiring the electron tem-
perature to increase toward the outer parts.

Model calculations of the ionization and the thermal equi-
librium in a idealized spherical H 1 region with constant elec-
tron density (see Rubin 1968) show that, as one moves away
from the star, the electron temperature first decreases smoothly
and then increases toward the edges of the H 11 region reaching
values even larger than near the star. The ratios of the electron
temperatures at the center and at the edges are similar to those
observed in CRL 618. The electron temperature increase which
occurs sharply and is restricted to a thin outer shell (its thick-
ness is only 20% of the Stromgren radius), is related to the UV
radiation hardening produced by the frequency dependence of
the photoionization absorption cross section of hydrogen. The
radiation with frequencies near to the series limit is strongly
attenuated close to the star and the higher energy UV photons
penetrate further into the gas (see, e.g., Osterbrook 1989). This
produces an increase of the mean energy of the photoelectrons
with radius, resulting in an increase in the electron temperature
with radius. Electron density variations (i.c., different cooling
functions) within the H 11 region might affect the profile of the
electron temperature (Rubin 1968). However, the critical den-
sities of collisional de-excitation for most of the main coolant
lines in H 1 regions are, < x 10° cm ™3, smaller than typical
electron densities in CRL 618, ~7 x 105 cm~3 (Martin-
Pintado et al. 1988) and the expected density variation between
the inner radius of the H 11 region and the outer one are within
a factor of 2.7. Under these conditions one can approach the
cooling function within CRL 618 to that of the constant
density case.

To check if a simple model can reproduce the observed
structure, we have considered a modified version of the model
of Martin-Pintado et al. (1988) which also incorporates elec-
tron temperature variations. For simplicity, we consider that
the electron temperature jumps at a given radius. Using cylin-
drical geometry, a density law noc 7”2 a mass-loss rate of
27 x107° My yr~! and sizes as in Martin-Pintado et al.
(1988), we are able to obtain similar brightness temperature
variations to those observed if the electron temperature
changes from 8000 at the center to 12,000 K at a thin outer
shell of thickness 6 x 10'* cm (07020). (The electron tem-
peratures are larger than those inferred from the continuum
map, but they fit the intensity of the H35« line; Martin-
Pintado et al. 1988.) Hence, the shell-like structure observed in
the radio continuum emission of CRL 618 seems to be consis-
tent with temperature gradients within the H 1 region which
qualitatively are expected from simple theoretical models of
H 11 regions.

5. NH; IN THE AGB CIRCUMSTELLAR ENVELOPE

The data presented in this paper indicate that the NH;
abundance in the AGB envelope is low. If NH; were abundant
in the AGB envelope, one should not observe similar line pro-
files with the VLA and single dish because each instrument
samples quite different spatial scales of the envelope. While the
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single-dish profile should be dominated by the emission of the
extended (~10”) AGB circumstellar envelope, the VLA data
should sample only the material located in front of the H 11
region. Furthermore, the line profiles and the spatial distribu-
tion of the absorption lines observed with the VLA are also
inconsistent with the NH; absorption arising only from the
AGB envelope. The precise line shape of the lines arising from
the AGB envelope will depend on the orientation of the elon-
gated H 11 region, the inner radius, the internal motions, and
the density and kinetic temperature distributions within the
AGB envelope (see, e.g., Young et al. 1992). In the following
discussion we will assume that the elongated H 1 is tilted 45°
with respect to the line of sight (Carsenty & Solf 1982) as
sketched in Figure 5. If the AGB envelope is expanding from
the center of the H 11 region, only redshifted gas with respect to
the terminal velocity, —40 km s~! should be observed in
absorption at both sides of the H 11 region. These expectations
are inconsistent with the observed velocity gradients and the
NH; profiles. The deepest NH; absorption is not found as
expected at roughly —40 km s~ ', but at —50 km s~ %, the
absorption lines are broad and extend up to radial velocities of
—80 km s~ ! which are forbidden for material in the AGB -
envelope, and the spatial distribution of NHj is bipolar.
Though some of the redshifted absorption to the west might
come from the AGB envelope, the data do not show its
counterpart to the east. These facts imply that ammonia
cannot be very abundant in the AGB envelope.

Assuming that the ammonia absorption from the AGB
envelope has similar line width and radial velocity to that of
HCO™*, we can set an upper limit from our data to the optical
depth of the (2, 2) line in the AGB envelope of ~7 x 10~ 2 The
intensity of the J = 1 -0 HCO™ absorption line is similar to
that of the radio continuum indicating this line to be optically
thick. In the following estimates we will consider a lower limit
of 1 to the optical depth for this line. Assuming that the excita-
tion temperature for the NH; and HCO™* lines are equal to the
kinetic temperature of the envelope, ~90 K (see Bujarrabal
et al. 1988), we derive column densities of <5 x 10'* and
22 x 10'% cm ™2 for NH; and HCO™*, respectively. This gives
a NH, to HCO™ abundance ratio of 0.25 and an upper limit to
the NH, abundance in the envelope of <8 x 1072 for a
HCO fractional abundance of 4 x 108 (see Bujarrabal et al.
1988). Then, the NH, abundance in CRL 618 is at least a factor
of 5 smaller than that in IRC +10216 (Nguyen-Q-Rieu,
Graham, & Bujarrabal 1984), the prototypical carbon-rich
AGB star.

NH; in IRC +10216 is believed to form in the transition
region between the upper atmosphere of the star and the outer
envelope where dust is formed and surface reactions occur (see,
e.g., Glassgold 1992). The differences in the NH; abundances in
the AGB envelopes of CRL 618 and IRC + 10216 is probably
related to the different physical conditions in this transition
layer in both objects. In CRL 618 the transition region between
the star and the AGB envelope is probably dominated by the
energetic stellar wind and the effects of the strong UV radi-
ation from the central star which also seems to produce impor-
tant changes in the abundance of other molecules in the
envelope (see Bujarrabal et al. 1988).

6. THE CIRCUMSTELLAR DISK IN CRL 618

The strongest evidence for the presence of an anisotropic
density distribution around the central star in CRL 618 comes
from the bipolar morphology of the H 1 region (Kwok &
Bignell 1984). This density distribution must be the result of
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anisotropic mass loss giving rise to a dense circumstellar disk
which confines the H 11 region in declination. The circumstellar
disk is expected to be heated by the central star in CRL 618
and it is probably observed as hot dust (Westbrook et al. 1975)
and in the HC;N vibrationally excited emission (Bujarrabal et
al. 1988). The hot material observed at extreme blueshifted
velocities in NH; which is not observed in vibrationally excited
HC;N comes from a different region than the dense and hot
circumstellar gas sampled by HC;N. This would indicate that
the bulk of the NH; absorption is not related to the circumstel-
lar disk, or the disk has large gradients in molecular abun-
dances coupled with the kinematics, which is unlikely. In
addition, the NH; velocity gradient across the continuum
source is not consistent with the kinematics of a disk rotating
around the axis of the molecular outflow, but requires that
some material in the disk must be expanding anisotropically at
velocities of up 60 km s 1.

The lack of a large disk of hot ammonia in CRL 618 is
surprising in view of the spatial distribution of this molecule in
a similar PPN, CRL 2688 (Nguyen-Q-Rieu, Weimberg, &
Bujarrabal 1986; Truong-Bach, Graham, & Nguyen-Q-Rieu
1988). In this source, all the NH; emission arises from a large
(0.08 pc x 0.02 pc) disk oriented perpendicularly to the diffuse
ionized flow. Since both objects show high-velocity molecular
outflows (see Young et al. 1992 for CRL 2688), the main differ-
ence between the circumstellar molecular material in CRL 618
and CRL 2688 is again the amount of the UV radiation which
impinges on the neutral envelope from the central stars. In
CRL 618, the UV field is larger than in CRL 2688 by several
orders or magnitude, and ammonia, a very fragile molecule,
should be easily photodissociated in the vicinity of the H 11
region. However, for the typical far-UV radiation field
expected for the central star in CRL 618 (B0-09.5, Westbrook
et al. 1975) of 1 x 1031 x 10° of the interstellar field in units
of Habing (1968). NH; should be shielded at visual extinction
of only 4 mag (see, e.g., Fuente et al. 1991). For the typical
densities at the edge of the H 1 region, ~1 x 107 cm ™3, this
corresponds to a distance of only 4 x 10'* cm, beyond which
NH; should be shielded. If, in the previous stage of evolution
CRL 618 would have developed an NHj disk similar to that in
CRL 2688, most of the NH; disk should have survived the
intense UV radiation field from the central star. It is very likely
that the circumstellar environment of CRL 618 has chemically
evolved in a different way than that of CRL 2688.

7. THE BIPOLAR AMMONIA OUTFLOW

The velocity gradient and the line profiles of the NHj
absorption toward CRL 618 can be explained if NH  is present
only in the high-velocity molecular outflow. The bipolarity
observed in NH; is in the same sense as observed in other
molecular lines and in the diffuse ionized material (Cernicharo
et al. 1989; Neri et al. 1992; Calvet & Cohen 1978). The inter-
secting area of the blue and redshifted absorption which very
likely indicates the location of the central star, occurs, as
expected, at the center of the radio continuum emission. The
broad NHj profiles with the deepest absorption at —50 km
s~ 1 are consistent with the sketch in Figure 5. For simplicity,
we consider only two components: the AGB expanding
envelope with a terminal velocity of 20 km s~ ! and very low
NH; abundance, and the high-velocity molecular gas with a
large NH; abundance. In this scenario a high-velocity primary
wind from the central star, very likely already bipolar, interacts
with the envelope (expanding at the terminal velocity) modify-
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F1G. 5—Sketch of the model proposed to explain the ammonia profiles
toward CRL 618. The size of the H 1 region (filled ellipse) and of the high-
velocity molecular clumps ( filled circles) have been exaggerated with respect to
the size of the AGB envelope (stippled region). The arrows show the directions
of the high-velocity bipolar molecular outflow (solid) and of the expanding
AGB envelope (dashed). The zones of the AGB envelope and of the high-
velocity gas sampled by the VLA observations are restricted by the regions
contained within the dashed lines.

ing the kinematics and the composition of the inner edge of the
envelope by shocks. As a consequence, the shocked gas in
which NH; has been efficiently synthesized is blueshifted to the
east and redshifted to the west with respect to the radial veloc-
ity of —40 km s~! (radial velocity of the material in the
envelope in front of the H 1 region), producing the observed
broad profiles in absorption and the bipolarity (see MB). As
pointed out in § 3.2, the NH; emission to the side of the H 11
region cannot be observed with the VLA because of the lack of
sensitivity.

The NH; optical depth maps show, for the first time, the
presence of small-scale structure in the high-velocity molecular
flow. This corroborates the idea that the molecular flow is
produced by the impact of the stellar wind in several clumps.
The hot core, with a kinetic temperature of 2270 K, observed
in the high-J metastable lines of NH; (see MB) probably rep-
resents one of these clumps heated by shocks. The general
trend of the optical depth, which increases toward the eastern
and western edges of the continuum, indicates that the largest
column densities of the high-velocity gas lie outside (at dis-
tances of 20”2 from the center) of the H 1 region. This is
consistent with the HCN results which show the maxima of the
high-velocity emission at ~ +1” in R.A. from the H 11 region
(Neri et al. 1992).

It is noticeable that the terminal velocity of the bipolar
outflow in NH;, ~40 km s~ is smaller than that of other
molecules (~200 km s~ ). This cannot be due to an excitation
effect because the critical densities required to excite the meta-
stable lines of NH; are smaller than those of HCN, HC;N, and
HCO", and the kinetic temperature measured from NH;,
2150 K (see MB), is high enough to excite the (2, 2) line. The
low terminal velocities of NH; must then be related to the
kinematics of the high-velocity gas and/or to the specific chem-
istry of this molecule in the postshocked gas. The NH; data
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show some hints of radial velocity changes along the outflow,
suggesting that the large flow velocities (250 km s™') might
occur beside the H 11 region. Acceleration of the high-velocity
outflow or a bipolar anisotropic outflow with the velocity as a
function of the latitude angle (Bowers 1991) would explain the
observed gradient in the radial velocity of the NH; data. In the
case of acceleration, the molecular outflow must accelerate
from 40 to 150 km s ! in only 076 (~2 x 10 ¢cm). This would
be consistent with the HCN measurements (Neri et al. 1992).
Though acceleration could explain the low terminal velocities
in the absorption lines, it cannot account for the moderate
terminal velocities (~ 60 km s~ !) of the emission lines observed
with single-dish telescopes (see MB). It is then very likely that
the chemistry of NH is intimately coupled with the velocity of
the outflowing material.

The average optical depth of the NH; (2, 2) line at — 50 km
s~ ! is 0.28. For a line width of 30 km s™! and an excitation
temperature of 150 K, the total column density of NH; in the
high-velocity gas is ~4 x 10'% cm~2. This column density is
only a factor of 4 smaller than that derived for the absorption
line of HCN (Neri et al. 1992) and the CO to NH; abundance
ratio is ~40. If most carbon is in CO, the fractional abundance
of NH; in the high-velocity gas, X(NH,), will be ~2 x 1073
(i.e, 10% of N in NH,).

8. AMMONIA IN PROTOPLANETARY NEBULAE

Ammonia has been detected in the PPNs CRL 618 (MB),
CRL 2688 (Nguyen-Q-Rieu et al. 1984) and OH 231.8+4.2
(Morris et al. 1987). For the PPN studied in more detail, CRL
618 and CRL 2688, NH; does not come from the AGB
expanding envelope, but from a hot (Tk 2 150 K) (see Truong-
Bach et al. 1988 for CRL 2688; MB for CRL 618) and small
region located near the star. The low abundance of this mol-
ecule in IRC +10216 (few x 10~8), at least two orders of mag-
nitude smaller than that in CRL 618, indicates that NH; must
be efficiently synthesized in the postshocked gas left after the
interaction of the stellar wind from the central star with the
inner part of the AGB envelope. Model calculations of the
chemistry in PPNs including the effects of shocks and UV
radiation have been made by Howe, Millar, & Williams (1992).
The physical conditions in their models are similar to those
observed in CRL 618. The results show that significant abun-
dances of a few small molecules are formed in a thin, dense,
shocked shell during the first few hundred years of its tran-
sition to planetary nebulae. The presence of clumps in the
AGB envelope will allow the formation of important amounts
of polyatomic molecules. CRL 618 is believed to be in this
stage of evolution (see Bujarrabal et al. 1988), and therefore it is
very likely that fragile molecules like NH, are produced in the
shocked clumps. Ammonia will be formed by endothermic
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reactions between N and H,. In fact, the NH; abundance is
strongly enhanced in shocked dense clouds with densities
similar to those of the clumps in CRL 618 (Mitchell & Deveau
1983).

9. CONCLUSIONS

Using the VLA, we have made high angular resolution
(07096 x 07066) observations of the radio continuum at
23 GHz and of the ammonia emission of the (2, 2) line toward
the PPN CRL 618. The results can be summarized as follows.

1. The contimuun emission is elongated in the east-west
direction and shows an elliptical shell structure, reminiscent of
an extremely young planetary nebula. While the southern part
of the elliptical shell is rather uniform, the northern portion
shows clumpy structure. The walls of the shell are unresolved
by our 07066 beam. The total flux density is similar to that
measured after 1980. The continuum structure can be
explained if the H 11 region is not isothermal but the electron
temperature increases sharply from 8000 K at the center to
12,000 K in an outer layer of thickness 6 x 10'* cm (07020).

2. The (2, 2) line of NH; has been detected only in absorp-
tion toward the continuum source. The deepest absorption
occurs at a radial velocity of —50 km s~ ! and the line width is
~40km s~ !, The absorption lines shows a bipolar distribution
with respect to the terminal velocity of the approaching part of
the AGB envelope. Absorption with radial velocities < — 45
kms~!and 2 — 45 km s~ ! are found toward the eastern and
the western parts of the H 11 region, respectively. The data also
show hints of acceleration with the more extreme blueshifted
velocities appearing at the eastern edge. The line-to-continuum
ratios of the absorption lines are not uniform over the contin-
uum, but increase from 0.1 toward the center to 0.4—0.7 toward
the eastern and western edges of the H 11 region.

3. Based on the line profile, the kinematics, and the spatial
distribution of the NH 5 absorption line, we show that the NH,
absorption does not arise from the AGB envelope but from the
postshocked material left after the interaction of the primary
wind from the central star with the inner parts of the AGB
envelope.

4. We derive an NH; fractional abundance of less than
8 x 107 % in the AGB envelope and larger than 2 x 10~ in the
high-velocity molecular outflow. We propose that the enhance-
ment of the ammonia abundance by more than three orders of
magnitude in the high-velocity outflows is produced by shock
chemistry.
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