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Abstract: Proto- and young planetary nebulae comprise dense circumstellar envelopes made of
molecular gas and dust, some of which hide compact ionized cores that host stellar systems with hot
objects, and show high-velocity bipolar outflows launched from inside their cores by means of still
unknown mechanisms. We present high-angular-resolution Atacama Large Millimeter/submillimeter
Array (ALMA) observations (HPBW ≃ 30–50 mas) of CRL 618 at 1.35 mm covering the H30α

recombination line as well as ≃150 molecular lines. The ionized core is resolved, showing a size
of ≃0.′′8 × 0.′′5 and is elongated along the east–west direction. This region exhibits a remarkable
incomplete ring-like structure with two bright spots to the north and south that are separated by
≃0.′′2 and shows deprojected velocity gradients ranging from 0.2 to 0.6 km s−1 au−1. The 1 mm
wavelength continuum emission is mostly produced by free–free emission with a small contribution
from dust with an average spectral index of 0.28 (Sν ∝ να). The ionized core can roughly be modeled
as a tilted hollow cylinder with a denser, incomplete equatorial band lacking its back side. Molecular
emission traces the neutral component of the same structures enclosing the ionized matter.

Keywords: stars: AGB and post-AGB; stars: individual: CRL 618; techniques: interferometric; radio
continuum: stars; radio lines: stars; stars: jets; stars: kinematics and dynamics; radiative transfer;
circumstellar matter; line: identification

1. Introduction

Proto-planetary nebulae (pPNe) are post-AGB objects formed by central stars with
spectral types ranging from K to B and surrounded by dusty circumstellar envelopes (CSEs).
These CSEs comprise the remnants of the envelopes formed during the AGB phase and
recently ejected (≲100 yr) compact and usually denser layers that make the central stars
opaque, unless the geometry and orientation of the envelope are favorable. During their
evolution, the effective temperature of these stars significantly increases and eventually
exceeds Teff ≃ 20,000 K, forming HII regions around them. The envelopes of these objects
expand and disperse over periods of time of ∼1000 yr, becoming planetary nebulae (PNe)
when their envelopes turn optically thin.

PNe often exhibit complex, typically aspherical shapes due to physical mechanisms
activated during the pPN phase, which commonly produce bipolar outflows and dense
equatorial tori. The geometry of these structures leads us to think that these objects harbor
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binary stellar systems. These outflows, which comprise gas expanding up to a few hundreds
of km s−1 along one or several preferred directions, are thought to result from the impact of
short-term collimated fast winds (jets; ≲100 yr and velocities of ∼1000 km s−1) on the CSEs
of the pPNe [1]. The AGB CSE two-wind interaction scenario remains unconfirmed due to
the lack of direct characterization of the launching regions of the outflows, with sizes of
≃few×100 au. Studying these complex central regions is difficult due to their sub-arcsec
angular sizes and the high optical depth of the circumstellar dust.

Late pPNe and young PNe (yPNe) are characterized by having hot stars embedded
in compact HII regions at their cores that start to become visible. The presence of ionized
gas can be exploited to trace the launching regions of the outflows by taking advantage of
the radio recombination lines (RRLs) and free–free continuum emitted by the HII regions,
which are mostly unaffected by dust extinction. As the opacity of RRLs increases with the
wavelength, the lines in the mm range tend to become optically thinner than in the cm
range and present higher line-to-continuum ratios (≃80% at 1 mm compared to ∼few%
in the cm range). This makes the mm-RRLs easier to detect and more sensitive to the
emission coming from the inner layers of the HII regions, where the plasma density is
higher. Their observation and careful analysis allow us to estimate the mass-loss rates
of post-AGB ejections (∼10−7–10−6 M⊙ yr−1) and to constrain the structure, kinematics,
and physical conditions of the ionized cores of late pPNe/yPNe [2]. However, since RRLs
and the free–free continuum are constrained to come only from the ionized cores, it is
not possible to use them to trace other structures beyond the photodissociation regions
(PDRs). These stratified layers are produced by the interaction between the high-energy
UV radiation field emitted by the central hot stars and the neutral molecular component of
the envelopes, and they are mainly unexplored in late pPNe and yPNe. Molecular emission
is thus the most appropriate radiation to characterize gas kinematics, envelope shaping,
and circumstellar chemistry in the neutral part of the envelopes of these objects.

CRL 618 is one of the closest late pPN/yPN to Earth (≃900 pc) and harbors a growing
HII region elongated along the east–west direction with an apparent size of ≃0.′′5 [3], which
is surrounded by a dense carbon-rich molecular CSE that expands at ≃20 km s−1 [4,5]. Two
high velocity molecular bipolar outflows, where the gas is accelerated up to velocities of
200 km s−1 [6], extend farther along that direction with an inclination of ≃25◦ [2,4,5,7] and
end in multiple bright lobes visible in the optical range [8]. A slow and dense, dusty torus
with a mass-loss rate of ≃1.2 × 10−3 M⊙ yr−1 and a total mass of ≃0.5 M⊙ expands around
the perpendicular (equatorial) plane hiding most of the HII region at short wavelengths.
This star has served during the last decades as a benchmark to investigate the formation of
bipolar outflows [4,5,9–11], which have been proposed to be formed during the last century
as the consequence of two short ejection events that launched several dense, high-velocity
clumps in opposite directions.

The HII region of CRL 618 was observed in the cm range several times with the
VLA [3,12,13]. More recently, Sánchez Contreras et al. [2] carried out its most detailed
characterization in the mm range so far based on single-dish observations of the continuum
and several mm-RRLs taken with the IRAM 30m telescope. They estimated important
physical parameters such as the average expansion velocity and the mass-loss rate, which
are ≃15–20 km s−1 and ≃7.5 × 10−6 M⊙ yr−1, respectively. All these observations are
compatible with a hollow cylindrical ionized core with an outer radius of ≃100 au.

The molecular component of the CSE has been extensively studied in recent decades [4,
5,13–20]. Nevertheless, most of the published works on this topic are based on single-dish
or low-angular-resolution interferometric observations, and the vicinity of the ionized
core has never been witnessed with sufficient angular resolution to resolve it until now.
Lee et al. [7,10] explored the inner envelope of CRL 618 with an angular resolution of
≃0.′′3–0.′′5, but it was not enough to properly describe the PDR; see how the molecular
content is linked to the ionized material of the HII region, and how the energetic radiation
affects the chemical abundances.
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In this presentation, we report preliminary results of the on-going analysis of Atacama
Large Millimeter/submillimeter Array (ALMA) observations at 1.35 mm of CRL 618 carried
out with an unprecedented angular resolution of 0.′′03–0.′′05. We describe the complex
structure and the gas kinematics of the HII region of this late pPN/yPN and its vicinity
based on the continuum emission, the H30α mm-RRL, and the molecular emission available
in the covered spectral range.

2. Observations

CRL 618 was observed with ALMA in the frame of project 2016.1.00161.S (PI: C.
Sánchez Contreras). The observations were carried out during the nights of 21 October
2016 and 27 and 28 September 2017 with the configurations C40-6 and C43-9, involving
baselines that range from 21 to 14851 m. The correlator was set to observe five spectral
windows that covered most of the spectral ranges from 214.5 to 218.5 GHz and 230.3 to
233.8 GHz with spectral resolutions of 0.31–0.68 km s−1.

The nominal maximum recoverable scale (MRS) of the observations was ≃1.′′4 and
0.′′35 for the compact and extended configurations, respectively. The continuum emission
resulting from the merging of both data sets (compact plus extended configurations) was
self-calibrated, keeping constant the total flux, resulting in an SNR improvement of the
maps of one order of magnitude. The phase gains transferred to the line data cubes
increased the SNR by a modest factor of 2 on average.

The calibrated visibility tables of the ALMA data were recovered with the Common
Astronomy Software Applications package (CASA) [21], versions 4.7.0 and 4.7.2 and lately
exported to GILDAS [22] for analysis and imaging. Self-calibration was fully carried out
in GILDAS.

3. Results and Discussion
3.1. The Continuum Emission

The self-calibrated continuum maps of CRL 618 at 232.9 GHz are shown in Figure 1.
The emission is approximately an oval extending along the east–west direction with a size
of the lowest level contours of ≃0.′′8× 0.′′5. In the high-angular-resolution maps (Figure 1b),
a complex structure can be clearly seen embedded in that oval that can be tentatively
interpreted as an incomplete ring-like structure perpendicular to the nebula axis and with
a diameter of about 150 au. There are two bright spots in this structure located to the
north and south and an emission deficit to the east. The irregular large-scale continuum
distribution beyond ≃0.′′6 (Figure 1a) captured by the compact configuration is compatible
with a faint, extended emission.

The continuum radiation emitted by the core of the CRL 618 can be produced by
two main mechanisms: dust and free–free emission, whose opacities decrease and increase
with wavelength, respectively [2]. In Figure 2a, we have plotted the spectral energy distri-
bution (SED) of CRL 618 from 2 µm to 30 cm based on the available photometric data. The
SED in this range can be fitted with three spatially nested black bodies representing the
emission of dust with different temperatures and a free–free continuum emitting source.
The turnover frequency, where the free–free optical depth is about 1, is approximately
4.6 mm or 65 GHz. Beyond this wavelength, the spectral index is 1.7, where this index
is defined as the exponent of the power-law dependence of the continuum flux with the
frequency, ∝ να. The solid black curve is the total fit to the SED, which nicely reproduces
the photometric data. The ALMA observations presented in the current work, which were
carried out at ≃1.35 mm, lay in the spectral range, where the free–free continuum emission
dominates with some small contribution of dust. Following Reynolds [23], multiple scenar-
ios might explain the spectral index below the turnover frequency, which is significantly
higher than the expected index for a spherically symmetric ionized wind, ≃0.6 [24]. Hence,
the geometry of the ionized source and, in particular, the presence of collimated ionized
bipolar outflows have a strong impact on the spectral index. This parameter is thus dis-
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closed as critical to establish a detailed model of the geometry and physical conditions of
the emitting region (see Section 3.3).

a b

Figure 1. Self-calibrated continuum emission at 232.9 GHz. (a) The brightness distribution is
produced from the merging of the data sets taken with the compact and extended configurations.
The synthesized PSF has an HPBW of ≃0.′′33 × 0.′′19 (lower left corner). Natural weighting was used
during reconstruction. Plotted contours are at the levels 5, 10, 25, 50, 100, 200, 500, 1000, and 1500σ,
where σ = 0.75 mJy beam−1 is the rms noise. (b) Continuum emission as viewed with the extended
configuration. Uniform weighting was used to improve angular resolution. The synthesized PSF has
a size of ≃0.′′10 × 0.′′03. The contours in the map are at levels 5, 20, 50, 100, 220, 350, 600, and 900σ,
where σ = 0.20 mJy beam−1.

a b

Figure 2. Spectral energy distribution of CRL 618. (a) SED in the spectral range from 2 µm to 30 cm
based on photometric data [2]. The red, cyan, and blue curves represent three black bodies with
different temperatures and sizes that account for distinct dust contributions to the continuum. The
magenta curve is the contribution of a free–free emitting region. The black curve is the total continuum
emission built from all these contributions. The orange triangle is the average flux measured with
ALMA and the solid, straight line of this color is the fit to the in-band ALMA fluxes. (b) Measured
fluxes for the five ALMA spectral windows. The orange line is the fit to the data, and the black curve
is the fit to the overall SED shown in panel (a).

The in-band spectral index obtained from the flux measures of the different observed
ALMA spectral windows is calculated to be 0.28 ± 0.04 (see Figure 2b). In this panel, the
observed fluxes were fitted with the orange line, which is in very good agreement with the
overall fit to the SED plotted in black. The spectral index for an optically thin ionized region
above the turnover frequency is usually adopted as ≃−0.1, whereas the spectral index of
dust emission at long wavelengths is ≳2. The presence and distribution of the different
continuum contributions can be explored with a map of spectral index (Fonfría et al., in
prep.). This map tentatively suggests that there exists an asymmetry in the spectral index
along the east–west direction produced by dust contamination, which would be mostly
located in the western hemisphere of the ionized core.
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3.2. H30α Emission

Recombination lines arise from the same region as the free–free continuum but contain
the kinematic information that the latter lacks. The observed H30α line is essentially
unblended in the spectrum of CRL 618 except for negligible contamination with weak
molecular lines (Figure 3). Close to the H30α line, we can find He30α, which is significantly
less intense and displays an exceedingly wide red-shifted wing that can be assigned to
the so-called X30α feature, which is interpreted as a cluster of 30α recombination lines of
carbon, oxygen, and heavier chemical elements [25,26]. The spectrum of the H30α line can
be satisfactorily reproduced with a Voigt profile with emission about the detection limit
over a velocity range of 130 km s−1.

Figure 3. Spectrum of CRL 618 around the H30α recombination line obtained from the emission
coming from the central circular region of radius equal to 1′′. The gray vertical, dotted-dashed line
indicates the systemic velocity, vsys = −21.5 km s−1 [5,7]. The red curve is the Voigt profile that better
fits the H30α line. Other recombination (He30α, X30α) and molecular lines are identified as well.
The horizontal cyan band is the detection interval (−3σ, 3σ), where σ = 23 mJy is the rms noise of
the spectrum.

Figure 4 shows the moments 0 and 1 of the H30α emission. The moment 0 map
(Figure 4a) strongly resembles the continuum brightness distribution (see Figure 1b). This
similarity supports the secondary role of dust emission in the continuum. The moment
1 map (Figure 4b) can roughly be described as a bimodal distribution compatible with
red-shifted gas expanding to the west and blue-shifted to the east, suggesting that the
formation of the high-velocity bipolar outflows takes place well inside the ionized core.
There is a difference of about 45 km s−1 (average velocity) from tip to tip of the outflows
that grows up to more than 100 km s−1 when the aperture of the outflows is considered,
as it is reflected in Figure 3 and the velocity-channel maps (Figure 5). In the middle of the
brightness distribution, where the ring-like structure is located (see the dashed contours in
Figure 4b and the central panels of Figure 5), the average velocity fluctuates, but there is not
a clear correspondence with that structure. In spite of the large velocity span reflected in
the velocity-channel maps for the ring-like structure (40–50 km s−1), the average velocities
with respect to the systemic velocity in the moment 1 map are quite low, which implies that
the gas velocity field is approximately antisymmetric with respect to the plane of the sky.

The position–velocity diagrams (PV; Figure 6) are compatible with a hollow cylindrical
structure oriented along the nebula axis, where the gas mainly expands in the walls
following a Hubble law. Linear velocity gradients ranging from ≃0.2 to 0.6 km s−1 au−1 are
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measured along this direction (panel a). Gas rotation in the equatorial plane (north–south
direction; panel b) is not identified in our maps.

a b

Figure 4. Moments 0 and 1 of the observed H30α line taken with the extended configuration (panels
(a) and (b), respectively). The synthesized PSF, in the lower left corner, has a size of 0.′′10 × 0.′′03. The
dashed contours overlying the moment 1 map are at levels of 30 and 60% of the peak of the moment
0 emission. In this map, the systemic velocity is plotted in white.

Figure 5. Velocity-channel maps of the H30α emission produced from the merged dataset
(∆v = 10 km s−1) restored with a synthetic beam with HPBW = 0.′′16 × 0.′′08. Contours are at
levels of 5, 20, 50, 100, 250, 400, 600, 800, and 890σ, where σ = 1.4 mJy beam−1 is the rms noise. The
green cross indicates the phase center, and the yellow numbers at the upper left corners of every
panel are the central LSR velocities of the channel in km s−1.



Galaxies 2024, 12, 62 7 of 11

Figure 6. Position-velocity (PV) diagrams for the merged dataset along the east–west and
north–south directions (panels (a) and (b), respectively). Positive offsets mean north and east. The
systemic velocity is indicated in each panel as a yellow vertical dotted-dashed line. A round restoring
beam with an HPBW = 0.′′1, i.e., the major axis of the synthesized PSF, was adopted. Contours are at
levels 5, 10, 20, 30, 50, 70, and 90% the peak emission.

3.3. Modeling

Given the complexity of the continuum emission and H30α line, we have started to
model the observations with the Code for Computing Continuum and Radio-recombination
Lines (Co3RaL), which is a new radiation transfer code developed by D. Tafoya to calculate
the free–free continuum and recombination line emissions of 3D asymmetric ionized nebu-
lae [27]. A few tens of tentative nebula models have been tried so far with relative success.

Adopting the hollow cylindrical structure as starting point for the data modeling,
the inclusion of a denser equatorial band is necessary to reproduce the ring-like structure
present in the observations (Figure 7a). The agreement is improved if this band has a
dependence with the axial angle because it allows us to replicate the emission deficit
detected to the east. This model partially simulates the ALMA observations and its results
are compatible with photometric observations, as it can be seen in Figure 7b–d. Yet, there is
still much work that is needed to accurately mimic the observed continuum (Figure 7b). In
particular, it is still unclear if this emission deficit is related to a lower ionized gas density
or it is consequence of an absorption produced by cooler gas located in front of a complete
ring-like structure, i.e., expanding inside the eastern outflow.

The disagreement between the observed and modeled H30α emissions is higher than
for the continuum if the scenario in Figure 7a is adopted. The size, the covered velocity
range, the presence of the main characteristics, and the overall shape of the best tentative
models are compatible with the observations but the synthetic brightness distributions can
still be significantly improved. The current incompatibilities are mostly related to the use
of an inaccurate gas expansion velocity field, which has the ability to radiatively connect
different regions of the ionized core through the H30α emission. The most important
consequence of this effect on the synthetic maps is the variation of the optical depth along
distinct directions, which can lead to significant changes in the brightness distribution.
We are currently searching for the simplest structure and physical conditions that can
simultaneously reproduce all the observations, continuum and recombination line, with
the lowest possible number of parameters.

3.4. Molecular Emission

The ALMA data also possess molecular emissions that trace, for the first time with
enough angular resolution, the innermost layers of the neutral circumstellar envelope
immediately adjacent to the central compact HII region. This emission is distributed as
153 lines of different molecules, 25 of which are still unidentified. The identified features
are lines of CO, SiO, HC3N, HC5N, c-C3H2, CN, C3H, CH3CH2CN, and CH2CHCN in
addition to some of their isotopologues in their ground and excited vibrational states. We
can see an example spectral range in Figure 8. Most of the lines display P-Cygni profiles,
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whereas the rest are weak, pure emission, or absorption lines. Many of them are partially or
strongly blended. The unidentified lines are usually weak features that might show several
components, and some of them can be part of the complex profile of closely identified lines.

a

c

b

d

Figure 7. Preliminary Co3RaL model of the continuum of CRL 618 and comparison with observations.
(a) Ionized matter distribution and expansion velocity field considered by Co3RaL. Blue and red
arrows represent blue- and red-shifted velocities, respectively. (b) Observed continuum of CRL 618.
(c) Synthetic free–free continuum distribution. (d) Photometric data in the spectral range 0.1–1000 mm.
The model of CRL 618 carried out with MORELI [2] is the solid curve in magenta, and the model of
Co3RaL is in orange. The dashed, dotted, and dashed-dotted straight lines represent theoretical SEDs
with different spectral indexes that serve as limits for the actual SED of CRL 618.

The brightness distribution of most of the lines follows a similar pattern (Figure 9).
Panel a shows the emission integrated over frequency (moment 0 map) of the HC3N(24-
23) line in a color scale. The black contour represents a low-level continuum emission,
and the blue and orange contours represent the blue- and red-shifted CO(2-1) emissions
coming from the high-velocity outflows, respectively. The HC3N emission adapts to the
CO(2-1) and the continuum contours except for the appendices noticeable in the color
scale along the north–south direction, which are better described in CO(2-1) around the
systemic velocity [10]. Overall, the HC3N emission comes from the walls of the outflows
and surrounds the ionized region.

The velocity map (moment 1) in Figure 9b evidences the average velocity field of the
gas outside the ionized core described by the line HC3N(24-23) line (in the color scale). This
colorized map is complemented with compact blue and red contours located close to the
phase center and represent the blue- and red-shifted emissions of the H30α line. The eastern
outflow is blue-shifted, and the western one is red-shifted. The H30α emission contours are
narrow enough to fit inside the molecular outflows. The northern and southern appendices
are also blue- and red-shifted in agreement with previous results [10], although they were
reported as spatially unresolved equatorial clumps separated from the main body of the
molecular emission. The whole structure is embedded in a halo, which is red-shifted to
the east and blue-shifted to the west, contrary to the outflows, and can be assigned to the
expanding neutral matter in the equatorial torus.
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Figure 8. Spatially integrated molecular emission in the spectral range 216.5–218.5 GHz. This range is
crowded with lines of the ground and excited vibrational states of different molecules, most of them
carbon-bearing species. Some lines in the covered spectral range remain unidentified.

a

b

c

d

Figure 9. Moments 0 and 1 for the HC3N(24-23) and SiO(5-4) lines. The quantities relative to these
lines are plotted in a color scale. In the moment 0 maps (panels (a,c)), the blue- and red-shifted
contours are low-level contours of the high-velocity outflows of the CO(2-1) line. The black contours
represent the continuum emission. In the moment 1 maps (panels (b,d)), the compact blue and orange
contours are low-level contours of the H30α line.

The maps in Figure 9c,d are of the SiO(5-4) line. The weaker SiO emission also adapts
to the contours of the CO(2-1) emission, but the southern component of the red-shifted high-
velocity outflow is remarkably bright (Figure 9c). Furthermore, there is strong emission
coming from the very center of this region, probably coming from behind the ionized core.

4. Conclusions and Final Remarks

We have presented the latest results of our work based on the preliminary analysis
of high angular resolution ALMA observations of the late pPN/yPN CRL 618 at 1.35 mm.
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Taking advantage of the continuum emission and the H30α recombination line, we are
able to describe the nature and kinematics of the gas in the ionized core, where the high-
velocity outflows are launched. The analysis of this region reveals the presence of an
intriguing, incomplete ring-like structure embedded in a fainter halo. This structure display
two bright spots to the north and south and is apparently contained in the equatorial plane.
The average spectral index of the emission coming from the ionized core is ≃0.28, which
suggests that most of it is free–free continuum emission but with a small contribution of
dust emission. The H30α line contains evidence of deprojected velocity gradients along
the nebula axis of ≃0.2 − 0.6 km s−1 au−1. Our first attempts to model the continuum and
recombination emission indicate that the observed structures can be roughly described by
a hollow cylinder with a denser band around the equatorial plane perforated at its back.
About 150 lines of several molecules have been found in the observations. Their emission,
exemplified by the HC3N(24-23) line, surrounds the ionized core and the outflows but
some lines, such as SiO(5-4), are more irregular suggesting the presence of possible high
energy phenomena taking place behind the ionized core and in the southern part of the
red-shifted outflow.

The current work illustrates that the joint analysis of the free–free continuum emission
and recombination lines allows us to trace the gas structures, kinematics, and the nature of
continuum emission inside the ionized core of post-AGB stars. Moreover, complementary
molecular observations trace the structures and kinematics of the neutral envelope outside
the ionized core. Hence, a combined analysis of both data sets provides us with a complete
picture of the gas evolution close to the central stellar system in post-AGBs.
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