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ABSTRACT

Context. Observations of molecular gas have played a key role in developing the current understanding of the late stages of stellar
evolution.

Aims. The survey Planetary nebulae AND their cO Reservoir with APEX (PANDORA) was designed to study the circumstellar shells
of evolved stars with the aim to estimate their physical parameters.

Methods. Millimetre carbon monoxide (CO) emission is the most useful probe of the warm molecular component ejected by low- to
intermediate-mass stars. CO is the second-most abundant molecule in the Universe, and the millimetre transitions are easily excited,
thus making it particularly useful to study the mass, structure, and kinematics of the molecular gas. We present a large survey of
the CO (J = 3 — 2) line using the Atacama Pathfinder EXperiment (APEX) telescope in a sample of 93 proto-planetary nebulae and
planetary nebulae.

Results. CO (J = 3 — 2) was detected in 21 of the 93 objects. Only two objects (IRC+10216 and PN M 2-9) had previous CO (J
= 3 — 2) detections, therefore we present the first detection of CO (J = 3 — 2) in the following 19 objects: Frosty Leo, HD 101584,
IRAS 1947543119, PN M1-11, V* V852 Cen, IC 4406, Hen 2-113, Hen 2-133, PN Fg 3, PN Cn 3-1, PN M 2-43, PN M1-63, PN
M1-65, BD +30 3639, Hen 2-447, Hen 2-459, PN M3-35, NGC 3132, and NGC 6326.

Conclusions. CO (J = 3 —2) was detected in all 4 observed pPNe (100%), 15 of the 75 PNe (20%), one of the 4 wide binaries (25%),
and in 1 of the 10 close binaries (10%). Using the CO (J = 3 — 2) line, we estimated the column density and mass of each source. The

1. Introduction

1803.08446v1 [astro-ph.SR] 22 Mar 2018

Planetary nebulae (PNe) represent the final evolutionary phase
- = of low- and intermediate-mass stars, where the extensive mass
lost by the star on the asymptotic giant branch (AGB) is ionised
by the emerging white dwarf. The ejecta quickly disperses

and merges with the surrounding interstellar medium (ISM),
a whereby the total mass lost from these stars constitutes approx-
imately half of the Milky Way interstellar gas and dust (Leitner
& Kravtsov|2011). In the ejecta of AGB stars, the CO molecule
locks away the less abundant element, leaving the remaining free
oxygen (O) or carbon (C) to drive the chemistry and dust forma-
tion. Dust grains and molecules, predominantly CO given the
large quantities of C and O in the ejecta, condense in these AGB
winds, forming substantial circumstellar envelopes that are de-
tectable in the infrared and millimetre domains. The evolution-
ary phase between the end of the AGB and the beginning of the
planetary nebula (PN) phase has long been a missing link in un-
derstanding the late stages of stellar evolution. Observations of

X1V

H, column density ranges from 1.7x10'® to 4.2x10?'cm~2 and the molecular mass ranges from 2.7x107* to 1.7x10™' M.
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molecular gas have played a key role in developing the current
understanding of this intermediate phase.

Millimetre and sub-millimetre CO line emission is a very
useful probe of the warm molecular component of the neutral
gas surrounding AGB stars. This molecule therefore is a stan-
dard probe of their envelopes: CO is relatively abundant, and
the sub-millimetre transitions are easily excited. In Table 1 we
present the general parameters for the most commonly observed
CO rotational transitions, including their frequency, density, and
their excitation temperature (E,p.,/kp). It can therefore be used
to study the mass, structure, and kinematics of the bulk of the
molecular gas. CO envelopes surrounding PNe have been de-
tected in many CO surveys, including those of[Huggins & Healy
(1989), using the NRAO 12m telescope, and Huggins et al.
(1996), using the SEST 15m and IRAM 30m telescopes. Sev-
eral recent lines of investigation, including optical imaging of
PNe (Sahai & Trauger| 1998} [Lopez||2003)), kinematic studies of
proto-planetary nebulae (pPNe Bujarrabal et al.|2001), and ob-
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Table 1. Most commonly observed CO transitions with their general
parameters

Line Frequency  Density  E,pper/ks
(GHz) (cm™3) (K)
COJ=1-0) 115.271 1.4x10° 5.5
COJ=2-1) 230518 2.3X10° 17
COJ=3-2) 345.796 7.0x10* 34

servations of individual molecular envelopes (e.g. He 3-1475 and
AFGL 617; Huggins et al.2004; |Cox et al.|2003), have focused
the attention on the complex geometry of PN formation. The ori-
gins of these complex geometries are not very well understood,
but it is very likely that similar structures are found in the molec-
ular gas surrounding young PNe (Huggins et al.[2005) and as
such share a formation mechanism.

The dynamical evolution from the AGB to the PN phase has
only been observed for a very small sample of objects, which
clearly places limits on our understanding of this regime. |Knapp
et al.| (1998)) studied COJ=2-1)and CO(J=3-2)ina
sample of 45 AGB stars, finding about half of the line profiles to
be non-parabolic in shape, with profiles associated with complex
winds. Complex line profiles occur when a star is undergoing a
change in luminosity, pulsation mode, or chemistry.

Recent improvements in frequency coverage, frequency res-
olution, and receiver sensitivity enable homogeneous, unbiased,
low-noise observations with high velocity resolution. Motivated
by the lack of a large enough sample of observations of PNe in
CO, especially the more excited CO (J = 3 —2) transition, we ob-
served a sample of 93 young and evolved PNe using the Swedish
Heterodyne Facility Instrument (SHeFI) instrument at the Ata-
cama Pathfinder EXperiment (APEX) telescope. We selected the
CO (J = 3 — 2) line rather than lower J transitions because it of-
fers the advantage that higher J transitions have higher critical
densities for collisional excitation (see Table[T)). For this reason,
emission from molecular clouds is less extensive and the obser-
vations are less strongly affected by contamination of Galactic
emission.

We here present the first data release and a preliminary anal-
ysis of all the observations. In Section 2 we present the observa-
tions, Section 3 summarises the results, and Section 4 presents
a discussion of the main outcomes of the survey and future
prospects.

2. Observations and data reduction

APEX is ideally suited to surveying the CO (J = 3 — 2) emis-
sion from pPNe/PNe in the Southern sky. The atmosphere above
Chajnantor has sufficiently transparent conditions (precipitable
water vapour, PWV <2.5mm 80% of the time) to allow CO (J
= 3-2) and nearby transitions to be easily detected. The APEX-2
SHeFI receiver with its eXtended bandwidth Fast Fourier Trans-
form Spectrometer (XFFTS) backend, installed at APEX, of-
fers sufficient sensitivity, bandwidth, and spectral resolution to
achieve our primary goal of characterising '?CO (J = 3—2) emis-
sion in pPNe and PNe. The bandwidth used was 4 GHz, centring
the intermediate frequency (IF) at 344.7 GHz.

Data were processed using CONTINUUM AND LINE ANALYSIS
SINGLE-DISH SOFTWARE (CLASS), a part of the GILDAS softwareﬂ
We subtracted the baselines around the detected CO line to ob-
tain an averaged spectrum of each observation. After this, spectra

! GiLpas is a radio astronomy software developed by IRAM. See

http://www.iram.fr/IRAMFR/GILDAS
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from all epochs were averaged into a single, final spectrum for
each object. To account for the telescope baseline, a polynomial
fit of order 3 (in some cases 5) was removed form the averaged
spectrum.

APEX observed 93 pPNe and PNe in total. The pPNe
sample was extracted from the catalogue of young PNe of
Sahai et al.| (2011), while the PNe sample was taken from
two different sources: PNe that have been observed previ-
ously in CO (J = 2 — 1) by co-author L.-A. Nyman using
SEST, and the second from the list of PNe with known binary
central stars compiled and maintained by co-author D. Jones
(http://drdjones.net/bCSPN.html). Targets at [b| < 3.5 deg were
excluded in order to avoid confusion with interstellar CO emis-
sion (Dame et al.|2001). Objects with angular dimensions larger
than the telescope beam size (18”) were also excluded (except
for IC 4406, NGC 3132, and M2-9). Each source was observed
for a total time of 30min (including overheads), correspond-
ing to a typical on-source time of 6 min, which with nominal
T,y for the expected observing conditions and source elevations
(PWV<2.5mm) provides a sensitivity of 0.04K kms~!. The total
telescope time dedicated to the survey was 46.5 hours.

3. Results

In Table [2] we present the complete list of objects observed,
columns 1 and 2 are the RA and DEC, respectively, columns
3 and 4 contain the PN G and common name of each object, re-
spectively, and column 5 shows the rms of the observations for
each target in mK. Column 6 specifies whether the line comes
from the object or if it is contamination from the interstellar
medium (ISM), and Column 7 refers to the figure in which the
final averaged spectrum is shown.

CO (J = 3 — 2) was detected in 35 of the 93 sources. The
spectra of another 7 objects show the CO (J = 3 — 2) transition
in absorption (negative intensity features); 1 additional object
was found to present a line profile with apparent P-Cygni shape.
Figures [A.T|to[A. TT|show the complete spectrum per object. For
the objects with null-detections, the rms value can be used to
estimate an upper limit on the CO line intensity.

For the objects where CO (J = 3 —2) was detected as a nega-
tive intensity feature and for the one object with the apparent P-
Cygni shape, the literature velocity of the object was compared
with the measured velocity of the line. In all the cases, the neg-
ative intensity lines were found to be interstellar CO (J = 3 — 2)
in the OFF positions. The P-Cygni shaped line profile is likely to
be caused by emission from a cloud (or two clouds) in both the
ON and OFF positions. The line width is also an indication of
interstellar material, CO from the ISM has typical line widths of
~1km/s (Hacar et al.|2016), while CO from evolved stars shows
line widths of at least a few (up to several tens) km/s.

Using the same logic, we found that for six objects, the de-
tected CO (J = 3 — 2) central line velocities do not correspond
to the respective velocity of the object and thus are most likely
interstellar emission, these were named CO from the ISM. These
objects are PN M1-6 , IC 4191, PN PC 12, Hen 2-182, PN M3-
15, and Hen 2-39.

Therefore we have 21 true CO (J = 3 — 2) detections. Based
on these true detections, we found that CO (J = 3 — 2) has been
detected in two objects, IRC+10216 and PN M 2-9 (more detail
on their detections is given in the following section). The final
number of true CO (J = 3 -2) detections that have not previously
been reported in the literature is 19. This is the first time that
CO (J = 3 — 2) has been detected in Frosty Leo, HD 101584,
IRAS 19475+3119, PN M1-11, V* V852 Cen, IC 4406, Hen
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2-113, Hen 2-133, PN Fg 3, PN Cn 3-1, PN M 2-43, PN M1-
63, PN M1-65, BD +30 3639, Hen 2-447, Hen 2-459, PN M3-
35, NGC 3132, and NGC 6326. The following PNe M1-11, Fg
3, Cn3-1, M1-65, Hen 2-133, NGC6326, and M3-35 show line
widths smaller than Skmy/s, therefore these detections should be
considered with caution. Each of the detections is discussed in
more detail in the following subsections.

In Table[3|we present only the objects with CO (J = 3—2) line
detections. Column 1 contains the name of each object, column 2
lists the PN G name, column 3 the heliocentric velocity in kms™!,
column 4presents the line width obtained by the fit in kms™!
(when using several Gaussians, this represents the total width of
the line including all components). Column 5 lists the integrated
intensity over the velocity range of the line in Kkm s~!. Columns
6 and 7 show the CO and H; column density in units of cm~2,
Column 8 refers to the mass estimate of the H, component in
solar masses, and Column 10 finally refers to the figure where
the spectrum is plotted and fitted. All the line intensities were
calculated using either a Gaussian fit (for single-peaked lines)
or a shell profile fit (for double-peaked lines). In some objects
more than one Gaussian line was needed to fit the line profile.
Figures [3] to [5] show the spectra with the detected lines high-
lighted (the literature values for the heliocentric velocities of the
objects are also given). Each line has a fit (either Gaussian or
shell) marked in red. Four objects (MPA J1508-6455, Hen 2-447,
IRAS 19475+3119, and PN K4-41) have an unknown heliocen-
tric velocity, and it is therefore not indicated in their spectrum.

3.1. Proto-planetary nebulae

We detected CO (J = 3 — 2) in all of the four surveyed pPNe
Frosty Leo, IRC+10216, HD 101584, and IRAS 19475+3119.
IRC+10216 was known to have CO (J = 3 — 2) emission, for the
other sources this was not the case, and these detections therefore
represent the first detections of CO (J = 3 — 2) in these objects.

3.1.1. Frosty Leo

At first detection of CO (J = 3 — 2) in this object, its line profile
shows much structure, although to first order, it can be fitted with
a one-component Gaussian. Previous studies of this object have
focussed mainly on CO (J = 2 — 1) and CO (J = 1 — 0) (Likkel
et al.[|1987; |Castro-Carrizo et al.|2005; |Sahai et al.[2000).

3.1.2. IRC+10216

The CO (J = 3 — 2) line profile of IRC-10216 was fitted with a
one-component Gaussian. IRC+10216 is a very well studied ob-
ject, the first detection of CO (J = 3 —2) in this object was made
using the James Clerk Maxwell Telescope (Williams & White
1992). A more detailed study is presented in |Patel et al.| (2010),
where the authors performed a line survey using the Submillime-
ter Array covering from 293.9 to 354.8 GHz.

3.1.3. HD 101584

At first detection of CO (J = 3 — 2) in this object, it needed more
than one Gaussian to fit the line profile. Many molecular obser-
vations of this object can be found in the literature, where CO (J
= 2—1)and CO (J = 1-0) have been detected. The first detection
of CO (J = 1 — 0) has been reported by [Loup et al.| (1990), with
further molecular CO studies presented in [Irams et al.| (1990);

Oudmaijer et al.| (1995); |Olofsson & Nyman| (1999); |Olofsson
et al.| (20152016, [2017).

3.1.4. IRAS 19475+3119

At first detection of CO (J = 3 — 2) in this object, its line profile
can be fitted with a one-component Gaussian. This object has
CO@J=2-1)and CO (J = 1 — 0) detections in the literature
(Likkel et al.|[1987; Sanchez Contreras et al.|[2006; |[Sahai et al.
2007} |Castro-Carrizo et al.|2010; [Hsu & Lee|2011)).

3.2. Planetary nebulae

In the sample of 75 PNe, CO (J = 3 — 2) was detected in 15: in
PN M1-11, V* V852 Cen, IC 4406, Hen 2-113, Hen 2-133, PN
M 2-9, PN Fg 3, PN Cn 3-1, PN M 2-43, PN M1-63, PN M1-65,
BD +30 3639, Hen 2-447, Hen 2-459, and PN M3-35.

3.2.1. PN M1-11, PN Fg 3, PN Cn 3-1, and PN M1-65

At first detection of CO (J = 3 — 2) in these objects, the line
profiles can be fitted with a one-component Gaussian. No other
molecular lines are detected in any of these objects. For all these
sources, the line widths appear to be very narrow. This may in-
dicate that the emission comes from the ISM or might be due to
a cloud with the same velocity as the PN. Therefore these detec-
tions should be followed-up and confirmed with higher sensitiv-
ity instruments).

3.2.2. V* V852 Cen

At first detection of CO (J = 3 — 2) in this object, for its line
profile, multiple Gaussian fits were required. This object does
not have any other CO lines detected.

3.2.3. IC 4406

At first detection of CO (J = 3 — 2) in this object, for its line
profile, a two-component Gaussian fit was required. The two-
component line profile could be associated with an expanding
ring, or a disc in rotation. This object has previously been de-
tected in CO J =2 —-1)and CO (J = 1 — 0) (Cox et al.|[1991}
Sahai et al.[[1991}; |Cox et al.|1992; Smith et al.|[2015).

3.2.4. Hen 2-113

At first detection of CO (J = 3 —2) in this object, for its line pro-
file, a three-component Gaussian fit was required. The line pro-
file is very broad; higher resolution might reveal a high-velocity
molecular gas component for this object. There are no other CO
detections for this object.

3.2.5. Hen 2-133

The heliocentric velocity of PN Hen 2-133 was also unknown,
but we found archival observations taken using the Ultraviolet
and Visual Echelle Spectrograph (UVES Dekker et al.|2000) in-
strument at the Very Large Telescope (VLT) (program 095.D-
0067(A), PI Garcia-Hernandez). They were reduced using Re-
flex (Freudling et al.|2013). Emission lines present in the result-
ing spectrum were fitted using the automated line fitting algo-
rithm (ALFA, Wesson|2016); they indicate a line-of-sight veloc-
ity at time of observation of -27.36km/s, which was then cor-
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rected to heliocentric velocity using the sTarRLINK RV command
(Wallace & Clayton/[2014), giving a value of -25.05km/s. Using
this information, we detect CO (J = 3—2) for the first time in this
object. Its line profile can be fitted with a one-component Gaus-
sian. Its line profile is very narrow, which may mean that the line
is interstellar rather than nebular, although it shows some broad-
ening at the wings of the line. No other CO lines are detected in
this object.

3.2.6. PN M 2-9

The CO (J = 3 - 2) line profile was fitted with a two-component
Gaussian. The line shows a beautiful double-peaked profile,
which could be interpreted as an indication of a disc or a ring
close to the star. The first detection of CO (J = 3—2) in this object
was made using the Atacama Large Millimetre/submillimeter
Array (ALMA) (Castro-Carrizo et al[2017). CO J = 2 - 1)
has also been detected in this object using the Plateau de Bure
interferometer (Castro-Carrizo et al.|2012)

3.2.7. PN M 2-43

At first detection of CO (J = 3 — 2) in this object, its line profile
is very complex. It needed a three-component Gaussian for its
fit. This might be an indication of several components, meaning
that this object might have much structure, but a further more
detailed investigation is needed. CO (J = 3 — 2) was observed
in this object using the JCMT, but only upper limits were ob-
tained (Gussie & Taylor][1995). CO (J = 1 — 0) was detected in
this object using the 13.7m millimetre-wave telescope of Purple
Mountain Observatory (Zhang et al.||2000).

3.2.8. PN M1-63

At first detection of CO (J = 3—2) in this object, its line profile is
very complex (similar to M2-9), with a three-component Gaus-
sian needed in order to obtain a reasonable fit. This might be an
indication of several components, meaning that this object might
have much structure, but a further more detailed investigation is
needed. No other CO lines are detected in this object.

3.2.9. BD +30 3639

This is the first detection of CO (J = 3—-2) in this object. The CO
(J = 3 - 2) line profile was fitted using a one-component Gaus-
sian. The molecular observations of CO (J = 2 — 1) and CO (J
= 1-0) in this object were made using the IRAM 30m telescope
(Bachiller et al.[[1991)), with further molecular CO studies pre-
sented in Bachiller et al.| (1992)); |[Shupe et al.| (1998)); Bachiller
et al.| (2000); Freeman & Kastner| (2016).

3.2.10. Hen 2-447

At first detection of CO (J = 3 — 2) in this object, its line profile
needed a two-Gaussian component for its fit. This might be an
indication of a ring or a disc, but a further more detailed investi-
gation is needed. No other CO lines are detected in this object.

3.2.11. Hen 2-459

At first detection of CO (J = 3 — 2) in this object, its line profile
needed only a one-component Gaussian for its fit, although the
line is very broad (~100 km/s). The width of the line might be
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an indication of a faster component, but a further more detailed
investigation is needed. No other CO lines are detected in this
object.

3.2.12. PN M3-35

At first detection of CO (J = 3 — 2) in this object, its line pro-
file needed only a one-component Gaussian for its fit. Its line
width is smaller than Skm/s, which might be an indication that
the emission comes from the ISM rather than the nebula. CO (J
= 3 — 2) was observed in this object using the JCMT, but only
upper limits were obtained (Gussie & Taylor|1995)).

3.3. Planetary nebulae with binary central stars

Of the initial sample of 93 observed objects, 14 were known to
host binary central stars (Jones et al.[2015} Jones & Boffin/2017)).
Of these 14, 4 are wide binaries (orbital periods ~ 10-1000 days)
and 10 are close binaries (orbital periods ~ 1 day). We detected
CO (J = 3 — 2) in emission in only 2 objects: NGC 3132, and
NGC 6326.

3.3.1. NGC 3132

The central star of NGC 3132 is a visual binary, and as such is
the widest of all the binary central stars observed here (Ciardullo
et al.||1999)). This is the first time CO (J = 3 — 2) has been de-
tected in this object. Its line profile is very complex, it needed
a three-component Gaussian for its fit. This might be an indi-
cation of several components, meaning that this object might
have much structure, but a further more detailed investigation
is needed. This object was previously observed with the 12m
National Radioastronomy Observatory (NRAO) antenna at Kitt
Peak, but CO (J = 3 — 2) was not detected (Phillips et al.[|1992).
Further molecular CO (J =2 — 1) and CO (J = 1 — 0) studies on
this object are presented in|Zuckerman et al.|(1990); Sahai et al.
(1990).

3.3.2. NGC 6326

The central star of NGC 6326 close binary system with a period
less than one day (Miszalski et al.|2011). NGC 6326 shows CO (J
= 3-2). This is the first time CO (J = 3-2) has been detected in
this object. The line width is smaller than 4km/s, which might be
an indication that the emission comes from the ISM rather than
the nebula. The line profile could be fitted with a one-component
Gaussian.

3.4. Sources where the line velocity does not match the PN
velocity

The following PNe show CO (J = 3 — 2) emission lines, but
the line is either at a different velocity than the object (therefore
might not be associated to the object) or the line is too thin (and
therefore associated to interstellar CO (J = 3 — 2). For IC 4191,
PN PC 12, PN M3-15, and Hen 2-39 these CO (J = 3 —2) seems
to be more likely to be emission form the ISM.

3.4.1. PN M1-6

At first detection of CO (J = 3 — 2) in this object, its line profile
can be fitted with a one-component Gaussian. CO (J = 3 — 2)
emission is detected at around 15km/s, while the heliocentric
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velocity of this object is reported to be 65.5km/s (see references
in the table).

3.4.2.1C 4191

At first detection of CO (J = 3 — 2) in this object, its line profile
can be fitted with a one-component Gaussian. CO (J = 3 — 2)
emission is detected at around 10km/s, while the heliocentric
velocity of this object is reported to be -18.3km/s (see references
in the table). Since the line profile of this object is very thin, this
emission is likely associated with the ISM. No other molecular
lines are detected in this object.

3.4.3. PNPC 12

At first detection of CO (J = 3 — 2) in this object, its line profile
can be fitted with a one-component Gaussian. CO (J = 3 — 2)
emission is detected at around 8km/s, while the heliocentric ve-
locity of this object is reported to be -60.3km/s (see references
in the table). Since the line profile of this object is very thin, this
emission is likely associated with the ISM. No other CO lines
are detected in this object.

3.4.4. Hen 2-182

At first detection of CO (J = 3 — 2) in this object, its line profile
can be fitted with a one-component Gaussian. CO (J = 3 — 2)
emission is detected at around 10km/s, while the heliocentric
velocity of this object is reported to be -89.5km/s (see references
in the table). The line profile does not seem as narrow as the lines
associated with emission from the ISM, but further confirmation
is required. No other CO lines are detected in this object.

3.4.5. PN M3-15

At first detection of CO (J = 3 — 2) in this object, its line profile
can be fitted with a one-component Gaussian. The CO (J = 3 —
2) emission presents at around 10km/s, while the heliocentric
velocity of this object is reported to be 97.2km/s (see references
in the table). Since the line profile of this object is very thin, this
emission is likely to originate from the ISM. No other CO lines
are detected in this object.

3.4.6. Hen 2-39

The central star of Hen 2-39 is a barium star, and as such, is
a wide binary system (although the exact orbital period is un-
known;|Miszalski et al.|2013). This is the first time CO (J = 3-2)
has been detected in this object. Its line profile can be fitted with
a one-component Gaussian. The line profile on this object is very
thin, and even though it is centred at the nebular heliocentric ve-
locity, this line could still be associated with emission from the
ISM. Further investigation is needed. No other CO lines are de-
tected in this object.

3.5. Column density and masses

We estimated the column density N(CO) and N(H;) for all the
sources with CO (J = 3 — 2) detections (see Table E]) Using
N(H,), we estimated the molecular mass of each source.

The column density calculations assume optically thin
emission and local thermal equilibrium (LTE). Under these

assumptions, the CO column density, N(CO), is proportional to
the line integrated intensity. We followed the standard formula-
tions to obtain CO column densities (e.g. [Huggins et al.|(1996)),
assuming an excitation temperature of 15 K for all objects.
Hence the correlation between N(CO) and the CO (J = 3 — 2)
integrated intensity is given by N(CO)= 6.59x10'* x [CO (I
= 3 — 2) dv. The N(CO) values reported in Table (3| include
the beam filling factor corrections estimated using the source
sizes reported in Table f] The molecular hydrogen column
density, N(H,), is then obtained multiplying N(CO) by the
abundance ratio X (CO/H, =) 3x10™* (see, e.g. Huggins et al.
(1996)). Finally, to compute the H, mass, spherical symme-
try is assumed and the distances to nebulae listed in Table[d]used.

We assumed the CO emission of the nebula to be distributed
in a uniform sphere and did not take CO photodissociation into
account, therefore nebula masses presented here should be taken
with a degree of caution. We also assumed optically thin line
emission, which means that for those nebulae where this assump-
tion does not hold, the mass estimates should be taken as lower
limits.

The Ny, values range from 1.7x10'® to 4.2x10*'cm=2. The
molecular masses have values in the range from 2.7x10™* to
1.7x10~'My, which is in the same range as was found by Hug-
gins et al.|(1996).

Following [Huggins et al.| (1996), we plot the masses versus
the distance to each source. In Figure |I| we present the distri-
bution of masses estimated with respect to their distance. Black
squares are the objects from this paper, and for comparison, we
also plot the values taken from Huggins et al.| (1996), which are
represented here as the blue dots. This figure shows that the mass
is spread over almost four orders of magnitude, and a correlation
between mass and distance is expected, meaning that observa-
tionally, we are biased to see the most massive objects at greater
distance.

It is difficult to draw strong conclusions from the mass esti-
mates because of the significant assumptions made whilst calcu-
lating them. However, the mass estimates of these nebulae calcu-
lated using the CO (J = 3 —2) transition are very similar to those
determined using CO (J = 2 — 1) or CO (J = 1 — 0), indicating
that these transitions trace similar regions of the nebula. It might
have been expected that the CO (J = 3 — 2) would trace a hotter
inner region of the nebula (torus/disc), but this seems to not be
the case.

3.5.1. RADEX diagnostic plot

We used the offline version of RADEX (van der Tak et al.[[2007)
to generate a diagnostic plot for the CO (J = 3 —2) to CO (J
= 2 — 1) intensity ratio as a function of kinetic temperatures
and H, volume densities for the sources that had complemen-
tary CO (J = 2 — 1) observations. Only a few sources are re-
ported in the literature with the appropriate data to analyse them
together with our CO (J = 3 — 2) observations. BD+30 3639
was the source with the best complementary CO (J = 2 — 1)
data, given the size of the source and the beam size of the CO
(J = 2 — 1) observations. A discussion of the use of these diag-
nostic plots is presented for different molecules in the appendix
of van der Tak et al.| (2007). Linear molecules, such as CO, are
density probes at low densities, while at higher densities, the line
ratios are more sensitive to temperature. However, with no other
information than a single line ratio (such as our case), it is only
possible to provide lower limits to density and temperature.
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Fig. 1. Distance to the source vs. the molecular mass of its envelope.
The plot combines the data from this work (black squares) with the data
published by Huggins et al.|(1996)) (blue dots).
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Fig. 2. Results from the LVG analysis of the CO lines. The curves rep-
resent the predicted CO (J = 3 —2) to CO (J = 2 — 1) intensity ratio for
a column density of 1x10'® cm™2 and line width of 50 km/s. The ratios
that match the observed CO line ratio and are indicated with solid red
curves.

In Fig. 2] we show the diagnostic plot for the CO (J = 3-2) to
CO (J = 2—1) intensity ratio, assuming 2.73 K as the background
temperature and a line width of 50 km s~!. The plot shows the
results for a column density of 1x10' ¢cm~2, but we find that
the CO line ratio is not very sensitive to column density within
the range 3¥10' cm™2 to ~ 4*10'® cm™2. The plotted ratios cor-
responded to the observed values for BD+30 3639 (1.6), NGC
3132 (1.3), IC 4406, and M2-9 (0.7, for the last two). However,
for the latter three sources, the measured ratios are only lower
limits because of different CO J =2 —-1)and CO (J = 3 - 2)
beam sizes (the former larger than the latter) and the source size
(larger than both beam sizes). The CO intensity ratio constrains a
lower limit to the H, volume density, ng, > 10°-10%7 cm™3, and
kinetic temperature, Ty, > 10-35 K. The highest lower limit
values are given for IC 4406 and M2-9.
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3.6. Correlation with H,

We would like to probe the relationship between the detection
of CO and H,. We compared our sample with the sample anal-
ysed by Kastner et al.|(1996)), whose study was made by imaging
the molecular hydrogen emission (4 = 2.122 um) using the near-
infrared cryogenic optical bench mounted at Kitt Peak National
Observatory, from the National Optical Astronomy Observato-
ries. They observed 60 PNe and detected H; in 23 of them. When
compared with out sample, 9 objects are in common. Of these 9
objects, 4 were detected in H, , and all are also detected in CO
as part of our survey. The objects are NGC 3132, IC 4406, PN
M2-9, and BD+30 3639. The remaining objects (five) were not
detected in H, and are they detected here in CO either. These
PNe are PN M3-2, PN MyCn18, NGC 6778, NGC 6790, and
HD 193538. Although the overlap between PANDORA and the
H, survey of [Kastner et al.| (1996) is small, we find a clear cor-
relation between the detection of CO and the detection of H,.

3.7. Morphology

We investigated the morphological classification for the all the
PNe that were observed. The morphology of the sources is in-
cluded in Tables 2] and H] for reference. Table [ lists all the
sources, whilst Table [Z_f] lists only those with CO detections.
The different morphologies are B (bipolar), E (elliptical), R
(round), I (irregular), and S (symmetric) according to the Hong
Kong/AAO/Strasbourg Ha planetary nebula database (HASH,;
Bojicic et al.[2016). The HASH planetary nebula database is an
online research platform providing free and easy access to the
largest and most comprehensive catalogue of known Galactic
PNe and a repository of observational data (imaging and spec-
troscopy) for these and related astronomical objects. The number
of sources with the same morphology are 6 with no morphology,
12 S (symmetric), 7 R (round), 1 I (irregular), 26 E (elliptical),
and 41 B (bipolar).

We find that CO (J = 3 — 2) was detected in the 6 sources
that have no morphology classification, in 9 out of the 26 ellip-
ticals, and 9 out of the 41 PNe with bipolar morphology. CO (J
= 3 — 2) was not detected in any of the symmetric, round, or
irregular PNe. This bipolar fraction amongst the PNe with CO
emission is a lower limit, since the ellipticals could also be bipo-
lar, depending on the viewing angle (Jones et al.|2012). We can
conclude that CO (J = 3 — 2) is more likely to be found in PNe
with bipolar or elliptical morphologies than in symmetric, round,
or irregular PNe.

4. Conclusions

We present the largest survey of the CO (J = 3—2) line ever taken
using the Atacama Pathfinder EXperiment (APEX) telescope in
a sample of 93 pPNe and PNe. This survey was designed to study
the circumstellar shells of evolved stars with the aim to investi-
gate their physical parameters. Of the 93 objects, we detected
CO (J = 3-2)1in 35, and another 14 observations show spurious
detections associated with the ISM.

CO (J = 3-2) has been detected in two objects, IRC+10216
and PN M 2-9. The final number of true CO (J = 3 — 2) first
detections is 19; 3 pPNe and 16 PNe (including one known to
host wide binaries and one known to host a close binary central
star).

Evaluating the success rates of detection for different object
types within our sample, CO (J = 3 — 2) was detected in all 4
pPNe (100% success rate), 15 of the 74 PNe (20% success rate),
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one of the 4 wide binaries (25% success rate), and 1 of the 10
close binaries (10% success rate).

Using the CO (J = 3 — 2) line, we estimated the column
density and mass of each source. The H, column density ranges
from 1.7x10'® to 4.2x10?'cm2 , and the molecular mass ranges
from 2.7x10™* to 1.7x10"'M,,

Although the overlap between PANDORA and the H; survey
of [Kastner et al.| (1996) is small, we find a clear correlation be-
tween the detection of CO and the detection of H,, all the sources
that show H, also present CO (J = 3 — 2) and also vice versa all
the sources that do not present H, also do not present CO (J
=3-2).

An interesting and perhaps somewhat unexpected correlation
was found with morphology in that CO (J = 3 — 2) will be pref-
erentially found in PN with bipolar or elliptical morphologies
(the uncertainty in the final fraction is due to the ambiguity of
morphology with viewing angle).

Data from the literature, CO (J = 2 — 1) for three sources
and the RADEX software were used to constrain a lower limit
to the H, volume density, ny, > 103-1037 cm™3, and kinetic
temperature, Ty, > 10-35 K.

The results presented here represent an extremely valuable
catalogue for use in selecting the samples for future follow-
up observations with the Atacama Large Millimetre and sub-
millimetre Array (ALMA), particularly in sampling the spatial
distribution of the molecular gas in these objects.
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Table 2. APEX CO (3-2) observations. Column 1 contains the name of each
object, columns 2 and 3 are the RA and DEC, respectively, the Column 4 shows
the rms of the observations for each target in mK. Column 5 specifies whether CO
(J = 3—-2) was detected, and Column 6 refers first to the to the morphology of the
PN where B (bipolar), E (elliptical), R (round), I (irregular), and S (symmetric)
are according to the Hong Kong/AAO/Strasbourg Ha planetary nebula database
(HASH; Bojicic et al|[2016), and then it refers to the figure in which the final

averaged spectrum is shown. All these figures are shown in the appendix.

RA Dec PN G Name rms (mK) CO(J=3-2) Notes -

055506.7 -225402 2282-22.1 LoTrl 19.70 - R - Figure|A.1{a)
063545.1 -000537 226.7+05.6 PNM 1-6 17.90 ISM B - Figure[A.I[b)
0654134 -104538 007.6+06.9 PN PM 1-23 16.72 - E - Figure c)
070246.8 -134233 2264-03.7 PNPB1 16.27 - E - Figure|A.1{d)
0711166 -195102 232.8-047 PNMI1-11 26.30 yes E - Figure|A.1fe)
0714499 -275023 240.3-07.6 PNM3-2 14.58 - B - Figure f)
0719214 -214355 2353-039 PNMI1-12 16.64 - B - Figure[A.1[g)
0727565 -201322 2349-014 PNMI1-14 18.39 - E - Figure|A.1{h)
074720.1 -511503 264.4-12.7 Hen?2-5 24.24 - S - Figure|A.1{i)
082040.2 -462258 263.0-055 PNPB2 24.72 - S - Figure|A.2(a)
0913528 -552816 275.3-04.7 Hen2-21 24.80 - S - Figure|A.2(b)
0939539 +115852 221.9+42.7 Frosty Leo 22.69 yes — - Figure c)
0947574 +131643 221.4+45.1 IRC+10216 84.96 yes — - Figure|A.2(d)
0952590 +134435 221.6+464 EGB6 13.29 - E - Figure|A.2[e)
1003492 -604348 283.8-04.2 Hen2-39 19.45 ISM E - Figure|A.2f)
100701.7 -402611 272.1+12.3 NGC 3132 26.90 yes B - Figure|A.2(g)
100723.6 -635430 286.0-06.5 Hen2-41 27.79 - S - Figure|A.2(h)
111743.1 -704932 295.3-09.3 Hen 2-62 23.94 - S - Figure i)
112401.1 -525119 289.8+07.7 Hen2-63 21.11 - R - Figure[A.3[a)
1131454 -655813 2949-04.3 Hen2-68 23.85 - S - Figure|A.3(b)
1139112 -685208 296.4-06.9 Hen 2-71 26.11 - B - Figure|A.3[c)
114058.8 -553425 293.0+05.9 HD 101584 18.66 yes — - Figure|A.3(d)
115017.7 -571056 294.6+04.7 NGC 3918 18.59 - B - Figure[A.3[e)
1308473 —-673837 304.5-04.8 1IC4191 19.27 ISM B - Figure [A.3[f)
133935.1 -672251 307.5-049 PN MyCnl8 30.74 - B - Figure[A.3(g)
141152.1 512624 3154+09.4 V*V852Cen 22.74 yes — - Figure|A.3(h)
1422262 —-440904 319.6+15.7 IC 4406 21.08 yes B - Figure|[A.3[1)
1459534 541807 321.0+03.9 Hen2-113 15.79 yes B - Figure|A.4(a)
150806.5 —-645540 316.7-05.8 MPA J1508-6455 18.99 ISM E - Figure|A.4(b)
153711.1 -715452 315.1-13.0 Hen 2-131 19.54 - E - Figure|A.4(c)
1541588 -563625 324.8-01.1 Hen2-133 19.00 yes E - Figure|A.4(d)
1602 13.1 -413336 336.9+08.3 PN StWr 4-10 26.54 ISM S - Figure|A.4{e)
16 1328.1 -343539 343.4+11.9 PNH 1-1 26.85 - E - Figure|A.4(f)
1615423 -595401 326.0-06.5 Hen2-151 22.97 - S - Figure|A.4(g)
1642334 -385440 344.2+04.7 Hen2-178 18.56 - E - Figure|A.4(h)
164353.8 -185712 000.1+17.2 PNPC 12 19.77 ISM B - Figure[A.4{i)
164500.2 -511220 335.2-03.6 PN HaTr4 21.71 ISM B - Figure[A.5(a)
165337.1 -314033 351.3+07.6 PNH1-4 24.82 - E - Figure|A.5(b)
1654352 —-641428 325.8-12.8 Hen2-182 21.00 ISM S - Figure|A.5(c)
1703 02.8 -535553 334.8-074 Hen3-1312 19.65 - B - Figure[A.5(d)
1705379 -100834 010.8+18.0 PNM2-9 22.02 yes — - Figure [A.5[e)
1711274 472501 340.9-04.6 PN Sal-5 20.07 ISM S - Figure|A.5(f)
171621.1 -592923 331.3-12.1 Hen 3-1357 18.97 - B - Figure|A.5(g)
1720463 -514515 338.1-08.3 NGC 6326 18.38 yes B - Figure [A.5(h)
172857.6 -191553 006.1+08.3 PNM 1-20 26.07 - E - Figure|A.5(i)
1729020 -151304 009.6+10.5 PN A6641 20.61 - B - Figure|[A.6[a)
1734268 -225319 003.8405.3 PNH2-15 18.58 - B - Figure[A.6(b)
1735419 -401127 349.3-042 PNLol16 14.27 - B - Figure[A.6[c)
173830.3 -220838 004.9+04.9 PNM 1-25 21.95 - E - Figure|A.6(d)
173857.1 -181735 008.2+06.8 Hen 2-260 18.96 - B - Figure|[A.6[e)
1743287 -210951 006.3+04.4 PNH?2-18 24.79 - B - Figure [A.6(f)
174531.7 -205801 006.8+04.1 PNM 3-15 24.36 ISM B - Figure[A.6[g)
175421.1 -155552 012.2+04.9 PN HuBi 1 17.23 - R - Figure[A.6[h)
1754229 4275958 053.3+24.0 PN Vyl1-2 20.34 - E - Figure [A.6(i)

Article number, page 8 of 24




L. Guzman-Ramirez et al.: Opening PANDORA’s box: APEX observations of CO in PNe

1756337 —-430319 348.8-09.0 Hen 2-306 18.11 - S - Figure a)
175858.8 —-153214 013.1+04.1 PNM 1-33 16.32 - B - Figure|A.7(b)
180011.8 -384952 3529-07.5 PNFg3 17.93 yes B - Figure c)
181734.1 +100903 038.2+12.0 PN Cn 3-1 19.33 yes E - Figure|A.7(d)
182008.8 -241505 007.8-044 PNH 1-65 16.32 - E - Figure|A.7(e)
1821238 -060155 024.1+03.8 PN M 2-40 14.81 - B - Figure f)
1824445 +022928 032.1+07.0 PNPC 19 14.88 - B - Figure[A.7(g)
182640.0 -024257 027.6+04.2 PNM 2-43 14.93 yes E - Figure|A.7(h)
1832347 -250744 008.3-07.3 NGC 6644 16.15 - B - Figure i)
1833546 -223841 010.7-064 IC 4732 15.57 - E - Figure|A.8|a)
1836322 -191929 014.0-055 PN V-V3-5 15.99 - E - Figure b)
183711.1 -190221 014.3-05.5 PNV-V3 16.56 - E - Figure )
184555.1 -142737 0194-053 PNM 1-61 16.55 - R - Figure d)
1849475 +205039 051.4+09.6 PN Hu 2-1 14.48 - B - Figure e)
1851309 -131036 021.1-059 PNM1-63 23.08 yes E - Figure f)
185420.0 -084733 025.3-046 PNKA4-8 15.30 - E - Figure 2)
185633.6 +105209 043.1+03.8 PN M 1-65 18.44 yes E - Figure |A.8[h)
190310.1 +140659 046.84+03.8 Sh2-78 13.70 - I - Figure |A.8[1)

1904515 +154739 048.5+04.2 PNK4-16 14.01 - S - Figure|A.9(a)
1916282 -090236 027.6-09.6 IC 4846 14.91 - B - Figure[A.9(b)

1917057 4253733 058.6+06.1 PN A66 57 24.59 - B - Figure[A.9(c)
1918249 -013547 034.5-06.7 NGC 6778 15.35 - B - Figure [A.9(d)
1922569 +013046 037.8-06.3 NGC 6790 15.65 ISM B - Figure[A.9(e)
193239.6 +072752 044.3-05.6 PN K 3-36 19.04 - B - Figure [A.9(f)
1934335 +054102 042.9-06.9 NGC 6807 17.79 - R - Figure[A.9(g)
1934452 4303058 064.7+05.0 BD+303639 32.89 yes E - Figure [A.9(h)
1941093 +145658 051.9-03.8 PNM 1-73 14.04 - B - Figure[A.9(i)
1942104 +170514 053.8-03.0 PN A6663 14.28 - B - Figure[A.10(a)
1943595 +170901 054.2-03.4  The Necklace 14.66 - B - Figure[A.10(b)
194522.1 +212003 057.9-01.5 Hen 2-447 24.27 yes B - Figure[A.10(c)
1949295 +312716 067.1+02.7 IRAS 1947543119 31.64 yes — - Figure|A.10[(d)
1954243 4205247 058.6-03.6 V458 Vul 23.37 - B - Figure[A.10(e)
195634.0 +322212 068.7+01.9 PN K 4-41 23.72 ISM R - Figure [A.10(f)
200311.4 4303234 067.9-00.2 PNK3-52 23.23 - B - Figure[A.10(g)
2004 58.6 +252637 063.8-03.3 PNK3-54 22.15 - R - Figure [A.10(h)
2012428 +195922 060.1-07.7 NGC 6886 21.09 ISM B - Figure[A.10(i)
201357.8 4293355 068.3-02.7 Hen 2-459 34.72 yes B - Figure[A.11{a)
202008.7 +164353 058.3-109 HD 193538 23.02 - B - Figure[A.11{b)
202103.7 4322924 071.6-02.3 PN M 3-35 22.79 yesand ISM  E - Figure|A.11{c)
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Table 3. APEX CO (J = 3 — 2) line detections. Column 1 contains the name of each object, column 2 shows the peak of the line in K, column
3 presents the line width obtained by the fit in kms™! (when using several Gaussians; this represents the total width of the line including all
components). Column 4 shows the integrated intensity over the velocity range of the line in Kkm s
and the figure where the fitted spectrum is shown. References: “Durand et al.| (1998), YDougados et al.| (1992), 9Quintana-Lacaci et al.| (2016),

A&A proofs: manuscript no. APEX_CO_ArXiv

4Kharchenko et al|(2007), and ¢Santander-Garcia et al.| (2008)

, and Column 5 refers to the mass estimate

Name PNG Vi Line width JCOBG-2)dv  N(CO)  N(Hy) Mz,
(kms™")  (kms™") (Kkms™) (cm™?) (cm™?) Mg)

PNM 1-11 232.8-04.7 16.3¢ 2.646+0.230 0.654+0.084 1.24x10%  4.10x10™®  8.7x107*
Frosty Leo 221.9+42.7 -10.0* 44.268+1.015 14.331+0.281 3.96x10'°  1.31x10%® 3.3x1072
IRC+10216 221.4+445.1 -19.4¢ 22.222+0.015 815.992+4.420 1.29x10'®  4.25x10*' 4.1x1073
NGC 3132 272.1+12.3 -16.0¢ 54.418+1.980 11.400+0.352 7.51x10%  2.47x10"°  2.0x1072
HD 101584 293.0+05.9  30.3¢ 188.459+1.868 59.816+0.594 8.35x10"7  2.75x10?'  1.8x1072
V* V852 Cen 315.4+09.4  -83.0° 22.572+4.951 1.270+0.363 3.50x10  1.16x10"°  2.0x1072
IC 4406 319.6+15.7 -41.4¢ 20.494+0.789 42.207+0.494 2.78x10'®  9.18x10"°  1.7x107!
Hen 2-113 321.04+03.9 -56.9¢ 57.356+1.089 14.580+0.107 4.03x10  1.33x10° 3.0x107?
Hen 2-133 324.8-01.1 -25.05 1.724+0.122 0.826+0.063 4.13x10"%  1.36x10°  4.3x107*
PN M 2-9 010.8+18.0  87.5¢ 17.085+0.748 4.680+0.240 3.08x10°  1.01x10"®  1.3x1072
NGC 6326 338.1-08.3 8.5¢ 3.175+£8.564 0.253+0.071 5.33x10™  1.76x10'®  2.0x1073
PN Fg 3 352.9-07.5 4.0¢ 4.789+1.744 0.269+0.092 7.44x10™  2.45x10'®  3.5x107*
PN Cn 3-1 038.2+12.0 -11.2¢ 7.232+4.627 0.457+0.189 421x10"%  1.39x10°  1.2x1073
PN M 2-43 027.6+04.2 96.4¢ 146.366+10.220 5.869+0.369 2.94x10'®  9.70x10"°  1.0x107!
PN M 1-63 021.1-05.9 8.5¢ 61.477+£5.513 3.805+0.090 4.86x10°  1.60x10° 9.3x1073
PN M 1-65 043.1+03.8 3.7¢ 1.619+0.957 0.216+0.062 3.70x10%  1.22x10"  1.9x1073
BD+30 3639 064.7+05.0 -31.4¢ 13.739+3.506 1.314+0.302 5.19x10%°  1.71x10"° 5.3x107*
Hen 2-447 057.9-01.5 - 21.103+6.043 0.802+0.282 1.95x10'®  6.45x10"°  1.3x1073
IRAS 19475+3119  067.1+02.7 - 25.192+0.895 10.918+0.344 2.59x10'®  8.54x10"  5.2x1072
Hen 2-459 068.3-02.7 -72.0¢ 26.265+2.392 4.459+0.368 4.11x10®  1.35x10%°  1.0x1072
PN M 3-35 071.6-02.3 -192.2¢  4.965+1.356 0.394+0.105 2.59x10"  8.57x10'®  2.7x107*

Table 4. Size, distance, and morphology of PNe with CO emission. References: |Cahn et al.[(1992), ZRobinson et al.|(1992), IGroenewegen et al.

(2012), 4Frew|(2008), *Sahai et al.|(2007), 9Acker et al.|(1992), |Tajitsu & Tamural(1998), and 8Guzman et al.|(2006)

Name Size Distance  Morphology = Page on HASH

(arcsec)  (kpc)
M1-11 13 2.1 Elliptical http://hashpn.space/objectInfoPage.php?id=778
Frosty Leo 10 3.0 Bipolar http://hashpn.space/objectInfoPage.php?id=12777
IRC+10216 15 0.13 Unresolved — —
NGC 3132 45 1.2¢ Bipolar http://hashpn.space/objectInfoPage.php?id=840
HD101584 4 1.24 Unresolved — —
V# V852 Cen 10 7.96 Unresolved — —
IC 4406 35 2.3! Bipolar http://hashpn.space/objectInfoPage.php?id=990
Hen 2-113 10 0.97 Bipolar http://hashpn.space/objectinfoPage.php?id=996
Hen 2-133 7 1.5 Elliptical http://hashpn.space/objectinfoPage.php?1d=1010
M 2-9 42 1.7! Bipolar http://hashpn.space/objectInfoPage.php?1d=232
NGC 6326 12 5.34 Bipolar http://hashpn.space/objectinfoPage.php?1d=1080
Fg3 10 2.21 Bipolar http://hashpn.space/objectinfoPage.php?id=1170
Cn 3-1 5 3.6! Elliptical http://hashpn.space/objectInfoPage.php?1d=392
M 2-43 7 8.5% Elliptical http://hashpn.space/objectinfoPage.php?id=339
M 1-63 4.2 3.47 Elliptical http://hashpn.space/objectinfoPage.php?id=301
M 1-65 3.6 6.5! Elliptical http://hashpn.space/objectInfoPage.php?id=412
BD+30 3639 8 1.3 Elliptical http://hashpn.space/objectinfoPage.php?id=512
Hen 2-447 3 2.8! Bipolar http://hashpn.space/objectInfoPage.php?1d=482
IRAS 19475+3119 11 4.2¢ Unresolved — —
Hen 2-459 5 3.3! Bipolar http://hashpn.space/objectinfoPage.php?id=523
M 3-35 6 1.7! Elliptical http://hashpn.space/objectInfoPage.php?id=537

Article number, page 10 of 24



http://hashpn.space/objectInfoPage.php?id=778
http://hashpn.space/objectInfoPage.php?id=12777
http://hashpn.space/objectInfoPage.php?id=840
http://hashpn.space/objectInfoPage.php?id=990
http://hashpn.space/objectInfoPage.php?id=996
http://hashpn.space/objectInfoPage.php?id=1010
http://hashpn.space/objectInfoPage.php?id=232
http://hashpn.space/objectInfoPage.php?id=1080
http://hashpn.space/objectInfoPage.php?id=1170
http://hashpn.space/objectInfoPage.php?id=392
http://hashpn.space/objectInfoPage.php?id=339
http://hashpn.space/objectInfoPage.php?id=301
http://hashpn.space/objectInfoPage.php?id=412
http://hashpn.space/objectInfoPage.php?id=512
http://hashpn.space/objectInfoPage.php?id=482
http://hashpn.space/objectInfoPage.php?id=523
http://hashpn.space/objectInfoPage.php?id=537

L. Guzman-Ramirez et al.: Opening PANDORA’s box:

APEX observations of CO in PNe
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Fig. 3. APEX CO (3-2) line detections in pPNe and PNe.

Article number, page 11 of 24



A&A proofs: manuscript no. APEX_CO_ArXiv

@MUY V=875 CO(32) b V=85 (032 OPNFE3 V=40  C0(32)
DY Y873 D062 UL ol S 1 R . L N ok LG
ot | 1{ 0%
ol 0
100 " .05 &
Velocityuss (km/s) '3I0 l; 30 % 'zlm (I) Z(In

AN V=112 032 NN Ye=%4 B2
LA B L BN LR i T
0.05
0
05}
1 N N 1 1
-100 0 100
MU =37 0B DNEY %= sy UL da A N
L A B L R S AL | T T L
01 J
01 005
| Li “ Aim H I J
o LA | L 1
° L me
005
'0'05'..|....|....|...'_0m:|...|...| M B B R B [T
-100 0 100 =400 =200 0 200 —1(1] 0 100 200

Fig. 4. APEX CO (3-2) and other line detections in pPNe and PNe.
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L. Guzman-Ramirez et al.: Opening PANDORA’s box: APEX observations of CO in PNe
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Fig. 5. APEX CO (3-2) and other line detections in pPNe and PNe.
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Appendix A: APEX full spectrum of each source
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Fig. A.1. pPNe and PNe observations using the APEX telescope.
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L. Guzman-Ramirez et al.:

Opening PANDORA'’s box: APEX observations of CO in PNe
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Fig. A.2. pPNe and PNe observations using the APEX telescope.
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Fig. A.3. pPNe and PNe observations using the APEX telescope.
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L. Guzman-Ramirez et al.: Opening PANDORA’s box: APEX observations of CO in PNe
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Fig. A.4. pPNe and PNe observations using the APEX telescope.
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Fig. A.5. pPNe and PNe observations using the APEX telescope.
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Fig. A.6. pPNe and PNe observations using the APEX telescope.
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Fig. A.7. pPNe and PNe observations using the APEX telescope.
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L. Guzman-Ramirez et al.: Opening PANDORA’s box: APEX observations of CO in PNe
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Fig. A.8. pPNe and PNe observations using the APEX telescope.
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Fig. A.9. pPNe and PNe observations using the APEX telescope.
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L. Guzman-Ramirez et al.: Opening PANDORA’s box: APEX observations of CO in PNe
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Fig. A.10. pPNe and PNe observations using the APEX telescope.
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(a)HEN 2-459 Frequency (MHz) (b)HD 193538 (C)PN M 3-35
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Fig. A.11. pPNe and PNe observations using the APEX telescope.
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