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ABSTRACT

Context. Most planetary nebulae (PNe) show beautiful, axisymmetric morphologies despite their progenitor stars being essentially
spherical. Close binarity is widely invoked to help eject an axisymmetric nebula, after a brief phase of engulfment of the secondary
within the envelope of the asymptotic giant branch (AGB) star, known as the common envelope (CE). The evolution of the AGB would
thus be interrupted abruptly, with its still quite massive envelope being rapidly ejected to form the PN, which a priori would be more
massive than the PN coming from a single version of the same star.

Aims. We aim to test this hypothesis by investigating the ionised and molecular masses of a sample consisting of 21 post-CE PNe,
roughly one-fifth of the known total population of these objects, and to compare them to a large sample of ‘regular’ (i.e. not known to
arise from close-binary systems) PNe.

Methods. We gathered data on the ionised and molecular content of our sample from the literature, and carried out molecular obser-
vations of several previously unobserved objects. We derived the ionised and molecular masses of the sample by means of a systematic
approach, using tabulated, dereddened Hp fluxes to find the ionised mass, and '?CO J = 2—1 and J = 3-2 observations to estimate the
molecular mass.

Results. There is a general lack of molecular content in post-CE PNe. Our observations only reveal molecule-rich gas around
NGC 6778, which is distributed into a low-mass, expanding equatorial ring lying beyond the ionised broken ring previously observed
in this nebula. The only two other objects showing molecular content (from the literature) are NGC 2346 and NGC 7293. Once we
derive the ionised and molecular masses, we find that post-CE PNe arising from single-degenerate (SD) systems are just as massive,
on average, as members of the ‘regular’ PNe sample, whereas post-CE PNe arising from double-degenerate systems are considerably
more massive, and show substantially higher linear momentum and kinetic energy than SD systems and ‘regular’ PNe. Reconstruction
of the CE of four objects, for which a wealth of data on the nebulae and complete orbital parameters are available, further suggests that
the mass of SD nebulae actually amounts to a very small fraction of the envelope of their progenitor stars. This leads to the uncomfort-
able questions of where the rest of the envelope is and why we cannot detect it in the stars’ vicinity, raising serious doubts about our

understanding of these intriguing objects.

Key words. planetary nebulae: general — planetary nebulae: individual: NGC 6778 — circumstellar matter — binaries: close —

stars: mass-loss — stars: winds, outflows

1. Introduction

Low- and intermediate-mass (up to ~8 M) stars end their lives
by ejecting their envelope into beautiful nebulae with intricate
geometries. The resulting planetary nebulae (PNe) show high
degrees of symmetry, with mostly bipolar or elliptical morpholo-
gies. The mechanism behind the shaping of axisymmetric PNe
has been a matter of debate for the last few decades (e.g. Balick
& Frank 2002), although it is becoming increasingly clear that
angular momentum from a binary or substellar companion is a
key ingredient to this intriguing puzzle (Jones & Boffin 2017,
Decin et al. 2020).

*Reduced data are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg. fr/viz-bin/cat/J/A+A/658/A17

Article published by EDP Sciences

The close binary central stars of PNe (CSPNe) are evolved
binaries with orbital separations that are orders of magnitude
smaller than the typical radius of an asymptotic giant branch
(AGB) star. As such, the component stars must have previ-
ously interacted and evolved to this separation rather than having
formed at such proximity. The mechanism, first proposed by
Paczynski (1976), by which these systems reach their current
configuration is thought to proceed in the following manner: as
the primary star evolves along the giant branch(es) and expands,
copiously losing mass through a slow wind, it eventually expands
to overflow its Roche lobe. Runaway mass transfer on to the
secondary then occurs through the inner Lagrangian point on
dynamical timescales, engulfing the companion and leading to
the formation of a common envelope (CE). In this brief (~1 yr)
phase, the secondary quickly spirals inwards inside the extended
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envelope of the primary due to drag forces, leading to either a
merging of the two stars or the abrupt end and ejection of the CE
(Ivanova et al. 2013). In the latter case, the envelope is shaped
into a bipolar planetary nebula whose equator would coincide
with the system’s orbital plane. This is indeed the case in every
one of the eight cases analysed so far, in which the orientation
of the orbital plane and nebula equator could be determined
(Hillwig et al. 2016; Munday et al. 2020). Such a correlation
constitutes the strongest statistical proof so far of the influence
of close binarity in the shaping of PNe.

The first observational confirmation of the existence of PNe
with close-binary nuclei was obtained by Bond (1976) in Abell
63. A few other cases came in the following years, although
the hypothesis did not really gain popularity until the arrival
of modern, systematic photometric surveys such as the Optical
Gravitational Lensing Experiment (OGLE; Udalski et al. 2008),
when dozens of close-binary central stars of PNe were detected
and a solid lower limit of >15% was established for the post-
CE binary fraction (Miszalski et al. 2009). The identification of
morphological traits such as rings, jets, and fast, low-ionisation
emitting regions as characteristic trends indicative of close bina-
rity further enhanced the statistics (e.g. Miszalski et al. 2011a,b;
2012, Jones et al. 2014, 2015; Corradi et al. 2011; Santander-
Garcia et al. 2015b) up until the present number of approximately
100 confirmed binary CSPNe'.

However, on theoretical grounds, a deeper understanding
of the physics of the CE remains very elusive (Ivanova et al.
2013; Jones 2020). Most hydrodynamic models are unable to
gravitationally unbind the whole envelope, effectively ejecting
no more than a few tenths of the whole envelope (Ohlmann
et al. 2016; Ricker & Taam 2012; Garcia-Segura et al. 2018),
either because they lack key physical ingredients or because of
fundamental hardware limitations (see Chamandy et al. 2020).
Exceptions require resorting to additional energy reservoirs, such
as the recombination energy from the ionised region, which is
debated (Webbink 2008; Ricker & Taam 2012; Nandez et al.
2015; Ivanova 2018; Sand et al. 2020). In summary, although
simulations collectively show that the CE has a major role in
shaping PNe, we are far from fully understanding the physics
behind the death of a significant fraction of stars in the Universe.

Careful estimation of the mass of these envelopes could pro-
vide insight into CE ejection through constraints that can then be
fed back into modelling efforts. We can in principle derive this
parameter by determining the total masses of the resultant PNe
under the assumption of sudden ejection of the CE into form-
ing the PNe, i.e. assuming the mass of the CE mass is equal
to the mass of the PN — excluding any halo, which would have
been deployed into the interstellar medium (ISM) long before
the CE stage. In this respect, it will also be useful to put these
mass figures in the context of the general population of PNe,
encompassing nebulae arising not only from close binaries but
also from single stars and longer period binary stars that did not
experience a CE.

It can be argued that CE evolution implies significant dif-
ferences in the mass-loss history of the central star with respect
to single star evolution. Let us consider a single AGB star first.
Most of the mass lost by such a star along its evolution via slow
winds gets too diluted in the ISM to be detected later during the
PN stage (McCullough et al. 2001; Villaver et al. 2002). It is
instead the mass lost during the superwind phase (lasting ~500—
3000 yr) that will conform the PN, amounting to ~0.1-0.6 M,

! See updated list with references to discovery papers in http: //www.
drdjones.net/bcspn/
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for a star with an initial mass of 1.5 M (see review in Hofner
& Olofsson 2018). Should the same AGB star be part of a close-
enough binary system, its evolution will be abruptly interrupted
as soon as it expands to fill its Roche-lobe, engulf its compan-
ion, and undergo the CE stage. This can be expected to occur
in the final few (~1-20) million years of the AGB stage (e.g.
Fig. 3 in Jones 2020). Thus, upon ejection of the CE, the resul-
tant PN should in principle comprise all the mass the AGB star
did not deploy into the ISM during these last million years (cf.
only the last few thousand years for the single-star scenario out-
lined above). Due to the premature, sudden ejection of the CE, no
massive extended haloes are expected in the near vicinity of this
expanding PN. Therefore, one would expect PNe arising from
a CE to be more massive on average than their single-star and
long-period binary counterparts?.

Nevertheless, the only mass determinations of post-CE PNe
available in the literature appear to support the opposite idea.
Frew & Parker (2007) calculated the ionised masses of a sam-
ple of post-CE PNe and found them to be lower, on average,
than those of the general PNe population (a finding later rein-
forced by Corradi et al. 2015). However, Frew & Parker (2007)
and Corradi et al. (2015) only included the ionised mass in their
calculations, not accounting for the potential presence of mate-
rial not yet ionised or photo-dissociated by the UV radiation from
the white dwarf (WD). Recent work on the dust emission around
post-red-giant-branch (post-RGB) stars in the LMC, which are
thought to have undergone a CE which cut short their evolution,
indicates that the dust mass in these objects is similarly very low
(1077-10* M) indicating that the ‘missing mass’ is not hiding
in a dusty disk or shell (Sarkar & Sahai 2021). However, little
is known about the molecular or neutral gas content of post-CE
PNe.

With the goal of reaching a better understanding of this
issue, in this work we derive the ionised and molecular mass
of a sample of 21 post-CE PNe, representing roughly 20% of
the total known objects of this kind. The paper is organised
as follows: in Sect. 2 we present the sample and describe the
molecular line observations and data reduction. Section 3 deals
with the millimetre(mm)-wavelength emission detected in our
observations, and its modelling. We calculate the ionised and
molecular mass of the whole sample, and compare it to regular
PNe (i.e. PNe not confirmed to host a close binary) in Sect. 4.
Finally, we discuss the results in Sect. 5 and summarise our
conclusions in Sect. 6.

2. Sample and observations

The sample of post-CE PNe analysed in this work consists of two
subsamples. The first one consists of nine northern post-CE PNe
previously unobserved in '>CO and *CO J = 1-0 and J = 21,
observations of which were secured with the IRAM 30m radio
telescope (see the top part of Tables 1 and 2 for details). These
nebulae are relatively compact so as to fit inside the telescope
beam in one or a few pointings, in order to account for their
whole CO content as accurately as possible. This subsample
was selected to cover a broad range of kinematical ages, orbital
periods, and morphologies. All of them show some emission
excess in the far-infrared (IR), with bumps peaking at 25-60 pm,
which in evolved stars (still not undergoing ionisation) correlates
with CO emission (see e.g. Bujarrabal et al. 1992). Observations
were carried out in two runs, in December 2017 and May 2018.

2 By this same argument, PNe arising from CE ejection during the
RGB should tend to be even more massive.
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Table 1. Post-CE PNe undetected at mm wavelengths.

Nebula PN G Telescope Transition HPBW  Avresol. rms Notes
(arcsec) (kms~') (mK)

Observed sub-sample

Abell 41 G009.6+10.5 IRAM30m '2COJ=1-0 21.3 1.0 12
2coJ=2-1 10.7 1.0 8.2
Hen 2-428 G049.4+024 IRAM30m '2COJ =1-0 21.3 1.0 9.7
2coJ=2-1 10.7 1.0 6.8
Abell 63 G053.8-03.0 IRAM30m '>COJ=1-0 21.3 1.0 16
2CO0J =2-1 10.7 1.0 9
Necklace G054.2-03.4 IRAM30m '’COJ=1-0 21.3 1.0 10 1
2coJ=2-1 107 1.0 85 1
V458 Vul  G058.6-03.6 IRAM30m '2COJ = 1-0 21.3 1.0 9.9
2Cco J=2-1 10.7 1.0 8.1
ETHOS 1  GO068.1+11.0 IRAM30m '2COJ=1-0 21.3 1.0 11 2
2coJ=2-1 10.7 1.0 72 2
Ous G086.9-03.4 IRAM30m '2COJ=1-0 21.3 1.0 12
2coJ=2-1 10.7 1.0 10
PM 1-23 G221.8-04.2 IRAM30m '>COJ=1-0 21.3 1.0 48
2coJ=2-1 10.7 1.0 100
Subsample from the literature
NGC246 Gl118.8-747 NRAO I2m '2COJ =2-1 31 1.3 62 3
NGC 2392 G197.8+17.3 NRAO I2m '2CO J =2-1 31 1.3 57 3
Abell 30 G208.5+33.2 NRAO 12m '2COJ =2-1 31 1.3 47 3
Fg1 G290.5+07.9 SEST 15m  '2CO J =2-1 24 0.9 48 4
NGC 5189 G307.2-03.4 SEST 15m  '2COJ =2-1 24 0.9 82 4
MyCn 18 G307.5-049 APEX I2m '2CO J =3-2 18 0.066 149 5
NGC 6326 G338.1-08.3 APEX I2m !2COJ =32 18 0.066 68 5,6
Hen 2-155 G338.8+05.6 SEST 15m  '2CO J =2-1 24 0.9 42 4
Sp3 G342.5-143 SEST15m '2COJ =2-1 24 0.9 52 4
Lo 16 G349.3-04.2 APEX I2m '2COJ =3-2 18 0.066 52 5

Notes. (1) Position to the NW (by the largest knot visible in He, offset ~6 arcsec from the central star) observed at similar noise; (2) north cap (Her
peak, offset 29 arcsec from the central star) observed at similar noise; (3) data from Huggins & Healy (1989); (4) data from Huggins et al. (1996);
(5) data from Guzman-Ramirez et al. (2018), re-analysed from archive; (6) (tentative) detection in original work not observed in our re-analysis.

Table 2. Post-CE PNe detected at mm wavelengths.

Nebula PN G Telescope Transition HPBW  Avresol. Intensity  Notes
(arcsec) (kms~') (Kkms™)

Observed sub-sample

NGC 6778 034.5-06.7 IRAM30m '>CO J = 1-0+ H(38)« 21.3 1.0 0.58 1
2CcoJ =2-1 10.7 1.0 14 1
BcoJ=2-1 11.2 1.0 0.5 1
CNov=0,J=3/2-1/2 21.7 1.0 0.18 1
CNov=0,J=1/2-12 21.7 1.0 0.14 1
H30)a 10.6 1.0 0.3 1
H(48)8 22.0 1.0 0.07 1
CO+N =2-1 10.4 1.0 0.29 Tentative, 3-line stack

Sub-sample from the literature

NGC 7293 036.1-57.1 NRAO 12m '>COJ =2-1 31 0.65 13.2 2

NGC 2346 215.6+03.6 IRAM30m '>COJ =2-1 12 1.3 21 3

Notes. (1) Additional positions offset 10 arcsec to the east and west along the nebula equator (position angle 114°), and 12.5 and 14 arcsec to the
north and south, respectively, along the major axis (PA 24°), observed at similar noise. Flux computed from assumed size as described in Sect. 3;
(2) data from Huggins & Healy (1986); (3) data from Huggins et al. (1996).
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Fig. 1. Detected (and tentatively detected) mm-wavelength emission
at the position of the central star of NGC 6778. The systemic Vi gr
is 107.1km s™'. An asterisk indicates that the velocity of the CN line
complexes shown, with J = 3/2-1/2 and J = 1/2-1/2, are referenced
to frequencies of 113.490985 GHz and 113.157347 GHz, respectively.
The tentative CO+ line shown is a stack from the N = 2—1 group with
J =3/2-3/2,3/2-1/2, and 5/2-3/2.

The telescope half power beam width (HPBW) was 10.7 and
21.3 arcsec at 230 GHz and 110 GHz, respectively, according to
the latest telescope parameters provided by IRAM. The FTS200
backends were used, and the spectral resolution degraded to
1km s~! in order to better detect the molecular profiles of these
PNe, which are expected to be in the range of 20-80km s~! in
width. Data were reduced using standard baseline-subtraction
and averaging procedures in the Continuum and Line Analysis
Single-dish Software (CLASS) software, part of the GILDAS
suite’, and flux-calibrated in the main-beam (Ty) scale. Only
one PN in this subsample, NGC 6778, was detected in these
observations ('>?CO J = 1-0 and J = 2-1, 3CO J =2-1). See
Fig. 1 for the detected mm-wavelength emission, and Sect. 3
below for an analysis of the molecular emission in this nebula.
A second subsample was constructed from every molec-
ular observation of PNe now confirmed to host a post-CE

3 http://www.iram.fr/IRAMFR/GILDAS
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binary found throughout the literature (Huggins & Healy 1989;
Huggins et al. 1996, 2005; Guzman-Ramirez et al. 2018 and
references therein). These comprise another 12 post-CE PNe
observed with the NRAO 12m, APEX 12m, SEST 15m, or
IRAM 30m radio telescopes, in different configurations includ-
ing ?CO J = 1-0 and/or J = 2—1 or J = 3-2. The only exclusion
in this work is that of HaTr 4, observed (and undetected) by
Guzman-Ramirez et al. (2018), because no integrated, dered-
dened HB (or Ha) flux could be found in the literature. The
bottom part of Tables 1 and 2 summarises these observations,
providing the transitions used, the velocity resolution, the rms
achieved around the undetected line, or the integrated flux,
depending on the case. These figures were extracted directly
from Huggins & Healy (1989) and Huggins et al. (1996), while
data from Guzman-Ramirez et al. (2018) were reanalysed from
APEX archival data, because these authors did not provide the
velocity resolution corresponding to their quoted sensitivities.
The resulting data of this subsample follow a similar pattern
to our own observations: only two objects, NGC 2346 and
NGC 7293, show molecular emission down to the different
sensitivities achieved.

3. Millimetre wavelength emission from NGC 6778

The only detection in our observations with the IRAM 30m tele-
scope was that of NGC 6778. The flux-calibrated (T, scale)
profiles of detected transitions at the position of the central star
system are displayed in Fig. 1. Observations are compatible with
a systemic Vi g of 107.1km s~!.

In addition to 2CO and '3CO, we detected CN v =0 J =
3/2-1/2 and the J = 1/2-1/2 system, as well as the hydrogen
recombination lines H(30)a and H(48)B. These lines are dis-
played in Fig. 1, while their integrated intensities are shown in
Table 2. CO+ (N = 2-1) is also tentatively detected, with its most
prominent component peaking at a velocity of ~+13km s~! red-
ward of the systemic velocity, which is considerably faster than
the peaks seen in '>CO , but still below the ~26km s~! veloc-
ity displayed by the material in the optical range (Guerrero &
Miranda 2012), which would suggest the existence of a region
between the molecule-rich and the ion-rich regions, where CO
could be ionised by UV photons from the central star, should the
tentative detection of CO+ be confirmed in this source.

3.1. 2CO and ¥CO in NGC 6778

The '>CO J = 1-0 profile is contaminated by close H(38)a
emission at 115274.41 MHz. In order to account for this contam-
ination, we computed the relative fluxes of different hydrogen
recombination lines in IRAM 30m survey spectra of one of the
best-studied PNe, NGC 7027. Assuming similar physical condi-
tions for the ionised component of NGC 6778, we concluded the
intensity of H(38)a to be 0.65 times that of the detected H(30)a
line (see Fig. 1) at 231900.928 MHz. We therefore used a scaled-
down H(30)a profile as a template for subtracting the H(38)a
from the '2CO J = 1-0 spectral profile, resulting in the middle
panel of Fig. 2.

The detected '>CO and '*CO spectral profiles are double-
peaked, with peak velocities similar to (although slightly lower
than) those found by Guerrero & Miranda (2012) in the [N I1]-
emitting equatorial, distorted ring. The CO-rich domain of this
nebula seems to be constrained to the central region judging
from the substantial emission decrease when offsetting the tele-
scope by 10 arcsec along the equatorial direction, and the sharp
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Table 3. Best-fit model parameters for the molecular component of NGC 6778.

Component Finner Touter Vexp X(IZCO) X(13CO) n T
(107 cm) (107 cm)  (kms™) (cm™) (K)
Receding semi-torus 3.87000 4037000 22.0%10  8T1x107 271 x 107 7 % 10° 50+
Approaching semi-torus ~ 3.8%00%  4.037001  20.0*70  8*x 1070 27)1x 1070 3.75*023x10°  50%3)
T We therefore interpret this structure as a thin equatorial
0.1 T T T T . . . . . 2
o oy ring with an approximate projected size of 14 X 7.5 arcsec” (and
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Fig. 2. Detected '>’CO and '3CO emission profiles at the position
of the central star system of NGC 6778 (black), and corresponding
SHAPE+SHAPEMOL model synthetic emission profiles (red). A Gaussian
profile simulating H(38)a has been subtracted from the '?CO J = 1-0
emission in order to account for contamination from this recombination
line (see text).

drop at positions 12.5 and 14 arcsec away along the nebular axis
(see Fig. 3). With respect to peak intensities, the blue peak is
fainter both in '2CO and '*CO. More specifically, the peak-to-
peak ratio is larger in '3CO than it is in '>CO, thus ruling out
self-absorption, and pointing towards a clumpy, inhomogeneous
matter distribution.

thus an inclination of ~32° to the line of sight), which we
use for computing the molecular mass in Sect. 4. We built
a spatio-kinematical model including radiative transfer in CO
lines under the Large Velocity Gradient (LVG) assumption, by
making use of the SHAPE+shapemol code (Steffen et al. 2011;
Santander-Garcia et al. 2015a). Given the limited amount of
geometric information available and the blueward and redward
peak differences, for the sake of simplicity the model is split
into two semi-tori receding from and approaching the observer,
respectively.

The achieved best-fit is shown in red in Figs. 2 and 3, and
the corresponding parameters, along with uncertainties (as esti-
mated by varying each individual parameter until a fair fit is
no longer achieved) are provided in Table 3. The characteris-
tic microturbulence velocities of the receding and approaching
structures were found to be of 3 and 4km s, respectively.

We found the '>CO to '3CO abundance ratio to be as low
as four, although typical calibration errors ranging from 10%
to 20% would allow for somewhat larger abundance ratios. In
any case, it is worth noting that such a low isotopic ratio could
indicate an O-rich nature for this source (e.g. Milam et al. 2009).

The density, volume, and 12CO abundance found for this
structure allows for a molecular mass estimate independent from
the method followed in Sect. 4. With the assumption that the
bulk of the mass consists of hydrogen molecules, and an addi-
tional correction factor of 1.2 to account for helium abundance
(assumed to be H/He=0.1), the resulting molecular mass of
NGC 6778 is 1.1 x 1072 M, This figure is compatible within
errors with the molecular mass found in Sect. 4 for this object,
namely 0.024 £0.02 M,. We note that, given the apparent
clumpy nature of this equatorial ring, the actual mass could be
somewhat higher due to opacity being higher than modelled in
this section.

3.2. CN in NGC 6778

We modelled the detected CN emission using the hyperfine-
structure-dedicated CLASS method. The result is displayed in
Fig. 4. The resulting optical depth of the main component
is 0.7+ 0.4. Alternatively, the proportion existing between the
intensities and integrated areas of the J = 3/2-1/2 and J = 1/2—-
1/2 groups suggests that the CN lines are relatively optically
thin, and therefore that the excitation temperature is probably
relatively low.

We further investigated the abundance of CN by means of
simple modelling. Assuming LTE conditions and that the spa-
tial distribution of CN is similar to that of CO, we can compare
column densities resulting from simple LTE modelling of the
nearby 2c0 J=1-0 and 3CO J =2-1, both of which we
assume to be optically thin and at a temperature of 50 K, as
found in Sect. 3.1. We consider two models for CN, with tem-
peratures of 10 K and 50 K, respectively. Using the '2CO and

A7, page 5 of 20
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Fig. 3. Equatorial ring model (white) of the 2CO and '3CO emission of NGC 6778 overlaid on an image of the nebula taken with the NOT
telescope (adapted from Guerrero & Miranda 2012). White crosses mark the observed offset positions, while associated insets show their corre-
sponding '2CO J = 2-1 emission profiles (black) and SHAPE+SHAPEMOL model synthetic profiles (red). The HPBW of the IRAM 30m telescope

at the 2CO J = 2-1 transition is indicated by the white circle.
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3CO abundances found in Sect. 3.1, we arrive at a range of CN
abundances Xcn of between 3 x 1077 and 8 x 10~7 when com-
paring with >2CO J = 1-0, and between 3 x 10~7 and 1 x 107%
when comparing with '3CO J = 2-1. Despite the obvious lack
of information on the CN emission properties, our CN rela-
tive abundance estimates are remarkably coherent. The relatively
high abundance deduced for NGC 6778 is within the range of
values found in PNe (e.g. Bachiller et al. 1997a,b), somewhat
higher than abundances in O-rich AGB stars but lower than in C-
rich AGBs. This probably reflects the somewhat rich chemistry
existing in a photodissociation region (PDR), something char-
acteristic of PNe rather than of circumstellar envelopes of giant
stars.

4. The mass of post-CE PNe

We derived the ionised and molecular masses of the sample of
post-CE PNe in a systematic manner in order to find patterns and
correlations that can inform models of the CE. In this section, we
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describe the analyses performed on both ionised and molecular
components, discuss their scope and limitations, present our
results, and provide some context by comparing them to the
masses of a large sample of PNe derived in the same fashion.

4.1. lonised masses

The total ionised masses of the PNe in the sample were calcu-
lated using the relation:

47 D> FHB)m
My = 27D LED 1y ﬁif 2, (1)
thﬁne Q’Ie{ﬁ

where D is the distance, F(Hp) is the dereddened, spatially inte-
grated Hp flux, my, is the mass of the proton, ivyg is the energy of
an Hp photon, n. is the electron density, and oz%f;, is the effective
recombination coefficient of HB (Corradi et al. 2015).

In order for results to be as standardised as possible, we
almost exclusively used F(HpB) fluxes derived from the dered-
dened S (Ha) surface brightness tabulated by Frew et al. (2016),
integrated over the ellipse defined by the minor and major axes
tabulated by the same authors. We also used T[O III] determina-
tions for the electron temperatures, except in those cases without
available data, where we assumed 7. = 10000 K. As for electron
densities, we almost exclusively used determinations based on
the [S 11] line doublet, except in the case of NGC 246, where
only an estimate based on [O 1I] was available. Finally, with
respect to the distances to the objects, we prioritised Gaia eDR3
determinations by Gaia Collaboration (2021) as long as they both
matched identifications by Chornay & Walton (2020, 2021), and
their associated errors were <33%. In the absence of these, we
used distances by Frew et al. (2016), or distance determinations
to particular objects available in the literature, should the former
also be absent. Every parameter used in this analysis, along with
its reference, is shown in Table B.1.

In each case, the ionised mass and corresponding uncer-
tainty was derived using 100000 Monte Carlo samples of the
distance, electron temperature, electron density, and HS flux. A
normal probability distribution was used for distances quoted
with symmetric uncertainties, while for distances with asym-
metric uncertainties the probability distribution was assumed
to be log-normal. Where no uncertainty was available, a nor-
mal distribution was employed corresponding to an uncertainty
of £20%. For electron temperature, again a normal distribution
was employed and with an uncertainty of +5% assumed in cases
where no uncertainty was available in the literature. For the elec-
tron density, a log-normal probability distribution was assumed
as this was found to be the best representation of the distribution
based on a random sampling of a Gaussian distribution for the
underlying emission line ratio, [S 11]A4 6716 A/6732 A (Wesson
et al. 2012). Where no uncertainty on the density was available,
an uncertainty on the emission line ratio of 0.2 was assumed
and propagated through to the derived density uncertainty. The
effective recombination coefficient of HS was calculated using
the relationship of Storey & Hummer (1995), taking into account
the dependence on both electron density and temperature.

4.2. Molecular masses

Only three objects in our sample show molecular emission in
either our observations (NGC 6778, see Sect. 3) or the data
available in the literature (NGC 7293, Huggins & Healy 1986;
NGC 2346, Huggins et al. 1996). We therefore derived the
molecular mass for these three objects, as well as conservative

(3-07) upper limits to the molecular mass of the rest of the sample
based on the sensitivities achieved.

The method for estimating the molecular mass of these PNe
from their CO emission relies on several simple assumptions: (i)
the CO level populations are in local thermodynamic equilibrium
(LTE), and thus they can be characterised by a single excitation
temperature T; (ii) the CO abundance X relative to hydrogen
is constant throughout the molecule-rich nebula; and (iii) the
selected CO transition is optically thin. Conditions (i) and (ii) are
very probably satisfied in molecule-rich components, because of
the favourable excitation and chemical conditions of CO (see e.g.
Huggins et al. 1996; Bujarrabal et al. 2001). Condition (iii) is
discussed below. These three conditions being fulfilled, the total
molecular mass M, of a nebula is:

Mo = 750 D 710 fue s @
mOI_AuIXthu e ex) JHe P v

where my, is the mass of the hydrogen molecule, / and k are the
Planck and Boltzmann constants respectively, v is the frequency
of the transition, Ay its Einstein coefficient, g, the degeneracy
of its upper state, Z the partition function, D the distance to
the nebula, fy, the correction factor to account for helium abun-
dance (assumed to be He/H =0.1 and thus resulting in fi. = 1.2,
because we also assume the majority of particles to be of molec-
ular hydrogen), and S, the flux density of the transition, which
in turn is:

B 2kVv: F

Sy = ——, 3)

c

where c is the speed of light in vacuum, and F' the total flux
of the nebula in the given transition, integrated both spatially
and spectrally. We computed the molecular masses of our sam-
ple following this scheme, assuming an excitation temperature
of Tex = 50 K, and a CO abundance X = 2x 107 for every
object. The majority of the data for the CO emission from our
sample (as well as in general for PNe) available in the litera-
ture are from surveys of '2CO J = 2-1, and sometimes of the
weaker '2CO J = 1-0 at fairly low sensitivities, such as those by
Huggins & Healy (1989), and Huggins et al. (1996, 2005). Data
for a few objects come instead from a survey of '?CO J = 3-2
emission (Guzman-Ramirez et al. 2018).

It has been noted that both the '2CO J = 2-1 and J = 3-2
lines are often optically thick to some degree in PNe, thus
resulting in the underestimation of molecular masses in those
studies. While '*CO J = 1-0 and J = 2—-1 emission is gener-
ally optically thin in PNe, and thus would warrant accurate mass
determinations, their detection is much more difficult given their
relatively low intensities, and hence data from these lines are
very scarce in the literature.

In order to overcome this limitation and provide system-
atic, statistically meaningful, yet simple estimates of molecular
masses of the sample of post-CE PNe, we opted for the fol-
lowing approach. Our observations of NGC 6778 plus a liter-
ature search reveal seven PNe with detected emission of both
12C0 J = 1-0 and J = 2-1, and six more with detected emis-
sion of both '>CO J = 2-1 and J = 3-2 (Huggins et al. 1996,
2005; Guzman-Ramirez et al. 2018). We therefore computed
their masses according to each of the transitions, and computed
the average correction factor needed to correct the underesti-
mated masses resulting from J = 2—1 and J = 3-2 transitions in
order to match masses found via the J = 1-0 transition. These
resulted in a factor 3.65 to be applied to calculations using
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Table 4. Computed ionised and molecular masses of the post-CE sample.

PN G Common name D Mion Mol
(kpe) (Mo) (Mo)
Single-degenerate post-CE PNe
G034.5-06.7 NGC 6778 2.79+0.79 0.197013  0.02+0.02
G036.1-571  NGC 7293 0.200+£0.002  0.09%0? 03+0.2
G053.8-03.0  Abell 63 2.703+£0.219  0.012%008, <0.006
G054.2-03.4  Necklace 4611 0.009*597  <0.007
G068.1+11.1  ETHOS 1 42+0.0 0.008%03 ¢ <0.007
G086.9-03.4 Ous 50+1.0 0.18791, <0.012
G118.8-74.7  NGC 246 0.556£0.025  0.07*0:12 <0.02
G208.5+33.2  Abell 30 2.222+£0.148  0.0157002 <0.20
G215.6+03.6  NGC 2346 1.389+£0.039  0.09700) 0.7+£0.5
G221.8-042 PM1-23 52+£20 001572, <0.17
G307.5-049 MyCn 18 4.000+1.280  0.077349 <0.06
G338.1-08.3  NGC 6326 5.000 £ 1.500 0.6793 <0.06
G338.8+05.6  Hen 2-155 4.348 £1.323 0.3702, <0.10
G342.5-143  Sp3 2.22+5¢4 0.09*908 <0.06
G349.3-04.2 Lo 16 1.818 £0.132 0.4791 <0.013
Double-degenerate post-CE PNe
G009.6+10.5  Abell 41 489+14 0.1670:43 <0.011
G049.4+02.4 Hen 2-428 4.545+1.446 0.708 <0.010
G058.6-03.6 V458 Vul 125+£2.0 011705 <0.08
G197.8+17.3  NGC 2392 1.818 £0.165 0.4%04, <0.09
G290.5+079 Fg1l 2.564 +0.197 0.4%07, <0.09
G307.2-03.4  NGC 5189 1.471£0.043 0117503 <0.09

Notes. Masses as determined here scale with distance squared.

12CO J =2-1 and a factor 5.0 for those using '?CO J = 3-2.
We therefore apply these correction factors to every PN of the
sample in our molecular mass estimates. Although the valid-
ity of these correction factors will vary from object to object,
depending on its particular physical conditions (as other assumed
values, such as the excitation temperature and CO abundance,
indeed do), such a systematic correction allows for statistical
comparisons with the ionised mass of these objects, and among
subclasses of post-CE PNe.

In the two cases where '>’CO emission is detected and map-
ping measurements are available (NGC 2346 and NGC 7293),
we used those as the flux value F. In the case of NGC 6778, we
estimated the flux by assuming constant surface brightness over
the whole nebula. Thus, we integrated the detected intensity over
an ellipse with major axes as estimated in Sect. 3, coupled with
the telescope beam. For the rest the sample, we used the 3-0
sensitivities achieved to infer an upper limit to the intensity /. In
order to derive the corresponding flux F, we integrated I spa-
tially over the ellipse defined by the nebular major and minor
axes tabulated by Frew et al. (2016) and coupled with the tele-
scope beam, and spectrally over an assumed velocity width of
45 km s~! wherever the telescope beam was larger than the neb-

ular average diameter, and of 45 x d.?eam km s~' (down to a
1ameter

minimum of 3 km s™') wherever the beam was smaller than

A7, page 8 of 20

the nebula (with its diameter defined as the mean of its axes),
thus following the same strategy as Huggins et al. (1996). We
note that this approach is unlikely to underestimate the molecu-
lar mass of the nebulae, because the coupling of the telescope
beam with an ellipse of constant surface brightness and size
as large as the optical nebula systematically results in a larger
flux than that resulting from single-dish mapping, that is, for the
13 out of 15 nebula in which both measurements are available
(Huggins et al. 1996), with these excesses having a geometric
mean of 2.4. Finally, for the criteria followed for selecting the
distances to the objects, see Sect. 4.1.

Calculated errors correspond to formal error propagation.
Parameters including formal errors are the distance, the correc-
tion factors discussed above (for which we take their standard
deviation as error), and a 20% relative error in intensities and
fluxes to account for telescope calibration uncertainties. Every
parameter used in our analysis is displayed in Table B.1

4.3. Results

The ionised and molecular masses found in this work for the
analysed sample of post-PNe are shown in Table 4. An interest-
ing trend arises when dividing the sample into two categories,
namely single-degenerate (SD) and double-degenerate (DD)
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Fig. 5. Ionised vs. molecular mass of our post-CE PNe sample. The
further to the top and to the right a nebula is, the more massive it is.
Dashed lines represent ‘isomasses’, indicating equal ionised + molecular
mass; neglecting neutral atomic mass (see Sect. 4.3), individual nebulae
run along these lines as their gas content is progressively ionised.

systems, according to one or both components of the binary pair
being a post-AGB star, respectively. Thus, PNe hosting DD sys-
tems seem substantially more massive than those hosting SD
systems. The ionised and molecular masses of the whole sample
are displayed in Fig. 5.

We note that the analysis presented here does not take into
account any mass that could be present in neutral, atomic form,
located in a photo-dissociation region (PDR) between the inner
ion-rich region, and the outer, molecule-rich one. The reason
for this is the lack of observations of spectral features suitable
for determining low-excitation, neutral masses; for example the
[C 11] 158 pum line, which is unobservable with ground-based
telescopes (see e.g. Castro-Carrizo et al. 2001; Fong et al. 2001).
Indeed, to our knowledge, the only existing observations of post-
CE PNe at this wavelength are unpublished data of NGC 2392
by HERSCHEL/HIFI + PACS, which allow us to estimate that
the neutral mass of this nebula amounts to a mere 2 x 107> M,
(Santander-Garcia et al., in prep.). This is in line with the derived
values of the neutral atomic mass in other studied PNe, which
is almost always 0.1 M (Castro-Carrizo et al. 2001; Fong
et al. 2001). This, together with the lack of molecular emission
from most post-CE SD PNe and every DD PNe in the sample,
hints at the possibility that the gas surrounding these systems
tends to be fully ionised. The neutral mass of these systems is
unlikely to be substantial enough to change the findings of this
paper, although it certainly merits being the focus of future work
(Santander-Garcia et al., in prep.).

Figure 6 shows the mass distribution of each subclass,
where a given nebula falls inside a mass bin according to its
ionised + molecular mass, or, in the absence of the latter, the sum
of its ionised mass and the upper limit to its molecular mass.
Hence, the mass distribution plotted there provides a conserva-
tive idea of the total ionised + molecular mass that the post-CE
PNe may have. Even though they fall in the same range, it

appears from Fig. 6 and Table 4 that PNe surrounding DD sys-
tems tend to be more massive than those around SD binaries. In
fact, the geometric mean of the (thus-defined) ionised+molecular
mass for the SD sample is 0.15 M, with a geometric standard
deviation (GSD) factor of 3.4, whereas for the DD sample the
geometric mean is substantially larger, 0.31 M, with a narrower
GSD of 1.7.

We can also make an educated guess about the linear
momentum and kinetic energy displayed by these objects (again,
neglecting any neutral mass that may be present, and treating
upper limits to the molecular mass as the molecular mass itself).
To this respect, we used characteristic expansion velocities found
throughout the literature (prioritising systematic works such as
that by Weinberger 1989 which take the velocity of the nebula
close to the central star and along the line of sight as the char-
acteristic expansion velocity). These can be found in Table B.1
alongside the parameters used in this paper. We were able to
find expansion velocities for every object of the sample except
for four SD systems. These seem to follow a similar trend to
ionised + molecular mass, being somewhat larger in DD systems
than in SD ones.

The resulting linear momenta have substantially different
geometric means of 6.3 x 10® g cm s™! (with GSD factor 3.5)
and 2.2x 10* g cm s~! (with GSD factor 2.3), for SD and DD
systems respectively. As for the kinetic energy of the outflows,
their geometric means differ in an even more pronounced way,
being 8.1 x 10% erg (with GSD factor 3.7) for SD systems, and
3.9x 10% erg (with GSD factor 4.2) for DD ones. In summary,
it seems that both the mass and the velocity (and therefore the
linear momentum, and particularly the kinetic energy) of DD
post-CE PNe are higher, in general, than those of their SD
counterparts.

4.4. Comparison with regular PNe

In this section, we try to put previous findings in the context of
the general population of PNe. Are post-CE PNe more massive
on average than the general population of PNe, as hypothesised
in Sect. 1? The answer to this question, as elusive as it may be,
may have strong implications for theories of formation of PNe
via CE interaction.

In order to bring some insight into this topic, we built an
additional, larger sample consisting of ‘regular’ PNe, that is, PNe
showing no evidence of hosting a close-binary system. We note
that this may include both genuine single-star PNe and PNe host-
ing still undetected post-CE binaries or mergers. A PN had to
fulfill the following criteria in order to be included in the reg-
ular sample: (i) being listed in Frew et al. (2016), thus having
available a dereddened He flux and diameters obtained in a sys-
tematic way; (ii) having available '>CO observations (whether
detected or not) to allow its molecular mass (or upper limit to
it) to be accounted for; (iii) having an accurate distance deter-
mination, that is, a Gaia eDR3 measurement as identified by
Chornay & Walton (2020, 2021) with an associated error <33%
or, lacking those, being listed as ‘distance calibrator’ by Frew
et al. (2016) in their Table 3; and (iv) having an available deter-
mination of its characteristic electronic density z. (based on the
[S 11] doublet wherever possible).

We therefore built a sample consisting of 97 PNe, essentially
by cross-matching the catalogue by Frew et al. (2016) with the
molecular surveys by Huggins & Healy (1989); Huggins et al.
(1996, 2005), and Guzman-Ramirez et al. (2018), rejecting those
PNe whose distance was not accurate enough, or for which there
was no available measurement of their n.. We prioritised T,
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Fig. 6. Distribution of the sum of ionised and (maximum) molecular mass of the samples of single-degenerate and double-degenerate post-CE PNe

analysed in this work.

determinations based on [O I11] where possible, and assumed a
T. = 10000 K wherever no temperature determination was avail-
able in a literature search. The only exceptions to this approach
are those of NGC 6302, NGC 7027, and NGC 7354, for which we
used He-corrected molecular masses found by Santander-Garcia
etal. (2017, 2012), and Verbena et al. (in prep.), respectively. We
highlight that NGC 6302 is the only case in the whole sample
analysed in this work whose molecular data include interfer-
ometric measurements subject to flux loss, but we include it
nevertheless, because the analysis by Santander-Garcia et al.
(2017) found the same mass as in the previous analysis by
Santander-Garcia et al. (2012), which included several singled-
dish HERSCHEL/HIFI transitions at frequencies at which the
telescope beam FWHM was as large as 20 arcsec, and found
interferometric flux loss to be moderate. The sample is listed in
Table B.1 along with every parameter used in this study.

We note that such a sample is not limited by volume and
is thus not exempt from selection biases. Whereas Huggins &
Healy (1989) and Huggins et al. (1996) selected their sample to
include objects thought to be at distances shorter than 4 kpc and
showing a broad range of properties (morphology, age, abun-
dance, projected size, etc.), and Frew et al. (2016) made an effort
for their sample to be as free of systematic biases as possible, the
biases introduced by filtering the intersecting sample by accurate
distance determination (and n. estimates) are difficult to pre-
dict. For a truly unbiased sample, we would need flux-calibrated
[S 1], [O 111], He, '2CO or *CO observations of every PNe
within a sufficiently large distance for the whole sample to be
statistically meaningful, which is clearly out of the scope of this
work. In any case, we stress the intrinsic limitation of the com-
parison provided in this section, which should be taken with a
pinch of salt until the wealth of data in the literature is sufficient
for this purpose, or until future, ambitious observational efforts
to construct such a sample are realised.

We computed the ionised and molecular masses (or their
upper limits) of the whole sample of regular PNe by the same
method we followed for estimating the ionised and molecular
masses of our sample of post-CE in Sects. 4.1 and 4.2, making
the same assumptions (7 exc, 12CO abundance, etc.) where appli-
cable. Results can be found in Table A.1, and are plotted along
with the results for the post-CE sample in Figs. 7 and 8.

A k-sample Anderson-Darling test (Scholz & Stephens 1987)
on the ionised + (maximum) molecular masses of the different
samples may provide additional insights. This test is unable to
ascertain whether or not the observed mass distributions for SD

A17, page 10 of 20

104 + sD

Regular

1\111101 (l\lm)

Fig. 7. Ionised vs. molecular mass of our post-CE PNe sample and the
comparison, regular PNe sample. The further to the top and to the right
a nebula is, the more massive it is. Dashed lines represent ‘isomasses’,
indicating equal ionised + molecular mass; neglecting neutral atomic
mass (see Sect. 4.3), individual nebulae run along these lines as their
gas content is progressively ionised.

and DD systems are different with a probability larger than 75%
(test statistic value=0.31). The same happens when testing the
SD and regular PNe samples (with a test statistic value =0.055).
Nevertheless, the probability that the whole post-CE sample and
the regular PNe sample actually represent different distributions
is 80%, a probability that increases to 92% if we consider only
the DD and regular PNe samples.

As before, we also collected the characteristic expansion
velocities of (almost) the whole sample, by prioritising sys-
tematic works such as that by Weinberger (1989) wherever
possible. A comparison of the resulting distributions (Fig. 9)
shows that the expansion velocities of the post-CE PNe sample
are apparently higher, on average, than those of regular PNe (see
Fig. 9). More specifically, the geometric mean of the expansion
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Table 5. Geometric means of the ionised + (maximum) molecular mass, linear momentum, and kinetic energy of the SD, DD, and regular samples
analysed in this work, along with their respective geometric standard deviation (GSD) factors.

Sample Mass GSDjass Momentum GSDiom  Kinetic energy  GSDyin energy
Mion + Mol (M) P(10%¥ gcm s7!) E(10* erg)
Regular PNe 0.15 31 5.7 32 53 4.5
Single-degenerate post-CE PNe 0.15 34 6.3 3.5 8.1 3.7
Double-degenerate post-CE PNe 0.31 1.7 22 2.3 39 4.2
Our results lead us to the following conclusions: The charac-
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Fig. 8. Distribution of the sum of ionised and (maximum) molecular
mass of the post-CE PNe sample, along with every PNe (both regular
and post-CE PNe) analysed in this work.
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Fig. 9. Distribution of the expansion velocity of the post-CE PNe and
regular PNe samples analysed in this work.

velocity of the former is 28.9 km s~! (with GSD factor 1.7), while
itis 18.6km s™! for regular PNe (with the same GSD factor, 1.7).

While individual values are probably not particularly accu-
rate, the geometric means of the different parameters are likely
to be representative of the sample (along with any biases), and
therefore allow us to gain some insight into this matter. As such,
we used expansion velocities to compute the characteristic linear
momentum and kinetic energy of each nebula. The geometric
means for the ionised + (maximum) molecular masses, linear
momenta, and kinetic energies of the different samples can be
found in Table 5.

teristic mass of SD post-CE PNe is indistinguishable from that
of the general PNe population. The linear momenta of the SD
and regular sample are also very similar, although the slightly
higher expansion velocities shown by post-CE systems make the
kinetic energies of SD post-CE PNe somewhat higher than those
of regular PNe. Meanwhile, the substantially larger masses, as
well as the higher expansion velocities found in DD post-CE
systems, make their characteristic linear momentum and kinetic
energy stand out from the general PN population and from their
SD counterparts. These conclusions hold even when correcting
for morphological effects (the fact that post-CE PNe are mostly
bipolar) by reducing the expansion velocity of every nebula
according to its aspect ratio (see e.g. Schwarz et al. 2008).

5. Discussion

Simple considerations based on the mass lost by a star during
the latter phase of the AGB, the briefness of the CE phase, and
its sudden ejection would suggest that PNe hosting post-CE sys-
tems should be, on average, more massive than PNe arising from
single stars (see Sect. 1 and Boffin & Jones 2019). However, pre-
vious work by Frew & Parker (2007) and Corradi et al. (2015)
found the ionised mass of post-CE PNe to be lower, on average,
than that of the general population of PNe. The analysis pre-
sented here considerably expands the sample size to one-fifth of
the currently known post-CE PN population, and incorporates
the molecular content of the nebulae, which is detected in only
three systems (including NGC 6778, first reported in this work
and analysed in Sect. 3). Considered globally, our results suggest
a different conclusion: on average, PNe arising from single-
degenerate (SD) systems seem to be just as massive as ‘regular’
PNe, whereas PNe arising from double-degenerate (DD) systems
appear to be considerably more massive than both groups.
Differences between samples broaden when considering the
linear momentum and kinetic energy of the outflows: as post-
CE PNe also show higher expansion velocities (see Fig. 9), these
magnitudes in post-CE PNe depart from the general population
of PNe (see Table 5). This departure is especially notable in
the case of DD systems, which are seemingly able to unbind a
larger amount of matter than SD systems, and eject it at a higher
velocity, thus imprinting their nebulae with an amount of linear
momentum and kinetic energy that could help reveal their close-
binary origin should the results of this work be confirmed and
generalised by future research. In this respect, it is interesting to
note the generally larger masses of the companions in DD sys-
tems — mostly over 0.6 My— than those in SD systems, which
are mostly below 0.4 M (Hillwig, priv. comm.). Perhaps such a
difference in companion mass (or the much larger difference in
ultraviolet flux) could help to explain the observed discrepancy
between the nebula ejected by post-CE SD and DD systems.
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Table 6. CE and nebula ejection reconstruction parameters for a sample of post-CE PNe.

Nebula a Meny  fu AE o Evinneb Exin neb JE References
(Mo) (erg) (erg) (erg)

Single-degenerate post-CE PNe

Abell 63 029 17 1% 14x107 83x10% 5x10% 0.6% deMarco et al. (2008), Iaconi & De Marco (2019)

Hen 2-155 0.3 L7 22% 14x107  9.7x10% 29x10%¥ 9% @ Jones et al. (2015), Iaconi & De Marco (2019)
Double-degenerate post-CE PNe

Fg 1 0.11® 07 64% 14x10Y® 1x10* 59x10% 11% Boffin et al. (2012)

Hen 2-428 0.04 L1 61% 4x10Y  98x10% 1.6x10% 3% Reindl et al. (2020)

Notes. Columns represent CE ejection (whole envelope) efficiency @, AGB envelope mass M.,,, percentage of envelope mass each nebula rep-
resents, fy, orbital energy budget, AE,,, rough estimate of the observed nebula binding energy, Epinneb, Observed nebula kinetic energy, Exinneb,
and percentage of the energy budget spent on unbinding and accelerating the nebula, f;. ”Characteristic expansion velocity unavailable; average
expansion velocity of SD systems has been used (see Table B.1). ”Mass of the secondary star (in the range 0.7-1 M, according to radial velocity
analysis, and in the range 0.63-0.7 M, according to evolutionary and ionisation considerations) assumed to be 0.7 M.

Our results further suggest a severe mismatch between obser-
vations and modelling. As summarised in Sect. 1, models of CE
ejection tend to fail in unbinding the whole envelope without
the aid of additional energy sources, such as recombination of
the ionised region. The observational data instead seem to sug-
gest that the unbound, expanding nebulae do not consist of the
whole envelope of their AGB progenitor, but are instead con-
siderably less massive. In this respect, reconstructing the stellar
and orbital parameters at CE onset in these systems may help
us to assess the fraction of the AGB envelope that is ejected, as
well as the fraction of the orbital energy budget (the change in
energy from orbital shrinkage) spent on unbinding and acceler-
ating the nebula to the observed expansion velocity. While such
an effort is undoubtedly plagued with caveats and large uncer-
tainties, it can provide an ‘order of magnitude estimate’ to help
guide theoretical modelling efforts.

Following the methodology described in Iaconi & De Marco
(2019) and De Marco et al. (2011), we attempted to reconstruct
the CE of the two SD systems, Abell 63 and Hen 2-155, and
the two DD systems, Fg 1 and Hen 2-428, for which we have
sufficient information on the orbital parameters. Table 6 shows
the calculated efficiency a, the estimated AGB envelope mass
of the primary star, M.,,, the percentage of the envelope mass
contained in the observed (ionised + molecular) nebula, fy, the
orbital energy budget, AE,4, a rough estimate of the binding
energy of the observed nebula with respect to the primary star
core (assuming the A parameter for AGBs provided by De Marco
et al. 2011), its kinetic energy, and the percentage of the energy
budget spent on unbinding and accelerating the nebula, fg, along
with the references for the orbital parameters used.

If confirmed and generalised by additional data on the orbital
parameters of other systems, these results seem to suggest that
post-CE PNe arising from SD systems are substantially less mas-
sive than the envelope of their AGB progenitors, while those
arising from DD systems are almost as massive (if not as mas-
sive, given such large uncertainties) as the envelope of their
progenitor.

In any case, a problem akin to the long-standing issue of the
missing mass of PNe (e.g. Kimura et al. 2012) persists. While
one could in principle hypothesise that the mass we do not detect
in ‘regular’ PNe is long gone, diluted in the ISM after mil-
lions of years of AGB wind, the fact that we cannot reconcile
the observed mass of SD post-CE PNe with the mass of their
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envelopes at the time of CE interaction should constitute a warn-
ing about our incomplete understanding of the physics behind
CE ejection. The missing mass in SD systems therefore leads to
uncomfortable questions: If the primary star is of similar mass to
normal post-AGB stars, and thus the mass of the nebula amounts
to just a tiny fraction of the star’s envelope, then where is the rest
of the envelope? Why are we unable to detect it somewhere in
the vicinity of the star?

From a theoretical perspective, we can consider some possi-
bilities. A fraction of the ejected mass could fall back and form
a circumbinary disk (as in Kuruwita et al. 2016). If any of this
material reaches the central stars, it could then be reprocessed,
which could offer an explanation for the correlation between
large abundance discrepancy factors and post-CE central stars
in PNe Wesson et al. (2018). We can therefore wonder whether
the CE itself could be not a unique, once-only process, albeit a
long-lasting or episodic one. Models such as Grazing Envelope
Evolution proposed by Soker (2015) and Shiber et al. (2017), in
which the companion grazes the envelope of the RGB or AGB
star while both the orbital separation and the giant radius shrink
simultaneously over the course of tens to hundreds of years could
perhaps help to explain the phenomenon. A model along these
lines could, for instance, provide some insight into the case of
NGC 2346, a particularly massive SD system with a relatively
long post-CE orbital period in which the primary is believed to
be a post-RGB star (Brown et al. 2019). At any rate, CE inter-
action would probably need to last long enough to allow for
a considerable amount of the envelope mass of the primary to
become diluted in the ISM beyond detectability in order for the
presumed envelope mass at the time of a later ‘full’ CE ejection
to be reconciled with the mass of the observed nebulae.

From an observational point of view, it could instead be inter-
esting to study the infrared grain emission and the mass of dust
in these objects. There exists the possibility that some amount
of mass is contained in low-excitation neutral atoms, mainly
in a PDR between the ionised region and an outer, molecule-
rich domain. However, this is unlikely, given the general lack
of molecular content observed in post-CE PNe reported in this
work, which would suggest most of these nebulae are (almost)
fully ionised. In fact, the only available data on a post-CE PN,
a set of HERSCHEL/HIFI + PACS observations of NGC 2392,
points to a very low neutral mass of the order of 2 x 1073 M,
(Santander-Garcia et al., in prep.). In spite of this, assessing the
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amount of low-excitation, neutral mass of a sample of post-CE
PNe is still missing, and will be the subject of future work by our

group.

6. Conclusions

In this work, we gathered literature-available data on post-CE
PNe including dereddened HB fluxes, and carried out observa-
tions of the molecular content of these objects, totalling a sample
of 21 objects, roughly one-fifth of the total known population of
post-CE PNe. We find a general lack of molecular content, with
the exceptions of NGC 2346 and NGC 7293 in the literature,
and our observations of NGC 6778. The data on the latter have
allowed us to study the physical conditions of the molecular gas,
as well as its spatial distribution, with the CO-rich gas located
in a ring lying beyond the broken, clumpy ionised equatorial
ring described by Guerrero & Miranda (2012), and expanding
alongside it.

By means of the systematic calculation of the ionised and
molecular masses of the whole sample of post-CE PNe, we con-
clude that post-CE PNe with SD central stars are as massive, on
average, as their single star counterparts, whereas post-CE PNe
with DD central stars are considerably more massive than both
groups. The characteristic expansion velocities of post-CE PNe
also seem higher than those of regular PNe. This in turn results
in higher linear momenta and kinetic energy of the ejecta, which
are particularly notable in the case of DD post-CE PNe.

We reconstructed the CE in the four systems (two SD and
two DD) for which sufficient data on the orbital parameters are
available, including the present masses of both stars, the orbital
separation, and the presumed envelope mass of the primary at the
time of CE. We find that DD systems eject more massive nebu-
lae at higher velocities than SD systems do. However, we cannot
reconcile the observed mass of the nebulae with the presumed
mass of the progenitor star envelopes. Whereas PNe around DD
systems would contain most (if not all) of the envelope of the
progenitor AGB star, PNe in SD systems (as well as in ‘regular’
PNe) only show but a small fraction of the progenitor envelope.
This in turn leads to an alarming question: if the remaining mass
of the envelope of these systems is no longer on the surface of
the now post-AGB star, and is not contained in the ejected CE
(the nebula), where is it? The possibility that the large amount of
missing mass in SD systems is in a hard-to-detect halo beyond
the PN would in principle require CE interaction to last much
longer than commonly found by models in order for the AGB star
to be able to dispose of most of its envelope beyond detectability
before shaping the visible nebula. Similarly, although the models
of Vigna-Gémez et al. (2021) find that an appreciable quantity of
the envelope may remain on the surface of the CE donor (the cen-
tral star) following ejection, the discrepancies between observed
and expected post-CE PN masses are too large to be explained
by this scenario alone.

Future efforts to answer this question will in any case require
new theoretical work on the one hand, and systematic observa-
tions of the ionised and molecular content of the whole known
population of post-CE PNe on the other, as well as observation-
ally assessing the (unlikely) possibility that a significant fraction
of these nebulae consists of low-excitation, neutral gas that is yet
to be studied.
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Appendix A: The mass of the regular comparison

sample

Table A.1 shows the computed ionised and molecular masses of
the sample of 97 regular PNe used for comparison in section 4.4

of the main paper.

Table A.1. Computed ionised and molecular masses of the regular comparison sample. Masses as determined here scale with distance squared.

PN G Common name D Mion Mol
(kpe) Mo) M)
G001.5-06.7 SwSt 1 2.941+0.952 0.O2f0:8‘1‘5 <0.02
G002.4+05.8 NGC 6369 1.087+0.059 0.16f%'1é <0.020
G002.8+01.7 H2-20 8.3£24 O.OSJ:%"%6 <0.04
G008.3-07.3 NGC 6644 8.3£24 0.12’:85?8 <0.08
G009.4-05.0 NGC 6629 2.041+0.083 0.19f§:%§ <0.02
G009.6+14.8 NGC 6309 2.632+0.416 0.07+0-9% <0.03
G010.7-06.4  IC 4732 8.3£24 O.Ongz83 <0.04
GO011.9+04.2 M 1-32 2.632+0.416 0.0legfgil 0.009+0.007
G016.4-019 M 1-46 2.381+0.113 0.06:'%)3 <0.013
G021.8-00.4 M 3-28 2.5f{:; O.Sﬁ% 3.8+4.6
G025.3+40.8 IC 4593 2.632+0.346 0.07% 0 <0.11
G033.1-06.3 NGC 6772 0.901+0.146 0.10f8'?; 0.09+0.07
G033.8-02.6 NGC 6741 2.6+0.55 0.151’%}%% <0.03
G034.6+11.8 NGC 6572 1.852+0.206 0.04+0-06 <0.03
G035.9-01.1 Sh 2-71 1.613+0.052 0.18f§f§§ <04
G037.7-34.5 NGC 7009 1.235+0.091 0.09f8:?§ <0.04
G038.2+12.0 Cn 3-1 7.143+1.531 0.08*%-17 <0.04
G041.8-02.9 NGC 6781 0.500+0.018 O.Ongz8g 0.6+0.4
G043.1+03.8 M 1-65 6.667+0.889 0.08f8:8§ <0.07
G043.1+3777 NGC 6210 2.041+0.125 0.07f§§§ <0.011
G045.4-02.7 Vy2-2 3.5+1.2 0.11%" 0.06+0.06
G051.4+09.6 Hu 2-1 2.381+0.397 0.05f§:§%87 <0.006
G051.9-03.8 M 1-73 4.545+0.620 0.04’:8‘8; <0.018
G052.5-029 Me 1-1 3.704+0.274 0.02f0:0£ <0.009
G055.5-00.5 M 1-71 2.9+0.4 O.ng:?3 <0.012
G055.6+02.1 Hen 1-2 10.000+3.000 0.3“_'0'?8 0.6+0.6
G056.0+02.0 K 3-35 3.9f8:; 0.0017f§:80‘1‘2 0.11+0.08
G058.6+06.1  Abell 57 2.128+0.317 0.04%93 <0.03
G060.8-03.6 NGC 6853 0.389+0.006 0.5% - 0.04+0.03
G063.1+13.9 NGC 6720 0.787+0.025 0.12f8:12 0.3+0.20
G064.6+48.2 NGC 6058 2.778+0.231 O.OIOf%"%%8 <0.05
G064.7+05.0 BD+303639 1.613+0.078 0.05f0'814 0.016+0.012
G068.3-02.7 Hen 2-459 1.010+0.306 O.OOOSfO'J)(SZ6 0.007+0.007
G069.4-02.6 NGC 6894 1.449+0.231 0.0015f§f§§?0 <0.19
G071.6-02.3 M 3-35 1.000+0.310 0.006* : Z <0.016
G082.1+07.0 NGC 6884 3.3£1.24 0.06f§'§§ <0.007
G083.5+12.7 NGC 6826 1.299+0.067 0.04f8:8‘157 <0.03
G084.9-03.4  NGC 7027 0.92+0.1 0.03f0:0 1.3+04
G088.7-01.6  NGC 7048 1.587+0.529 0.0leg:ggl <0.05
G089.0+00.3 NGC 7026 3.226+0.312 0.10*- <0.2
G093.4+05.4 NGC 7008 0.645+0.033 0.0Zﬁgggz 0.004+0.003
G093.9-00.1 IRAS 21282 3.704+0.274 0.16“_’%:%)0 4.7+3.6
G096.4429.9 NGC 6543 1.370+0.056 0.06% 0 <0.03
G104.2-29.6 Jnl 0.990+0.069 0.07f8'?i <0.17
G104.4-01.6 M 2-53 6.0+1.0 0.18’:8"% 1.1+0.9
G106.5-17.6 NGC 7662 1.754+0.092 0.13f8"85 <0.015
G107.6-13.3  Vy2-3 6.250+1.172 O.OSfé)'é?S 0.018+0.015
G107.8+02.3 NGC 7354 2.083+0.304 0.08f0'12 0.2+0.08
G116.2+08.5 M 2-55 0.658+0.022 0.005+(())"802 <0.004

=0.0014
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Table A.1. continued.

PN G Common name D Mion Mol
(kpc) Mo) Mo)
G118.0-08.6  Vy I-1 5.000+0.750  0.04700% <0.3
G120.0+09.8 NGC 40 1.786+0.064 o.nj%;%lj <0.03
G123.6+34.5 1C 3568 227350207 0.067004 <0.07
G130.2+01.3  IC 1747 3.846+0.592 o.ogjgf(H <0.04
G138.8+02.8 1C 289 1.587+0.126 0.07f§-§§ <03
G144.5+06.5 NGC 1501 1.724+0.059  0.2*92 <0.2
G146.7+07.6 M 4-18 6.667£0.880  0.02°34 <0.06
G147.4-02.3 M 1-4 3.3+0.35 0077008 <0.03
G148.4+57.0  NGC 3587 08130033  0.10704 <0.07
G164.8+31.1  InEr 1 0943£0.071 00691  0.05:0.04
G166.1+10.4  1C 2149 1.852:+0.137 o.o4j§f§§ <0.013
G189.1+19.8  NGC 2371 1724£0.149  0.16%y7, <0.03
G193.6-09.5 H3-75 4.000£0.320  0.4*S; <04
G194.2+402.5 1900 4.55+0.25 0.1ot8-og 0.03+0.02
G196.6-10.9  NGC 2022 22730258 0.067004 <0.2
G204.8-03.5 K3-72 4.6+0.8 00870 <0.08
G205.1+14.2  Abell 21 0.592+0.025 0.08j§3§2§0 <0.09
G206.4-40.5  NGC 1535 1.370+0.113 o.osjg;gn <0.05
G211.2-03.5 M 1-6 7.692+2.367  0.06*1% <0.09
G215.2-242  IC 418 1.370+0.056 0.06j?"6 <0.004
G217.1+14.7  Abell 24 07190052 02718 <0.05
G221.7+405.3 M 3-3 5.5%13 0.09j%}§§ 0.7+0.6
G226.4-03.7 PB 1 3.226+0.937  0.01571% . <0.016
G231.8+04.1  NGC 2438 0.725+0.116  0.03*0%! <0.007
G232.8-04.7 M 1-11 45450620 0077007 <0.02
G234.8+02.4  NGC 2440 1.77+0.45 0.06j§3§§ 0.08+0.08
G2353-03.9 M 1-12 4.545+0.620  0.03*00% <0.07
G243.3-01.0  NGC 2452 2.941£0.692  0.07°0% <0.03
G261.0+32.0 NGC 3242 1333£0.080 0167011 <0.05
G261.9+08.5  NGC 2818 3.0+0.8 o.1ot%f%2 0.08+0.07
G272.1+123  NGC 3132 0.758+0.017  0.04*0%  0.1320.10
G277.1-03.8  NGC 2899 1.923+0.111 12788 o1ss0.11
G279.6-03.1  Hen 2-36 4.000£0.160 0.7j%}2 <0.16
G283.8-04.2  Hen 2-39 7613 0.19t8;é§ <0.09
G292.6+01.2  NGC 3699 1.370£0.150  0.0673%7 <0.03
G294.1+43.6  NGC 4361 1.031+0.043  0.04+0010 <0.03
G294.6+04.7 NGC 3918 454561446 08708 <0.05
G294.9-04.3  Hen 2-68 769242367 0037008 <0.09
G309.1-04.3  NGC 5315 0.962+0.185 0.012j§}%§; <0.004
G315.1-13.0  Hen 2-131 2.703£0.219  0.20*50 <0.009
G319.6+15.7  IC 4406 1136+0.155  0.0270012  0.4+0.3
G321.0+03.9  Hen 2-113 2.083+0.130 o.osjﬁiﬁgz 0.2+0.15
G322.4-02.6 Mz 1 1.266+0.208  0.08*01Y  0.14x0.12
G326.7+42.2  1C 972 2.222+0.494 o.oo4j§;}§)g‘£9 <0.13
G332.9-09.9  Hen 3-1333 1.471£0.108  0.010°001  0.3+0.3
G342.1+10.8  NGC 6072 0917£0168 009703 0.4£0.4
G349.5+01.0  NGC 6302 LI7£0.14 009701 0122004
G358.5-07.3  NGC 6563 0935:0.114  0.08700 02019

—0.04

Appendix B: Parameters used in the analysis

Table B.1 shows the parameters used in this work for computing the ionised and molecular masses, linear momenta, and kinetic
energy of the studied sample of post-CE PNe, as well as the regular PNe comparison sample.
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