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Abstract: This is a non-comprehensive review of observations of pre-Planetary Nebulae (pPNe)
and young Planetary Nebulae (yPNe) at (sub)mm-wavelengths, a valuable window for probing
multi-phased gas and dust in these objects. This contribution focuses on observations of molecular
lines (from carbon monoxide—CO—and other species), and briefly at the end, on hydrogen radio
recombination lines from the emerging H1I regions at the center of yPNe. The main goal of this
contribution is to show the potential of (sub)mm-wavelength observations of pPNe/yPNe to help
the community to devise and develop new observational projects that will bring us closer to a better
understanding of these latest stages of the evolution of low-to-intermediate (~0.8-8 M) mass stars.
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1. Introduction

In this contribution, I will show a few examples of observations of pre-Planetary Nebulae (pPNe)
and young PNe (yPNe) at (sub)mm-wavelengths, a spectral domain that is particularly useful for
probing the gas (at multiple phases) and dust present in these objects. For general reviews of the
evolution from the asymptotic giant branch (AGB) to the PN phase and the major open questions in
the field, the reader is referred to, e.g., Balick & Frank [1], Kwok [2], van Winckel [3].

I will overview molecular line observations (Section 2) and will describe our current view of the
nebular structure and dynamics based on carbon monoxide (CO) emission observations (Section 2.1)
in two major classes of post-AGB objects: the so-called normal or standard pPNe (with massive,
fast outflows) and disk-prominent post-AGB objects (with rotating circumbinary disks and tenuous
outflows). I will describe with some detail recent interferometric, high-angular resolution observations
of pPNe that reveal very complex nebular substructures indicative of an equally complex formation
and evolution history. I will continue with a brief report on observations of molecular species other
than CO detected in pPNe/yPNe (Section 2.2). In Section 3, I will describe recent observations of
radio recombination lines at mm-wavelengths showing that these are very useful probes of the central
regions of yPNe, at scales of a few hundred AU. In Section 4, some final remarks are presented.

Disclaimer: this is not a comprehensive review and is probably biased by my personal limited
view /knowledge of the field. Observations of molecular masers or polarization studies of pPNe are
not covered in this contribution (see relevant contributions in this volume presented by other authors).

2. Molecular Gas Component

It is now well established that most of the nebular material in pPNe and yPNe is in
the form of relatively cold (few tens of K) molecular gas and that the low-] transitions of
CO at (sub)mm-wavelengths are excellent tracers of this component (for a review on this
topic, see, e.g., [4] and references therein). Since the pioneering works in the 80s-90s
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by Bachiller et al. [5], Bujarrabaletal. [6], Cernicharo etal. [7], Knapp etal. [8], Likkel et al. [9],
Volk et al. [10], Huggins et al. [11], etc., CO emission observations have been widely used to study the
nebular structure and dynamics of pPNe/yPNe. For many objects, in addition to CO, a variety of
molecular species have been detected, denoting a considerable chemical activity in these environments.
A succinct overview of these topics is offered in the next subsections.

2.1. Nebular Structure and Dynamics

The first single-dish observations of CO line emission from pPNe/yPNe revealed some important
differences with respect to those from the envelopes around their progenitor AGB stars. The CO
profiles of most pPNe/yPNe, which are then referred to as normal or standard, exhibit narrow
(FWHM~15-30kms~!) intense line cores, which are identified with the remnant of the slow AGB
wind. In contrast to AGB stars, however, pPNe/yPNe show CO line cores bounded with weak but
broad emission wings (with full widths of up to ~100kms~?
of fast outflows beyond the AGB stage. The CO emission profiles of pPNe/yPNe are found to be in
general somewhat structured (see e.g., [12]), suggesting nebular morphokinematics more complex than
the slow, roughly round envelopes of AGB stars. Most pPNe are unresolved with single-dish telescopes,
and therefore, interferometric mapping is required for a proper study of their nebular properties.

To date, about 30-40 pPNe have been mapped with moderate (<5-10") angular resolution;
however, only a fraction of these (~40%) are mapped with enough angular resolution (~1") to
study in some detail their nebular structure and to isolate different components. Some examples of
interferometric observations can be found in Castro-Carrizo et al. [13], Cox et al. [14], Fong et al. [15],
Huggins et al. [16], Neri et al. [17], Sdnchez Contreras et al. [18], Sdnchez Contreras & Sahai [19], and
Tafoya et al. [20]; a few more are described in some detail below.

Interferometric maps show that the broad CO emission wings of pPNe/yPNe typically arise in
elongated structures or lobes, which are commonly interpreted as part of the material originally in
the AGB envelope that has been sculpted and accelerated by underlying fast and collimated (jet-like)
post-AGB ejections. The slow component that produces the narrow core of the CO emission normally
arises in the equatorial regions of the nebulae where the bulk of the gas is radially expanding and
probably represents the circumstellar material that has not been largely affected by the interaction with
fast winds. A few examples of CO outflows from standard pPNe are given in the following.

The pPN M 1-92 [21] is one of the best characterized pPNe and is considered by many the
prototype of the so-called hourglass morphology (i.e., fast shell-like lobes and a slowly expanding
equatorial waist/torus). Other examples of a similar morphology are M 2-56 [22], IRAS 15103-5754 [23],
the Boomerang Nebula [24], and M 2-9 [25]. In the case of M 2-9, the CO is fully photodissociated by
the interstellar UV radiation field in the lobes, and it only survives in the densest equatorial regions.
It is interesting to note the presence of not only one but two nested ring-like equatorial components
in M 2-9. These two rings are off-centered and have different systemic velocities, consistent with the
rings being the results from two brief (~40 yr) mass ejection events that took place at different times
during the orbital motion of the binary at the center [25].

The kinematics of the fast bipolar outflows of pPNe are well characterized for a number of cases.

in some cases) indicative of the presence

The pPN CRL 618 [26] is one of these, tidily showing that the expansion velocity increases linearly with
the distance to the center along its bipolar outflow (Vexpocr). The kinematics seem to be common to
most pPNe/yPNe and are consistent with the jet+’AGB CSE’ interaction scenario proposed to explain
the bipolar shapes of pPNe and PNe (e.g.,[1], and references therein). For most pPNe, the velocity
gradients measured imply quite short kinematic ages of the order of #;,~1000 yr or less (e.g., as short
as tyin~30-80 yr in CRL 618), and possibly shorter ejections times of only a fraction of ty;y,.

Another important characteristic of the majority (~80%) of standard pPNe is that the linear
momentum carried by their fast (~100kms~') outflows is larger than that available by radiation
pressure on dust, which is the main source of momentum in AGB winds [12]. This means that the
yet unknown mass-loss mechanism during the post-AGB phase is not the same as in the earlier
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AGB stage. The linear momentum excess problem is very pronounced in some objects; for example,
IRAS 19374+2356, having the largest linear momentum measured to date (245 Mkms~!) and having
about 80% of the total nebular mass accelerated to velocities of 2100kms~! [27]. However, it is
important to note that not all pPNe exhibit nebular properties as extreme as IRAS 19374+2356. Using
CO emission (interferometric and single-dish) data, Sdnchez Contreras & Sahai [19] found that the
fraction of gas accelerated to large velocities is below ~20% in most pPNe. Moreover, although there is
anumber of pPNe with outflow speeds exceeding ~ 100 km s~!, the average expansion velocities of the
CO outflows of most pPNe are below 70 km s~!, with a mean value around 40 km s 1. Curiously, some
of the objects with the fastest, most massive outflows are the best studied ones and often inadvertently,
and possibly mistakenly, taken as “representative” of the whole class by the community.

The spatio-kinematic structure of the equatorial waists of pPNe remains, in general, poorly
characterized, since these regions are at best partially resolved in most cases. For this reason, the
origin and formation mechanism of this component is unclear. With typical outer radii and expansion
velocities of ~1000-3000 AU and Vexp < 30km s L respectively, these dense torus-like components
accommodate most of the nebular mass, and based on moderate angular resolution studies, they may
be slightly older than the fast bipolar outflows [28]. The pPNe M 1-92 is one of the very few objects
where the CO emission from the equatorial waist is spatially resolved [21]. These observations showed
that, unexpectedly, the expansion velocity along the equatorial waist (thin and flat in this case) was a
linear function of the radius as in the lobes, suggesting that both the slow waist and the fast lobes were
shaped simultaneously—maybe by a single sudden (explosive?) acceleration event [21].

Angular resolution is clearly imperative for an accurate study of the different nebular components
present in pPNe, and thus, to make progress in our understanding of pPNe formation and evolution. In
recent times, sub-arcsecond resolution observations have started to unveil the true nebular complexity
underlying the simple hourglass (lobes + waist) structure that seems to be common to many pPNe.
This is the case of, for example, HD 101584, recently mapped with ALMA in CO emission with
~25mas-resolution by Olofsson et al. [29,30]. These authors found that the real structure behind the
simple, expanding, shell-like nebula inferred from previous low-angular resolution data [31] includes a
series of nested sub-structures with complicated shapes and kinematics and different orientations (see a
reconstruction of the 3-dimensional nebular structure in Fig.B.1 of Olofsson et al. [30]). The spectacular
circumstellar characteristics derived from the ALMA maps have an impact on the scenario for the
evolution of this object. In particular, Olofsson et al. [30] suggest that at the root of the formation of this
complex array of structures there is a binary system in a post-common envelope evolution phase that
ended before a stellar merger (although the details of the process or processes that led to the different
components are uncertain).

Another example of nebular complexity disclosed by ALMA is found in the work by Sanchez
Contreras et al. [32] on OH 231.8+4.2, a remarkably fast bipolar outflow around a binary system
formed by an AGB star and a main-sequence companion. As seen with ~1”-resolution, the molecular
outflow, which is rather massive (~0.3 M) and fast (Vexp up to ~400 km s~ 1), has an overall cylindrical
shape. At the center, there is a massive torus/waist expanding slowly (Vexp~30km s~1) as in most
standard pPNe [33]. As seen with ALMA at ~(072-03-resolution, the nebular structure is significantly
more complex, and several distint components that were previously unknown were identified [32].
The large and dense equatorial waist of OH 231.8+4.2 is now spatially resolved, which enables a proper
characterization of its shape, and most importantly, its kinematics. The expansion velocity along the
waist is not constant but increases from 3kms~! at its inner radius (at ~200 AU) to 25km s~ ! at the
outer edge (at ~3000 AU). This velocity gradient suggests that the waist is not simply the remnant
of the AGB shell pierced by jets and that it has been shaped almost simultaneously with the fast,
large-scale bipolar lobes ~800 yr ago. Another success from these ALMA observations is the discovery
of a compact and young (~50-80 yr old) bipolar outflow selectively traced by the SiO molecule that
is emerging from the stellar vicinity, indicating that there is an “active” jet engine at the heart of the
nebula. However, whatever mechanism is at work at present, it is producing a bipolar outflow that is
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slower (Vexp~23 km s~1) and more symmetric than the large-scale lobes formed about ~800 yr ago.
Surrounding the compact SiO outflow, there is a mini-hourglass composed of two mini-lobes and a
mini-waist. As in M 1-92 (described earlier in this section), both these components show clear Vexpocr
kinematics, consistent again with simultaneous formations of axial and equatorial structures.

One can readily extract some conclusions based on the ALMA observations of HD 101585 and
OH 231.8+4.2 described here. First is that the formation and evolution history of pPNe can be
significantly more complex than inferred from CO-based studies with moderate angular resolution,
and second is that the jet-launching mechanism or the conditions under which the jets formed in these
environments can change over time. It is also clear from the cases exposed that equatorial regions
may have complex kinematics that deserve further studies, since these regions, which seem to form
simultaneously with the bipolar lobes (at least in sources accurately mapped), may hold important
clues to understand the general PNe-shaping mechanisms.

Disk-Prominent Post-AGB Stars: Rotating Circumbinary Disks

Rotating disks are invoked by most wind collimation theories (see, e.g., [1] and references
therein) and are suspected to be present in a particular class of post-AGB stars with near-IR emission
excess (see [3] for a review). The IR emission excess points to hot dust located in a stable, disk-like
structure close to the star (at ~#10!4~10'° cm). In contrast to standard pPNe, these objects lack massive,
fast outflows; rather, they show narrow CO emission profiles consistent with rotating disks [34].
These objects are referred to by some authors as disk-prominent post-AGB objects.

The Red Rectangle is the prototype of this class of post-AGB stars and indeed is the first one
where a disk in Keplerian rotation was spatially and spectrally resolved with IRAM-NOEMA (formerly
known as Plateau de Bure Interferometer) by Bujarrabal et al. [35]. The disk of the Red Rectangle,
which has been accurately modeled by these authors, has large dimensions, with an outer radius of
about 2000 AU, and surrounds the central binary system, for which a central mass of about 1.5 M,
was deduced.

The disk of the Red Rectangle has been more recently mapped with ALMA with subarcsec-
resolution, resulting in an improvement of the disk model but also in the discovery of an X-shaped
wind emerging from it [36,37]. This disk-wind is tenuous and slow (Vexp~3-10 km s~ 1), and therefore,
very different from the massive, fast outflows of standard pPNe. The mass in the wind is a factor ~10
lower than the mass of the rotating disk and it is believed to be material photoevaporating from the
disk surface.

To date, inner rotating circumbinary disks have been mapped in CO emission in ~5 post-AGB
objects. All of them have very similar properties, which are summarized in Table 1 of Sanchez
Contreras et al. [38], including references to the original works. We note, however, that a very
low-number statistics still prevail, and partially for this reason, it is not yet understood how these
large-scale circumbinary disks form and what their role is in the PN-shaping process. Another
open question that needs further investigation is: what is at the root of the dichotomy between
disk-prominent post-AGBs and standard pPNe? Do these two major classes of post-AGB objects
represent the end-stages of stars with different intrinsic properties? Or do these classes mainly develop
as a result of different extrinsic factors? For example, the conditions under which their binaries interact
during the AGB and/or post-AGB phases.

2.2. Circumstellar Chemistry

It is well known that AGB stars are very efficient molecular factories (see e.g., [39,40] and references
therein). To date, about 100 molecular species have been discovered in the circumstellar envelopes
around AGB stars by means of targeted line searches or full spectral line surveys mainly in the
(sub)mm-wavelength range. As AGB stars evolve into the PN phase, and before the bulk of the
envelope is fully ionized, important changes in the chemical contents of these objects happen as a
result of the progressive dilution of the envelope, and consequently, the easier penetration of interstellar
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UV photons. These UV photons break down parent molecules, leading to molecular ions and radicals
that trigger a series of chemical reactions that result in the formation of new molecular species. An
active photo-induced chemistry is also expected in the inner layers of the envelope as the central
star becomes hotter during the AGB-to-PN evolution. Finally, the shocks produced in the interaction
between fast post-AGB winds and the slow AGB envelope previously ejected will initiate a series of
shock-induced chemical reactions that will further transform the initial molecular content.

To date, most studies on circumstellar chemistry have focused on AGB stars, even though still,
at present, full spectral surveys, covering instantaneously a wide range of frequencies and multiple
transitions for many species, have been performed only for a few objects. Some examples are the C-rich
AGB star IRC+10216 [41,42], probably the best studied AGB star, and the O-rich AGB stars IK Tau and
R Dor [43,44]. The chemistries of a number of pPNe are also relatively well characterized, particularly
the C-rich pPNe CRL 618 [45] and CRL 2688 [46] and the O-rich source OH 231.8+4.2 [47,48].

The chemistry of PNe is less well known, in general, than that of objects in earlier evolutionary
stages. NGC 7027 and The helix are two of the best-characterized PNe [49,50]. Although the number
of studies is growing (e.g., [51]), the global chemical content of evolved PNe has not been yet studied
systematically for a sufficiently large sample of objects. This is in part because most molecules are
thought to be destroyed in dispersing PNe due to intense stellar UV radiation field. This is true in
many PNe (particularly the oldest), but certainly some PNe are molecule-rich, which may be linked to
the presence of dusty tori and /or high-density clumps of gas and dust that shield molecules from the
stellar radiation [52].

After CO, the molecular species most frequently detected and most abundant in PNe are HCN,
HNC, and HCO™ (see, e.g., Schmidt & Ziurys [51], Bublitz et al. [53], for a more complete list). There
have also been detections of many radicals, such as CN and CH; polyatomic molecules such as H,CO,
N,H*, C3Hjy, etc.; and complex organic species, such as PAHs [54] and fullerenes [55]. Therefore,
in contrast to initial expectations, PNe can be chemically rich and the survival of molecules in these
environments is also key to understanding the chemistry of the interstellar medium.

Future work is needed, aiming at characterizing systematically and globally the chemistry
in PNe using full spectral surveys. This should be accompanied by or combined with studies
with high-angular resolution, which are needed for a full understanding of the chemical processes
that govern molecular formation in different regions inside PNe. In addition to observational
characterization efforts, improvements of chemical models are desired for an optimal scientific return
from the observations—PNe are complex systems and for this reason models need to incorporate the
effects of, e.g., shocks, X-rays, and grain surface reactions for a proper modeling and understanding of
these systems.

3. Ionized Gas

Although the (sub)mm-wavelength regime is commonly associated with molecular line studies
of pPNe/yPNe (and other astrophysical environments), this wavelength domain also offers the
possibility to observe the ionized gas component. The pioneering works by Bachiller et al. [56],
Martin-Pintado et al. [57], showed that mm-wavelength radio recombination lines (mmRRLs) can
be used to study the deepest regions at the heart of pPNe, within ~100-200 AU from the center, where
the gas has started being ionized by the central star.

Recently, Sanchez Contreras et al. [58] carried out a pilot survey of mmRRL emission in a small
sample of pPNe with emerging HII regions, aimed at investigating the physical properties and
kinematics of ionized regions close to the jet launching site and to study the present day mass-loss rate.
Several lines were detected towards the objects CRL 618, M 2-9, and MWC 922; the analysis performed
included radiative transfer modeling of the free-free continuum and mmRRLs that enabled a detailed
characterization of their compact ionized central regions. In one of the objects, MWC 922 (also known
as the Red Square Nebula), the mmRRL profiles indicated a disk+wind system in rotation at the core.
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In CRL 618 and M 2-9, the data pointed to winds ejected just a few decades ago at relatively high
mass-loss rates.

The mass-loss rate during the post-AGB phase is indeed a critical factor in the AGB-to-PN
evolution that is, however, very poorly known. For this reason, evolutionary models are bound to
adopt mass-loss prescriptions that are not empirically constrained by direct observations. Sanchez
Contreras et al. [58] found that the mass-loss rates measured in their sample of eight pPNe-candidates
are systematically and significantly above the values normally adopted by models (see Figure 1).
This is an important result that needs to be confirmed by studying larger samples, since it will have
implications in the AGB-to-PN crossing times, which could be significantly shorter than what is
normally assumed.

4l _— AGB tip
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Figure 1. Adapted from Figure 8 of Sanchez Contreras et al. [58]. Post-asymptotic giant branch

(post-AGB) mass-loss vs. effective temperatures adopted by post-AGB models (solid black lines) and
empirically deduced (symbols). The thick dashed and dot-dashed lines indicate the mass-loss rates
typically assumed by evolutionary models for the three objects in with mmRRL detections. See Sinchez
Contreras et al. [58] for details.

The ionized core of the B[e]-type star MWC 922 has been spectrally and spatially resolved with
ALMA [59]. The presence of a compact rotating disk at the center is confirmed. Moreover, and most
importantly, a fast (~100 km s bipolar outflow orthogonal to the disk and rofating in a similar sense
has been discovered. The continuum and mmRRLs maps show an X-shaped H1I region, which is
consistent with a biconical shell of ionized gas on the surface of a larger rotating disk that is illuminated
and photoionized by the central star. The fast bipolar wind is found to be running inside the ionized
layers of the rotating disk. The launching radius of the fast wind is smaller than the inner edge of the
disk (~30 AU). This indicates that the fast wind is not simply photoevaporating from the disk, but it is
being actively launched from a more compact region inside the disk observed.

The ALMA maps have been modeled, which has enabled characterizing with unprecedented
detail the ionized core of this object. One important parameter deduced from these data and the model
is the mass of the system at the center of the rotating disk, which is ~10 M or ~18 M depending
on the distance to the source adopted (d = 1.7 or 3kpc). This parameter is crucial to constrain the
uncertain nature of this object, which may be a blue supergiant in a binary system as discussed by
Séanchez Contreras et al. [59].
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To date, mmRRLs have been barely observationally explored (partially due to the lack of sufficient
sensitivity in the pre-ALMA era); however, the exciting results described above illustrate the great
potential of mmRRLs to get closer to the jet launching site and to study current post-AGB mass ejections
in objects that are quickly transitioning into the PN stage.

4. Final Remarks

From numerous and vivid discussions during this meeting, it is clear that many are the questions
that remain to be answered concerning AGB-to-PN evolution in general, but particularly concerning
PN-shaping. The(sub)mm-wavelength range offers a wide variety of line and continuum diagnostics,
some of them described in this contribution, which can be used to improve our understanding of
these complex systems. Our efforts should not focus only on the characterizations of the properties
of fast bipolar outflows of pPNe, but also on their equatorial regions (including post-AGB stars with
large-scale expanding tori and circumbinary rotating disks), which may hold important clues to
reconstruct the PN-shaping history, and on the relation between standard pPNe and disk-prominent
post-AGB objects. To make progress in the field, we need both statistical studies of large unbiased
samples of pPNe/yPNe and detailed observations with high angular resolution of individual targets,
which are crucial to disclosing the real nebular complexities of these objects and to penetrate closer to
their jet-launching sites.
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