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Abstract. As AGB stars evolve to planetary nebulae (PNe), the geometry of the ejected mass
transforms from nearly spherical to extremely aspherical. The mechanisms governing this trans-
formation are plausibly linked to binarity and the associated production of disks and jets during
the transitional (post-AGB) evolutionary stage. We are carrying out an ALMA survey of a rep-
resentative sample of bipolar/multipolar post-AGB objects to obtain high angular-resolution
(0”1) observations of the CO(3-2) and 6-5 emission and study the collimated outflows and
central disks. We present highlights from our ongoing survey — e.g., the presence of bipolar or
multipolar high-velocity outflows, dense toroidal waists, and in one case, a circular ring around
the central bipolar nebula. We will use radiative transfer modeling to derive accurate outflow
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momenta, masses, and mass-loss rates for our sample, thereby constraining different classes of
binary PN-shaping models.

Keywords. stars: AGB and post-AGB, stars: mass loss, binaries, planetary nebulae, ISM: jets
and outflows, surveys

1. Introduction

Understanding the impact of binary interactions on stellar evolution is a major chal-
lenge — these interactions dominate a substantial fraction of stellar phenomenology
(Ivanova et al. 2013; Bond et al. 2003; Tylenda et al. 2011), and likely play a major
role in the formation of most Planetary Nebulae (PNe), objects that represent the bright
end-stages of most stars in the Universe. Such interactions can help explain why, even
though the progenitors of PNe — AGB stars and their circumstellar envelopes — are gen-
erally slowly-expanding (V. ~5-15km s™1) round structures, the vast majority of PNe
deviate strongly from spherical symmetry, showing a dazzling variety of bipolar, multi-
polar, and elliptical morphologies (Sahai & Trauger 1998; Ueta et al. 2000; Sahai et al.
2011; Stanghellini et al. 2016). A morphological survey of objects in the evolutionary
transition stage between AGB stars and PNe, i.e., pre-planetary nebulae (PPNe), shows
a complete lack of round objects (Sahai et al. (2007), hereafter Setal07; Siédmiak et al.
(2008); Lagadec et al. (2011)). In addition, PPNe also show the presence of fast outflows
(Vewp 250-100km s~1), which, when resolved (using interferometric observations), are
generally highly-collimated. Dense, dusty, equatorial waists are also frequently found in
PPNe and PNe, and recognized as an important morphological feature of this class of
objects (Setal07, Sahai et al. (2011)). About half of post-AGB objects that are known
(or likely) binaries show prominent disks (van Winckel 2003) (dubbed “dpAGB” objects:
Sahai et al. 2011), and have very weak (or no) outflows.

The current consensus is that the primary PN formation/shaping process is hydro-
dynamic sculpting of the progenitor AGB mass-loss envelopes, from the inside-out
by wandering and/or episodic jets during the short-lived (~ 1000yr) PPN phase
(Sahai & Trauger 1998; Soker 2002; Balick & Frank 2002). Support for this conclu-
sion is provided by the fact that the momenta associated with PPN outflows, as inferred
from analysis of CO observations of PPNe, either single-dish (e.g., Bujarrabal et al.
(2001)) or interferometric (mostly with angular resolution poorer than ~ 1”7 —2”
(e.g., Cox et al. (2000); Alcolea et al. (2007); Castro-Carrizo et al. (2010); Sahai & Patel
(2015); Olofsson et al. (2019)) show that these cannot be radiatively-driven. The
jets are believed to result from the binary interaction; magnetic fields may play a
role in PN-shaping as well, but are also most likely induced by close binaries (e.g.,
Garcia-Segura et al. (2016)).

Hydrodynamic simulations of close binary interaction (e.g., leading to common-
envelope evolution) have long struggled to describe even the simplest cases
(e.g., Reichardt et al. (2019)), hence quantitative models that can explain the result-
ing jet and waist formation are lacking. An analytical approach by Blackman & Lucchini
(2014) (hereafter BL14) predicts specific observational signatures corresponding to var-
ious possible modes of binary interaction. BL14 used the (limited) outflow data known
for a sample of PPNe at “face-value”, to derive the minimum required mass-accretion
rates (Ma o M; Vj/taee), where M; V; is the total jet momentum and ¢,.. is the accre-
tion time-scale, and inferred that accretion modes such as Bondi-Hoyle-Lyttleton (BHL)
wind-accretion and wind Roche lobe overflow (wRLOF) were too weak to power these
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Table 1. Target Sample: Physical Properties.

Name Spec. “HST *Point ‘Size Dist. 4CO Morph., ¢Cont-
(IRAS) Typ. Prim. Symm. (”)x (") (kpc) Kinematics; inuum
Morph. PS (FWZI[km s~'])  (TM1)
06530—0213  F5la M s 0.6 x 1.1 1.3 Mp Ofl,W,0R; (30)  NoCen
08005—2356 F 5le B s 0.6 x 1.4 3 Mp Off; (270) Cen
0937141212  K7II M m,an,s 7 3 2, (55) Cen
10197—-5750 A 2Iab B s 2.1 x3.6 2 Bp Off,W; (100) Cen
170475650 WC10 M m 26%x6.2 1.35 Mp, W; (142) Cen
17106—3046  F 51 B 5 07x1.1 4 Bp Ofl; (55) Cen(1” x 0745)
1902440044 GO-5 M m, an 1.5 x 2.1 3.5 Mp Off; (100) NoCen
1937442359 B 3-6 B s 1.8x2.4 5 Mp Of; (375) NoCen

Notes to Table: (a) Optical (HST) Prim. Morph.: B=Bipolar, M=Multipolar; (b) Point Symmetry: multi-
ple pairs of lobes=PS(m), ansae=PS(an), shape=PS(s) (details in Sahai et al. (2011)); (¢) Semi-minor
and semi-minor axes of smallest ellipse that includes observed CO emission (for IRAS 06530, the size
refers to the inner aspherical nebula, and excludes the outer ring); (d) CO (ALMA) Prim. Morph. (from
TM1 & TM2 data): Bp Ofl=bipolar outflow, Mp Ofl=Multipolar Outflows, W=waist/torus, oR=outer ring,
ps=point-symmetry present, ?=unclear (most flux apparently resolved out), FWZI=full-width at zero-
intensity; (e) Continuum (ALMA): NoCen=no centrally-peaked continuum source in TM1 observations,
Cen=centrally-peaked continuum source [FWHM (majorxminor) if resolved].

outflows. However, successful application of BL14’s method needs an accurate determi-
nation of the fast outflows’ physical properties in a representative morphological sample
of PPNe, especially M; V;, and t4cc.

To this end, we are carrying out a systematic program of high-fidelity, 0’1
ALMA imaging of PPNe (Pre-planetAry Nebulae high-angular-resOlution suRvey with
ALMA or PANORAMA). From our observations, we will estimate the minimum
mass-accretion rate using (a) M, =Q ZZ:I Mj 065 Vi obs [tacer(k) = 22:1 J dm(Voss)
[Vosrl /(sin(ir) tacer(r)) (using eqns. 2 from BL14 and Bujarrabal et al. (2001)), where
dm(V,rs) is the emitting mass in a small velocity interval at an offset velocity V, ;=
Visr — Vsys, n is the number of multiple outflow-pairs, ij, is the inclination angle relative
to the sky-plane and t,cer(k) S teap(k) is the acretion time-scale for the k’th outflow-pair,
and (@ is a numerical factor typically satisfying 1 < @ <5 in jet models. For a bipolar out-
flow, n=1. The value of dm(V, tf) is sensitive to the excitation temperature, T, (Vor f),
which we will estimate using the CO(6-5)/CO(3-2) ratio as a function of V, ;.

2. The PANORAMA Survey

The PANORAMA survey covers a small (8), but representative sample of bipolar and
multipolar Pre-Planetary Nebulae (PPNe), with the ultimate goal of providing quantita-
tive constraints on the shaping mechanism(s). All objects have been previously imaged
in the optical with HST, allowing a detailed classification of their morphology (Setal0T7).
The survey sample includes objects that are (i) at the high end of the range of observed
fast-outflow momenta (M; ~ 10%? gcms™: extreme outflow object IRAS 19374) or at the
low end (M; ~103¢ gcms™!: TRAS 19024, Sahai et al. (2005)); (i) with different kinds
of point-symmetry, indicative of different kinds of jet activity — e.g., P.S(s): continuous
jet with time-variable axis as in IRAS10197; PS(an): episodic jet with time-variable
axis, or simultaneous multiple jets as in TRAS 19024; and (iii) with and without halos
(e.g., IRAS 19374 & IRAS17106), i.e., with high and low progenitor AGB mass-loss
rates, respectively.

Survey Highlights: Although the survey, requiring observations with the 12-m array in
the TM1, TM2 configurations and the 7-m array (with angular resolutions of ~ 0’1,
~0!5, ~5"”, respectively) is still in progress, the existing data includes TM1 imag-
ing of all 8 objects in one or both of Bands 7 and 9, which include the CO(3-2) and
CO(6-5) lines, respectively. The results are remarkable, generally showing the presence
of extended, collimated lobe-structures in CO that presumably result from bipolar or
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Figure 1. CO(6-5) TM1 images of IRAS 19024 in different velocity ranges within its spectrum
chosen to show the shapes of its multipolar lobes for comparison with those seen in scattered
light with HST in the optical. The systemic velocity is Vjs» ~ 50 km s~

multipolar (Vezp, ~ 30km s™!) outflows (Figs. 1,2). For IRAS 09371, the imaging suffers
from strong artifacts that obscure its structure (Castro-Carrizo et al. 2005). The maxi-
mum (projected) outflow velocities, estimated from the spectra, can be broadly classified
into 3 classes: extreme (i.e., Vezp > 70km s™': IRAS 17047 and IRAS 19374), medium
(70 > Vyp > 30km s~ 1: IRAS 09371, IRAS 10197, IRAS 17106, and IRAS 19024) and low
(IRAS 06530: we discuss this object in detail below). Three optically-classified bipolar
objects show the possible presence of an additional (fainter) outflow with a different
orientation than the optical symmetry axis, indicating that these objects may also be
intrinsically multipolar.

The high angular-resolution maps enable us to isolate the dense waists from the low-
latitude region of the outflows in the target sample and resolve their true structure. One
of the surprising results is the conspicuous absence of gas close to the central star in
the majority of objects, suggesting that the waist structures have a toroidal structure,
resulting from an episode of equatorially-enhanced mass-loss from the progenitor AGB,
as for e.g., in a CE system (e.g., Sandquist et al. (1998); Passy et al. (2012)). This result
is in marked contrast to dpAGB objects, such as the Red Rectangle, AC Her, and IW Car
(Bujarrabal et al. 2013, 2015, 2017), that show compact rotating disks of gas+dust, with
masses of ~0.0012 — 0.006 M ; these may have formed due to enhanced RLOF (BL14).

Continuum emission was detected towards all sources in the existing data, which can
be divided into 3 broad classes, using the TM1 images (i) extended emission + unresolved
central source, (ii) extended central source, (iii) extended emission and no central source

https://doi.org/10.1017/51743921324000498 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921324000498

The PANORAMA survey 341

T 108005 CO(6-5) TM1 109371 CO(3-2) ACA 110197 CO(3-2) TM2 |

Flux (Jy)
Flux (Jy)
Flux (Jy)

% 60 40 20 o 20 4 & 8 s 6 40 20 0 20 4 e 8

Vel (km/s) Vel (km/s) Vel (km/s)

119024 CO(3-2) TM2

117047 CO(3-2) TM2 | 117106 CO(3-2) TM2 |

Flux (Jy)
Flux (Jy)
Flux (Jy)

L L !
100 50 o 50 100 30 20 10 o 10 20 30 -100 50

o
Vel (km/s) Vel (km/s) Vel (km/s)

106530 CO(3-2) TML |

119374 CO(3-2) TM2

Flux (Jy)
Flux (Jy)

200 150 100 50 0 50 100 150 200 30 20 10 o 10 20 20

Vel (km/s) Vel (km/s)

Figure 2. Representative (spatially-integrated) CO J=6-5 or 3-2 spectra, for the
PANORAMA sample of PPNe. The systemic velocity has been set to zero for each object.

(a)1RAS17047 cont 0.44 mm (TM1) (b) IRAS17106 cont 0.44 mm (TM1)

(C)1RAS19374 cont 0.44 mm (TM1)

] e — 1
-0.0079 -0.0039 -0.0000 0.0039 0.0079 0.0118 000000 S0 oo ooesta  oaosan ot -0.0097 -0.0076 -0.0055 -0.0034 -0.0013 0.0008 0.0029 0.0049 00070 0.0091 0.0112

Figure 3. Three classes of continuum emission (0.44 mm TM1 data) (a) extended emission +
compact central source, (b) extended central source, (c) extended emission, no central source.
The dashed circles or ellipse (with sizes) show the location of the central star.

(e.g., Fig. 3). These data emphasize the importance of high-resolution observations to
characterize the origin and nature of the (sub)mm emission, since lower-reolution studies,
with angular resolution > 0’5 would tend to merge the compact and extened emission
into one structure, which could then be mis-interptreted as being a dpAGB-type disk,
for example.

TRAS 06530: IRAS 06530 shows a large geometrically-thin ring, surrounding a compact
central nebula that has a high degree of point-symmetry (Table 1). Unlike the other PPNe
in our sample, no high-velocity emission is seen — the value of Ve, (<12.5km s71) is
similar to what is typically found for outflows during the AGB phase. Such rings have
been seen in several carbon stars and attributed to an episodic increase in the mass-loss
rate due to a thermal pulse. Thus, the ring in IRAS 06530 is due to the last thermal pulse
while its central star was still on the AGB. Following the thermal pulse, there was a steep
decrease in the mass-loss rate (by a factor > 10) for ~ 600 yr. During this latter period, the
mass loss was not spherically symmetric (Fig. 4a). It was then followed by a new episode
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=32 (TW1), systemic val, [(C) 0le7 contM1) [ .| 5(d)0.56 micr (HSTWFPC2)
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Figure 4. The multipolar PPN IRAS 06530: (a) Moment 0 map of the CO(3-2) (TM2), (b)
Map of CO(3-2) at the systemic velocity showing the structure of the central bipolar nebula
(TM1), (c) 0.89 mm TM1 continuum image, (d) HST/WFPC2 0.56 pm image of scattered light.
The dashed lines show the axes of two pairs of lobes seen in the optical. Panels b — d have the
same field-of-view.

of enhanced mass loss immediately preceding the start of the CS’s post-AGB evolution;
the resulting shell shows extended arc-like structures that are likely part of a 3-D spiral
structure resulting from interaction with a companion (such spiral structures are being
found in a growing list of AGB stars, see e.g. Decin et al. (2020)). From the expansion
ages of the ring (5500 yr) and waist (750 yr), we infer that IRAS 06530 transitioned from
an AGB star to a post-AGB star 4750 yr ago. A full description and analysis of these
data will be presented in a forthcoming paper (Sahai et al. (2024)).

In summary, the PANORAMA survey has produced several exciting results and some
unexpected ones as well. The morphology of the molecular gas, in almost all cases shows
the presence of collimated outflows that correspond to the lobes seen in optical scat-
tered light, confirming that the latter result from sculpting of the ambient circumstellar
envelope (ejected by the prognenitor AGB star). But there is one notable exception, the
C-rich PPN TRAS 06530, which shows an extended ring due to the last thermal pulse. In
a few optically-bipolar objects, additional faint outflows misaligned with the symmetry
axis are found, indicating that these objects may be multipolar. Compact continuum
emission around the central star is seen in some sources, but not in others — in contrast
to dpAGB objects, where such emission is one of their defining characteristics.
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