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ABSTRACT

We present APEX observations of CO J =3 — 2 and ALMA observations of COJ =2 — 1, 13COJ=2 — 1, and continuum
towards the Galactic luminous blue variable AG Car. These new observations reveal the presence of a ring-like molecular
structure surrounding the star. Morphology and kinematics of the gas are consistent with a slowly expanding torus located near
the equatorial plane of AG Car. Using non-LTE line modelling, we derived the physical parameters of the gas, which is warm
(~50 K) and moderately dense (~10* cm~?). The total mass of molecular gas in the ring is 2.7 & 0.9 M. We analysed the radio
continuum map, which depicts a point-like source surrounded by a shallow nebula. From the flux of the point-like source, we
derived a current mass-loss rate of M = (1.55 £ 0.21) x 107> Mg, yr~!. Finally, to better understand the complex circumstellar
environment of AG Car, we put the newly detected ring in relation to the main nebula of dust and ionized gas. We discuss
possible formation scenarios for the ring, namely, the accumulation of interstellar material due to the action of the stellar wind,
the remnant of a close binary interaction or merger, and an equatorially enhanced mass-loss episode. If molecular gas formed
in situ as aresult of a mass eruption, it would account for at least a 30 per cent of the total mass ejected by AG Car. This detection
adds a new piece to the puzzle of the complex mass-loss history of AG Car, providing new clues about the interplay between
LBV stars and their surroundings.
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1 INTRODUCTION

Over the course of their lifetime, massive stars have a great impact in
the chemistry, structure, and dynamics of the interstellar medium
(ISM). This impact intensifies as they enter the luminous blue
variable (LBV) phase, a brief (~10*yr) and unstable post-main-
sequence stage, in which massive stars exhibit the highest mass-loss
rates (up to 107> Mg yr™!). Such a copious mass-loss occurs by
virtue of dense and steady stellar winds and, sporadically, violent
outbursts like the Great Eruption of » Car in the 19th century. The
interaction between this mass-loss, interstellar material, and different
wind regimes shapes the closest circumstellar environment, leading
to the formation of large multiphase nebulae.

Nebulae around LBV stars (LBVNs) therefore emerge as valuable
laboratories to understand the feedback mechanisms between the
parent stars and their environment. The multiwavelength study of
this circumstellar material is a crucial tool to trace back the mass-
loss record of these sources throughout their different evolutionary
phases (e.g. Umana et al. 2005, 2009, 2010; Agliozzo et al. 2014;
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Cerrigone et al. 2014; Buemi et al. 2017). However, most of the
research so far has focused on the dust and ionized gas content of
LBVN:s, paying little attention to the missing piece of the picture:
the molecular gas.

In recent years, carbon monoxide and a handful of other simple
molecular species have been detected in the surroundings of several
candidate and confirmed LBVs, such as G79.29+0.46 (Rizzo,
Jiménez-Esteban & Ortiz 2008, Rizzo et al. 2014), [GKF2010]
MN101 (=MGE 042.07874-00.5084, Bordiu, Rizzo & Ritacco
2019), and the well-known n Car (Smith & Davidson 2001; Loinard
et al. 2012; Loinard et al. 2016; Smith; Ginsburg & Bally 2018a;
Bordiu & Rizzo 2019; Gull et al. 2020; Morris et al. 2020). All
these successful detections demonstrate that, provided the adequate
physical conditions, conspicuous amounts of molecular gas can
arise and survive for some time in the hostile outskirts of these
stars. By analysing the emission at mm- and sub-mm wavelengths
from rotational transitions of CO and other species, one can obtain
valuable kinematic information that allows for precisely reconstruct-
ing previous mass-loss events and place constraints on the time-
scales of the observed structures. Therefore, the very existence of
these molecules opens a complementary window to learn about the
mass-loss phenomena in these hot, massive stars, beyond what is
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visible at other wavelengths. In addition, the determination of the
relative chemical abundances and isotopic ratios in the molecular
gas provides valuable snapshots of the stellar chemistry.

Among the scant LBV family, AG Car stands out as one of
the most luminous members (L ~ 1.5 x 10° Ly, Groh, Hillier
& Damineli 2011). Located in the far side of the Carina arm, the
literature establishes a canonical distance of 6 & 1 kpc (Humphreys
et al. 1989). Revisions on this value were recently made by Smith
& Stassun (2017) and Smith et al. (2019) based on Gaia parallaxes.
They concluded that AG Car may be 20 per cent closer, at a distance
of 4.7%}2 kpc, which is consistent, within the uncertainties, with the
previous estimate. Hereafter in this work, we adopt the canonical
distance of 6 kpc.

AG Car has been widely observed across the whole electromag-
netic spectrum for decades. The star is surrounded by a slightly
bipolar ring nebula of about 30 x 40 arcsec that was first reported
by Thackeray (1950). Further dynamic studies of the nebula in the
light of He, [N1I] and [S11] by Thackeray (1977) concluded that
the nebula was a hollow shell with hints of bipolarity, expanding
at ~50kms~!. Humphreys et al. (1989) determined a kinematic
age for the nebula of ~10*yr, consistent with the duration of the
LBV phase. Broad-band optical continuum observations by Paresce
& Nota (1989) revealed a helical jet-like structure in the NE—
SW direction, apparently arising from the star, which gave rise
to questions about the possible binarity of AG Car. However, no
signature of a companion star was detected (Nota et al. 1992). Smith
(1991) and Nota et al. (1992) revisited the dynamics of the nebula,
establishing an expansion velocity of 70kms~' and identifying a
bipolar outflow at 83kms~' distorting the NE side of the shell.
Later, ATCA observations at 3 and 6 cm by Duncan & White (2002)
detected radio continuum emission arising from the star and the
shell, with a spectral index consistent with thermal radiation from
ionized gas. Finally, the dust content of the nebula was thoroughly
investigated by Voors et al. (2000) and Vamvatira-Nakou et al. (2015)
(hereafter VN15) by means of infrared imaging and spectroscopy.
The latter estimated a total nebular mass of ~15 Mg, and proposed a
mass eruption with a kinematic age of 1.7 x 10* yr as the origin of the
structure.

None the less, what makes AG Car particularly interesting is its
extreme variability. AG Car exhibits yearly micro-variations of 0.1—
0.5 mag superimposed to a more than a decade-long S Dor cycle, with
visual changes of ~2 mag between the hot and cool state (Humphreys
& Davidson 1994, Stahl et al. 2001; Sterken 2003). For that reason,
AG Car is an excellent laboratory to learn about the formation and
destruction of molecules in a changing environment, in terms of
physical conditions and time-scales.

The first attempts to detect molecular gas associated with AG Car
were made by Nota et al. (2002; hereafter N02), targeting the CO
J=1— 0and J =2 — 1 lines with the SEST telescope. With
a series of single-dish pointings, they coarsely sampled the region
around the star, with beam sizes of 45 and 23 arcsec and spacings
of 45 and 12 arcsec, respectively. Their spectra displayed multiple
narrow velocity components, likely related to intervening sheets of
molecular gas, but also a broad component centred at 26 kms~'. The
authors interpreted this broad component, which presented a pseudo-
Gaussian profile, as arising from a circumstellar expanding envelope
or disc, for which they estimated a minimum mass of 2.8 M,. Despite
this promising result, the region was never properly imaged at higher
resolution to confirm the existence of such a structure.

In this work, we report APEX and ALMA observations of CO
and *CO towards AG Car, confirming the detection of a molecular
ring surrounding the star. The paper is structured as follows: in
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Section 2 we summarize the molecular line observations; in Section 3
we describe the main findings; in Section 4 we analyse the morpho-
kinematic features of the structure, derive the physical parameters of
the gas, and present a kinematic model. In the same section, we also
discuss possible formation mechanisms. In Section 5, we put together
the available data into a single, unified picture of the mass-loss record
of AG Car; and finally, in Section 6 we present the conclusions of
this study and lay the groundwork for further research on AG Car.

2 OBSERVATIONS

2.1 APEX observations

We observed AG Car with the Atacama Pathfinder EXperiment
(APEX) telescope, located at Llano de Chajnantor (Chile). Obser-
vations took place on 2014 September 23 as part of the program E-
094.D-0598A (P.I: G. Umana). The front-end used was the APEX2
receiver of the Swedish Heterodyne Facility Instrument (Vassilev
et al. 2008), targeting the CO J = 3 — 2 transition at 345.796 GHz.
The eXtended Fast Fourier Transform Spectrometer (Klein et al.
2012) provided an instantaneous bandwidth of 2.5 GHz with 32768
channels, resulting in an effective velocity resolution of about
0.07km s~ at the observing frequency.

An On-The-Fly map of 100 x 100arcsec around the source
was done in Total Power mode, using the off position o =
10M49m2333, § = —60°58'47".7 (J2000). At the rest frequency of
the line, the APEX primary beam is 19.2 arcsec. Observations were
performed under average weather conditions (1-2 mm of precipitable
water vapour). Calibration was done using Mars and X TrA, and
pointing and focus were checked regularly during the night.

The raw spectra produced by the APEX standard pipeline was
reduced using the GILDAS' software package. This process involved
the removal of bad scans, a linear baseline fitting and a velocity
smoothing to a final resolution of 1kms~! to improve rms. Con-
version from the original antenna temperatures (7'f) to main-beam
brightness temperature (7},,) was done by correcting for the forward-
hemisphere efficiency and the beam efficiency of the antenna, so that

Fett
Beir
For the APEX telescope, Fer = 0.97 and By = 0.73 at 345 GHz.

The typical rms noise per 1kms~! channel in the final cube is 50
mK.

T =T

1

2.2 ALMA observations

Follow-up observations of AG Car were conducted on 2019 October
2 and 6, with the ALMA 7-m and total power arrays, respectively,
in the context of the program 2019.1.01056.S (P.I: L. Cerrigone).
It was mapped the spatial distribution of the rotational / =2 — 1
transitions of CO and '3CO at 1.3 mm. The source was observed with
three total-power antennas under excellent weather conditions (pwv
~ 0.25 mm) and with 10 7-m antennas under good conditions (pwv
~ 1.25 mm).

The spectral set-up consisted of two spectral windows centred
at 220.398 and 230.538 GHz plus two additional windows for
continuum. The correlator was tuned to provide an instantaneous
bandwidth of 1850 MHz in 2048 channels, with a moderate velocity
resolution of about 1.3 kms~! for each line.

Thttp://www.iram.fr/IRAMFR/GILDAS
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Table 1. Observational parameters.

Line vo (GHz) Telescope 0 (arcsec)
COJ=2—1 230.538 ACA 7.0 x 5.2
TP 28.2
Bcos=2-1 220.398 ACA 7.2 x 6.0
TP 29.5
COJ=3—->2 345.795 APEX 19.2

ACA data were calibrated with CASA v.5.6.1-8 and the ALMA
pipeline version 42 686 that comes with it. Calibrators J1047-6217
and J10584-0133 were used for bandpass and flux calibration.
Cubes of line emission, with a characteristic beam of 7 x 5 arcsec,
were constructed from the calibrated visibilities using the CLEAN
algorithm after continuum-subtraction. CASA v5.6.1-8 and pipeline
v.42686 were also used for the reduction of the single-dish data. The
observations were performed in position-switching mode, with an
off position chosen by the ALMA Observatory among known clean
areas for Galactic sources. The off position was about 4° away from
our target. Such a large angular distance between the target and the
off position caused ripples in the spectra, which we did not attempt
to remove in post-processing, since their amplitude is negligible with
respect to the brightness of the spectral lines from our target. The
flux calibration was based on Kelvin-to-Jansky factors estimated
from calibration campaigns performed by the Observatory. At our
frequencies the factors had a value of about 41.5 K Jy~!.

Finally, to recover all the spatial scales and avoid missing flux,
we combined the ACA and the Total Power (hereafter ALMA TP)
cubes with the CASA feather task, which involved regridding the
single-dish data and correcting it for the primary beam response. The
feathered cubes recover 99.7 per cent of the single-dish flux.

The resulting products were then re-scaled from flux densities to
brightness temperature using the standard equation:

S,
Ty = 1.222 x 106 ——2 )
Vzemajemin

where S, denotes the flux density in Jy beam™!, v is the reference

frequency in GHz, and 0,; and 0.y, are the major and minor axes
of the beam in arcsec, respectively. The typical rms noise level per
channel of 1.3kms™! ranges from 5 to 10 mK. Similarly, the rms
noise level of the continuum map is ~1.2 mJy beam~".

A summary of the observing parameters is presented in Table 1.
Throughout this paper, we use the following conventions: (1) inten-
sities of emission lines are expressed in 7Ty, scale; (2) intensities of
continuum are expressed in flux density scale; (3) velocities refer
to the local standard of rest frame (LSR); and (4) positions are
offsets from the coordinates of AG Car, « = 10"56™1155779, § =
—60°27'12"28095 (J2000; Gaia Collaboration 2016).

3 RESULTS

3.1 APEX sigle-dish data

Fig. 1 shows the averaged APEX CO J =3 — 2 spectra in the field
of AG Car. Most of the emission arises in the velocity range (0, 50)
km s~!. We identify multiple velocity components within this range,
coincident with the ones reported by NO2 in the COJ =1 — 0 and
COJ =2 — 1 transitions: two narrow, dominant components at 18.5
and 29.7 kms™! plus additional minor components at 11, 18.5, 21.5,
and 29.5km s~!. NO2 attributed these components to background or
foreground contamination from ambient gas moving perpendicularly
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Figure 1. APEX CO J = 3 — 2 emission towards AG Car. Top panel:
spectrum averaged in the 100 x 100 arcsec field. The velocity range integrated
in the bottom panel is filled in grey. Bottom panel: velocity-integrated
intensity map from 30 to 36 kms~!, corresponding to the filled area in the
top panel. Contours start at 2.5 Kkms~! in steps of 0.5 Kkms~!. The red
marker indicates the position of the star, and the hatched circle in the bottom
right corner represents the APEX primary beam size.

to the line of sight. We also detect a broad component at 26.5 kms™!,

the same one that NO2 tentatively associated with the star.

Careful inspection of the spatial distribution of each component
shows that all the narrow lines are clumpy and somewhat extended,
mainly arising from the southeast and the west. The same applies
to the broad component, which is particularly intense towards
the centre and the south of the map. However, we note that the
29.5km s~ narrow line presents a ‘shoulder-like’ feature consistent
with a partially overlapping line at a slightly higher velocity. This
component was indeed marginally detected in NO2’s spectra, without
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Figure 2. Interferometric filtering towards AG Car. Left-hand panel: CO J
=2 — 1. Right-hand panel: 3CO J = 2 — 1. In each panel, feathered
ACA+TP (filled) and ACA only spectra (black), averaged within a radius of
20 arcsec from the star, are displayed in the same temperature scale. The red
lines indicate the central velocity of the component likely associated with the
star.

clear hints of any particular spatial distribution, probably being just
a high-velocity wing of the broad component at 26.5kms™"'.

This newly identified component, centred at 32.5kms™~!, has a
velocity extension of about 6kms~! and is significantly weaker
than the others. We attempted to isolate the line by removing the
neighbouring components through a Gaussian fitting, but this resulted
in the introduction of multiple artefacts that altered the line shape.
None the less, integration of the approximate velocity range of the
line, i.e. at least 30-36 kms~', represented in grey in the figure,
reveals the existence of an elongated structure towards the centre of
the field (Fig. 1, bottom panel). Despite being possibly contaminated
by the adjacent narrow component, the structure exhibits a certain
degree of bipolar symmetry with respect to AG Car, with two ‘lobes’
along the SE-NW axis. None of the other ambient components show
a comparable spatial distribution.

3.2 ACA interferometric data

3.2.1 CO and 3CO emission

The feathered CO J =2 — 1 and * CO J = 2 — 1 spectra
show essentially the same features visible in the CO J =3 — 2
APEX data. Fig. 2 compares the feathered (filled) and the ACA-only
(black) spectra for the two observed lines. The interferometer filtered
out most of the emission at v sg < 30kms™!, including the broad
line at 26.5kms~!. Considering the ACA maximum recoverable
scale is 28 arcsec at 230 GHz (our shortest baseline was ~8.9 m),
these components necessarily correspond to extended, large-scale
emission, as previously discussed. On the other hand, a significant
fraction of the flux in the velocity range (+ 30, +40) km s~!
is preserved, suggesting that this emission is considerably more
compact than the ambient material. From the peak temperature, we
estimate that ACA recovers ~50 per cent of the single-dish flux in
this range.

Fig. 3 shows the integrated intensity map of the COJ =2 — 1
line in the range (+29, +36kms™'). ACA’s synthesized beam (of
~7 arcsec) improves angular resolution with respect to APEX by a
factor of ~3. Such improvement allows us to resolve the emission,
revealing an elliptical structure enclosing AG Car and apparently
detached from the star. Two remarkably symmetric ‘lobes’ dominate
the emission, south-east and north-west of the star, peaking at
(10 arcsec, —10 arcsec) and (—10 arcsec, 10 arcsec), respectively. The
lobes appear connected by two fainter arcs. A large clump at position
(=25 arcsec, =5 arcsec) disrupts the structure in its westernmost side.
This clump is related to residuals from the narrow component at
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Figure 3. ACA-+TP velocity-integrated intensity map of CO J =2 — 1
towards AG Car, in the velocity range (+29, +36) km s~!. Contours start at
8 Kkms~! in steps of 2.5 Kkm s~!. The red marker indicates the position of
the star, and the hatched circle in the bottom right corner represents the ACA
synthesized beam size. The dashed ellipse represents the ellipse used for the
fitting.

29.5kms™! that are visible in the ACA spectra (perhaps the densest
part of an extended cloud). The S/N ratio across the ring ranges from
60 to 140, which means that even the faintest parts are genuine.
By fitting an ellipse to the lobes, we derive an approximate angular
size of 35 x 15 arcsec, with a position angle of 135° east of north.
The orientation and size of the ellipse match perfectly the NW-SE
elongation of the infrared shell reported by Voors et al. (2000) from
continuum and [Ne11] imagery. In the 3CO J = 2 — 1 integrated
intensity map (not shown), only the lobes of the structure are visible,
with an S/N ratio slightly above 5o. The non-detection of fainter arcs
is likely due to the limited sensitivity.

3.2.2 Radio continuum emission

Radio continuum emission traces the ionized gas in the nebula of
AG Car. Fig. 4 shows the ACA radio continuum map of AG Car at
225 GHz. Emission is dominated by an unresolved compact source in
the centre of the field, presumably related to the star. Weak emission
arising from the brightest parts of the optical nebula are visible as
well above the 3o level.

The radio morphology is slightly different from the 5.5 and
8.8 GHz ATCA maps presented by Duncan & White (2002), which
depict a compact source surrounded by a bright and very clumpy
detached nebula. Note, though, that ATCA data has a higher spatial
resolution (1 arcsec at 8.5 GHz) and provides a more complete uv
coverage.

We fitted a 2D Gaussian to the compact source, measuring a flux
density of 30.2 £ 2.2 mlJy. The uncertainty is the quadratic sum of
the rms noise in the map and a calibration error of 5 per cent. The
resulting value does not match the expected flux density obtained
by extrapolating the spectral index « = —0.1 reported by Duncan
& White 2002, which is 0.89 mJy. Such discrepancy implies that
either the spectral index is variable, and thus the current physical
conditions in the star are quite different from those in the 1994-1996
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Figure 4. ACA 225 GHz radio continuum map of AG Car. Contours start at
2.5 mly, with steps of 2.5 mJy. The synthesized beam is shown in the bottom
left corner.

period (when the ATCA data were gathered), or that another emitting
component is superposed at mm-wavelengths, such as thermal dust
close to the star, effectively pushing the spectral index towards more
positive values. Finally, if we ignore the 25-yr gap between the
observations and combine the fluxes, we obtain a spectral index o ~
0.8, compatible with a typical stellar wind.

We determined a nebular flux of 40 4= 15 mJy after subtracting the
contribution of the point source. Again, this value does not match
the extrapolation of the —0.1 spectral index reported by Duncan &
White (2002), which yields a slightly higher flux. We note, though,
that the LAS (largest angular scale) of ACA at 225 GHz is about one
third of the LAS of ATCA 750B configuration at 5.5 GHz, so it is
very likely that we are missing a fraction of the extended flux.

4 LINKING THE MOLECULAR RING TO AG
CAR

4.1 Morphology and kinematics

To establish a physical connection between the CO structure and AG
Car, we need to analyse the morphology and kinematics of the gas
and put them in context with the surrounding ISM. AG Car lies in
projection amid the massive star clusters Tr 14 and Tr 16 and the large
Car OB2 association. Towards these structures, i.e. from [ = 287°—
290°, several giant molecular clouds are observed. Most of them
arise at negative systemic velocities, comprised between —10 and
—30kms~!, corresponding to distances of 23 kpc on the near side of
the Carina arm (Cohen et al. 1985). These clouds are dense, clumpy,
and continuously eroded by intense UV radiation from hundreds of
newborn OB stars (e.g. Rizzo & Arnal 1998; Rathborne et al. 2002;
Wu et al. 2018). On the contrary, the emission in the field of AG
Car appears at v gg > 10kms™!. In this direction, these positive
velocities are expected for gas on the far side of Carina (Grabelsky
et al. 1987), which agrees with the distance of 6 kpc assumed for the
star.

MNRAS 500, 5500-5514 (2021)

A closer look at the distribution of the emission in the field of
AG Car highlights the differences between the central CO structure
and the other velocity components. Fig. 6 shows the APEX CO
J = 3 — 2 velocity-integrated intensity maps of the dominant
lines, i.e. the two narrow lines at 18.6 and 29.6kms~! and the
broad component at 26.5kms~! that NO2 tentatively linked with
the star (labelled C1, C2, and C3 in order of increasing velocity). As
mentioned earlier in Section 3.1, none of the three components seem
to be morphologically associated with the star, unlike the component
around 32.5kms™! (hereafter C4), shown again for reference. The
‘arm’ seen in component C3, extending over the source to the East,
is due to contamination by the low-velocity wing of component C4
(the two lines overlap significantly).

Most of the emission from C1, C2, and C3 is resolved out by the
interferometer, preserving the small-scale features of component C4.
As seen in the ACA map, the spatial distribution of C4 is consistent
with a circumstellar ring or torus seen at a certain inclination angle.
Assuming that such structure is perfectly axisymmetric, we can make
an elliptical fit and use the axial ratio R,, to estimate the viewing
angle, such that9; = arctan(R,). This method yields an angle of 6; =
68 + 3°, which implies that the ring is viewed nearly edge-on, with its
semimajor axis following the direction in which the infrared shell is
slightly elongated (Voors et al. 2000). The deprojected characteristic
radius of the structure is thus 15 arcsec, which is equivalent to ~0.4 pc
at a distance of 6 kpc. This physical size is in good agreement with
the inner radius of the infrared dusty shell derived by VN15.

The ring extends from 29 to 36 kms~!, with a central velocity
of 32.5kms~!. In the literature, it is possible to find estimates for
the radial velocity of AG Car spanning from 0 to 10kms~! (e.g.
Wolf & Stahl 1982; Humphreys et al. 1989; Stahl et al. 2001; Groh
et al. 2009a). Such discrepancy is the consequence of the inherent
uncertainty in determining systemic velocities for LBV stars, whose
variable stellar winds and circumstellar envelopes often contaminate
spectroscopic measurements. Contrarily, the velocity of the CO
structure does not depend on any stellar properties. Therefore, in
our analysis, we consider a systemic velocity of 32.5kms~!. This
velocity is compatible with the distance assuming small departures
from Galactic rotation.

Fig. 5 shows the channel maps of the CO J = 2 — 1 emission
in the velocity range of interest. We note that the moderate velocity
resolution of our data, of just 1.3 kms~!, does not allow us to perform
a detailed analysis of the observed kinematic structure, which is sam-
pled by only seven channels. The first two channels, corresponding
to vsg = 28.2 and 29.5kms™!, appear highly contaminated, with
a prominent clump towards the west particularly bright in the latter.
As discussed in Section 3.2, this clump is likely associated with the
narrow component at 29.5kms~': the map of C3 presents relative
maximum near position (25 arcsec, —5 arcsec), as seen in Fig. 6. The
rest of the channels are mostly devoid from contamination, except for
small faint clumps towards the south. Overall, the emission moves
clockwise around the star, from the south-west to the north-west, as
velocity increases. The lobes are present across all the channels, with
the south-east one being slightly more prominent in the blueshifted
channels and vice versa. Contrarily, the arcs that connect the lobes
are only visible in the central channels: opening towards the north-
east at 29.5 and 30.8 kms™!, and towards the south-west at 33.3 and
34.6kms~.

The velocity gradients observed along the minor and major axes
of the structure are mainly compatible with gas moving radially. Two
physical scenarios are possible: (1) an accretion disc of gas falling
on to the star; or (2) an expanding ring, composed of stellar ejecta
or compressed interstellar gas. From an evolutionary perspective,
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Figure 5. Chanel maps of COJ =2 — 1 (ACA+TP). The velocity inkm s~

! is indicated in the top left corner of each panel. Contours start at ~3¢ in steps of 30

The red marker indicates the position of the star, and the hatched circle in the in the bottom left-hand panel represents the approximate ACA synthesized beam.
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Figure 6. Spatial distribution of the main components in the field of AG Car.
APEX CO J = 3 — 2 velocity-integrated intensity maps of components C1
(from 17.5 to 19.7kms™"), C2 (from 19.3 to 28.2kms~"), C3 (from 28.4
to 30.8kms™!), and C4 (from 30 to 36 kms~!, same as Fig. 1). The colour
scale is relative to the peak intensity of each map. Contours at 2.5, 3.5, 4.5,
5.5,6.5,8.5,10.5, and 12.5 Kkms~'. The red marker indicates the position
of the star.

the accretion disc scenario is highly improbable. Infalling discs
around massive stars are expected only in pre-MS stages, and the
evolved status of AG Car is more than confirmed. On the other
hand, an expanding ring is a much more plausible hypothesis. In

this case, the orientation is constrained by the observed velocity
gradient: the southeastern part, blueshifted, is the approaching near
side, and the northwestern part, redshifted, is then the receding
far side. Correcting for the inclination, we estimate an expansion
velocity of vexp = 3.5 & 0.5kms™'. This value is surprisingly low,
considering that typical velocities of LBV winds range from 50 to
100kms~!. For a characteristic radius of 0.4 pc, the kinematic age
of the ring would be ~10°yr. This age must be seen as a strict
upper limit, since the structure may be slowing down due to the
interaction with the surrounding medium. Yet, the resemblance to
the CO torus found in MN101 is noteworthy, having comparable
sizes, expansion velocities, and dynamic time-scales (Bordiu et al.
2019). These slow structures could well be the ageing relatives of the
200-yr-old, disrupted molecular torus in 7 Car (Smith et al. 2018a),
which is more compact (~4000 au) and chemically rich (Bordiu et al.
2019; Gull et al. 2020). The idea of a common formation mechanism
for these rings is worth to be studied in more detail. We explore the
possible origins of the CO ring in Section 4.3.

4.2 Physical parameters of the gas

If the gas arises from the star — i.e. formed from wind or ejecta —
its physical parameters should reflect substantial differences with
respect to the ISM. Line ratios are useful diagnostic tools to roughly
estimate these parameters. We have three available lines to work with:
two transitions of CO plus an additional line of '*CO. However, the
analysis is restricted to the single-dish data, i.e. APEX and ALMA
TP, since we lack interferometric CO J = 3 — 2 observations. Thus,
we can only provide average values for the structure.

We first computed beam-averaged spectra for the three transitions,
centred in the stellar position. Then, we smoothed the resulting
averaged spectra to a common velocity resolution of 1.3kms™!, and
we attempted a Gaussian fitting on components C1...C4 with CLASS,
as shown in Fig. 7. The results of the fitting are compiled in Table 2. In
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Figure 7. Fitting of the four dominant velocity components in the single-
dish spectra. From top to bottom, COJ =2 — 1, Bcos=2-1 (scaled
by a factor of 5) and CO J = 3 — 2. The green line indicates the sum of
the Gaussian fittings of the four components, and the red line highlights the
fitting for component C4. The components are labelled in the bottom panel
for reference.

some cases, the fitting was rather problematic due to significant line
blending, derived from the limited velocity resolution. Therefore, we
imposed the condition that every velocity component C; should have
a same full width at half-maximum (FWHM) in each of the three
lines, so that the derived line ratios were consistent.

To calculate the line ratios, we used the line intensities inte-
grated over the FWHM of each component, formally expressed
as W = f Tmbdv. The intrinsic uncertainty associated with this
magnitude,o y, is given by

(TW=1’InSde><\/N, 3)

where rms is the spectrum noise as measured in line-free channels,
dv is the velocity resolution, and N is the number of channels
(e.g. Mangum & Shirley 2015). Then, we computed the total
uncertainty as the quadratic sum of the intrinsic uncertainty plus the
calibration uncertainty, so that o, = \/0§, + 0. The calibration

uncertainties considered are 14 per cent for APEX (APEX2, Dumke
& Mac-Auliffe 2010) and 5percent for ALMA (Bonato et al.
2018).

Beam dilution becomes a critical issue, as we work with mean
values from single-dish data gathered at different frequencies with
different instruments. To compute physically meaningful line ratios,
we need to apply a beam-filling factor F' to the integrated line
intensities. We adopt very conservative estimates of F < 0.2 and
F < 0.38 at 230.538 and 345.799 GHz, respectively, assuming an
emitting area comparable to the ACA beam or smaller.

Hereafter, we refer to the COJ =3 — 2t0 COJ =2 — 1 line
ratio as Ry and tothe COJ =2 — 1to BCOJ=2 — las Ryy13. In
the ring (component C4) we measure a R3; = 0.45 £ 0.07. This value
is somewhat low, indicating that the upper level is less populated.
On the other hand, we measure a R;,/13 of 25 &+ 4 in C4. This value
lies halfway between typical ISM values (Wilson & Matteucci 1992)
and those measured in the outskirts of some evolved massive stars,
which show nebular '2C/'3C ratios as low as 1-5 (Loinard et al.
2012; Bordiu et al. 2019; Rizzo 2019), in agreement with theoretical
predictions for extremely processed CNO material (Meynet, Ekstrom
& Maeder 2006). But surprisingly, we measure even lower values in
the other velocity components.

To model the excitation of the CO and *CO lines, we employed
the non-LTE radiative transfer code RADEX (van der Tak et al. 2007).
RADEX solves the statistical equilibrium equations using the escape
probability formulation (Sobolev 1960) to predict the line intensities
and level populations. The code presents two important peculiarities.
First, it is entirely agnostic to the source geometry, and hence the
predicted line intensities need to be corrected for beam dilution. And
secondly, it works under the assumption of a homogeneous medium,
meaning that all transitions sample the same gas volume with the
same excitation conditions. These are obvious oversimplifications,
yet extremely convenient to provide first-order estimates, especially
considering the nature of our data.

We created a grid of models parametrized by the kinetic temper-
ature Ty, the CO column density N(CO) and the H, volume density
n(H,). The grid covered Ty from 10 to 200 K, N(CO) from 103 to
10" cm~2, and n(H,) from 107 to 10° cm 3. We used H, as the only
collision partner, with a cosmic background temperature of 2.73 K.
We also adopted a representative FWHM of 6 kms~!.

First, for each Ty we used R3; and Wo(2.1) to constrain the regions
of the parameter space that result in physically meaningful solutions.
Sample plots of the fitting are shown in Fig. 8. We find that N(CO)
is well determined, being relatively insensitive to temperature and
density and taking values of a few 10'®cm™2. On the other hand,
n(Hy) is only loosely constrained, with valid solutions in the range
103-10* cm~3. Regarding the temperature, though solutions for T} >
120 K are unlikely, the required volume densities are comparable to
those of diffuse clouds (~100cm™3), falling well below the critical
density of the J/ = 2 — 1 transition. Thus, we favour solutions with
Tx < 100 K.

Table 2. Line fitting parameters for each transition: systemic velocity, FWHM, peak temperature, velocity-integrated line intensity, and its error. Values have

NOT been corrected for the filling factor.

COJ=2—1 Bcor=2-1 COJ=3—2
VLSR FWHM Tpeak w (0 W) VLSR FWHM Tpeak w (O‘ W) VLSR FWHM Tpeak w (0‘ W)
(kms~!)  (kms™!) (K) (Kkms™!) (kms™')  (kms!) (K) (Kkms™!) (kms™1) (kms™1) (K) (Kkms™!)
C1 18.7 2.2 2.19 5.01(0.25) 18.6 22 0.24 0.54 (0.03) 18.6 22 1.31 3.00 (0.44)
Cc2 23.8 8.9 1.25 11.9 (0.59) 23.5 8.9 0.08 0.71 (0.04) 23.7 8.9 0.56 5.27 (0.79)
C3 29.6 2.3 1.57 3.78 (0.19) 29.6 2.3 0.11 0.26 (0.02) 29.6 2.3 1.05 2.53(0.38)
C4 33.7 5.7 0.79 4.79 (0.24) 33.7 5.7 0.03 0.19 (0.03) 33.7 5.7 0.67 4.09 (0.62)
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Figure 8. Results of RADEX fitting for 7x = 20 K, 7x = 50 K, and 7Tx = 100 K. The dashed contours represent the measured CO (3—2)/(2— 1) ratio; the solid
contours represent the CO J =2 — 1 integrated intensity, with its uncertainties. The intersection of the two sets of contours indicate the range of possible values

for n(H,) and N(CO).
1000
100
100
g 10
N
%‘
50
1
0.1

3 3.2 3.4 3.6 3.8

log[n(Hy) (cm™>)]

Figure 9. X2 surface of the RADEX models, in logarithmic colour scale, as a
function of Ty and n(H»). The models in this plot correspond to the best-fitting
N(CO) =2.4 x 109 cm~2.

Once we constrained the parameter space, we followed a reduced
x 2 minimization technique to find the model that better reproduces
the observed line intensities, such that

2 2
W}”ad _ prS/F'
2 i i !
=3 (7A o ) : “

i=1
where W; is the integrated intensity of the (i + 1) — i transition and
F; is the corresponding filling factor. Fig. 9 shows the fit y? surface
as a function of 7 and n(H;). We find that the model that best fits
the observations is that with T, = 50 K, N(CO) = 2.4 x 10'°cm™2,
and n(H) = 1.3 x 10° cm™3. The solution points to a moderately
thick opacity in the emitting medium, with optical depths of 7,; =
1.2 and 73, = 0.8 for this temperature range. As a cross-check, we
used the derived parameters to predict the '*CO J =2 — 1 integrated
intensity, for a range of '3CO column densities. The best match is
obtained for N('*CO) = 7.5 x 10" cm~2, which yields an isotopic
ratio of ~30. This value agrees with the R;5/13 previously discussed.

Finally, we repeated the same procedure to study the excitation
conditions of the other components, C1-C3. In this case, as the
emission is widespread — in fact, much larger than the beam — we

Table 3. LVG results for the four components under analysis. From left
to right, kinetic temperature, CO column density, H, volume density and
optical depth. Values for components C1-C3 are computed for a reference
temperature of 30 K.

Tx N(CO) n(Hz) 721 32

(K) (10"cecm~2)  (10°cm™3)

20 1.8 5.6 0.8 0.6
Ring (C4) 50 24 13 12 0.8

100 42 1 24 1.2
Cl1 30 024 10 0.1 0.2
Cc2 30 075 42 0.2 0.2
C3 30 0.18 10 0.1 0.1

did not apply a correction for beam dilution. We obtained column
densities below 10'® cm~2, but we were unable to properly constrain
the kinetic temperature of the gas. We found many possible solutions,
starting from the typical temperatures of a cold cloud, around ~10 K.
All these solutions occurred roughly at constant pressure (n x T),
which suggest an equilibrium situation. In addition, the lines were
always more optically thin (z < 1), in contrast with the gas of the
ring, which is significantly more opaque. These differences suggest
that component C4 is indeed subject to slightly different excitation
conditions. LVG results of the four components are compiled in
Table 3.

4.2.1 Estimate of the ring mass

We can use the average CO column density derived with RADEX to
provide a crude estimate of the mass of the ring. The total mass of
molecular gas is given by

M = 2rnH fHe N(CO) Xgé Qsou (5)

where my is the mass of the hydrogen atom, fjy. is the He correction
factor, Xco is the relative [CO/H,] abundance, and g, is the
solid angle subtended by the source. Adopting a cosmic [CO/H;]
abundance of Xco = 107 and considering that the ring subtends
an area of about ~0.63 pc? at d = 6kpc, we obtain a total mass of
2.7 £ 0.9 Mg, a result comparable with molecular gas masses found
in other LBVN: in 5 Car, the equatorial torus contains 1-5 Mg of
molecular material (Smith et al. 2018a), and the molecular ring of
MNI101 has a mass of 0.6 &+ 0.1 My, (Bordiu et al. 2019).

It is worth to highlight that this estimate is strongly affected by the
determination of the X factor and its associated uncertainties. Many
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LBVN are deficient in C and O, and consequently underabundant in
CO (e.g. n Car, Morris et al. 2017). Should this be the case for AG
Car as well, the mass of the ring could be substantially higher.

4.3 Origin of the molecular ring

As shown in previous sections, the ring surrounding AG Car is
composed of moderately dense, warm gas slowly expanding into
the ISM. The physical connection between the molecular gas and
the star, as inferred from morpho-kinematic features and excitation
conditions, seems evident. The ring is seen nearly edge-on, with
an inclination of ~70°. This is in excellent agreement with the
viewing geometry proposed by Groh, Hillier & Damineli (2006)
and Groh et al. (2009b), who measured a remarkably high rotation
velocity for the star (vsini = 220kms™") and concluded that we
necessarily see AG Car from the equator. Considering this, we can
safely assume that the ring lies in — or at least close to — the equatorial
plane of the star. Such an assumption is further supported by the
orientation of optical continuum jet found by Nota et al. (1992),
which should be relatively aligned with the rotation axis of AG
Car. Fig. 10 shows the ESO Faint Object Spectrograph and Camera
(EFOSC) optical continuum image of AG Car, with the CO contours
superimposed. The ring and the jet appear perfectly perpendicular
in projection, with P.A. of 135° and 225°, respectively. However,
an equatorial ring may be the result of very different physical
processes. Below, we discuss possible formation scenarios and their
implications.

4.3.1 Swept-up pre-existing material

One possibility is that CO traces a remnant of the parent molecular
cloud in which the star formed, which has been compressed by the
action of the stellar wind. However, this interpretation involves some
problems, as massive stars like AG Car sustain very fast winds of
~1000km s~! in the main sequence. For several Myrs, these winds
sweep up the stellar neighbourhood, eroding and even completely
destroying the natal clouds and carving humongous cavities in the
ISM. These so-called wind-blown bubbles have scales much larger
than the size of ring, even spanning several tens of pc (Garcia-Segura,
Mac Low & Langer 1996). Should the CO arise from compressed
ISM material, one would expect to find it farther from the star,
towards the edges of a wind-blown bubble. Herschel images revealed
that AG Car is in fact immersed within a cavity about 5 arcmin
(~9 pc) in diameter, where material has been mostly evacuated (see
fig. 3in VNI15).

Even so, as Nota et al. (2002) pointed out, aspherical winds due
to stellar rotation could result in slower velocities near the equatorial
plane of the star, thus ‘protecting’ ISM material at low latitudes.
Yet, the long-term survival of a compact structure so close to the
star is mainly determined by the wind density: a fast but not very
dense stellar wind would struggle to evacuate the densest parts of a
molecular cloud. The dynamical age of the ring, however, favours a
more recent, post-main-sequence origin, not more than ~10° yr ago.

4.3.2 A binary interaction remnant

As a second formation hypothesis, one may invoke a binary scenario.
The possible binary nature of AG Car has been long discussed
in literature ever since the discovery of its bipolar nebula, and
particularly, its helical jet, which strongly suggests some kind of
precession (Paresce & Nota 1989; Nota et al. 1992).
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Figure 10. Relative orientation of the optical jet and the molecular ring.
EFOSC1 coronographic continuum image of AG Car and its nebula in colour
scale (Vamvatira-Nakou et al. 2015). ACA+TP CO J =2 — 1 intensity map
superimposed as contours. Contours start at 50 per cent of the peak intensity,
showing only the ring blobs, for the sake of clarity. The dashed ellipse is
displayed to highlight the extent of the structure. The red marker indicates
the position of the star. The bright spike to the east is an imaging artefact.

In recent times, the traditional view of LBV stars in the frame of
single-star evolution has been challenged. The apparent isolation of
most LBVs from OB associations, their phenomenological hetero-
geneity as a class, and their role as potential SN progenitors, have
led some authors to propose an alternative evolutionary paradigm, in
which LBVs likely arise from binary interaction. Under this novel
framework, two possible formation pathways are considered: either
LBVs are rejuvenated mass gainers in close binary systems, which
end up kicked out by their companion’s SN; or they are produced
following a binary merger event (Justham, Podsiadlowski & Vink
2014; Smith & Tombleson 2015; Smith 2016; Aghakhanloo et al.
2017).

Assuming that AG Car is part of a close interacting binary, a non-
conservative Roche Lobe overflow (RLOF) episode would result in
a mass leakage through the outer Lagrange point of the system (L2).
This leakage would effectively create a ring-like structure, slowly
expanding outwards. Besides, the gainer not only accretes mass in the
process, but also angular momentum, speeding up its rotation, which
would be consistent with the enhanced rotation of AG Car. This kind
of non-conservative mass-transfer interaction has been previously
suggested as the driving mechanism in other non-LBV sources that
exhibit equatorial ring-like structures, such as the less massive binary
RY Scuti (Smith et al. 2011) or SBW1, a very luminous, 18-25 Mg,
BSG (Smith, Bally & Walawender 2007). Still, any assumptions on
the binarity of AG Car are highly speculative and must be regarded
with caution. So far, the search for a companion has been unfruitful,
yielding negative results even at X-ray wavelengths (Nazé, Rauw &
Hutsemékers 2012). However, spectroscopic signatures of potential
companions may be hidden by the rotationally broadened lines of AG
Car. In any case, binarity does not seem to be an extremely common
feature among the LBV family, with only a handful of them being

20z Iudy 60 U0 3senb Aq 8619665/0055/7/00G/2101HE/SEIUW/WOD" dNO"DIWSPEDE//:SURY WO PSPEOJUMO(



present-day binaries, such as  Car (Damineli et al. 2000) and HR
Car (Boffin et al. 2016).

On the other hand, the binary merger hypothesis allows us to
circumvent the lack of observational evidence for a companion of
AG Car. The merger mechanism described by Justham et al. (2014)
depicts amassive binary in which the primary, expanding as itevolves
beyond the main-sequence, fills its Roche lobe transferring mass on
to the secondary. For certain mass ratios, the system enters a contact
phase due to expansion of the secondary’s envelope. Eventually,
the system destabilizes and a merger occurs. This mechanism could
also lead to the formation of rings, as equatorial mass outflows
are expected during the merging process as a consequence of the
common envelope rotation. The merger idea, which was already
introduced two decades ago for some B[e] stars (Langer & Heger
1998; Pasquali et al. 2000), has recently become one of the preferred
explanations for n Car’s Great Eruption in the 1840s. The outburst
would have been triggered by a merger within a hierarchical triple
system, leading to the current LBV 4+ O/WN binary (Portegies Zwart
& van den Heuvel 2016; Smith et al. 2018b; Toonen et al. 2020)
and giving rise to an equatorial torus. While it is difficult to infer
whether AG Car has undergone a similar process, we note that many
of its features (bipolarity, enhanced rotation, He and N abundances)
are predicted for the BSG/LBV products of massive binary mergers,
making this hypothesis a fascinating possibility worth to be further
explored.

In the general picture, the portrait of LBVs as products of binary
interaction seems able to explain many of their peculiarities. The
formation of the slowly expanding triple ring system in SN1987A
has been equally linked to a possible binary merger (Morris &
Podsiadlowski 2007), promoting binarity and rotation as two key
ingredients of the sometimes elusive connection between LBVs and
supernovae.

4.3.3 An equatorially enhanced outflow

Finally, another possible explanation sticking to the traditional
single-star scenario is that the molecular ring in AG Car originated
from an equatorially enhanced mass-loss episode. This kind of non-
spherical mass-loss seems to be a common phenomenon in LBV
stars, as many of them are surrounded by dusty or gaseous equatorial
tori, such as n Car (Morris et al. 1999; Smith et al. 2018a), HD168625
(O’Hara et al. 2003), and MN101 (Bordiu et al. 2019). However,
little is known about the mechanisms behind the formation of discs
or ring-like structures around single massive stars.

Stellar rotation is thought to play a crucial role in the shaping of
stellar winds throughout the different evolutionary stages of massive
stars. In this context, we may explain the formation of a gaseous ring
in AG Car by invoking a rotationally induced bistability mechanism.
The bistability jump would produce increased mass fluxes and slower
winds at low latitudes near the stellar equator, as a direct outcome of
the decrease in the effective gravity g and the subsequent gravity
darkening (Lamers & Pauldrach 1991; Pelupessy, Lamers & Vink
2000). Similarly, at higher latitudes, the winds would be faster but
less dense.

By virtue of this mechanism, aspherical winds and equatorially
enhanced mass-loss are strongly favoured in fast-rotating stars with
high radiation pressures (Maeder & Desjacques 2001). AG Car,
which rotates at a significant fraction of its break-up velocity at least
during its hottest phase (up to 86 per cent, Groh et al. 2006), satisfies
these two conditions. Leitherer et al. (1994) found two independent
pieces of evidence that support this scenario: (1) a significant —
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and variable — degree of polarization in AG Car, interpreted as
an equatorial density enhancement of the stellar wind, and (2), a
two-component wind structure: a slow and dense wind, traced by
recombination lines, in coexistence with a faster and less dense
component, seen in ultraviolet absorption lines.

Another important issue to address is the survival of molecular
gas in the proximity of AG Car. For molecules to form out of the
stellar wind, a certain degree of shielding against the strong far-
ultraviolet radiation must be provided. In this regard, AG Car may
somehow be an analog of B[e] supergiants, where slowly expanding,
rotating discs or rings of neutral material have been observed. The
formation mechanism of such structures has been tentatively linked to
nearly critical stellar rotation as well (Zickgraf et al. 1986; Oudmaijer
et al. 1998; Curé, Rial & Cidale 2005; Kraus 2006; Kraus, Borges
Fernandes & de Aradjo 2010). The equatorial winds of B[e]SGs
provide the adequate conditions, in terms of temperature and density,
for the formation and survival of significant amounts of dust and
molecules (Liermann et al. 2010), but B[e]SG discs are much smaller,
spanning only a few hundreds of au. In the case of AG Car, the
expansion of the wind over large scales would involve an important
decrease in density. Perhaps, an inhomogeneous stellar wind — which
is a common feature in many hot, massive stars, see e.g. Contreras,
Montes & Wilkin (2004) — would make possible the formation of
molecules within denser clumps, that would provide the necessary
protection against ionizing photons. Interestingly, modelling of the
nebular dust content by Voors et al. (2000) predicts a population
of very large grains (with sizes up to 40 um), which are typically
found in circumstellar discs. If such a disc exists in AG Car, it would
effectively shield the gas, favouring the formation of molecules in its
cold outskirts.

Our estimate of the dynamical age of the ring is slightly high
compared to the characteristic time-scales of the LBV phase, a few
103-10* yr. Thus, the structure may have formed in a pre-LBV stage.
Along this line of reasoning, some authors have proposed that the
main nebula of AG Car was expelled before reaching the LBV phase.
Smithetal. (1997), Voors et al. (2000), and Lamers et al. (2001) found
nebular abundances of N and O different from the values expected
for CNO-enriched material, suggesting that the nebula is composed
of ‘mildly processed’ matter, still far from CNO-equilibrium and
thus consistent with older ejecta from a previous BSG or RSG phase.
These findings, although not entirely conclusive, might also explain
the relatively high R;,/3 that we measure, more compatible with a
moderate degree of processing.

Likewise, the low expansion velocity of the ring is another
interesting issue. If we work under the hypothesis that the ejection
took place in a pre-LBV stage, a vex, of 3.5kms™" is in agreement
with the typical velocities of RSG winds, of 5-10kms~'. The
possible occurrence of an RSG phase in AG Car, however, needs
to be investigated, in view of the apparent lack of very luminous
RSGs in the HR diagram (the so-called ‘red-supergiant problem’,
Walmswell & Eldridge 2012). On the other hand, BSG winds
are faster and more compatible with the expansion velocity of
~70kms~! measured in the main nebula. This probably indicates
that the ring originated in a separate episode of mass-loss, which
may have been relatively steady, in contrast with the main nebula,
related to a more eruptive event. Never the less, the measured
expansion velocity only reflects the current situation, but the wind
may have been faster in the past, resulting in a younger structure as
discussed in Section 4.1. In such case, depending on the age, we may
obtain time-scales consistent with an ejection event during the LBV
phase, which would require further explanations for the observed
chemistry.
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Table 4. Model parameterization. Rotation velocities, vy, refer to the inner
radius of the ring.

Model  Velocity law Parameters
Rotation vy = lkms™!
Expansion Vexp = 3.5km s~!

Expansion + rotation vy = lkm s~ Vexp = 3.5km 57!
Expansion + turbulence Vexp = 3.5km ™! v = 0.25km g1

AW N =

4.4 A closer view to CO kinematics

We have built a simple model to better understand the kinematics
of the ring, and also to cross-check the validity of the RADEX fit.
To do so, we used LIME (Brinch & Hogerheijde 2010), a 3D non-
LTE code that solves radiative transfer by simulating ballistic photon
propagation through unstructured Delaunay grids, calculating level
populations and predicting the resulting spectra for a given transition,
according to the LAMDA data base collisional coefficients (Schoier
et al. 2005).

Due to the modest spatial and spectral resolution of our data, we
made several assumptions to keep the model as simple as possible;
we supposed an axisymmetric ring located at 6 kpc and described
by power-law density and temperature profiles of the form r~2. To
avoid overinterpreting our maps, instead of fitting the observed data,
we qualitatively compared the overall morpho-kinematic features in
the structure with those obtained with different kinematic models.
Therefore, we adopted the density and temperature outputs of
RADEX as reference values for the power-law profiles. Regarding
the geometrical parameters, we adopted an inner radius of 0.3 pc, a
half opening angle of 10°, an inclination of 70° and a position angle
of 135° east of north.

We created four models to explore different possibilities for the
velocity structure of the gas, namely: a purely rotating ring with
differential rotation (model 1); a radially expanding ring with an
outflow velocity of 3.5kms™! (model 2); an expanding ring with
a differential rotation component (model 3); and an expanding
ring with macro-turbulence, i.e. with random departures from the
expansion velocity law, of up to 0.25kms™! (model 4). Model
parameters are compiled in Table 4. For each of the models, LIME
produced a synthetic CO J =2 — 1 cube, which was later convolved
to the ACA beam and re-gridded to allow for a direct comparison
with the original data.

Fig. 11 compares the four models as channel maps in the velocity
range of interest. Not surprisingly, the rotating ring (model 1) fails
to reproduce the shape and velocity extent of the ring, with all the
emission significantly concentrated around the systemic velocity.
The other three models are able to reproduce both the extent of
the ring and the overall clockwise pattern satisfactorily. Still, we
note that the arc-like features that connect the lobes at intermediate
velocities (from 29.5 to 30.77 and 34.58 to 35.85 km s~ ') can only be
reproduced by models 3 and 4, i.e. if we add rotation or turbulence
to the expanding ring. None of the models reproduce the asymmetric
spatial distribution between 32 and 33.3kms~! correctly. Ring
inhomogeneities or clumpiness, not considered here, may account
for the observed differences.

Models 3 and 4 also reflect the overall morphology of the integrated
intensity map from 29 to 36 km s~! (e.g. Fig. 12 for model 3). Indeed,
we found the integrated fluxes to be consistent withina ~ 10 per cent,
thus confirming that the average values for density and temperature
obtained with RADEX are able to reproduce the observed intensities.

While the presence of turbulent motions in the wind of an
unstable star is somewhat expected, the physical feasibility of the
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expanding—rotating ring model deserves a comment. In principle, any
material expelled from the stellar surface, whatever the mechanism
for triggering the ejection, will tend to move radially in the long term.
In the case of a fast-rotator like AG Car, the ejecta could be initially
lifted with a non-negligible rotational component to preserve angular
momentum. However, this component will progressively fade as the
ring dissipates radially and interacts with the surrounding medium.
Moreover, to keep a stable rotation, the material needs to be either
gravitationally or magnetically bound to the star. These mechanisms,
though, operate only at short distances, but the molecular ring of AG
Car is <10° yr old and far away from the star. Consequently, if the
gas actually rotates as indicated by model 3, there should be another
mechanism at work responsible for that rotation. Further observations
at higher velocity resolution will allow for a better understanding of
the gas dynamics.

5 MASS-LOSS HISTORY OF AG CAR

The different evolutionary stages of AG Car have left a footprint
in its environment, shaping its circumstellar medium (CSM) in
complex manners due to variable stellar winds and episodic mass
eruptions. The detection of a molecular ring surrounding the star
provides additional information about its recent mass-loss history. It
is therefore important to understand how this molecular gas relates
to the other components in the CSM.

Broadly speaking, the CSM around AG Car can be described
in terms of two independent nebular structures: a detached dusty
shell, bright in the infrared; and an ionized nebula, clearly visible in
optical and radio continuum images. These structures present strong
morpho-kinematic hints of bipolarity. Across the NE-SW direction,
two symmetric bright clumps at position angle ~35° and ~225° are
evident. In addition, the measured expansion velocity of the shell
increases notably (by about 20kms~') along this direction (Nota
et al. 1992). Both the orientation of the clumps and the velocity
increase are signposts of a bipolar mass outflow, in which case
the bright clumps would correspond to gas density enhancements
in the polar ‘caps’ of the structure, where more material is being
accumulated. Fig. 13 shows the location of the CO gas with respect
to the dust and the ionized structures. Although an accurate spatial
comparison is not possible given the limited resolution of the
molecular data, we note that, while the dust and the ionized gas
are mostly co-spatial, the molecular gas seems to be complementary:
the most intense CO clumps are found along the SE-NW axis, i.e.
the direction of the slight elongation of the nebula (Voors et al. 2000).

The molecular ring somewhat constrains the overall geometry
of the CSM: an inhomogeneous, nearly spherical expanding shell,
disrupted by a slightly faster bipolar outflow and enclosed by an
equatorial density enhancement. What is clear, though, is that the
equatorial density enhancement should be older than the shell, since
the two structures have comparable scales but very different expan-
sion velocities. This geometry, coherent from an evolutionary per-
spective, can be explained attending to the standard wind-interaction
model, which has been proposed to explain the morphologies of other
LBVN with aspherical symmetries (e.g. Frank, Balick & Davidson
1995). In this particular scenario, we can imagine AG Car suffering
an equatorial mass-loss enhancement, in the form of a dense, steady
wind, some ~10° yr ago. This wind would slowly expand into the
ISM, sweeping any remaining ambient material. At some point,
the wind would get colder and form molecules. A few ~10%yr
later, a faster isotropic outflow may take place. This new wind
would eventually reach the slower, previous one, interacting with
a torus-like density distribution. The result of such interaction is the
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Figure 11. Comparisons of the observed CO J = 2 — 1 channel maps (top row) with different kinematic models: a rotating ring, a purely expanding ring, a
expanding ring with rotation, and an expanding ring with macroturbulence. All the maps share the same intensity scale. Contours at 0.5, 1, 2, 4, and 8 K. The
red marker indicates the position of the star and the dashed line represents the direction of the major axis of the structure. The LSR velocity is displayed in the

top left corner of each panel.
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Figure 12. Comparison of the observed CO J =2 — 1 intensity map with that of model 3. The residual map is shown for reference. The red marker indicates

the position of the star.

formation of a bipolar nebula. The final shape — i.e. the degree of
bipolarity — is modulated by several factors, including the rotation
velocity of the star (Maeder & Desjacques 2001), and may range
from an ellipsoid to a peanut-like structure. The most extreme case

of such interaction is, of course,  Car and the Homunculus Nebula.
In this sense, VN15 suggest that the ejection of the shell took place
in a period of slow rotation, which is consistent with the moderate
degree of bipolarity observed.
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Figure 13. Multiwavelength comparison of the nebular material around AG Car. (a) Herschel PACS 70 pm image in colour scale with the ACA COJ =2 —
1 contours superimposed. The levels are the same as in Fig. 3(b). The same as (a) but with the ATCA radio continuum contours at 5.5 GHz (Duncan & White

2002).

VNI15 estimated a total mass of ionized gas of 6.6 £ 1.9 Mg,
from the Ha and radio continuum fluxes. Similarly, they derived
a dust mass of 0.20 £0.05Mg from the SED modelling. Using
our continuum data and following their approach, we obtain a
nebular ionized mass of 3.9 1.9 My, smaller but still in agreement
within uncertainties with VN15’s estimate. However, as noted in
Section 3.2.2, we may be missing some flux with ACA. The
total combined mass of ionized and molecular gas thus adds up
to 9.3 +£2.8Mg (or 5.9 £2.8 M, if we take our estimate). This
agrees again, within uncertainties, with the value proposed by
VNI15 (15 +4.5My), who adopted a gas-to-dust ratio of ~40 to
estimate the contribution of neutral gas. This means that, assuming
a stellar origin, the molecular gas around AG Car traces at least a
~ 30 per cent of the mass lost by the star.

The gas and dust masses can be translated into mass-loss rates
by estimating the kinematic duration of the events that produced the
observed structures. This can be done by computing the temporal
difference between the inner and outer shell radius for a constant ex-
pansion velocity. Following this method, VN15 derived a kinematic
duration of 1.1 x 10*yr for the mass-loss episode that created the
infrared nebula, taking an inner and outer radii of 0.4 and 1.2 pc,
respectively. It is a useful exercise to do the same and provides
a crude estimate of duration of the molecular outflow. However,
we warn that the reliability of this method is limited, in the sense
that the emitting region may be smaller than the beam therefore
we decided to conservatively adopt the size of the ACA beam, of
about 7 arcsec, as the reference ‘width’ of the ring. In addition,
we work under the assumption that the expansion velocity does
not change and there is no velocity dispersion across the ring,
which is probably unrealistic. For vex, = 3.5kms™!, we obtain an
approximate duration of 5.6 x 10* yr. This is just a loose upper limit,
but still, it is interesting to realize that it is about five times larger
that the duration of VN15 for the isotropic mass-loss episode. This
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probably suggests that the equatorial enhancement was more steady
and less eruptive, which is, again, in line with the proposed formation
scenario.

The average mass-loss rate that produced the molecular ring is
thus M = (4.8 £ 1.6) x 107> Mg, yr~', but it could be substantially
higher if the structure is more compact than the ACA beam. We
can compare this value with the current mass-loss rate. Under the
assumption that the flux density of the point-like source measured
at 225 GHz is due to stellar wind, we can approximate the current
mass-loss rate of AG Car using the empirical formula by Pana-
gia & Felli (1975) for expanding envelopes around hot stars, in
which we assume full ionization and standard cosmic abundances,
so that

M = 6.7 x 10 40 F4d>? (v x gg)™*, (6)

where v, is the terminal wind velocity inkms™!, d is the dis-
tance inkpc, F, is the measured flux inmly, and v is the central
frequency in Hz. gy is the free—free Gaunt factor, which we
approximate as g = 9.77(1 4+ 0.13 log %), where T is the wind
plasma temperature (Leitherer & Robert 1991). Providing a single
value for the terminal wind velocity of AG Car is tricky. Long-term
spectroscopic monitoring by Stahl et al. (2001) between 1989 and
1999 revealed abrupt changes from 225 to 30 km s~!. The wind also
changes drastically between consecutive visual minima, with values
of 300 km s~! between 1985 and 1990 and 105 km s~! in 2000-2001.
Therefore, since we are now on the way to a new visual maximum, we
adopt a conservative value of 100 kms~!, compatible with the wind
velocity measured near the 1995 maximum. For a wind temperature
of 10* K and a distance of 6kpc, we obtain a mass-loss rate of
M = (1.5540.21) x 107> Mg, yr~!. This mass-loss rate is in very
good agreement with Groh et al. (2009a) estimates of the quiescent
M of AG Car, of 1.5 x 107> Mg yr~\.
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6 CONCLUSIONS

We present APEX single-dish and ALMA/ACA interferometric ob-
servations of CO, *CO, and continuum towards AG Car, confirming
the existence of a molecular structure associated with this LBV star.
Below, we summarize the key findings in this work:

(i) By means of CO and '*CO ALMA/ACA data, we report
the detection of a molecular ring-like structure around AG Car,
confirming the hypothesis by Nota et al. (2002). The morpho-
kinematic features of the structure can be explained by a slowly
expanding ring or torus.

(ii)) We model the excitation conditions of the gas under non-
LTE conditions. We used the available CO and '3CO J = 2
— 1 and CO J = 3 — 2 single-dish data to provide average
estimates for the whole ring. The gas in the structure is warm,
with a kinetic temperature of about 50 K, not very dense, with
H, densities of a few 10°cm™3, and moderately thick. The total
mass of molecular gas in the ring is 2.7 = 0.9 Mg, subject to
uncertainties in the determination of the [CO/H; ] relative abundance.
This accounts for at least a ~ 30 per cent of the mass expelled by the
star.

(iii) We develop a simple kinematic model to better study gas
dynamics, showing that some deviations from pure radial expansion
are required to properly reproduce some of the morpho-kinematic
features observed in the data, such as (1) the addition of a turbulent
component or (2) the superposition of a differential rotational
field.

(iv) To explain the presence of a ring-like structure of molecular
gas around AG Car, we discuss a number of possible formation
scenarios, namely (1) the compression of a remnant of the parent
molecular cloud, (2) a RLOF mass transfer episode or a merger
event in a close binary, or (3) an equatorial mass outflow. We regard
the mass outflow as the most promising, taking into account the
evolutionary stage of the star and the evidence available.

(v) We put together a global view of the mass-loss record of AG
Car, proposing an overall morphology that integrates dust, ionized,
and neutral gas into a physically feasible, unified picture. We also
derive a lower limit of the average mass-loss rate of the ring and
compare it with the current mass-loss rate of the star derived from
the ACA continuum.

The detection of a molecular ring around AG Car adds the missing
piece to the mass-loss history of this intriguing source. This work
shows that molecules may trace a significant amount of the total
mass lost by an evolved massive star. This has important implications
for stellar evolution models, which sometimes struggle to properly
reproduce the evolution between O/B and Wolf-Rayet stars, in part
due to inaccurate mass-loss rate estimates.

Moreover, the results in this paper pave the way for further
exploration of AG Car and its complex CSM. To confirm the
origin of the ring, explain its survival, and better understand its
kinematics, observations at higher angular and velocity resolution are
necessary. Looking for other molecules, such as photodissociation
region tracers, would also be extremely useful to obtain a more
complete chemical characterization of the star. Finally, deeper radio
continuum observations would provide valuable hints about the
nebular excitation mechanisms and their dependence on the S-Dor
cycles. AG Car is, undoubtedly, a unique object, and as such it
represents an outstanding chance to learn about the nature of LBV
phase and its associated mass-loss phenomena.
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