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ABSTRACT

We report the first detection of circumstellar CO in a globular cluster. Observations with
ALMA have detected the CO J = 3-2 and SiO v = 1 J = 8 — 7 transitions at 345 and
344 GHz, respectively, around V3 in 47 Tucanae (NGC 104; [Fe/H] = —0.72 dex), a star on
the asymptotic giant branch. The CO line is detected at 7o at a rest velocity vpsg = —40.6 km
s~! and expansion velocity of 3.2 £ ~0.4km s~!. The brighter, asymmetric SiO line may
indicate a circumstellar maser. The stellar wind is slow compared to similar Galactic stars,
but the dust opacity remains similar to Galactic comparisons. We suggest that the mass-loss
rate is set by the levitation of material into the circumstellar environment by pulsations, but
that the terminal wind-expansion velocity is determined by radiation pressure on the dust: a
pulsation-enhanced dust-driven wind. We suggest the metal-poor nature of the star decreases
the grain size, slowing the wind and increasing its density and opacity. Metallic alloys at high
altitudes above the photosphere could also provide an opacity increase. The CO line is weaker
than expected from Galactic AGB stars, but its strength confirms a model that includes CO
dissociation by the strong interstellar radiation field present inside globular clusters.

Key words: stars: AGB and post-AGB — circumstellar matter — stars: mass-loss — stars: winds,
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1 INTRODUCTION

Stars on the asymptotic giant branch (AGB) are among the major
sources of chemical enrichment in the Universe, alongside super-
novae (e.g. Karakas & Lattanzio 2014). However, the mass loss
that controls this enrichment is poorly understood (e.g. Hofner &
Olofsson 2018). AGB stars become unstable to pulsation, which
shocks and levitates the outer atmosphere, allowing dust to form.
Radiation pressure on these grains, and collisional coupling with the
surrounding gas, forces a wind from the star. However, particularly
in low-luminosity, oxygen-rich or metal-poor stars, the opacity
needed to drive a wind cannot come from absorption and re-
radiation of stellar light alone (Woitke 2006). Scattering by large
grains has been invoked as a solution (Hofner 2008; Norris et al.
2012), but these are conceptually hard to grow around oxygen-
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rich, metal-poor stars in particular, due to the low fractional
abundance of refractory elements. Mass loss in increasingly metal-
poor environments is expected to become progressively limited to
carbon stars (e.g. Di Criscienzo et al. 2013), unless additional,
metallicity-independent mechanisms of mass loss are invoked (e.g.
magnetic fields, active in red giant branch stars, may retain a role if
radiation-driven winds fail; cf. Dupree, Hartmann & Avrett 1984),
or unless additional sources of opacity can be found.

Observations of metal-poor systems, however, indicate that
oxygen-rich, metal-poor stars can be prodigious producers of dust
(e.g Boyer et al. 2015, 2017), and there appears relatively little
metallicity dependence in the integrated mass-loss rate from stars,
under the limited range of masses, metallicities and evolutionary
states that we can test (e.g. van Loon, Boyer & McDonald 2008;
McDonald & Zijlstra 2015b). However, an important observational
unknown is the terminal expansion velocity (v.,) of metal-poor
stellar winds. If winds remain dust driven, this velocity declines
with metallicity (e.g van Loon 2000); otherwise, additional sources
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of energy are needed to maintain the wind. CO, the most stable
and abundant metal molecule, provides a good tracer for v.
Circumstellar CO observations in the Magellanic Clouds have
probed only the brightest, most massive stars on the AGB, which are
the most metal-rich stars in an only mildly metal-poor environment
(Groenewegen et al. 2016; Matsuura et al. 2016; Goldman et al.
2017). Their behaviour cannot be extrapolated to stars with lower
luminosities or metallicities, where wind-driven outflows will be
more difficult.

Globular clusters provide a laboratory for such objects. Dust
has been spectroscopically confirmed around AGB stars down to
at least [Fe/H] ~ —1.6 dex (Boyer et al. 2009; Sloan et al. 2010;
McDonald et al. 2011a), and claims exist within clusters of lower
metallicity (Origlia et al. 2014). The globular cluster 47 Tucanae
(NGC 104) is particularly well studied. Though not metal-poor
by conventional definition (Bergeat & Chevallier 2005), 47 Tuc is
more metal-poor ([Fe/H] = —0.72 dex; Harris 1996') than young
stars in the Magellanic Clouds. It is populous, and close (~4.5 kpc;
Harris 1996). Its numerous dust-producing AGB stars (Lebzelter
et al. 2006; van Loon et al. 2006; McDonald et al. 2011b) provide
an important testbed for studying mass loss from low-luminosity,
oxygen-rich, metal-poor stars.

Previous observations of AGB stars in 47 Tuc with the Atacama
Large Millimeter Array (ALMA) could not detect the COJ =2 — 1
transition. McDonald et al. (2015) argued that was due to rapid
photo-dissociation of the CO envelope by a harsh interstellar
radiation field (ISRF). McDonald & Zijlstra (2015a) showed this
field could be strong enough to ionize any intra-cluster medium
(ICM) and boil it off the cluster. In this case, higher transitions (CO
J =3 —2), excited closer to the star, should be more easily observed.
We selected the third-brightest AGB star, V3, for re-observation, as
it is the furthest from the cluster centre, hence least subject to
ionising radiation. V3 (3540 K, 4590 L, log(g) = 0.1 dex, P
=221d, 6V = 3.5 mag; Lebzelter et al. 2014) exhibits an unusual
dust spectrum, devoid of silicate features (McDonald et al. 2011b).
Its mean radial velocity (visg ~ —38km s~'; Lebzelter & Wood
2005)? separates it from the cluster mean (v sg = —26.7km s~!;
Harris 1996), allowing clear association with V3 as the source. The
Gaia Collaboration et al. (2018) places its planar motion as radially
away from the cluster centre at 10.7 & 5.1 km s™!, so its total space
motion (18km s~') is marginally higher than the cluster central
velocity dispersion (13.5km s~'; inferred from Harris 1996).

2 OBSERVATIONS AND RESULTS

ALMA (project code 2016.1.00078.S) observed 47 Tuc V3 in
Band 7 on 2018 May 12, 13, and 15, totalling 5.2 h of on-
source observation over four spectral windows, spanning 331.74—
348.73 GHz. The CO J = 3 — 2 line (345.796 GHz) was covered
at a resolution of 488 kHz (0.42km s~!), with a resulting noise of
0.62 mJy channel ! beam™, in a window that also covered the SiO
v=1J=8—"7(344.917 GHz) line. The remaining windows were
observed at a resolution of 15.625 MHz (13.5km s~!), attaining a
total continuum sensitivity of 21 uJy beam™'. The uv-coverage of
the array is sensitive to angular resolutions between 1.14 arcsec and
5.51 arcsec.

Fig. 1 presents the resulting spectra, extracted in a circle of radius

The 2010 edition is used throughout.
2The velocity is approximate because pulsations vary the optical velocity
by £10km s~
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1 arcsec around V3. Channel maps of the (stronger) SiO line show
V3 is recovered as a point source at 00"2516.5023 — 72°03 5470,
well within a synthesised beamwidth of its expected position
(00"25™16.5003 — 72°03'54768; Gaia Collaboration et al. 2018).
The CO line appears to be narrow, but perhaps with an additional
redshifted wing, closer towards the cluster rest velocity, at a
significance of 1.5¢. The SiO line may be a maser source, and
it may also lie on a weak plateau over a wider (=4 km s~!) extent.
No lines appear in the other spectral windows.

The CO line peaks at 2.4 & 0.6 mJy beam ™! channel™' (3.80),
with an integrated line strength of 35.8 £ 5.1 mJy km s~! (70)
computed over the 1 arcsec aperture and the velocity range —46 to
—36km s~!. The half-width at zero power (FWZP) is 8 channels
(3.4km s~!). The same values for the SiO line are 8.2 & 0.6 mJy
beam~! channel™' (13¢0), 48.9 + 4.4 mJy km s~! (110), with an
HWZP of 9 channels (3.8 km s~!). The CO and SiO spectra over the
1 arcsec aperture were each fit by a parabolic line function using 2
minimization, resulting in respective peak fluxes of 4.8 £ 0.6 and
5.2 £ 1.2 mJy, central velocities of —40.6 & 0.3 and —40.4 £ 0.4 km
s™!, HWZP of 3.2 + 0.4 and 4.9 & 0.6km s~', and reduced x? of
2.2 and 5.3.

V3 is recovered in the frequency-averaged continuum image
(the CO and SiO lines were masked from its construction), with
a 345-GHz flux density of F' = 58 £ 16 uJy (3.50). Fig. 2 shows
the spectral energy distribution of V3, accompanied by a dustless
photospheric model for the underlying star. By scaling this model,
the photospheric flux density at 345 GHz (869 um) is expected
to be 28 uly, other (unresolved) molecular lines can be expected
to contribute 10 pJy to the continuum flux density, and some
synchrotron component may be expected from the chromosphere
(Reid & Menten 1997), meaning the continuum flux density from
dust is <20 + 16 wJy. Unfortunately, this flux density does
not greatly constrain the dust properties, except that its spectral
emissivity slope between 22 and 869 um is 8 = 0.02 at lo. An
unrelated 345-GHz point source is detected in the continuum at near
the north-west edge of the synthesised image, at a distance of 1077,
at 00725 14.5210 — 72°03'48722, with a flux density at 345 GHz of
F =556 4+ 56 uly. Another source is tentatively identified, closer to
V3 (2755 west), at 00725 15.479 — 72°03'54"60, with flux density
F =94 4+ 20 wulJy. No counterparts of any kind exist within 2 arcsec
of those positions in the Centre de Données astronomiques de
Strasbourg database, except objects likely to be directly associated
with V3 itself.

3 DISCUSSION AND CONCLUSIONS

These observations are 10 times more sensitive than that previously
obtained for CO J =2 — 1, allowing us to detect the COJ =3 — 2
line and SiO v = 1 J = 8 — 7 line. This can be compared to
similar detections around Galactic (thin disc) stars (e.g. Takigawa
et al. 2017; Kervella et al. 2018), to dust modelling of V3 itself
(McDonald et al. 2011b), and in the context of pulsating giants in
general (Danilovich et al. 2015; McDonald & Zijlstra 2016). With
this, we can infer several facts about metal-poor stellar winds, and
about globular clusters.

Comparison to Galactic stars: Identifying comparable Galactic
stars is difficult, as no star has a similar combination of temperature,
luminosity, and pulsation period and amplitude as V3. Table 1 lists
some of the closest comparisons which have been observed in
CO J = 3 — 2, along with their chemical types (C or M-type),
temperatures, luminosities, periods, amplitudes, wind-expansion
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Figure 1. Line spectra from the observed position of V3. The spectral window containing the CO and SiO lines (marked) has been degraded in resolution to
match the other channels. The lower panels show extracted regions around these lines at full resolution, extracted in a 1 arcsec aperture around V3. A parabolic
fit to the lines is also displayed, along with the mean optical velocity (vj;) and its range (Lebzelter & Wood 2005) and the cluster velocity (v.1; Harris 1996).
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Figure 2. Spectral energy distribution of V3 (red points), and a dustless
BT-SETTL model atmosphere (blue line) at 3200 K, [Fe/H] = -1.0 dex
and log(g) = 0 dex (Allard et al. 2003). Photometry from the Magellanic
Clouds Photometric Survey (Zaritsky et al. 2002); the Two-Micron All-
Sky Survey 6X (Skrutskie et al. 2006, VizieR catalogue 11/281); Glass &
Feast (1973); the Wide-field Infrared Survey Explorer ‘AIWISE’ catalogue
Cutri et al. (2013); Boyer et al. (2010); van Loon et al. (2006); Ita et al.
(2007); McDonald et al. (2011b); Origlia et al. (2002); and McDonald et al.
(2015).

velocities, and CO J = 3 — 2 line intensities (scaled to a distance
of 4.5 kpc).

An SiO maser? The 344 GHz v = 1 line forms much closer to
the star (Takigawa et al. 2017). It is normally weaker than the CO
line, but the Si/C ratio in V3 is approximately twice that of Galactic
stars (Roediger et al. 2014). The sharp peak could indicate a near-
stationary, molecular layer near the stellar surface. However, the SiO
line is asymmetric and not well fit by a parabola (Fig. 1), suggesting
the line is more likely masing. Thermal wings may extend closer to
Voo, but the true extent may be sensitivity-limited.

The ISRF: McDonald et al. (2015) constrained the mass-loss
rate of V3 to be 1.2-3.5 x 1077 M yr~'. Galactic stars with
similar mass-loss rates, luminosity, and pulsation properties would
(at 4.5 kpc distance) have CO J = 3-2 flux densities of nearly
1 Jy km s~! (Table 1, data from Schéier et al. 2013; see also De
Beck et al. 2010; McDonald et al. 2018). We retrieve a CO line
intensity an order of magnitude lower than this. V3 is comparatively
metal-poor, but the lower CO abundance should be approximately
balanced by the higher flux expected from a slower wind (Ico*v!?;
De Beck et al. 2010), hence we anticipate that the CO line intensity
is diminished due to strong photodissociation of CO (cf. Mamon,
Glassgold & Huggins 1988).

McDonald et al. (2015) estimated that the ISRF at V3 was
9x stronger than in the Solar Neighbourhood, with a factor 3
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Table 1. Properties V3 and comparable Galactic objects.

Cluster Type Tett L P AV K—[22] M Voo 1153 - 2)
(X) Le) (d) (mag)  (mag) Mgy (ms™")  (ykms')

V3 M 3153 2975 192 42 1.0 2 x 1077 32 0.036

X Cnc C 2200 2800 195 1.9 1.03 7 %1078 6.5 0.25

W Ori C 2600 3500 212 4.2 1.33 7x 1078 10. 0.40

R Cas M 2800 3500 430 8.8 2.39 5x 1077 10. 0.35

uncertainty, matching this order-of-magnitude deficit in CO line
flux. The same paper presented a model of CO dissociation around
V1, which is expected to have an ISRF 5x stronger than V3. A CO
J =3 — 2 intensity of 6.1 mJy km s~! was predicted, 5x smaller
than that observed in V3. Given the myriad uncertainties in both the
scaling and modelling, it is remarkable that the CO line flux from
V3 should so precisely match the expectations for a stellar wind
experiencing dissociation by the ISRF. Based on this model, which
assumed v, = 10km s~!, half of the CO around V3 would be
dissociated by 1000 R, (~0"2), or after 2000 yr. It can be presumed
that dust also becomes photo-ionized, leading to its absence in the
ISM of most globular clusters (e.g Boyer et al. 2008). While many
mechanisms have been proposed to remove intra-cluster material
from globular clusters (see discussion in McDonald & Zijlstra
2015a), these observations can be interpreted as supporting this
photo-evaporation model.

Dust and the wind-driving mechanism: The available information
does not allow us to directly determine whether radiation pressure
on dust, momentum transfer from pulsations, or another mechanism
(e.g. magnetic fields; e.g. Dupree, Hartmann & Avrett 1984)
physically drives the wind, hence we must look at the balance
of evidence. Pulsation-driven winds have received little attention in
the literature. However, the observations have similarities with the
type B models of Winters et al. (2000), which predict 10~7 Mg,
yr~! winds at 5km s~! from stars where radiation pressure on dust
does not exceed gravity until several stellar radii: pulsations would
be needed to levitate material to this altitude. Magnetic fields cannot
be completely ruled out either, however it would be conceptually
difficult to generate the sudden factor of 100x increase in mass-loss
rate seen during the transition to a dust-producing wind (McDonald
et al. 2018). A wind driven by radiation pressure on dust can be
examined in more detail.

As the CO line profile is well-represented by a paraboloid, ve,
can be taken directly as half the model’s HWZP: 3.2 £ 0.4km s~'.
However, if the tentative redshifted component is real, either v
could be slightly higher, or the CO envelope may be interacting
with the lower velocity interstellar media of the cluster.

The critical test of the role of dust in driving the wind is
the metallicity scaling: if the wind momentum is derived from
radiation pressure on dust, and in the absence of any other changes,
the terminal wind velocity should scale as vo,*+/Z (e.g. Habing,
Tignon & Tielens 1994; Nenkova, Ivezi¢ & Elitzur 1999). If the
wind momentum is set by a metallicity independent mechanism
(e.g. pulsations or magnetic fields acting on gas), then there should
be no such metallicity scaling, and the wind velocity will instead
depend on the strength of this alternative driving mechanism. The
observed wind velocity of V3 is a factor of 2-3x slower than the
typical v, for Galactic (solar metallicity) stars of similar properties
(Table 1). As the metallicity of 47 Tuc is approximately 0.2 Z),
this is closely in keeping with a v, o +/Z law, meaning the wind
is likely to be driven by radiation pressure on dust.

MNRASL 484, L.85-L.89 (2019)

The extremely slow vy, means that the wind of V3 may not
become a net supersonic outflow until several tens of R,.. Driving a
wind from this point is difficult: we expect the levitating effects of
pulsation shocks to be minimal, for dust formation to be essentially
complete, and for the wind to have reached its terminal velocity
(e.g. Liljegren et al. 2016). We therefore expect some infall of
material back towards the star, even at large radii. Multiple passages
through the condensation zone for a dust species may allow dust
formation out to larger radii, allowing different species to condense,
and resulting in V3’s unusual, featureless dust spectrum. Additional
species may include metallic iron (McDonald et al. 2010), which
could provide the extra opacity needed to efficiently drive a wind
via radiation pressure on dust.

The recovered v, exactly reproduces the 3.2 km s~! predicted for
awind accelerated purely by radiation pressure on metallic iron dust
(McDonald et al. 2011b). The modelled mass-loss rate (9.4 x 107
M@ yr™") is higher than the constraint from evolutionary arguments
(1.2-3.5x 1077 Mg yr~"). While this discrepancy could arise from
a poor understanding of early-AGB mass-loss rates, a more obvious
candidate is a more opaque form of dust, such as smaller or more
porous dust grains, or a different type of condensate. Several of
these factors may be needed to match the modelled mass-loss rate
with the evolutionary one. We hypothesize that grains grow slowly
in the metal-poor environment, before becoming large and opaque
enough to be accelerated from the star. This gives a denser, quasi-
stationary, dust-forming layer, with a higher opacity, making the
mass-loss rate appear larger than it really is. This clumpy wind
model is also similar to the 3D model of Takigawa et al. (2017),
where local acceleration causes denser, more-opaque clumps to
achieve escape velocity once sufficient dust has formed, while the
remainder cannot be efficiently ejected.

We caution that it is difficult to ascertain with certainty the wind-
driving mechanism in metal-poor stars from observations of a single
object, especially given the possibility of geometric asymmetries or
time-dependencies in the wind properties. However, to summarize
the results of these observations and those in the Magellanic Clouds,
we find that low metallicity has no discernable impact on the
predicted mass-loss rate of stars, nor the infrared excesses they
obtain at a given evolutionary stage. This suggests that the mass-
loss rate is set by stellar pulsations (cf. McDonald & Zijlstra 2016;
McDonald et al. 2018). However, the low outflow velocity from
V3 compared to Galactic stars (also suggested in the Magellanic
Clouds; Groenewegen et al. 2016; Matsuura et al. 2016; Goldman
etal. 2017) and change in dust properties suggests that v, is still set
by a metallicity dependent mechanism, namely radiation pressure
on dust. Observation at higher frequencies, to detect higher CO
transitions and the dust continuum, would help constrain both the
dust properties (e.g. the spectral slope of the dust emission) and
ISRF; observations of stars at lower metallicity would help constrain
the metallicity scaling law; while observations of Halo stars are
encouraged to explore the effects of the ISRFE.
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