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1 INTRODUCTION

ABSTRACT

Atacama Large Millimetre Array observations show a non-detection of carbon monoxide
around the four most luminous asymptotic giant branch (AGB) stars in the globular cluster
47 Tucanae. Stellar evolution models and star counts show that the mass-loss rates from these
stars should be ~1.2-3.5 x 1077 M yr~'. We would naively expect such stars to be detectable
at this distance (4.5 kpc). By modelling the ultraviolet radiation field from post-AGB stars
and white dwarfs in 47 Tuc, we conclude that CO should be dissociated abnormally close to
the stars. We estimate that the CO envelopes will be truncated at a few hundred stellar radii
from their host stars and that the line intensities are about two orders of magnitude below our
current detection limits. The truncation of CO envelopes should be important for AGB stars
in dense clusters. Observing the CO (3-2) and higher transitions and targeting stars far from
the centres of clusters should result in the detections needed to measure the outflow velocities
from these stars.

Key words: stars: AGB and post-AGB — circumstellar matter — stars: mass-loss — stars: winds,
outflows — globular clusters: individual: NGC 104 —infrared: stars.

star’s red giant branch (RGB) and early asymptotic giant branch
(AGB) evolution, when warm (~6000 K) plasma is ejected from

Our understanding of how baryonic matter is recycled from metal-
poor stars back into their host environment currently faces two
major problems: how is mass actually lost from the stars and what
happens to it when it is returned to the interstellar medium (ISM)?

Mass-loss from giant stars follows a two-stage process. Chromo-
spheric or magneto-acoustically driven mass-loss occurs during a

* E-mail: iain.mcdonald-2 @manchester.ac.uk

the surface (e.g. Dupree, Hartmann & Avrett 1984; Lim et al. 1998;
Lobel & Dupree 2000; Schroder & Cuntz 2005). Although initially
faster, this wind slows to ~10 km s~! at the luminosity of the
RGB tip (McDonald & van Loon 2007; Groenewegen 2014). Later,
k-mechanism pulsations can levitate material from the star, enhanc-
ing the mass-loss rate (Wood 1979; Bowen 1988). Strongly linked
to this pulsation is the formation of dust in the denser stellar at-
mosphere (e.g. Bladh & Hofner 2012; McDonald, Zijlstra & Boyer
2012; McDonald et al. 2014). Radiation pressure on this dust drives
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the stellar wind in a cooler outflow, also of typically ~10 km s,

rising with stellar luminosity to ~20 km s~ (e.g. Loup et al. 1993;
Marshall et al. 2004). Although dust production begins at lumi-
nosities below the RGB tip (Sloan et al. 2010; McDonald et al.
2011a; McDonald, Johnson & Zijlstra 2011b; McDonald, Zijlstra
& Boyer 2012), sufficient radiation pressure to drive the wind is
only achieved once the star reaches ~1000-5000 L (e.g. Winters
et al. 2000; Riebel et al. 2010; Ita & Matsunaga 2011; McDonald
et al. 2014).

However, the expansion velocities of metal-poor stellar winds
are poorly known. The stars are smaller compared to metal-rich
stars at the same luminosity, so pulsations are thought to be weaker
(Kjeldsen & Bedding 1995). The stellar surface resides deeper in
the gravitational potential, so material must be levitated further
before reaching temperatures where dust can condense. We also
expect the dust-to-gas ratio will decrease, meaning that the associ-
ated mass-loss rate and velocity enhancements will also decrease.
The transition between a chromospheric and pulsation-enhanced,
dust-driven wind should consequently happen at a higher luminos-
ity (Winters et al. 2003; McDonald et al. 2011c, 2012). Without
measurement of these expansion velocities, however, these theo-
ries remain untested. The wind expansion velocity is an important
parameter in determining mass-loss rates from radiative transfer
modelling of infrared excesses, which is a valuable method of de-
termining the mass of both dust and gas ejected by giant stars, and
the only method currently feasible outside our Galaxy (e.g. Boyer
et al. 2011, 2012, 2015; McDonald et al. 2011c; Sloan et al. 2012;
Javadi et al. 2013; Jones et al. 2015).

Once material leaves the star it is reprocessed, first by the inter-
stellar radiation field (ISRF) and then by interstellar shocks. Other
unknowns then become important in determining how quickly dust
is destroyed, molecules are dissociated and atoms ionized. Con-
tributing factors include the star formation history of the popula-
tion [setting the UV flux from high-mass main-sequence, low-mass
horizontal-branch (HB) and post-AGB stars], the amount of inter-
stellar dust shielding and the local stellar density. There is a growing
realization that the environment in which stars lie can have profound
effects on their molecular and mineralogical yields (Zhukovska,
Petrov & Henning 2015).

Nowhere is this more strongly felt than globular clusters. The
preparation of this work sparked the theory that ionization should
exert a powerful control over the interstellar environment of globular
clusters (McDonald & Zijlstra 2015a). Very strong ISRFs should
be generated by post-AGB stars and the hottest white dwarfs, but
the short-lived nature of these objects means the ISRF is constantly
varying. Not only should these sources be capable of dissociating
and ionizing the intracluster medium (ICM), but they also provide
the ICM with enough thermal energy that it overflows the globular
cluster, preventing further star formation.

We now turn our attention to the circumstellar environments of
globular cluster stars. Many of the above issues can be addressed
by observing (sub-)mm CO lines emanating from the winds of
stars in globular clusters. CO is one of the first molecules to form
as the extended atmosphere of the star is ejected, and it survives
until its dissociation by the ISRF. This dissociation is mainly by
photoabsorption in molecular lines; hence, even in the absence of
dust, self-shielding can be important in protecting CO in stellar
winds. Observationally, the widths of (sub-)mm CO lines provide
a direct measurement of the wind expansion velocity, while their
strength provides an independent estimate of mass-loss rate. Their
strengths are also affected by the characteristic radius from the
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star at which CO is dissociated by the ISRF (Mamon, Glassgold
& Huggins 1988). Hence, by comparing the strength of CO lines
from stars with known mass-loss rates to model predictions, we can
quantify the strength of the ISRF to which they are subjected.

In this paper, we report on observations with the Atacama Large
Millimetre Array (ALMA) of the four brightest stars in 47 Tucanae.
Section 2 describes these observations, and defines upper limits to
the non-detections we find. Section 3 models the expected mass-
loss rate from the star, the size of the CO envelope, and calculates
the expected strength of the CO transitions. This is done under the
assumption that the ISRF is strong dissociating the CO envelope.
Results are discussed in Section 4. Alternative scenarios which
might remove the CO envelopes of our target stars are explored in
Appendix A.

2 OBSERVATIONS

2.1 Target selection

Among the closest and most populous globular clusters is the
intermediate-metallicity cluster 47 Tuc (NGC 104; 4.5 kpc,
[Fe/H] = —0.72 dex, M = 1.5 x 10° M@; Gnedin et al. 2002;
Harris 2010). This cluster was chosen partly because its stars show
arelatively small spread in chemical abundances compared to other
clusters of similar size (Worley et al. 2010; Gratton et al. 2013;
Cerniauskas et al. 2014; Cordero et al. 2014; Dobrovolskas et al.
2014; Johnson et al. 2015; Lebzelter et al. 2014; Thygesen et al.
2014), and partly because it contains a well-studied set of luminous,
dusty AGB stars.

The cluster’s variable stars have a unique, long and well-covered
history (Pickering 1894). Infrared photometry and spectra have been
published at many wavelengths over many epochs (Glass & Feast
1973; Origlia et al. 1997b; Ramdani & Jorissen 2001; Origlia et al.
2002). Mid-infrared (mid-IR) spectroscopy of the brightest vari-
ables (Lebzelter et al. 2006; van Loon et al. 2006b; McDonald
et al. 2011c) show a mixture of silicate and alumina dust features,
and a potential featureless contribution from metallic iron dust (cf.
McDonald et al. 2010). This combination has led to several es-
timates of their dust-production rates (Origlia et al. 2007, 2010;
Boyer et al. 2010; McDonald et al. 2011a,c; Momany et al. 2012).
High-resolution optical spectroscopy of moderately bright giants
suggests relatively slow outflows from the stellar chromospheres of
~10km s~ (McDonald & van Loon 2007). Near-infrared (near-IR)
spectroscopy (Lebzelter et al. 2014) shows that the brightest stars
have abundances similar to other stars in the cluster. They have not
experienced substantial third dredge-up, and perhaps have not expe-
rienced any dredge-up episodes. As these are the most evolved stars
in the cluster, they may therefore never become thermally pulsating
(TP).

We present sub-mm CO observations of the four most luminous,
most evolved stars in 47 Tuc. They are denoted by Sawyer Hogg
(1973) as V1, V2, V3 and V8. Previously published parameters of
these stars from the above references are given in Tables 1 and 2. In
particular, Table 2 gives the mass-loss rate (MIR) and wind velocity
(vg;;‘) predicted for a purely radiation-driven wind. McDonald et al.
(2011c) derived these on the basis of radiative transfer modelling
of their infrared spectra using the pusTy code (Nenkova et al. 1999)
with a radiation-driven wind (density type = 3).In all four
cases, the spectral energy distributions were best modelled with
a mostly metallic iron wind, with some stars having contributions
from amorphous and crystalline silicates, aluminium oxide and iron
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Table 1. Published properties of the observed stars.

ID RA ("™ s) Dec. °'") r (vrsr) Sv sV P L Toit @
(J2000) (J2000) (arcmin) (kms™!) (kms™1) (mag) (d) Le) (K)
Notes (1) (1) (2) (3) (3) (3) (3) “) (5) “) (5) (5)
Vi 0024 12.65 —720639.9 1.87 —14.7 10 4.03 221 4824 4760 3623 3410 0.90
V2 0024 18.56 —720759.0 3.26 —12.7 12 278 203 3031 4470 3738 3620 0.35
V3 0025 15.96 —720354.8 5.49 —352 11.5 4.15 192 2975 4590 3153 3540 0.18
V8 00 24 08.59 —720354.9 0.99 —32.7 8 1.6 155 3583 - 3578 - -

References: (1) Cutri et al.

(2003, 2MASS); (2) 2MASS offset from cluster core (00"24™05367, —72° 04'5276); (3) average and semi-amplitude of radial

velocities from Lebzelter & Wood (2005) and Lebzelter et al. (2005) with an —8.7 km s~! correction from heliocentric velocity, plus V-band magnitude
pulsation amplitudes (full range) and periods; (4) McDonald et al. (201 1c), based on multiwavelength literature photometry; (5) Lebzelter et al. (2014), based

on instantaneous measurements at the given pulsation phase.

Table 2. Predicted properties of the observed stellar winds.

ID MR vt Tad Dust MReimers Mscos
M@ yrh) (kms~!) (K) composition Mg yr ) Mg yr™h
Notes (6] (1,3) (€Y @ @) 2
Vi 2.1 x 107° 4.0 900 Silicate, metallic iron 29712 x 1077 L1703 % 1070
V2 1.2 x 10°° 3.8 900 Silicate, metallic iron 21412 % 1077 615 x 1077
V3 0.9 x 107° 32 1000 Metallic iron only 24113 x 1077 715 x 1077
\£ 1.5 x 107° 4.0 900 Silicate, alumina, metallic iron, oxides 19103 x 1077 1.0%93 x 107°

References: (1) mass-loss rates, wind expansion velocities, and dust condensation temperatures and mineralogies, based on modelling dust
emission in infrared spectra, from McDonald et al. (2011c); (2) based on McDonald & Zijlstra (2015b): minimum expected mass-loss rates
following Reimers (1975) with n = 0.477 £ 0.07070.03) and Schroder & Cuntz (2005, hereafter SC05) with 1 = 0.172 £ 00247023, both
assuming M = 0.55 M; (3) expansion velocities neglect any momentum input other than radiation pressure on dust, based on Nenkova, Ivezi¢

& Elitzur (1999).
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Figure 1. Map of imaged regions (squares), with the cluster centre
(green + symbol) and pulsars (small blue letters, from Freire et al. 2003)
shown. The large, green asterisk marks the only significant UV source: an
optically bright post-AGB star.

oxide. Table 2 also gives the mass-loss rate expected for a purely
magneto-acoustically driven wind, as derived from semi-empirical
scaling laws applied to the cluster’s other stars (MReimerS, Mscos; see
Section 3.2).

2.2 ALMA and APEX observations

Observations of 47 Tuc V1, V2, V3 and V8 (see Fig. 1) were carried
out using ALMA in receiver band 6 on the night of 2013 Novem-
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ber 05 over a 1.05 h integration. Observations were centred on the
12C160 J =2 — 1 transition at 230.538 GHz, and were carried out
at high precipitable water vapour (2.8-3.5 mm) but otherwise good
conditions. The correlator output consisted of 3840 channels of
244.141 kHz each. The data were processed following the standard
ALMA quality assurance calibration and imaging processes. Nep-
tune was used for amplitude calibration and the quasars J1924—-291
and J0102—7546 for bandpass and phase calibration, respectively.

During the ALMA observations the majority of antennas (26 of
29) were positioned within ~250 m of the array centre; the re-
maining three telescopes were at larger distances (~530, ~790 and
~1014 m). At the imaging stage of data reduction, the visibilities
from these three antenna were downweighted.! This was accom-
plished using the uvtaper parameter set to True and the outa-
per option set to 1.5 arcsec in casa’s CLEAN task (McMullin et al.
2007). In addition to this, a restoring beam of 2 arcsec x 2 arcsec
was also applied at the CLEANing stage. These techniques were
used to generate images with a beam more representative of the
antennas in the centre of the array. Imaging additional to that pro-
vided with the ALMA data release was conducted in casa using the
CLEAN routine to create two data cubes for each source, one with
a binning of 10 spectral channels (channel width: 3.2 km s~ bin~')
and one with two-channel binning (0.64 km s~!' bin~'). The pixel
scale in both cubes is 0.15 arcsec pixel ™.

No line or continuum source is visible in any of the maps to the
depth of the observations. The standard deviation of the noise in
the final images is ~14 mJy beam™~! per 0.64 km s~! channel pair
for V1, V3 and V8, and ~16 mJy beam™' per channel pair for V2.

!'This provides a trade-off between competing noise sources: noise is in-
creased by the larger solid angle within the beam, but additional noise from
the poorer phase calibration on longer baselines is reduced.
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Figure 2. On-source ALMA spectra of the four observed sources (points),
offset by an arbitrary flux level with zero flux lines shown. The cluster mean
velocity is —26.7 kms~! (Harris 2010) and the range of radial velocities over
the pulsation cycle are shown as thick horizontal lines (Lebzelter et al. 2005).
Lines show the spectra, boxcar-smoothed by 11, 20, 15 and 7.4 km s~! for
V1, V2, V3 and V8, respectively. This smoothing corresponds to the upper
mass-loss rate limits quoted in Table 3.

The shortest baseline (17 m) corresponds to a maximum detectable
object size of 15.7 arcsec, though the CO shells are expected to
be unresolved (&1 arcsec; Appendix Al). On-source spectra were
extracted using a 3 x 3 pixel box surrounding the central source.

Fig. 2 shows the two-channel-averaged spectra around the veloc-
ity of the cluster. The maximum two-channel flux for each source is
30, 33,36 and 37 mJy beam™! for V1, V2, V3 and V8, respectively.
Each spectrum was examined and found to have noise following
a Gaussian distribution, both on each source and at various points
away from each source. On-source standard deviations in the spec-
tra are 10.2, 11.9, 11.6 and 11.2 mJy beam~' per 0.64 km s~! bin
for V1, V2, V3 and V8, respectively.

Additional data were obtained from the Atacama Pathfinder Ex-
periment (APEX) telescope. A 4 h integration on 47 Tuc V1 was
made in the 345 GHz '>C!'°0 J = 3 — 2 transition (project iden-
tifier: 0-092.F-9327A). Standard reduction of the APEX data was
performed at Onsala Space Observatory before receipt of the data.
No line was detected, with a limiting peak flux of ~0.1 Jy over a
typical 10 km s~! bin from the 17.3 arcsec beam.

2.3 Results and comparison to previous observations

Neither the ALMA nor the APEX data showed any convincing
indication of spectrally resolved CO emission (e.g. departure from
Gaussian noise centred around zero flux).

The only previous significant CO observations of the cluster are
by Origlia et al. (1997a), who claim a weak CO (1—0) detec-
tion around the cluster’s velocity with a signal-to-noise ratio of 3.
We interpret their peak fluxes as 1.6 Jy, assuming an aperture ef-
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Table 3. Properties of the observed stellar winds derived
from the upper limit to the CO(2— 1) line flux.

ID COR2—1) rms noise o
(mJy kms™1) (mJy kms™1)

Vi <183 85 2.1

V2 <168 114 14

V3 <170 99 1.7

V38 <162 70 2.3

Notes: Based on CO (2—1) line flux. The root-mean-
squared (rms) noise is the quadrature-summed average
flux of a region of identical width, offset by +100 km s~
from the ‘detection’. The significance (o) is the multiple
of the rms noise by which the line ‘detection’ is above
the mean.

ficiency for the Swedish-ESO Sub-millimetre Telescope® (SEST)
of 27 Jy K~!. Origlia et al.’s observing position is not quoted, but
assumed to be o &~ 00"24™m225, § ~ —72°05'48/, following their
offset from Krockenberger & Grindlay (1995). This is 68 arcsec
from V1, compared to a full width at half-maximum SEST beam
width of 45 arcsec. In neither data set do we recover any source
comparable to the CO (1-0) detection of Origlia et al. (1997a),
though the beam footprint of the SEST observations extends con-
siderably beyond both the ALMA primary beam of 15.7 arcsec and
the APEX primary beam of 17.3 arcsec.

The CO emission is expected to be spatially unresolved by ALMA
and the mass-loss rate is expected to be sufficiently low that the
lines will be optically thin. An unresolved, optically thin line will
have a rectangular (‘boxcar’) spectral profile. To identify whether
a low-contrast, spectrally resolved feature is present in our data,
we smoothed our data using a boxcar function (running average).
The boxcar was given different central velocities, from v gg = —50
to 0 km s~ !, and different widths, from 1.27 to 85 km s~! (4—133
channels).

Typical expansion velocities for dust-producing stars in the Milky
Way are ~10-20 km s~ and are typically ~10 km s~! for stars pro-
ducing little dust (e.g. Schoier & Olofsson 2001; Danilovich et al.
2015). We presume that the expansion velocity is vex, < 20km s,
and that the centre of the emission line is Doppler shifted by no
more than 5 km s~! from the average radial velocity of the star. The
limits to the velocity-integrated CO line strength are typically below
<200 mJy km s~!, with a typical 1o uncertainty being ~100 mJy
km s~! (see Table 3). The boxcar-smoothed spectra producing these
maximum fluxes are shown in Fig. 2.

The mean photospheric radial velocities and their pulsation-
induced variation are listed in Table 1.> The highest flux in the
V1 and V8 spectra is within 10 km s~! of the mean photospheric
velocities of the stars as published by Lebzelter et al. (2005). These
may indicate a tentative detection of the CO line, but we do not con-
sider them reliable as they are only at the 1.3¢ and 2.10 confidence
levels, respectively.

2 http://www.apex-telescope.org/sest/html/telescope-instruments/
telescope/index.html

3 Note that the velocities published by Lebzelter et al. (2005) are given
as heliocentric velocities (Lebzelter, private communication), although this
is not explicitly stated in the text. A correction of —8.7 km s~! has been
applied.
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3 THE EXPECTED CO LINE FLUX

3.1 The CO flux under galactic ISRF conditions

Our observations were carried out under the naive assumption that
the envelopes of our target stars behave as Galactic stars do. In this
section, we show that we could expect a similar galactic star to be
observable at the distance of 47 Tucanae. This provides a baseline
to which we can compare our final model.

Olofsson (2008) provides an estimate of the peak CO(2-1) line
flux from an evolved star, namely

M 1.2 15 1.6 CcO 0.7 1 2
s =6 (555) () (o) (5) % @

where M is the mass-loss rate in Mg yr™', ve is the expansion
velocity in km s™!, foo is the ratio of CO to H, and D is the
distance in kpc (D = 4.5 kpc). From Table 2, we can modestly expect
M=~2x107-2x 10°° Mg yr~', depending on the star and the
method used. If we assume M > 3 x 107" M yr~! (appropriate
for V1), a canonical v. = 10 km s~ and foo = 4 x 107 [based
on scaling a canonical 2 x 10~* (Ramstedt et al. 2008) by the
metallicity of 47 Tuc, which is a fifth of solar metallicity], we
obtain a peak flux of >14 mJy. Assuming a boxcar profile gives an
integrated intensity of >280 mJy km s~!, which is still greater than
our upper limit.

Olofsson (2008) also predicts that the CO(3-2) flux should be
around twice as strong. A less conservative value of M =106
Mg yr~! produces 1200 mJy km s~! for the CO(2-1) line, imply-
ing 2400 mJy km s~! for the CO(3-2) line or 1.2 in our APEX
observation.

Much depends on the exact values used in the equation above,
as well as the accuracy of the formula itself. Stars in globular
clusters exist in environments unlike the well-studied stars in the
solar neighbourhood. In particular, it has recently been shown that
the ISRF is considerably stronger and harder (McDonald & Zijlstra
2015a). This will have a substantial impact on the size of the CO
envelope and the line flux emitted from it. In this section, we re-
evaluate the expected CO line fluxes from these stars by creating a
photochemical dissociation model for V1. We consider other factors
peculiar to globular clusters in Appendix A, but find that they have
little impact.

3.2 Expected mass-loss rates

3.2.1 Expected mass-loss rate from chromospheric physics

In general, mass-loss rates of stars without dust-driven winds are
comparatively well determined and have been parametrized into
scaling relations. Two common formalisms which are frequently
adopted are the empirical formalism of Reimers (1975) and its semi-
empirical modification by SCO5. In these formalisms, the mass-loss
rate is scaled by an efficiency factor, . In terms of observable units,
they can be written as

1.5

. L
Mg =4 x 10" PR )

MT?’
and

3.5
Mse =4 x 107 Bygc L 1+; , 3)
MT?\0.6925 4300M T

where the luminosity, mass and temperature (L, M, T,) are all scaled
to solar units and the mass-loss rate is in M yr~!. Throughout a
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large sample of Milky Way globular clusters, McDonald & Zijlstra
(2015b) compared the mass lost between the main-sequence turn-
off and the HB and compared it to theoretical isochrones at fixed 7.
This fixes n around the point where mass-loss is strongest, close to
the RGB tip. From these, the following efficiency parameters were
derived for the median stars in globular clusters:

g = 0.477 £ 0.0707 025 and
nsc = 0.172 £ 0.024 73918, @

where each value is given with its respective statistical and sys-
tematic error.* From these, we derive the minimum mass-loss
rates listed in Table 2 of Mgeimers ~® 2—3 x 1077 Mg yr~! and
Mscos ~ T—11 x 1077 Mg yr~'. These values are appropriate for
‘stable’ stars, without extra energy from pulsations or radiation
pressure on dust. While the interplay of pulsations on transfer of
magneto-acoustic energy to the chromosphere is poorly determined,
we would expect these values to provide a lower limit to the mass-
loss rate from pulsating, dusty AGB stars.

3.2.2 Expected maximum rate from stellar evolutionary arguments

The mass lost from an AGB star during the last part of its life must
not exceed the envelope mass of the star at the beginning of that
period. Low-luminosity AGB stars are not easily separable from
RGB stars. AGB stars can only be uniquely identified once they
exceed the luminosity of the RGB tip. If we can determine both
the remaining lifetime of an AGB star passing the luminosity of the
RGB tip and the envelope mass it has when it does so, the quotient
of the two should yield the average mass-loss rate of AGB stars
above the RGB-tip luminosity.

The time spent above the RGB tip is relatively easy to compute.
Our four stars lie above the RGB of 47 Tuc. For the purposes of
these calculations, we also include the fifth-brightest star in the
cluster. V4 is a probable AGB star at the luminosity of the RGB
tip (see the Hertzsprung—Russell diagram presented by McDonald
et al. 2011c). Like its brighter counterparts, it shows long-period
pulsations and an infrared excess, consistent with circumstellar dust
production. Assuming that there are typically 5 & +/3 stars above
the cluster’s RGB tip, and taking an evolutionary rate of one star
passing the RGB tip every 80 000 years (McDonald et al. 2011c),
these five stars should represent the last 0.40 £ 0.18 Myr of AGB
evolution in the cluster.

The envelope mass at the luminosity of the RGB tip is more
difficult to calculate. Gratton et al. (2010) determine zero-age hor-
izontal branch (ZAHB) star masses in 47 Tuc. Their ground-based
measurements suggest that the ZAHB star mass ranges from 0.629
to 0.666 M, with a median of 0.648 M), but they also include
masses derived from Hubble Space Telescope (HST) photometry,
which range from 0.650 to 0.691 M), with a median of 0.674 M.
We assume that these stars will end their lives as a 0.53 M white
dwarf, based on measured masses of white dwarfs in other clusters
(Richer et al. 1997; Moehler et al. 2004; Kalirai et al. 2009). These
masses imply that ~0.12 or ~0.16 M, is lost during the entire HB
and AGB evolution, including that below the RGB-tip luminosity.

4 Heyl et al. (2015) model diffusion of AGB stars in 47 Tuc, arguing for a
lower n on the RGB (nr 2 0.1) and a higher 1 on the AGB (nr ~ 0.7). This
would increase the predicted mass-loss rate for our targets. Private commu-
nications with Heyl et al. have not identified the source of the discrepancy.
Lebzelter & Wood (2005) also argue for a slightly smaller ng &~ 0.33, on
the basis of the stellar period—luminosity diagram.
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Assuming the limiting case of losing 0.16 M) over 221 000 years,
the average mass-loss rate for stars above the RGB tip of 47 Tuc
must be <7 x 1077 Mg yr'.

A more limiting case is reached if we can estimate the envelope
mass at the luminosity of the RGB tip itself. Calculating the mass
lost between the ZAHB up the AGB to the luminosity of the RGB tip
is not trivial. The evolutionary track used by McDonald & Zijlstra
(2015b) was designed to reproduce the RGB and HB of 47 Tucanae.
This track was generated with the MEsa (Modules for Experiments
in Stellar Astrophysics) stellar evolution code (Paxton et al. 2011,
2013). Mass-loss was included at the rate of ng = 0.45, reproducing
a ZAHB mass of 0.666 M after 12.02 Gyr. The model loses a
further 0.067 M between the ZAHB and the point where the
star reaches the same luminosity as the RGB tip (i.e. the same
luminosity as V4). Taking the limiting case of the HST-derived
mass of 0.674 My, a total mass at the luminosity of the RGB tip of
0.607 M¢, is implied, giving an envelope mass of ~0.077 M) and
limiting the average mass-loss rate to <3.5 x 107 Mg yr'. In
contrast to the mass-loss rate in the previous paragraph, this mass-
loss rate requires that Reimers’ mass-loss formula is appropriate for
early-AGB stars.

3.2.3 Summary

Reimers’ scaling law> provides a lower limit to the mass-loss rates
for pulsating AGB stars, implying an average mass-loss rate for
our four stars of >2.3 & 1.1 x 1077 Mg yr~'. Stellar evolution
models, pinned by the mass of HB stars (Section 3.2.2), suggest
an upper limit of <3.5 x 1077 Mg yr~'. We can therefore expect
the mass-loss rate from our four observed stars to lie in the range
1.2-3.5 x 107" Mg yr .

This predicted mass-loss rate is estimated to produce a CO line
flux within the noise limit of our observations. However, the average
predicted mass-loss rate is much less than the average of 1.4 x 10~°
Mg yr~! derived from these stars’ infrared spectra,® although the
infrared-based rates do come with a sizeable and poorly quantifiable
uncertainty. These infrared-based mass-loss rates assumed slow (2—
4 km s~') winds, accelerated only by radiation pressure on dust;
faster (=10 km s~') winds would increase the calculated mass-loss
rate.

3.3 The interstellar radiation field (ISRF)

The radiation environment within globular clusters differs from that
in the solar neighbourhood (McDonald & Zijlstra 2015a). The ion-
ized hydrogen and lack of interstellar dust within globular clusters
reduce the opacity for ionizing photons. lonizing sources are mainly
post-AGB stars and white dwarfs, rather than the O and B stars of
the solar neighbourhood. This leads to a much harsher ISRF than is
typically assumed.

The ISRF of 47 Tuc was modelled in detail by McDonald &
Zijlstra (2015a). The ISRF can vary considerably, as the presence
of very hot post-AGB stars in the cluster is stochastic. Many of

3 This process can be repeated with the SCO5 scaling law, which predicts an
average of >8.5 £ 4.3 x 1077 Mg yr~! for our stars. This is inconsistent
with the <3.5 x 1077 Mo yr~! provided by the evolutionary analysis. This
suggests that the SCOS law is not appropriate for this particular situation.

6 Note that these assume a dust-to-gas ratio of 1:1076. The metallicity of 47
Tuc limits the abundance of refractory elements such that the true dust-to-gas
ratio should not be closer to unity than 1:778 (McDonald et al. 2011c).
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the hottest post-AGB stars and white dwarfs in the cluster remain
unobserved. We must therefore rely on stellar evolution models to
describe the typical ISRF within 47 Tuc and its temporal range.

To compute the ISRF impinging on each AGB star, we have
created a three-dimensional model of the cluster. We begin with
the catalogue from McDonald et al. (2011a), which contains the
two-dimensional (RA-Dec.) position of almost every post-main-
sequence source in the cluster up to the early post-AGB phase. We
assume that this is also representative of the distribution of more
evolved, hotter post-AGB stars. For each catalogued source, we
assign a physical depth within the cluster. Assuming an Earth-to-
cluster distance of 4500 pc, we randomly select a source nearby in
right ascension to each star and use the declination of the random
source to assign a radial distance from the cluster centre for each
target source. This creates a stellar distribution with the same radial
density profile as the density profile in declination, approximating
a spherically symmetric distribution.

We then take the post-AGB stellar evolution model of McDonald
& Zijlstra (2015a), following the emitted spectrum as it evolves
through its upper-AGB, post-AGB and hot-white-dwarf evolution.
‘We follow the evolution of each of our model sources in time,
randomly forcing one of our sources to undergo this post-AGB
evolution with an average of once per 80 000 years (the stellar
evolution rate according to McDonald et al. 2011a). Summing the
modelled flux from these sources at the locations of our four target
stars, we obtain the integrated ISRF impinging upon them.

This model was run 100 times, in order to simulate different radial
distributions of the radiation sources and observed targets. For each
run, the evolution was followed for 10° years to quantify the time
variability of the radiation.

Fig. 3 shows the ISRF, averaged for each source over all runs and
all times. For comparison, the figure also shows the solar neigh-
bourhood ISRF used by Mamon et al. (1988, originally from Jura
1974). The radiation field in the 914-1120 A region (normally as-
sociated with CO dissociation) is typically many times higher than
the Mamon et al. (1988) value, and it is also considerably harsher.

3.4 Modelling the outer CO shell radius

3.4.1 A crude estimate

CO in the circumstellar environment has some self-shielding, but
most shielding comes from circumstellar dust and H,, as shown by
Mamon et al. (1988, their fig. 2). At some depth the atmosphere
becomes optically thick to incoming or outgoing radiation, forming
the photosphere or T = 1 layer. In mass-losing stars, particularly
at short wavelengths, the T = 1 layer is wavelength dependent, de-
pending on the shielding within the wind. Dissociation can therefore
take place in an unshielded environment, if the time to intercept a
UV photon is large compared to the time taken to reach the 7 = 1
layer, or a shielded environment if it is smaller.

If shielding is not important, the CO dissociation radius will
be limited simply by the average time it takes for a CO molecule
to encounter an interstellar UV photon, and the CO dissociation
radius around metal-poor stars should be very similar to metal-
rich stars. If the shielding is important, CO will be dissociated
close to the 7 = 1 layer, and the dissociation radius around metal-
poor stars should be smaller. However, it cannot become much
smaller before H, becomes the dominant shielding mechanism.
In either case, we expect metallicity to only have a second-order
effect on the CO dissociation radius, and that the primary effect
will be the strength of the ISRF. For a solar-neighbourhood ISRF,
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Figure 3. The ISRF estimated for each star. The line denotes the best
estimate, time-averaged value, with lightening colours of grey representing
the 68.3, 95.5 and 100th centile ranges. The ISRF in the solar neighbourhood
(as assumed by Mamon et al. 1988) is shown as the dotted green line.

we would expect the 47 Tuc stars have CO envelopes filled to
~0.013-0.023 pc (Appendix Al). A stronger ISRF will dissociate
CO proportionally more quickly, so the dissociation radius should
be inversely proportional to the ISRF strength.

The primary contribution to CO dissociation is normally the
1076 A band (Mamon et al. 1988), though the harder radiation
field may change this in our case. The potential range in ISRF
strength is large (Table 4) and is considerably greater for the stars
closer to the cluster centre (V1, V8) than stars on the cluster’s out-
skirts (V2, V3). Taking the 1o ranges for the potential variation in

MNRAS 453, 4324-4336 (2015)

Table 4. Modelled ISRF incident on each star at 1076 A, relative to
the flux in the solar neighbourhood from Jura (1974, 162 000 photons
em~2 s~! A1), The centile probabilities approximate the best estimate,

lo, 20 and full ranges of the modelled fluxes.

Star 1076 A ISRF strength at given centiles

0 2.25 15.85 50 84.15 97.75 100
V1 1.4 1.8 7.0 49 102 170 256
V2 0.55 0.65 3.6 19 37 59 87
V3 0.31 0.47 2.6 9.0 22 124 483
V8 43 52 14 135 315 551 858

ISRF, we compute a typical range of CO envelope outer radii of
~4 x 1073-0.008 pc or 8-1800 au. This does not for changes in the
(self-)shielding of CO or the harder ISRF, and implies that CO may
be dissociated very close to the stellar surface (<10 R,) at certain
times. If the wind remains optically thin below these heights, there
may be substantial CO dissociation within the dust-formation shell
(2-10 R,) around these stars. More typically, however, we would
expect 90 per cent of the CO to be dissociated by ~100 au (~120
R.)in V1 and ~30 au (~40 R,) for V8.

3.4.2 A simple model

To get a simple estimate of the abundance of CO that could be
expected in a high-UV-field, metal-poor environment, we set up
the following toy model, which we base on 47 Tuc V1. We used
the moving-mesh code Arepo (Springel 2010). Our version of the
AREPO code has been modified to include time-dependent chemistry
as presented by Smith, Glover & Klessen (2014) [for full details
see Glover (2007) and Glover & Clark (2012)]. The CO abundance
is calculated assuming that the CO formation is limited by an ini-
tial radiative association step, and that the CO destruction rate is
primarily through photodissociation. The gas is shielded from the
ambient radiation field by dust and gas self-shielding, which we
calculate using the approach of Clark et al. (2012).

The physical model consists of an expanding shell of
gas with a total mass of 9 x 107* Mg, following an
M(r) ocr~? power law, starting from the assumed stellar surface
at R, = 1.3 x 10" cm = 0.87 au. The entire envelope corresponds
to the mass ejected over 3000 yr’ at a mass-loss rate of 3 x 1077
Mg yr~!. The gas initially follows a 7(r) o ¥~ power law (e.g.
Groenewegen 2012) with the inner surface corresponding to the
temperature of the stellar photosphere, taken to be 3517 K.

In this oxygen-rich environment, the fractional abundance of CO
is determined by the carbon abundance: [C/Fe] = —0.13 + 0.20
dex (Roediger et al. 2014). The carbon abundance varies be-
tween [C/Fe] ~—0.5 dex for a few CNO-processed stars and
[C/Fe] = 0.0 dex for the majority of the stellar population (Briley
et al. 2004). We use [Fe/H] = —0.72 dex, following Harris (2010),
and [C/H] = —0.72 dex to conservatively model the carbon-rich
end of the population. We assume a dust-to-gas ratio of 1:1000
(McDonald et al. 2011¢) and [O/H] = —0.57 dex (Roediger et al.
2014). The envelope is initially fully molecular, with all its carbon
in the form of CO.

7 This value was chosen to be sufficiently larger than the typical envelope
filling time of similar stars under solar-neighbourhood conditions (~1300-
2200 yr; Appendix Al). The exact radius and time are not critical to the
results.
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The CO abundance relative to protons was tracked just inside the
inner boundary of the expanding shell, representing an expanding
region of gas in a dynamic envelope. The code assumes an external
UV field with a spectrum equivalent to that seen in the solar neigh-
bourhood (Draine 1978), but with a flux that is 50 times higher (i.e.
50 Habing units;® see Section 3 and Table 4).

This model includes several important simplifications, which
generally lead to an overestimate of the CO abundance and an
overestimate of the CO dissociation radius. The most important of
these assumptions are as follows.

(i) The adoption of an ISRF from the solar neighbourhood, scaled
upwards by a factor of 50 to the expected time-averaged flux of
the ISRF in 47 Tuc at 1076 A. The UV field in globular clusters
also contains harder UV photons, which will lead to more rapidly
dissociated CO, and is likely to result in significant quantities of
CO™, oreven CO*™.

(i) A lack of radiative heating from the central star and a lack
of thermal heating by circumstellar dust (collisional heating is in-
cluded). This means the temperature of the CO envelope is colder
than we expect (Fig. 4), protecting the CO in lower ro-vibrational
states. Fig. 2 of Mamon et al. (1988) shows that halving the CO
excitation temperature has a small but noticeable effect on CO shell
size.

Fig. 4 shows the abundance of CO relative to protons as a function
of dynamic radius. At the stellar surface, the carbon is entirely
bound in molecules, with a CO-to-proton ratio of 2.67 x 107>, The
abundance drops rapidly with distance due to photodissociation by
the ambient UV field. By a radius of 2.8 x 10" cm (0.000 92 pc or
218R.), 90 per cent of the CO has been dissociated. This represents
a shell ~22 times smaller than predicted by Mamon et al. (1988) for
a similar Galactic star. Bearing in mind the simplifications above,
we can expect the shell size to be smaller still, suggesting a close to
inverse relation between ISRF strength and CO shell size.

3.5 Predicting the CO line fluxes

Millimetre/sub-mm CO lines at these mass-loss rates are optically
thin (e.g. Ramstedt et al. 2008). Given the ~2 density law of our
wind, we can expect the CO line flux to scale with the shell size, such
that the CO line flux should be ~22 times lower than that predicted
by Ramstedt et al. (2008) for a star losing mass at 3 x 1077 Mg yr L.
Other factors are important, notably the temperature structure of the
atmosphere, which controls the rotational level populations of CO.
We have therefore predicted line strengths from our envelope using
the smmoL radiative transfer code (Rawlings & Yates 2001). Table 5
lists the parameters used in the model.

3.5.1 SMMOL

SMMOL is a spherical-geometry, non-local thermodynamic equilib-
rium radiative transfer code which solves level populations with
the accelerated lambda iteration scheme, described by Rybicki &
Hummer (1991) and Scharmer & Carlsson (1985). It relies on a
discrete spatial grid and ray tracing for radiation transfer and is
optimized for high-optical-depth regimes.

smmoL adopts dust properties from McDonald et al. (2011c),
which uses the pusTy radiative transfer code (Nenkova et al. 1999)

8 A Habing unit is the integrated flux between 912 and 1110 A in the solar

neighbourhood, i.e. 1.6 x 1073 erg s~ ! em 2.

CO dissociation in 47 Tucanae 4331

Density (cm'3)
=)
o
T
Il

CO fraction
S
X
T

90% T

108 | 99% T
Dissociation

107 F fraction 99.9% 4

Input into the photo-chemical model / SMMOL

Calculated by the photo-chemical model

Temperature (K)
=)
o
T

1 01 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
0 67 134 201 267 334 401 468 534
0 81 163 244 325 407 488 569 650

Radius (10'® cm, AU, R.)

Figure 4. Radial properties of the toy photochemistry model. This model
does not include heating by the central star, hence the difference between
the temperature profiles in the bottom panel.

to model the spectral energy distribution of V1. This model uses a
grain mixture of 88 per cent metallic iron (Ordal et al. 1988) and
12 per cent silicates (Draine & Lee 1984), surrounding a star mod-
elled by a BT-sETTL model atmosphere spectrum (Allard et al. 2003).
The gas temperature structure was taken from our photochemical
modelling results. An accelerating wind was used, with a velocity at
the inner region of 8 km s~! and a terminal velocity of 11 kms™!, to
mimic radiative acceleration of dust. This lowers the optical depth
of the profile but, as our stars have low mass-loss rates, the result-
ing line flux differs negligibly from a constant 10 km s~! wind. A
turbulent velocity of 2 km s~ was adopted. Table 5 lists a full set
of physical parameters.

smmoL modelled the observation as observed by a single 250 m
telescope with a perfect Gaussian beam. The CO envelope (0.05 arc-
sec) remains a point source at this resolution (1.07 arcsec), such
that the conversion from antenna temperature to flux units (jan-
skys) represents the flux from the entire source as observed by
ALMA.

3.5.2 Results

Table 6 lists the resulting line fluxes from smMoL. sMMoL clearly
predicts line strengths below the upper limits of our observations,

MNRAS 453, 4324-4336 (2015)
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Table 5. Parameters used in the CO line flux models.

Parameter Symbol Unit Value
Gas temperature? - - TL R%)’OA
Dust-to-gas ratio® ¢ - - 1:1000
Initial CO/H, - - 533 x 1073
Used in theAREPO+photochemical model
Outflow velocity - kms™! 10
Wind density at R, - cm™? 2.63 x 10°
Wind density law - cm™? no (%) ?
Mass-loss rate - Mg yr! 3x 1077
Dust condensation Reond cm 1.23 x 1013
Dust temp. at Reond — K d
ISRF - Habing 50
Used in smmol
Stellar radius® R, cm 1.23 x 1013
Stellar spectrum - - b
Stellar mass M, Mo 0.55
Stellar luminosity L, L@ 4824
Stellar Teft T, K 3623
Dust condensation” Reond cm 2.46 x 1013
Dust temp. at Reond - K 850°

Dust composition - _ b

Notes. “The photochemical model does not include the central star so the
gas cools radiatively. Heat exchange with dust is implemented, but dust and
gas heating by the central star are not, so the ejecta cools radiatively. smmoL
resets the temperature structure to this assumed power law.

b Following McDonald et al. (2011c¢).

“Based on scaling a solar value of 1:200 by [Fe/H] = —0.72 dex. The ratio
is limited by condensable metals to <1:778 (McDonald et al. 2011c).

4 As parametrized by kinetic temperature law.

Table 6. Predicted line fluxes from the photochemical
model of V1. Note that these are conservatively bright

estimates.
Line Observational Predicted line fluxes
limit from smMmoL

(mJy km s (mJy km )

J=4-3 - 16

J=3->2 <2000¢ 6.1

J=2-1 <183 + 85° 2.6

J=1-0 - 0.1

Notes. “APEX, Y ALMA. See Section 2.3.

showing that photodissociation explains well our non-detection of
the CO emission from these stars.

We stress that these fluxes are only order-of-magnitude estimates,
as many wind parameters are not accurately known. The line flux
is strongly affected by the temperature structure of the inner stellar
wind. We have adopted a simple power law for our model, but
the physical temperature will be significantly affected by the dust
properties. The dust properties of our target stars are not well known,
particularly the grain mineralogy, grain size and dust-production
rate, though they are likely very different from AGB stars in the
solar neighbourhood (McDonald et al. 2011c). This uncertainty
therefore translates into a considerable uncertainty on the CO line
strengths. When combined with the time variability of the ISRF
(Section 3.3), which can exceed an order of magnitude, it becomes
clear that we are limited to stating that the line fluxes will scale very
approximately with ISRF strength, and that we would typically
expect them to be below the sensitivity limit of our observations.

MNRAS 453, 4324-4336 (2015)

4 DISCUSSION AND CONCLUSIONS

In this paper, we have presented new ALMA observations of the
four brightest stars in the globular cluster 47 Tucanae, examining
the CO J = 2 — 1 transitions. No source was detected. Having
modelled the interaction between the ISRF and the circumstellar
environment, we expect that the CO line fluxes from the giant stars
in 47 Tuc are around two orders of magnitude below our observation
limit.

For any given globular cluster giant, if the wind is optically thin,
then the radius of CO dissociation should exhibit an approximately
linear relation with metallicity and an approximately inverse re-
lation with ISRF strength (Section 3). The radiation field should
be highly stochastic, driven by the temporally variable population
of hot white dwarfs. The population of young white dwarfs is not
well determined in most clusters; therefore, it is not immediately
possible to identify which clusters will be the best candidates for
observation. However, the ISRF can be expected to vary by several
orders of magnitude within a cluster, both temporally and spatially
(Table 4). Targets far from the cluster centre may experience radi-
ation fields that are weaker than those in the solar neighbourhood
(though they will still contain harder radiation). Giant stars at large
distances from their host clusters’ centres may therefore provide
the best metal-poor stars around which to detect stellar winds and
measure their expansion velocities. Table 4 indicates that V2 and
V3 may occasionally experience ISRFs that are weaker than the
solar neighbourhood. While this seems not to be the case at present,
we can hope that a similar situation can be found in other Milky
Way globular clusters.

Since the higher stellar density forces the CO envelopes to be
smaller than their Galactic counterparts, the CO(3-2) line (or higher
rotational states) may be considerably brighter than CO(2-1), as
these are better populated in the warmer regions close to the star
(Table 5). We therefore suggest observations to detect CO line
strengths and widths from globular cluster stars focus on:

(i) stars at large radii from their host clusters and
(i1) high CO rotational states emitted closer to the star.

We also advocate further observations of the circumstellar dust.
Unexpectedly, large amounts of dust are seen around many globu-
lar cluster stars (McDonald et al. 2010, 2011c¢; Sloan et al. 2010).
Their spectra have strong silicate features (Lebzelter et al. 2006;
van Loon et al. 2006b; McDonald et al. 201 1c), but also an under-
lying continuum, possibly explained by metallic iron (McDonald
et al. 2010). This contrasts with the notable absence of interstel-
lar dust within clusters (Boyer et al. 2008, 2009; Matsunaga et al.
2008; Barmby et al. 2009; McDonald et al. 2009), and suggests
that dust is being destroyed while still in the circumstellar envi-
ronment. The highest energy photons (~40 eV, ~300 A) are likely
to penetrate into the dust-forming regions. While they are of in-
sufficient number to dissociate a large fraction of CO in this re-
gion, they may still be important in the photochemical formation of
dust.

Finally, we note that this situation is unlikely to be limited to
globular clusters. The dissociation of CO around AGB stars by
nearby post-AGB stars and white dwarfs is largely a function of
stellar density (although stellar age, elemental composition and the
density of the surrounding ISM are also important). This source of
CO dissociation may also become important in old open clusters,
nuclear star clusters and gas-poor galaxies. The implications for
the formation, chemistry, evolution and survival of dust in such
environments are significant.
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APPENDIX A: OTHER PROCESSES
AFFECTING THE STELLAR ENVELOPE

In the main text, we have shown that photodissociation of CO by
interstellar UV radiation is a significant mechanism which reduces
the CO envelope size. In this appendix, we consider whether alter-
native processes acting on globular cluster stars may also affect the
size of the CO envelope.
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Al Envelope size, filling time and resolution

In determining the effect of other processes, the relevant size-scales
and time-scales must be compared to the extent and filling time
expected for the CO envelope. In this section, we determine what
those would be for an AGB star with the properties of those in
47 Tuc but with a Galactic ISRF incident upon it. We also exam-
ine the possibility that the CO might be resolved by the ALMA
interferometer.

The limiting size of a CO envelope in a Galactic environment
is usually set by its dissociation by the ISRF. Mamon et al. (1988,
their fig. 3) predict that 90 per cent of the CO in the envelope of a
Galactic AGB star with a mass-loss rate of a few x 1077 Mg yr~!
will be dissociated by a radius of ~0.013-0.023 pc. This equates
to ~0.6-1.1 arcsec at the distance of 47 Tuc. Assuming a typical
wind velocity for less evolved stars of 10 km s~' (Winters et al.
2003; Groenewegen 2014), a typical CO envelope would therefore
be filled within 1300-2200 yr. If CO is more rapidly dissociated
by interstellar UV, we can expect the radius to be smaller and the
filling time to be correspondingly shorter.

This would preclude a much larger envelope, which could be
resolved by the ALMA beam. Since the winds are optically thin,
the dissociation radius is mainly set by the time taken for a CO
molecule to absorb a UV photon. A faster wind may therefore lead
to a larger envelope, but the velocity and envelope size will not be
directly proportional. Larger envelopes will be less self-shielding, as
the optical depth in the dissociating lines will decrease. It is unlikely
that an envelope could reach the velocity needed to extend beyond
the 2 arcsec ALMA beam (=20 km s~!), and virtually impossible
for it to reach the >60 km s~! needed to be diluted by a sufficient
factor that it becomes unobservable in the central beam. This would
still be detectable by the larger 15.7 arcsec x 15.7 arcsec box, so
we consider it very unlikely that the large-scale structure of our
envelopes is resolved by the ALMA interferometer.

A2 Episodic or variable mass-loss

If mass-loss is episodic or variable, it is feasible that we could
see strong mid-IR emission from recent dust production near the
star, while the CO envelope further from the star traces a period
of lower mass-loss rate. Given that the chromospheric and CO
mass-loss rates are discrepant by a factor of ~10 in each case,
any variability or episodic nature must be correspondingly large,
i.e. a mass-loss rate variation of 10 times or, alternatively, mass-
loss occurring only 10 per cent of the time. While the chances of
finding any four stars going through this state are high, the chances
of finding four particular stars (in this case the most luminous)
simultaneously going through an episode of enhanced mass-loss
are therefore ~10%:1 against.

This probability only holds if the enhancement in dust production
is uncorrelated with stellar luminosity. Such a correlation occurs,
for example, during the bright phase of a thermal pulse. Girardi et al.
(2010) model the TP phase of a globular-cluster-like AGB star to be
~1.2-1.8 Myr in length. If a star leaves the AGB every 80 000 years
(McDonald et al. 2011a), this lifetime equates to 15-23 stars on the
TP-AGB, four of which we observe, the remainder of which will
be at luminosities at or below the RGB tip. The bright phase of
a thermal pulse is relatively short compared to the pulse cycle:
~0.3 per cent (Herwig 2005). The chances of a particular star being
in the bright phase of a thermal pulse are therefore ~0.3 per cent,
and the chances for four such stars are ~1 in 12 billion.
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A3 Self-destruction by chromospheric heating
and/or stellar UV

Although CO bands are present in the near-IR spectra of these
stars (Lebzelter et al. 2005), it is possible that they could produce
enough UV photons to destroy their own CO envelopes. Metal-
poor stars are warmer than their solar-metallicity counterparts due
to reduced metal-line opacity in their atmospheres. Escaping stellar
UV could lead to the destruction of CO near the stellar surface. A
BT-SETTL model atmosphere (Allard et al. 2003) at 4000 L, and
3300 K emits 3 x 102 photons per second below the 1120 A
CO photodissociation limit. By comparison, a mass-loss rate of
3.4 x 1077 Mg yr~! and efficient condensation (i.e. a CO-to-H,
mass ratio of 1:500) yields 3 x 10*' CO molecules produced per
second. Many more CO molecules are produced than there are UV
photons to dissociate them.

While the BT-SETTL atmospheres do not model chromospheric or
shock heating in the outer atmosphere, the heating cannot compen-
sate for the factor of 10'® between the modelled number of ionizing
photons and number required to dissociate all the CO the star pro-
duces. Assuming a typical wavelength of 1105 A, 3 x 10*' photons
provide an energy of 8 x 10?° W, or 10~'* W m~2 as observed from
the Earth. Escaping photons would therefore be easily detectable
in the GALEX far-UV (FUV) filter for all realistic spectral energy
distributions. None of the four sources is present in catalogues from
the satellite,” which is complete over 47 Tuc to an FUV AB magni-
tude of ~20.0 (1 x 107' W m~2), approximately two orders of
magnitude more sensitive than would be necessary to detect such a
UV field.

Reduced metal-line and dust cooling in pulsation-driven shocks
presumably mean that the post-shocked gas further out in the atmo-
sphere also cools more slowly, leading to more effective dissociation
of CO further from the stellar surface. However, observations show
the expected column depths of CO absorption lines in the H-, K-
and (archival) L-band VLT/CRIRES data (Lebzelter et al. 2005),
indicating that CO must survive to at least a few stellar radii. The
observed CO absorption and lack of observed UV emission from
these stars mean that self-destruction of CO by the stars that produce
it appears unlikely.

A4 Stellar encounters

Stellar encounters are common in globular clusters, and are thought
to be responsible for a lack of planets and binary stars, and a preva-
lence of stellar exotica (Gilliland et al. 2000; Davies & Sigurdsson
2001; Weldrake et al. 2005; Knigge et al. 2008; Spurzem et al. 2009).
While stellar encounter rates have previously been computed for 47
Tuc, published values are not specifically applicable to giant stars’
envelopes (e.g. Davies & Benz 1995).

The encounter time-scale (T¢,.) between an AGB star and any
other star in the cluster can be computed as

10° pC*3 Venc Rp Mg (A1)
n 10 km Sil chc W*) ’

where n is the stellar number density, ve,. is the typical relative
velocity at the start of the encounter, R, is the maximum distance
at which an encounter is deemed to occur and (M,) is the typical
stellar mass (e.g. Davies & Sigurdsson 2001). We conservatively
assume an envelope radius of 0.03 pc (Appendix Al), and hence

Tene & 7 x 100 yr

9 http://galex.stsci.edu/
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conservatively adopt Re,c = 0.06 pc. We assume vep,e = 22 km s!,

or twice the radial component of the central velocity dispersion of
the cluster (Harris 2010). Given an average stellar density within
the half-light radius of 1720 M, pc™> and dN/dm o« m~'2 (Marks
& Kroupa 2010), bounded by a planetary mass (0.08 M) and the
maximum sub-giant mass (~0.8 M), we obtain (M,) 2 0.2 Mg
and n < 8600 pc—3.

We conservatively derive Te,. 2, 340 000 yr, though the possible
range of values allow for 7., > 1 Myr. This is much longer than
the 2300 yr envelope filling time-scale. While a fraction of stars
may undergo envelope-disrupting stellar encounters at some point
in their dust-producing phase, this is extremely unlikely to affect all
four observed stars simultaneously.

AS Disruption in the cluster potential

A circumstellar envelope will experience tidal disruption or
‘spaghettification’ as it interacts with the cluster potential, which
becomes significant once it experiences significant differential ac-
celeration over the filling time-scale (which is considerably shorter
than the ~1 Myr orbital period). We can assume a 0.06-pc-wide
envelope in a radial orbit in a Plummer (1911) potential of charac-
teristic radius 7.8 pc (Lane et al. 2010), and calculate the change
in distance between opposite ends of the envelope. We find a max-
imum differential acceleration of 2 x 10~!' m s~2, corresponding
to a tidal elongation of one part in 10*. Tidal deformation of the
envelope is therefore negligible.

A6 Sweeping by hot halo gas

There is a general paucity of ISM in globular clusters (e.g. Smith
et al. 1990; van Loon et al. 2006a, 2009), with ISM detected in only
M15 and 47 Tuc (Freire et al. 2001; Evans et al. 2003; Boyer et al.
2006; van Loon et al. 2006a). This strongly suggests that globular
clusters are efficiently cleared of their ICM by some process, on
time-scales of <1 Myr (Boyer et al. 2008). We model that this
is because it is ionized by hot white dwarfs and post-AGB stars,
before being later cleared on slightly longer time-scales (a few
Myr; McDonald & Zijlstra 2015a). However, this model does not
include ablation by the passage of the cluster through the hot gas of
the surrounding Galactic halo, which is another leading contender
(Faulkner & Smith 1991).

The stand-off distance of a bow shock (Ry), i.e. the minimum dis-
tance from the bow shock to an isolated, mass-losing star, depends
on four parameters: the mass-loss rate of the star and the expansion
velocity of its wind (M, Vexp)» the interstellar medium density (o1sm)
and the relative velocity of the star with respect to the halo gas (v.).
Ry is given by (Cox et al. 2012, and references therein'®)

| My,
Ry = 0w . (A2)
4Tt psmUZ

Depending on the rotational coupling between the halo and Milky
Way, v, lies between 57 km s~! (corotating halo) and 190 km s~
(non-rotating halo; Krockenberger & Grindlay 1995). The inter-
nal velocity dispersion within 47 Tuc is negligible in compari-
son (11 km s~!; Harris 2010). No good determinations exist for
pism; estimates at 3.1 kpc from the Galactic plane are typically

10 Note that this momentum balance assumes cool halo gas. Balancing ram
pressure against gas pressure gives values of Ry about three times larger.
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ny ~ 0.01 cm™~3, but vary by an order of magnitude (Albert et al.
1993). Taylor & Cordes (1993) estimate an electron density of
ne ~ 0.007 cm™ at this location (we can expect n, & ny in the
ionized halo gas), and the more recent spherical model by Miller &
Bregman (2013) predicts a lower value of n, ~ 0.0002-0.002 cm™.

Assuming M ~ 1077-10~° M@ yr !, vexp = 4-15 km s™' and
ng ~ 107*-10"! cm™3, Ry = 0.02-38 pc, always greater than the
expected CO shell radius. Additionally, these stars are not isolated,
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but are surrounded by a hot, ionized ICM (McDonald & Zijlstra
2015a), which should provide additional shielding out to Ry ~ 0.3—
98 pc. We conclude that ram-pressure stripping by halo gas should
not be effective at removing circumstellar CO envelopes.
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