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Abstract

Spectra have been obtained with multi-fibre instrument 2dF on the Anglo-Australian Telescope of 89 candidate main sequence stars in the
globular cluster M55 (NGC 6809). Radial velocities and Gaia proper motions confirm 72 candidates as cluster members. Among these stars
one stands out as having a substantially stronger G-band (CH) than the rest of the member sample. The star is a dwarf carbon star that most
likely acquired the high carbon abundance ([C/Fe] & 1.2 & 0.2) via mass transfer from a ~1-3 M binary companion (now a white dwarf)
during its AGB phase of evolution. Interestingly, M55 also contains a CH-star that lies on the cluster red giant branch — the low central
concentration/low density of this cluster presumably allows the survival of binaries that would otherwise be disrupted in denser systems. The
existence of carbon stars in six other globular clusters is consistent with this hypothesis, while the origin of the carbon-enhanced star in M15
(NGC 7078) is attributed to a merger process similar to that proposed for the origin of the carbon-rich R stars.
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1. Introduction

Carbon stars are stars with an overabundance of carbon? in
their atmospheres, and are frequently designated as C-stars,
CH-stars, or CEMP (carbon-enhanced metal-poor) stars. While
the existence of such stars has a long history (e.g. Keenan, 1942;
Bond, 1974; Dahn et al., 1977) it is now generally accepted
that most examples can be grouped into one of three broad
categories. The first category are stars with masses in the
range ~1 - 5 Mg in the thermally-pulsing phase on the upper
asymptotic giant branch — the TP-AGB stars (e.g. Karakas &
Lattanzio, 2007; Ventura & D’Antona, 2009; Cristallo et al.,
2009; Rosenfield et al., 2016). In TP-AGB stars, carbon is
synthesized via triple-« burning in the thermal pulses and is
subsequently dredged-up into the surface layers. These stars
also synthesize s-process elements, such as Ba, during the ther-
mal pulses and these elements are also dredged-up into the
surface layers. TP-AGB stars are seen in all stellar systems
where there is a significant intermediate-age population — for
example in the ~1-3 Gyr old star clusters in the Magellanic
Clouds and in the intermediate-age field star populations of
the SMC and LMC (e.g. Pastorelli et al., 2020).

The second category is the so-called CEMP-no stars. These
are carbon-enhanced metal-poor stars with [Fe/H] < -1 (Beers
& Christlieb, 2005) that lack any accompanying enhance-
ment of neutron-capture elements, hence the use of “no” in
the designation. CEMP-no stars are generally quite metal-
poor (e.g. [Fe/H] < -3) and become increasingly common
as [Fe/H] decreases, dominating ultra-metal-poor star num-
bers below [Fe/H] = —4 (e.g. Placco et al., 2014). The car-
bon enhancements in these stars are often very large with
[C/Fe] values exceeding 2.5 common (e.g. Table 7 of Frebel
& Norris, 2015; Bessell et al., 2015; Nordlander et al., 2019).

2Usually taken as [C/Fe] > 0.7 (Aoki et al., 2007)

CEMP-no stars are thought to be predominantly “second gen-
eration” stars; stars that formed from the enrichment products
of zero-metallicity (Population III) supernovae. Specifically,
the abundances reflect the products of low-luminosity mixing-
and-fallback Pop III supernovae (e.g. Nomoto et al., 2013),
where the majority of the supernovae nucleosynthetic prod-
ucts remain in the remnant and only elements from the outer
layers, such as C and O, pollute the surrounding interstellar
medium (e.g. Nordlander et al., 2019; Gonzélez Herndndez
et al., 2020).

The third category is where the carbon enhancement re-
sults from mass transfer in a binary system. With the appropri-
ate separation the (original) primary can, during its TP-AGB
phase, transfer mass to the (original) secondary subsequently
evolving to become a white dwarf and leaving the companion
carbon-enhanced. C-stars in this category occur in all stellar
populations including the Galactic halo (e.g. Li et al., 2024,
and the references therein) and the Galaxy’s dwarf spheroidal
companions (e.g. Kirby et al., 2015; Lardo et al., 2016; Salgado
et al., 2016). The classification of metal-poor examples (i.e.,
CEMP stars ) is discussed in Beers & Christlieb (2005), where
the sub-classes CEMP-s, CEMP-r/s, and CEMP-r are defined.
These sub-classes depend on which neutron capture elements
are enhanced in the star’s atmosphere. For example, CEMP-s
stars, which make up the largest number of CEMP stars (Aoki
et al., 2007) are defined by [Ba/Fe] > 1.0 and [Ba/Eu] > +0.5
dex. The binary nature of at least the large majority of these
carbon-enhanced stars has long been established (e.g. McClure,
1984, 1997a; Lucatello et al., 2005; Starkenburg et al., 2014;
Foster et al., 2024). It is also worth noting that while carbon
stars in the first category are by definition giants, carbon stars
in the other two categories can, and do, occur as either dwarfs
or giants.

As regards carbon stars in globular clusters, an extensive
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spectroscopic survey is that of w Cen (NGC 5139) by van
Loon et al. (2007). This study obtained spectra of over 1500
w Cen members selected to uniformly sample a (B, B- V)
colour-magnitude diagram to B magnitudes approximately
3 magnitudes below the red giant branch (RGB) tip. This sur-
vey revealed seven carbon stars, four of which were previously
known (see references in van Loon et al., 2007) and three of
which were new. The spectra (see Fig. 25 of van Loon et al.,
2007) all show C; absorption as well as CN- and CH-bands.
No measurements of [C/Fe] are presented but it is likely that
all are significantly enhanced in carbon. Similarly, the com-
plex nature of the spectra precluded estimates of the barium
abundances for these stars but van Loon et al. (2007) suggested
that the carbon enhancements were most likely the result of
mass-transfer processes. The faintest carbon star (LEID 53109)
lies near the faint limit of the van Loon et al. (2007) sample,
slightly more than 3 magnitudes below the RGB tip.

Small numbers of CH-stars on the upper part of the RGB
have also been identified in six additional clusters. Gerber
et al. (2021) have identified 2, and perhaps as many as 5, CH
star candidates in M53 (NGC 5024) from spectroscopy of 94
cluster RGB stars. Similarly, there are at least 3 CH stars in
M22 (NGC 6656) (McClure & Norris, 1977; Hesser & Harris,
1979), 2 in M2 (NGC 7089) (Smith & Mateo, 1990; Yong et al.,
2014) and 1 in each of M55 (NGC 6809) (Smith & Norris,
1982; Briley et al., 1993), NGC 6402 (Coté et al., 1997) and
NGC 6426 (Sharina et al., 2012). Kirby et al. (2015) has also
noted the presence of a CH star with [C/Fe] = 0.9 & 0.1 in
a sample of ~160 RGB and AGB stars in M15 (NGC 7078).
Overall these numbers are relatively small in the context of the
many 100s of globular cluster RGB-star spectra obtained over
the past two decades or more (e.g. Carretta et al., 2009¢,b).
An RGB CH-star, which possesses large over-abundances of s-
process elements, has also been found in the 3008 stellar stream
(Usman et al., 2024), whose progenitor was a globular cluster.
Usman et al. (2024) conclude that the over-abundances in the
CH-star result from mass-transfer in a binary system.

In this paper we present the results of a search for dwarf
carbon (dC) stars on the main sequence of the metal-poor
globular cluster M55. We also revisit similar data for w Cen
(NGC 5139), and the globular clusters NGC 6397, NGC 6752
and 47 Tuc (NGC 104) originally presented in Stanford et al.
(2006) and Stanford et al. (2007). The imaging observations
used to select the M55 main-sequence sample and the subse-
quent spectroscopic observations are described in the following
section. The cluster membership and line-strengths of the sam-
ple stars are discussed in §3 where one M55 member star is
shown to be a candidate dC star. The [C/Fe] ratio is deter-
mined via spectral synthesis and confirms the dC designation.
The M55 results and those for the other stellar systems are
then discussed in the general context of CH-stars in globular
clusters in §4. Section 5 summarizes the results.

2. Observations and Reductions

The observations and reductions of both the imaging and
spectroscopic data followed the same processes as outlined in
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Figure 1. A colour-magnitude diagram for the globular cluster M55 obtained
with a Tek 2k CCD on the 1m telescope at Siding Spring Observatory. The
insert box shows the selection region for the main-sequence star sample.

Stanford et al. (2006, 2007). Briefly, M55 was imaged in B
and V filters with a Tektronix 2k CCD using the ANU 1m
telescope at Siding Spring Observatory. The CCD camera
had a 20’ x 20’ field-of-view. Four fields were observed, each
centered ~12 from the cluster centre and lying to the NE,
NW, SE and SW. Exposures were 2 x 600s in Band 1 x
500s in V for each field in ~ 2 seeing under photometric
conditions across three nights of observing. Standardization
was provided by observations of Landolt (1992) standard star
fields each night.

Stars on the CCD frames were measured using aperture
photometry with the stars in common across the overlap re-
gions used to ensure the measured magnitudes were consistent
across the fields. The final dataset consisted of all stars with
distance from the cluster centre between 3.6’ and 13/, and
which had no neighbouring star within 6”. The resulting
M55 colour-magnitude diagram (CMD) is shown in Fig. 1;
the bright magnitude limit at IV &~ 14.4 is set by saturation on
the IV frames. The uncertainty in the photometric zero points
is approximately +0.02 mag for both filters. The insert box
in Fig. 1, namely 042 < B-V <0.64and 17.9 < VV < 18.5,
shows the selection region used to define a main-sequence star
sample for potential observation with the Anglo-Australian
Telescope’s 2dF multi-fibre instrument (Lewis et al., 2002). A
sample of the brightest blue horizontal branch (HB) stars in
Fig. 1 was also selected to serve as candidate fiducial stars for
2dF positioning and guiding.

Positions for the stars in the main sequence sample (and the
HB candidate fiducials) were derived using an early version
of the USNO astrometric catalogue (Monet, 1996) and the
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AsTROM basic astrometry code (see Wallace & Gray, 2014)b.
With the relatively limited field-of-view of the CCD and the
comparative lack of optical distortion in the 1m camera optics,
uncertainties in the final positions were of order of 0.3”, which
proved sufficient given the 2dF on-sky projected fibre size of
~2.1" (Lewis et al., 2002). Again the stars in the overlap
regions between the fields were used to ensure a consistent
astrometric solution across the entire field. The positions of a
number of starfree regions were also determined for use as
locations for sky fibres.

The main sequence sample shown in the inset box in Fig.
1 contains 271 stars. However, because of the concentration
towards the cluster centre and the 2dF minimum fibre spacing
of 25-30" (Lewis et al., 2002) only a subsample could be con-
figured for observing. Running the 2dF fibre allocation code
cONFIGURE revealed that only about 25 extra stars could be con-
figured if both spectrographs were employed. For that reason
and because of potential halation issues with spectrograph 2
(Lewis et al., 2002), it was decided to use only spectrograph 1.
Eighty nine stars from the full sample were configured along
with 40 sky positions.

The spectrograph was configured with the 1200B grating®
centred at A4250A giving a wavelength coverage of approxi-
mately A3700 — 4750A at a resolution of ~2.8A. Four 2000s
integrations were obtained under clear skies in 2-2.4" seeing.
Also obtained were fibre flats and arc lamp exposures. The data
were reduced using the version of the reduction code 2DFDR
available at the time. The individual reduced frames were then
co-added. As a first check, 2.5 x the logarithm of the average

counts in the wavelength region A3700 - 4650A for each star
observed was plotted against the corresponding B magnitude.
This revealed a relatively small scatter about a unit slope line
except for 5 fibres: 3 had virtually no signal indicating a fi-
bre positioning/stellar position mis-match while 2 stars had
considerably fewer counts for their B magnitudes compared
to the rest of the sample. These 5 stars were removed from
consideration leaving 84 for further analysis. The S/N ratio in
the vicinity of A4520A for a star with B~ 18.5 (the median

for the observed sample) is approximately 25 per 1.1A pixel.

3. Analysis

3.1 Cluster membership

As a first pass to determine cluster membership, the 84 indi-
vidual spectra were cross-correlated with a template spectrum
over the wavelength region A3700 - 4500A. The template
spectrum consisted of the summed spectra of 3 main sequence
stars in the globular cluster NGC 6397, observed with the
same instrumental set up during the same observing run. This
revealed 9 stars with clearly discrepant radial velocities com-
pared to the mean velocity for the remainder of the sample.

bAs will be evident to the reader, the position determinations took place
well before the availability of modern astrometric catalogues such as Gaia
DR3 (Gaia Collaboration et al., 2023).

Coincidentally van Loon et al. (2007) in their study of w Cen used
2dF with an identical instrumental setup except for a slightly redder central
wavelength.
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Figure 2. Gaia DR3 proper motions (pm) in mas/yr for the M55 main sequence
star sample. Filled symbols are pm and radial velocity (ry) cluster members,
open circles are pm and ry non-members, and the open star-symbol is a star
that is considered, on the basis of its pm, as a non-member despite having a
ry consistent with that of the cluster.

The 77 remaining stars all lie within £20 of the mean with a
o value 13 km s™!. Given that the central velocity dispersion

of M554 is approximately 5.0 km s71  and that the dispersion
decreases with increasing radius, the o value is driven solely
by the errors in the individual radial velocities.

Further investigation of the cluster membership status of
the observed stars is also possible through the availability of
high precision proper motions in the Gaia DR3 data release
(Gaia Collaboration et al., 2023). The outcome is plotted in
Fig. 2 which shows the Gaia DR3 proper motions for the
84 candidates. The nine radial velocity non-members are
clearly also proper motion non-members, and a further star
is revealed as proper motion non-member despite a radial
velocity compatible with membership. Inspection of the Gaia
DR3 database information also reveals that two of the member
candidates have probable contributions from multiple stars
within the individual fibre field that may bias the observed
spectrum. For example, fibre 136 was positioned on what
turned out to be Gaia DR3 sources 6751341388458579328
and 6751341388451408256 that are less than 1” apart and
which have almost identical G magnitudes. Removing the two
complex objects and the 10 non-members leaves a final sample
of 72 M55 main sequence members. For completeness we note
that the mean Gaia DR3 proper motions in RA and Dec for
the 72 stars are =3.41 & 0.02 mas/yr and -9.32 + 0.02 mas/yr
(std error of the mean), respectively, values that agree very well
with the proper motions for M55 of -3.43 + 0.02 mas/yr and

dSee the 4th (March 2023) version of the Baumgarde et al,
database “Fundamental parameters of Galactic globular clusters” available at
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
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—9.31 & 0.02 mas/yr given in Vasiliev & Baumgardt (2021).

3.2 Line Strengths

The strongest features in the observed spectra of the M55
main sequence stars are the Hy and Hb hydrogen lines, the
Ca 11 K-line, the blend of the Ca i1 H-line with He, the G-
band of CH and the higher order Balmer lines at the bluest
wavelengths. After shifting the spectra to rest wavelengths
using the observed radial velocities, the equivalent widths of
the Ca 11 K-line were measured by fitting a gaussian to the line
profiles using a feature window of A3925-3943A and blue and
red continuum windows of A3910-3920A and A4015-4060A,
respectively. The mean equivalent width for the 72 member
stars was 3.35A with a standard deviation of 0.47A, while
the mean error in the equivalent widths, from the gaussian
fit parameter uncertainties, was 0.49A. There is therefore no
evidence of any instrinsic spread in [Fe/H] for these stars. This
result is consistent with those of Carretta et al. (2009¢,b) who,
based on VLT/GIRAFFE and VLT/UVES spectra of substantial
samples of cluster red giants, concluded that for the clusters
studied, which included M55, the upper limit on any intrinsic
[Fe/H] dispersion is ~0.05 dex. Rain et al. (2019) reached a
similar conclusion based on high-resolution spectra of 11 M55
RGB stars.

On the other hand, Milone et al. (2017) argued, based on
HST photometry, that the colour spread for the first popula-
tion (1P) stars in their globular cluster chromosome diagrams
exceeds that expected from the photometric errors, suggesting
that the 1P stars are not a chemically homogeneous population.
M55 is included in the Milone et al. (2017) sample. In the
follow-up study of Legnardi et al. (2022) (see also Latour et al.,
2025), RGB isochrones from Dotter et al. (2008) were used to
infer 8[Fe/H], ¢ values from the Milone et al. (2017) chromo-
some photometry, where 8[Fe/H] is the 10-90th percentile
range of the derived [Fe/H] values. For M55, 8[Fe/H] ¢ =
0.115 + 0.011 which, assuming a gaussian metallicity distribu-
tion corresponds to o[Fe/H] ~ 0.04 dex, consistent with the
Carretta et al. (2009¢,b) upper limit.

The lack of any substantial intrinsic metallicity variations
in M55 is also attested by the CMD for the main sequence
member stars studied here. The CMD, based on Gaia DR3
photometry, is shown in the upper panel of Fig. 3. Here the
(By — Ry) colour distribution has a width characterized by
o(By - Ry) = 0.025 mag. This value is consistent with that
expected given Gaia photometry errors of ~0.010 — 0.015
mag (Gaia Collaboration et al., 2023) together with reddening
variations across the observed cluster field of order 0.02 mag
in E(B- V) (Alonso-Garcia et al., 2012), using the B, and R,
extinction corrections of either Casagrande et al. (2021) or
Zhang & Yuan (2023).

The equivalent width of the G-band feature of CH in the
spectra of the main sequence stars, W(G), was determined by
numerical integration (rectangular rule). The feature win-
dow was A4295-4315A with blue and red continuum windows
of A4255-4280A and A4470-4520A, respectively. The results
are shown in the lower panel of Fig. 3. Here one star, with ID
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Figure 3. Upper panel. Gaia DR3 (G, B,-R,) colour-magnitude diagram for the
72 M55 main sequence member stars. Lower panel. Equivalent width of the
G-band feature of CH (W(G)) in Angstroms plotted against (B, — R,) colour. In
both panels the red triangle is star 307649 (Gaia DR3 6751343892420411136.)

307649 (Gaia DR3 6751343892420411136), has a substantially
stronger G-band than the remainder of the sample. The mean
value of W(G) for the other 71 stars is 0.8 1A with a standard
deviation of 0.47A; the value for 307649 is larger than the
mean by 5.50 and larger than the next highest W(G) value by
2.20.

The difference is illustrated in Fig. 4 where the observed
spectrum of 307649 is compared with those for stars 305079
(Gaia DR3 6751392374007714176) and 202495
(6751393271659171200); all three stars have closely similar G
and (B, - R,) values. The spectra of the comparison stars have

been normalized to that of 307649 in the vicinity of 4500A. It
is immediately evident from Fig. 4 that apart from the much
stronger G-band in 307649, the three spectra are otherwise
very similar. Star 307649 is thus likely to be a carbon-enhanced
main sequence star member of the globular cluster M55. Un-
fortunately, as is evident from Fig. 4, the S/N of the spectra
is insufficient to draw any conclusions regarding any possible
enhancement in nitrogen in this star — neither of the CN-
bands at A3883A or A4215A are obviously present, although
all three stars are likely too hot for significant formation of
CN in the atmospheres. Similarly, there is no evidence for any
possible increased line-strength for the s-process elements Ba
(via A4554A Ba 1) and Sr (via A4077A Sr u) in the spectrum of
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Figure 4. Comparison of the observed spectrum of M55 star 307649, plotted in black, with those of M55 stars 305079 and 202495 plotted in red and blue,
respectively. All three stars have very similar magnitudes and colours. Note that the only significant difference between the three spectra is the much stronger
G-band in the spectrum of star 307649. The comparison star spectra have been normalized to that of 307649 in the vicinity of 4500A.

307649 relative to those for stars 305079 and 202495. Higher
resolution and/or higher S/N is required to investigate the N,
Sr and Ba abundances as well as those of other elements.

3.3 The [C/Fe] value for M55 star 307649
The effective temperature (T,g) of the star was estimated from
the Gaia DR3 photometry (Gaia Collaboration et al., 2023)
via the T g — colour relations of Casagrande et al. (2021). A
reddening of E(B- V) = 0.12 mag (Alonso-Garcia et al., 2012)
was assumed, as well as log ¢ ~ 4.2 and a metal abundance
[Fe/H] = 1.9 (Carretta et al., 2009a). The resulting value
is T.g = 6100 K with a conservative uncertainty of £100 K.
Given that the distance to M55 is well-established as 5.3 +
0.1 kpc (Baumgardt & Vasiliev, 2021), the surface gravity of
307649 is log ¢ = 4.1 in cgs units for the assumed temperature,
using a bolometric correction to the G mag from Casagrande
& VandenBerg (2018) and an assumed mass of 0.8 M.
Synthetic spectra were generated following the approach
outlined in Nordlander et al. (2019). In brief, plane-parallel
MARCS model atmospheres (Gustafsson et al., 2008) were
employed together with the TurboSpectrum code (v15.1;
Plez, 2012). A microturbulence velocity vy of 1 km s7!
was adopted and the spectra calculated assuming [Fe/H] = -1.9
(Carretta et al., 2009a), and an enhancement [o/Fe] = 0.4 (for
O, Ne, Mg, ..., Ti), with the reference solar composition that
of Asplund et al. (2009). The assumed [O/Fe] value is some-
what higher than the observed mean value of [O/Fe] = 0.16 for
14 M55 red giants® (Carretta et al., 2009b), but the difference
has a negligible effect on the derived [C/Fe] value. Spectra

¢The three M55 red giants with the lowest [Na/Fe] values in Carretta et al.
(2009b) have ([O/Fe]) ~ 0.26 dex.
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were computed for a range of [C/Fe] values, using the CH
linelist of Masseron et al. (2014), in addition to atomic lines
from VALD3 (Ryabchikova & Pakhomov, 2015). The best-fit
of the synthetic spectra was determined via a x> minimization
process in which synthetic spectra with different [C/Fe] val-
ues were compared with the continuum normalized observed
spectrum over the wavelength interval A4150-4450A.

Synthetic spectra fits are shown in Fig. 5. The best-fit is for
[C/Fe] = 1.2 + 0.2, where the uncertainty includes that from
the £100 K temperature uncertainty. With this level of carbon-
enhancement, M55 307649 (Gaia DR36751343892420411 136)
can definitely be classified as a dwarf carbon (dC) star. Un-
fortunately however, the temperature, combined with the
resolution and signal-to-noise of the observed spectrum, pre-
clude any statement regarding potential enhancements in s-
process elements, such as Sr or Ba, in the atmosphere of the star.
Further classification, e.g., as CEMP-s, must await higher qual-
ity data. Specifically, spectrum synthesis calculations for the
A4554A Bar line show that, for this combination of metallicity,
effective temperature and spectral resolution, a S/N in excess
of 200 would be required to distinguish [Ba/Fe] = +1.0 from
[Ba/Fe] = 0.0 at the 30 level. On the other hand, at higher
resolution, e.g., R &~ 5400 with the UVB arm of the ESO
VLT/X-shooter instrument (Vernet et al., 2011), spectra with
S/N > ~50 can readily measure a [Ba/Fe] abundance excess of
~1 dex or higher in this star relative to similar temperature
M55 main sequence stars.
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Figure 5. Synthetic spectrum fits to the observed spectrum of star M55
307649. The solid blue line is the best fit ([C/Fe] = +1.2) for the adopted
parameters, while the dashed blue lines have [C/Fe] +0.2 about this value.
The region between the dashed lines is shaded in light blue to emphasize
the regions sensitive to [C/Fe]. The red line shows the synthetic spectrum
with the same parameters except that [C/Fe] =-1.0 dex.

4, Discussion
4.1 Other samples

As discussed in Stanford et al. (2006, 2007) main sequence stars
in the globular clusters w Cen, NGC 6397, NGC 6752 and
47 Tuc were observed with the same instrument configuration
as that described here, except that for 47 Tuc and w Cen
both 2dF spectrographs were used. The main sequence stars
were selected from similar (I, B— 1) CMDs in the same way
as for the M55 sample and occupy a similar My, range. For
NGC 6397 and NGC 6752 approximately 120 main sequence
star members were analyzed while for 47 Tuc the sample size
was approximately 280 members. As demonstrated in the right
panels of Fig. 6 of Stanford et al. (2007), there are no main
sequence stars in these three cluster samples with significantly
enhanced [C/Fe] values, although the dichotomy of [C/Fe]
values in 47 Tuc as result of the abundance anomalies in this
cluster is evident (results from the 47 Tuc main sequence sample
are discussed in more detail in Da Costa et al., 2004).

For w Cen, as described in Stanford et al. (2006), two
samples of stars have been observed. The first is an unbiased
main sequence sample, and the second a sample with lumi-
nosities above the main sequence turnoff across a range of
metallicities. There are a total of 442 cluster members in both
samples with the numbers split approximately equally between
the two (see Fig. 3 of Stanford et al., 2006). Stanford et al.
(2007) divide the set of observed cluster members into a main
sequence group (V' > 18, My, > 4.04) and a subgiant sub-group
(V' <18, My < 4.04). Bach group is then further split by
metallicity with stars with [Fe/H] <-1.5,-1.5 < [Fe/H] <-1.1,
and [Fe/H] > -1.1 considered separately.

Of particular interest here are the left panels of Fig. 12
of Stanford et al. (2007) which show, as a function of My,
[C/Fe] values derived from spectrum synthesis, as well as re-
gions where the abundance ratio cannot be reliably determined.
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Figure 6. The observed spectrum of star 307649 in M55 (middle) is compared
the observed spectra of w Cen main sequence stars 7007334 (bottom) and
9005309 (top) from Stanford et al. (2007). The spectra have been normalized
at ~ A4500A. The middle and upper spectra have been offset vertically by
0.5and 1.0, respectively. The w Cen spectra have S/N = 45 per pix while S/N
= 25 for the M55 star. Note the strong G-band of CH in all three spectra.

The stars analyzed are drawn from the left panels of Fig. 6
of Stanford et al. (2007) and the typical error in the [C/Fe]
determinations is +0.27 dex (Stanford et al., 2007). For the
most metal-poor population, there are two main sequence stars
with [C/Fe] ~ 1.3 and two subgiants with [C/Fe] values of
1.0 and 0.75, approximately. For the intermediate metallicity
group there is one subgiant with [C/Fe] &~ 0.9 dex. All five

of these stars qualify as C-stars with the two w Cen main

sequence stars being dC stars',

The properties of the M55 dC star and those for the Stan-
ford et al. (2007) w Cen C-stars are given in Table 1. Listed
are the cluster and star IDs, the corresponding Gaia DR3 IDs,
and the Tg, log ¢, [Fe/H] and [C/Fe] values, with those for
the w Cen stars taken from the on-line version of Table 3
of Stanford et al. (2007). We note that w Cen star 7011049
has a separate second entry in the Table as star 8001811. The
atmospheric parameters are essentially identical for what are
presumably separately analyzed spectra. For example, the two
[C/Fe] values are 0.80 and 0.70, respectively; the average values
are given in Table 1. Figure 6 shows the observed spectra for
the M55 dC star and for the two w Cen dC stars: all three
spectra are remarkably similar.

Two other studies deserve mention. The first is the exten-
sive survey of stars in the globular cluster M4 (NGC 6121)
by Malavolta et al. (2014). These authors analyzed medium-
resolution spectra with varying S/N, obtained with the
FLAMES+GIRAFFE multi-object spectrograph at the VLT,
for 322 RGB stars and 1869 subgiant and main sequence stars
in the cluster. The spectra covered the narrow wavelength

fWe note that the Stanford et al. (2007) Fig. 12 [C/Fe] panel for the most
metal-rich population shows one subgiant apparently with [C/Fe] = 1.0.
However, there is no corresponding entry in the on-line version of Table 3,
so we suspect the plotted point is erroneous.
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Table 1. Properties of main sequence and subgiant carbon stars in M55 and w Cen.

Cluster ID Gaia DR3 1D T.g (K logg(cgs) [Fe/H] [C/Fe]
M55 307649 6751343892420411136 6100 4.1 -1.9 1.2
w Cen 7007334  6083727681943908992 6152 4.3 -1.84 1.35
w Cen 9005309 6083497441641348352 6107 4.3 -1.88 1.30
w Cen 2010136  6083676043580595712 5631 3.8 -1.75 1.00
w Cen 7011049 6083725624687591680 5910 3.9 -1.54 0.75
w Cen 9004288  6083499258399977088 5824 3.9 -1.30 0.90
interval 5143A < A < 5356A, a region that includes a Swan rare event.

band of C, with bandhead at 5163A. While it is likely that the
subgiant and main sequence stars are too hot for significant
C, band formation even at high [C/Fe] values, this is unlikely
to be the case for the M4 RGB stars. For example, Kirby et al.

(2015) notes that the C, bandhead at 5163A is weakly present
in the M15 CH star that has [C/Fe] = +0.9 £ 0.1 (Kirby et al.,
2015) and which lies well below the RGB tip in the M15 CMD
(Kirby et al., 2015). Malavolta et al. (2014), however, make no
mention of the detection of the C;, bandhead in any of their
spectra, from which it is reasonable to assume there are no
carbon enhanced stars in their M4 RGB sample.

The second study is that of D’Orazi et al. (2010). In this
work [Ba/Fe] values were determined for 1205 RGB stars across
15 globular clusters using FLAMES/Giraffe high-resolution
spectra (Carretta et al., 2009¢). The intention was to iden-
tify the presence of any barium-stars in the sample. Ba-stars
generally possess spectra enhanced in carbon and s-process
elements such as Ba, with the enhancements the results of
mass transfer in a binary system. For example, McClure (1984)
and McClure & Woodsworth (1990) have shown that all the
Ba-stars studied are long period, single line spectroscopic bina-
ries as expected for the mass-transfer origin of the abundance
enhancements. It is worth noting, however, that the spectra
analyzed by D’Orazi et al. (2010) do not cover any spectral
features indicative of an enhanced carbon abundance in any
Ba-stars discovered.

D’Orazi et al. (2010) define “Ba-stars” as any star in a
globular cluster where the [Ba/Fe] abundance ratio exceeds by
3.50 the mean [Ba/Fe] value for the cluster. With this criterion,
5 Ba-stars were identified in 5 globular clusters. Additional
information is now available for 3 of these 5 stars, but not for
star 200095 in NGC 288, which also has enhanced [La/Fe]
and [Nd/Fe] (see D’Orazi et al., 2010), and star 608024 in
NGC 6397. Star 30952 in 47 Tuc is neither enhanced in Ba or
carbon: Dobrovolskas et al. (2021) give [Ba/Fe] = 0.13 which is
close to cluster mean, as distinct from the D’Orazi et al. (2010)
value of 0.51 + 0.15 dex. Similarly, the SDSS DR17 release
(Abdurro’uf et al., 2022) lists [C/Fe] = 0.06 for this star. Star
28903 in NGC 6254 is also not C-enhanced: the SDSS DR17
value is [C/Fe] = -0.39, while Gerber et al. (2018) give [C/Fe]
=-0.36 dex. Finally, for star 38291 in NGC 6752, SDSS DR17
lists [C/Fe] = -0.16, so again the star in not carbon enhanced.
The updated results of D’Orazi et al. (2010) then suggest that
the occurrence of CH-stars in globular clusters is generally a
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As an aside we note that stars such as 28903 in NGC 6254,
which is clearly enhanced in Ba (see Fig. 3 of D’Orazi et al.,
2010), are apparently similar to a small number of globular
cluster red giants that are s-process enhanced but not carbon-
enhanced, i.e., they do not show the characteristics expected
from AGB star mass-transfer in a binary system. Other ex-
amples include star 61005163 in NGC 5824 (Roederer et al.,
2016) which has large excesses of Ba, La, Ce and Nd relative
to the other cluster red giants, while the r-process elements
Sm, Eu, Dy are not distinguished. Roederer et al. (2016) give
an evolutionary mixing corrected estimate of [C/Fe] ~ 0.4 for
this star, so it is not carbon-enhanced. Star 4710 in 47 Tuc
(Cordero et al., 2015), is similar: [Ba/Fe] = 1.0 & 0.2, [La/Fe] =
1.1 + 0.14 and [Ce/Fe] = 1.0 4 0.2 (Cordero et al., 2015) but
with [C/Fe] = 0.15 £ 0.02 (and [Ce/Fe] = 0.84 4= 0.05) from
the SDSS DR17 release (Abdurro’uf et al., 2022). So again the
star is not carbon-enhanced. As discussed in Roederer et al.
(2016), the origin of the abundances in these equally rare stars
is not readily understood.

4.2 The origin of CH stars in globular clusters

The most likely explanation for the presence of carbon en-
hanced stars in globular clusters is that they result from mass
transfer in a binary system that occurs when the (original)
primary undergoes thermal pulse driven dredge-up on the up-
per asymptotic giant branch. Consequently, the binary must
survive in the dynamic environment of a globular cluster long
enough for the original primary to reach the TP-AGB phase.
For a ~1.5 Mg primary, this maybe as long as a few Gyr. At
the same time the binary separation must remain such that the
large radius of the TP-AGB star can be accommodated with
stable mass transfer, avoiding a common-envelope phase.
The dynamic environment of globular clusters is capable of
strongly influencing binary star members. Stellar encounters
within a cluster cause “soft” binaries (i.e., those with relatively
large separations) to disrupt while “hard” binaries (i.e., those
with smaller separations) become more compact (e.g., Hut
et al., 1992). In the context of binary CH stars, Coté et al.
(1997) give an equation for the characteristic final separation
of surviving binaries, aj, that depends on the ratio of the cen-
tral 1D velocity dispersion to the central mass density of a
cluster. They then demonstrate that for M14 and w Cen, the
values of aj, exceed the semi-major axis of the shortest period
binary in the McClure & Woodsworth (1990) sample of field
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CH stars. Thus the existence of mass-transfer binary CH stars
in these clusters is plausible. Gerber et al. (2021) reach a similar
conclusion regarding the CH stars in M53 (NGC 5024). As
noted by Coté et al. (1997) and Gerber et al. (2021), the equa-
tion for gy, strictly applies only at the centre of the cluster and
does not encompass the complexity of the dynamical evolution
of binaries in a globular cluster.

Here, noting that McClure & Norris (1977) were the first
to point out that there is a tendency for CH stars to occur in
low central concentration clusters, we have adopted a different
approach. Fig. 7 shows a plot of the logarithm of the ratio of
the cluster (projected) half-mass radius, ry,, to the cluster core
radius, reore, against the logarithm of the half-mass relaxation
time, Tg},, in Gyr. The values are taken from the Baumgardt
et al. globular cluster database8; only clusters with masses
exceeding 5 x 10* Mg are plotted: with a mass of 7.3 & 2.4
x10* Mg NGC 6426 is the lowest mass cluster containing a
CH star. The 1}, to rcore ratio is a measure of the degree of
central concentration of a cluster (less centrally concentrated
clusters have smaller values) while Tpy, is a measure of the
extent of dynamical evolution in a cluster.

In the figure the filled 5-point star symbols are M55 and
w Cen, the two clusters with identified populations of both
dwarf and red giant CH stars. The other six clusters with
CH-star RGB members are plotted as filled triangles. The
three filled circles are 47 Tuc, NGC 6752 and NGC 6937
which, based on existing data, do not contain either dwarf
or giant CH stars. The cluster M4 is not separately identified
but lies at (8.94, 0.74) in the figure. With the exception of
M15 (see below), the clusters with CH stars show a preference
for longer Tgy, and lower 1}, to rcore values relative to the
overall population. This is consistent with the interpretation
that these clusters have allowed the survival of binaries capable
of mass transfer during the original primary’s TP-AGB phase.
Note that it is not required that the current CH stars remain
in a binary system — the binary could have been disrupted
dynamically subsequent to the mass-transfer event.

Compared to the points in Fig. 7 for the other 7 globular
clusters containing CH stars, the location of M15 in this dia-
gram is anomalous. Quantitatively, excluding M15, the mean
value of log(ry/reore) for the clusters with CH-star members is
0.40 + 0.06 (std error of mean), while that for M15, at 1.53, is
substantially higher. This discrepancy suggests that the carbon
star in M15 may have been produced by a mechanism different
from mass transfer in a binary system. Although on the AGB
in the M15 CMD (Kirby et al., 2015), the star is well below
the RGB-tip. It therefore lacks the required luminosity to
be in the TP-AGB phase, even if it had somehow acquired
sufficient mass to be capable of evolving to this phase. Kirby
et al. (2015) suggested that the star could be the product of a
merger, which are more likely to occur in high central den-
sity, high central concentration clusters like M15 (e.g. Kremer
et al., 2020). The merger process though would be required
to produce temperatures hot enough for triple-« burning to
generate a substantial carbon overabundance in the merger

8Edition 4; https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
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Figure 7. A plot of the logarithm of the ratio of the projected half-mass radius
(r,) to the core radius (rcore) against the logarithm of the half-mass relaxation
time (Tgy,) for clusters with masses exceeding 5 x 10* solar masses. Values
are taken from the Baumgardt et al. globular cluster database (edition 4).
M55 and w Cen are plotted as star symbols, while NGC 6402, NGC 6426, M53,
M22, M2 and M15 (in order of increasing log(r;,/rcore) are plotted as filled
triangles. The filled circles are 47 Tuc, NGC 6752 and NGC 6397, also in order
of increasing log(ry,/rcore)-

product.

This question is addressed in studies of the origins of early-
type R stars: carbon-rich red giants that are not binaries (Mc-
Clure, 1997b), generally lack enhancements in s-process el-
ements, and which are not luminous enough to be in the
TP-AGB phase of evolution. Conventional single-star stellar
evolutionary models cannot explain these stars, but as sug-
gested by McClure (1997b) they may have their origin in a
merger event. Izzard et al. (2007) investigated this possibility
by calculating binary star evolution models (see also Zhang
et al., 2020), and found that merger of a helium white dwarf
(HeWD) with a red giant during a common envelope phase is
followed by a helium flash in a rotating core that allows the
newly generated carbon to be mixed into the surface layers,
creating a single star with the characteristics of R stars (see also
Zhang et al., 2020).

Such a binary merger process would then seem to be a
plausible explanation for the origin of the M15 CH star: con-
firmation would follow if the star is not (now) a binary and
if it lacks any enhancement in s-process elements. Assuming

the merger explanation is correct, the M15 star is then “the

exception that proves the rule” h __ the “rule” in this case being

that CH-stars in low central concentration globular clusters

hp phrase attributed  originally to the Roman  states-
man Cicero in his 59 BCE defence of Lucius Balbus (see
https://en.wikipedia.org/wiki/Exception_that_proves_the_rule).
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are mass-transfer binaries.

5. Conclusions

In this paper we have discussed 2dF spectroscopy of 72 main
sequence member stars in the globular cluster M55. One star
was found to have a substantially stronger G-band (CH) com-
pared to the other cluster members. Spectrum synthesis yielded
[C/Fe] ~ 1.2 & 0.2 for this star, allowing its classification as
a dwarf carbon star. M55 then joins w Cen (NGC 5139) as
a globular cluster in which both dwarf and red giant CH-
stars are known members. A compilation of the properties of
the 8 Galactic globular clusters containing at least one CH-
star member shows that 7 of the clusters have relatively low
central concentrations and long half-mass relaxation times.
This is consistent with the origin of the CH-stars as a con-
sequence of mass transfer in binary systems. The remaining
CH-star is found in the high central concentration cluster M15
(NGC 7078) and its origin is postulated as resulting from a
HeWD+RGB binary common-envelope merger process, as
discussed by Izzard et al. (2007) and Zhang et al. (2020). While
carbon stars are currently relatively rare objects in globular
cluster stellar populations, it is likely that additional examples
will be discovered in forthcoming large scale spectroscopic
surveys such as 4MOST (de Jong et al., 2019), WEAVE (Jin
et al., 2024), and the SDSS-V Milky Way Mapper program
(see hetps://www.sdss.org/dr18/mwm/about/), allowing fur-
ther investigations of the origins of these stars.
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