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ABSTRACT

Context. SMSS J160540.18−144323.1 is the carbon-enhanced metal-poor (CEMP) star with the lowest iron abundance ever measured, [Fe/H] =
−6.2, which was first reported with the SkyMapper telescope. The carbon abundance is A(C) ≈ 6.1 in the low-C band, as the majority of the stars
in this metallicity range. Yet, constraining the isotopic ratio of key species, such as carbon, sheds light on the properties and origin of these elusive
stars.
Aims. We performed high-resolution observations of SMSS 1605−1443 with the ESPRESSO spectrograph to look for variations in the radial
velocity (vrad) with time. These data have been combined with older MIKE and UVES archival observations to enlarge the temporal baseline. The
12C/13C isotopic ratio is also studied to explore the possibility of mass transfer from a binary companion.
Methods. A cross-correlation function against a natural template was applied to detect vrad variability and a spectral synthesis technique was used
to derive 12C/13C in the stellar atmosphere.
Results. We confirm previous indications of binarity in SMSS 1605−1443 and measured a lower limit 12C/13C > 60 at more than a 3σ confidence
level, proving that this system is chemically unmixed and that no mass transfer from the unseen companion has happened so far. Thus, we confirm
the CEMP-no nature of SMSS 1605−1443 and show that the pristine chemical composition of the cloud from which it formed is currently imprinted
in its stellar atmosphere free of contamination.

Key words. stars: abundances – stars: Population II – stars: Population III – Galaxy: abundances – Galaxy: formation – Galaxy: halo

1. Introduction

Ultra, hyper, and mega metal-poor stars (corresponding to
[Fe/H] < −4, [Fe/H] < −5, and [Fe/H] < −6, respec-
tively) are messengers from the early Universe. They provide
crucial clues as to the yields of the first stars, their initial
mass function, and the first stages of their chemical enrich-
ment. At the lowest iron abundances, we can find three groups:
(a) stars with no carbon enhancement (carbon-normal, see e.g.,
Caffau et al. 2011; Starkenburg et al. 2018); (b) stars enriched in
carbon, [C/Fe] > +1, and also enhanced in neutron-capture pro-
cess elements [Eu/Fe] > +0.7 and/or [Ba/Fe] > +1, CEMP-r,
and/or -s (see e.g. Hansen et al. 2015b, 2016; Holmbeck et al.
2020); and (c) stars enriched in carbon [C/Fe] > +1, but not
in r- or s-process elements, the so-called CEMP-no group (see
e.g., Spite et al. 2013; Yong et al. 2013; Yoon et al. 2016). The
first group, the carbon-normal metal-poor stars, is less popu-
lated towards lower metallicities (see e.g., Cohen et al. 2005;
Carollo et al. 2012; Placco et al. 2014) with important conse-
quences on the likelihood of low-mass star-formation at ear-
lier times (see e.g., Bromm & Loeb 2003). The second group
is made up of CEMP-s and CEMP-r/s (also known as CEMP-
i), and they are likely binary systems where carbon and the
heavy elements were produced by a more massive stellar
companion and subsequently donated to the star (Herwig 2005;

? Based on ESPRESSO GTO collected under ESO programmes
1104.C-0350, 108.2268.001, PI: P. Molaro. Based also on UVES data
retrieved from the ESO archive under programme 105.20K7.001.

Jones et al. 2016). This group is also characterised by absolute
carbon abundances reaching values as high as the solar abun-
dance (A(C) ∼ 8.4) (Spite et al. 2013; Bonifacio et al. 2015;
Yoon et al. 2016). Finally, the CEMP-no group stars show lower
carbon abundances (A(C) ∼ 6.4), with no evidence of over-
abundances of neutron capture elements. They dominate the
population at lower metallicities. When looked for, they were
shown to be single and therefore it is not expected that this group
is populated by binary systems that undergo mass transfer fol-
lowing the production of neutron capture elements (Ryan et al.
2005; Lucatello et al. 2005; Carollo et al. 2008; Zepeda et al.
2022).

One remarkable exception is the well-known CEMP-no star
HE 0107−5240 with [Fe/H] = −5.4, which was discovered by
Christlieb et al. (2001) and thought to be a single system for
20 years. However, after an exhaustive follow-up (Arentsen et al.
2019; Bonifacio et al. 2020; Aguado et al. 2022), the binary
nature of HE 0107−5240 was revealed. Aguado et al. (2022)
showed that the isotopic ratio 12C/13C is high, indicating that
HE 0107−5240 did not undergo mass transfer. According to the
classification of Beers & Christlieb (2005), SMSS 1605−1443 is
a mega iron-poor star with [Fe/H] = −6.2 ± 0.2 and a car-
bon enrichment at [C/Fe] = +3.9 ± 0.2, as first reported by
Nordlander et al. (2019). At the time of writing, the available
upper limits ([Sr/Fe] < +0.2 and [Ba/Fe] < +1.0) suggest
this is a CEMP-no star. However, the ultimate nature of this
star has been questioned by Aguado et al. (2022), who found
a significant vrad variation in the observations from Echelle
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Spectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations (ESPRESSO). Therefore, confirmation of the bina-
rity of SMSS 1605−1443 is required and further chemical
analysis is necessary to address the question of whether the
chemical composition of SMSS 1605−1443 is indeed pristine.
In this work, we integrate the kinematical analysis with archival
UVES spectra and derive an informative lower limit of 12C/13C.
The relevance of these findings for understanding binarity
among the most iron-poor stars known to date is discussed.

2. Observations and data reduction
To study and characterise SMSS 1605−1443, we worked with
three different sources of spectroscopic data: (a) intermediate
spectral resolution (R ≈ 28 000) observations with the
Magellan Inamori Kyocera Echelle (MIKE) spectrograph at
the Magellan telescope published by Nordlander et al. (2019);
(b) higher resolution (R ≈ 41 000) follow-up with the Ultravio-
let Visual Echelle Spectrograph (UVES; Dekker et al. 2000) on
the 8.2 m Kueyen Very Large Telescope (VLT) publicly avail-
able from the European Southern Observatory (ESO) archive1;
and (c) an ESO Guaranteed Time Observations (GTO) pro-
gramme with the ultra-stable ESPRESSO spectrograph (R ≈
138 000) at VLT (Pepe et al. 2021). The MIKE data are not
publicly available, and therefore we refer to the original paper
by Nordlander et al. (2019) and quote the results of the single
observing night of September 1, 2018, summarised in Table A.1.

Five additional UVES observations of SMSS 1605−1443
taken between February 21, 2021 and September 6, 2021 are
freely available. A 1′′.0 slit was used with 2 × 2 binning in dark
sky conditions and a maximum airmass of ∼1.4. The setting used
was dichroic, #2, with central wavelengths at 437 nm for the
blue arm and +760 for the red arm, providing a spectral cov-
erage between 380 and 946 nm. We corrected each spectrum for
the barycentric velocity. The average signal-to-noise per pixel
in the spectra was ∼27 at 430 nm and the seeing average of the
five nights was 0′′.82 (see Table A.1 for further details). The data
were reduced using the REFLEX environment (Freudling et al.
2013) within the ESO Common Pipeline Library.

The ESPRESSO observations were taken in the Single42
mode. ESPRESSO has two fibres, one for the object and one
for the sky, with a diameter of 140 µm that corresponds to a 1′′.0
aperture in the sky. The binning of the CCD was 4 × 2 pixel and
we selected the slow readout mode. The five spectra were taken
in service mode with an individual exposure time of 3150 s,
leading to data with S/N between 11 and 13 at 430 nm. The
observing criteria were: seeing ≤ 1′′.0, airmass ≤ 1.5, water
vapour ≤ 30 mm, and a minimum lunar distance of 30◦. The
first observation (see Table A.1) was taken with higher see-
ing so that the exposure was repeated. Data reduction was per-
formed by using the automatic ESPRESSO pipeline, including
sky subtraction, bias, and flat-fielding correction. The wave-
length calibration combines a ThAr lamp with a Fabry-Pérot
etalon (Pepe et al. 2013). In Sect. A we show the combined
ESPRESSO spectrum.

3. Analysis

3.1. Stellar parameters and radial velocity

Nordlander et al. (2019) found good agreement between stellar
parameters (effective temperature and surface gravity), which
were derived both photometrically and spectroscopically, con-
verging into Teff = 4850 ± 100 K and log g = 2.0 ± 0.2. Based
1 http://archive.eso.org

on the Gaia colours (Gaia Collaboration 2021) and applying
the calibration by Mucciarelli et al. (2021), we derived Teff =
4830 ± 100 K. Additionally, based on the Gaia parallax (with
a zero point), we found log g = 1.8 ± 0.2. Both parameters
are in excellent agreement with the original ones; therefore,
we assumed those from Nordlander et al. (2019). We marginally
detected the strong iron line at 404.5 nm, in contrast with the
ten Fe i lines detected in the blue region of the MIKE spectrum.
This is not surprising since ESPRESSO is less efficient in the
blue, where the strongest Fe i are. Therefore, we also adopted
the metallicity from Nordlander et al. (2019), [Fe/H] = −6.2.

To derive radial velocities from UVES and ESPRESSO, we
followed the same iterative process explained in Aguado et al.
(2022). We used a template based on the same set of stellar
parameters and performed a cross-correlation function (CCF)
against each individual exposure in the range 420−431 nm.
The CCF was done in Fourier space using the algorithm
from Tonry & Davis (1979) implemented in the fxcor pack-
age within IRAF (Tody 1993). Then, by correcting all the
spectra and by combining them, we created a natural tem-
plate in the rest of the frame for both instruments. Finally, we
cross-correlated these templates with all individual spectra and
derived final vrad measurements. This step allowed us to signif-
icantly reduce the derived uncertainties that are summarised in
Table A.1. While with UVES we get uncertainties of a few hun-
dred of metres per second, with the ESPRESSO data these are
an order of magnitude lower (tens of metres per second). On
the other hand, as previously explained, the vrad measurement
from MIKE data is directly taken from Nordlander et al. (2019;
see our Table A.1). Although no error bar is provided, from our
experience with MIKE with giant metal-poor stars, we estimate
it as 1 km s−1. Finally, we have searched the literature for further
vrad measurements associated with this object. Unfortunately,
SMSS 1605−1443 is not bright enough to be observed with the
Radial Velocity Spectrometer (RVS, Cropper et al. 2018) within
the Gaia mission, and no data were found. We also checked
the Survey of Surveys (SoS, Tsantaki et al. 2022) including vrad
measurements from different spectroscopic surveys, and no mea-
surements were available.

3.2. Carbon isotopic ratio 12C/13C

Metallic absorptions in the ESPRESSO spectra are almost exclu-
sively due to carbon (CH) features. The extremely low metallic-
ity of this star and the very high carbon enrichment account for
this fact. However, the resolution and the relatively high qual-
ity of the ESPRESSO spectrum allowed us to derive the abso-
lute carbon abundance A(C) and set a critical lower limit on
the carbon isotopic ratio 12C/13C. By assuming stellar parame-
ters (Teff , log g, and [Fe/H]) discussed in Sect. 3, microturbu-
lence of 1.8 km s−1, and a [α/Fe] = +0.4, we computed a stellar
model with the ATLAS 9 model atmosphere code using an opac-
ity distribution function of metallicity −5.52. Using this model
atmosphere, we computed a grid of synthetic spectra using the
with SYNTHE code (Kurucz 2005; Sbordone 2005). To derive
the absolute carbon abundance, we fitted the ESPRESSO spec-
trum with the collection of synthetic spectra in the G band,
between 420 and 427 nm, by minimisation of the χ2. The best
fit provides A(C) = 5.97 ± 0.10. If we assume a solar car-
bon abundance A(C)� = 8.43 from Asplund et al. (2009), we
end up with [C/Fe] = +3.75 ± 0.20, which is in good agree-
ment with the value originally reported of [C/Fe] = +3.9 ± 0.2.

2 https://wwwuser.oats.inaf.it/castelli/odfnew.html
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Fig. 1. Narrow region of the ESPRESSO combined spectrum of
SMSS 1605−1443 and HE 0107−5240 around the G band. Three dif-
ferent synthetic models computed with SYNTHE are also shown.

Nordlander et al. (2019) refrained from giving a lower limit for
the isotopic ratio 12C/13C due to the resolution of the MIKE spec-
trum. However, with the ESPRESSO data, we are able to give
an informative value to 12C/13C. In Fig. 1 we show the spec-
tral region within the G band where some of the most promi-
nent 13C features are located. However, to optimise the calcu-
lation of a lower limit, we decided not use individual lines but
the entire information on 13C present in the range 415−435 nm
with a Markov chain Monte Carlo (MCMC) self-adaptative
algorithm (Vrug et al. 2009) available within the FERRE code
(Allende Prieto et al. 2006). We conclude that 12C/13C > 60 is
a robust lower limit with a statistical significance larger than 3σ.
Other values (12C/13C = 3 or 30) with higher 13C abundance have
been ruled out (red and purple lines, respectively). The complete
MCMC methodology already tested by Aguado et al. (2019) is
detailed in Appendix B.

4. Discussion and conclusion

4.1. The vrad variability of SMSS 1605−1443

The re-normalised unit weight error (RUWE) published by Gaia
EDR3 (Gaia Collaboration 2021) is 1.06 and does not allow us
to conclude about binarity whatsoever. This is not surprising
since the star is at a distance of ∼8.9 kpc (Bailer-Jones et al.
2018), which is far from the sensitivity range of Gaia par-
allaxes. However, an indication of radial velocity variability
was reported by Aguado et al. (2022) based on the same five
ESPRESSO observations. Thanks to the ultra stability of this
spectrograph, we can see the decreasing trend shown in Fig. 2
(red points) and this would be sufficient to claim a vrad varia-
tion. However, a longer time range would be highly desirable
to confirm this hypothesis and to have clues as to the period.
Luckily, the early MIKE data (green point in Fig. 2) and the
subsequent UVES observations (blue points) all together span
five years of radial velocity data. The error bars corresponding
to different instruments are significantly different. MIKE’s are
about ten times larger than UVES’s, and UVES’s are ten times
larger than ESPRESSO’s. However, all of them are compatible
with the same decreasing trend represented by the pink dashed
line in Fig. 2. In other words, comparing the slopes of the vrad
variation that we see when we consider only the ESPRESSO
points (∼1.8 ± 0.4 m s−1 d−1) is compatible within the errors
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Fig. 2. Radial velocity points of SMSS 1605−1443 vs. modified
Julian date (MJD), obtained with MIKE, UVES, and ESPRESSO.
Grey and purple lines are a linear fit considering all instruments and
ESPRESSO alone, respectively. The observed trend in HE 0107−5240
with ESPRESSO is also shown (black line, which has been vertically
shifted to improve visibility).

with the one calculated considering the measurements from the
three instruments (∼1.4 ± 0.2 m s−1 d−1). Therefore, the addi-
tional data we provide in this analysis confirm the previous claim
by Aguado et al. (2022), and SMSS 1605−1443 unambiguously
shows a decreasing pattern in vrad. The underlying assumption
of linear variation is, in general, not realistic, and it accounts for
the small difference between the two calculated ratios.

The time baseline covered by the vrad observations is too
short for a reliable Keplerian analysis of the SMSS 1604−1443
system. We ran a preliminary set of orbital fit simulations on
the joined radial velocity data (including MIKE, UVES, and
ESPRESSO) within a Bayesian scheme with wide priors for all
binary parameters, including the orbital period, semi-amplitude
velocity, and eccentricity. The result points to long orbital peri-
ods above 8 yr, as well as low eccentricity and semi-amplitude
velocity. New ESPRESSO observations are required during the
next years to better constrain the orbital period and other binary
parameters.

4.2. The pristine nature of SMSS 1605−1443

In their discovery paper, Nordlander et al. (2019) provided infor-
mative upper limits for n-capture elements, [Sr/Fe] < +0.2 and
[Ba/Fe] < +1.0, suggesting this star belongs to the CEMP-
no group. However, being a binary system, some mass transfer
from a companion could have happened. If this were the case,
the chemical composition of SMSS 1605−1443 would not reflect
that of the natal cloud from which it was formed. The carbon iso-
topic ratio 12C/13C is frequently employed as an asymptotic giant
branch (AGB) donation tracer since large amounts of the origi-
nally produced 12C are converted into 13C thanks to the CN cycle
(Wannier 1980) during the red giant branch (RGB; Weiss et al.
2000). Consequently, the isotopic ratio in evolved stars rapidly
decreases to low values, typically 12C/13C ∼ 3−4. Therefore, if
SMSS 1605−1443 underwent mass transfer from a former giant
companion, we should see low values of 12C/13C within its stel-
lar atmosphere. However, as shown in Sect. 3, the obtained lower
limit, 12C/13C > 60, is much higher than the equilibrium relation
mentioned.
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Fig. 3. 12C/13C−[Fe/H] plane for SMSS 1605−1443 (red symbols) and
other stars from the literature (blue symbols). According to Spite et al.
(2006), the 12C/13C = 30 value is also shown.

Old, metal-poor stars with no significant contribution
from CN-processed material are considered chemical unmixed
(Spite et al. 2005). Therefore, SMSS 1605−1443, with an
amount of iron 1.5 million times lower than the Sun, is a
real second-generation star exclusively polluted by previous SN
events, though living with an unseeing companion. In Fig. 3 we
show the existing metal-poor stars with 12C/13C measurements
or lower limits (Kipper & Jorgensen 1994; Pilachowski et al.
1997; Hill et al. 2002; Frebel et al. 2006; Sivarani et al. 2006;
Behara et al. 2010; Masseron et al. 2012; Placco et al. 2015;
Hansen et al. 2016; Spite et al. 2021; Aguado et al. 2022). The
number of points is still small due to the difficulty of mea-
suring 12C/13C, but the data suggest that a more metal-poor
unmixed star tends to form more in binary systems than other
stars born in relatively more metal-rich regimes (Badenes et al.
2018; Arentsen et al. 2019).

It is rather difficult to place constraints on the binary mass
function of the binary system f (M) due to the relatively short
time range of available vrad measurements. However, we can dis-
cuss possible scenarios. There are several mechanisms of mass
transfer in binaries depending on the relative distance scales of
the system. Regardless of whether the binary separation (Db) is
slightly larger than the dust formation radius (Rdust), the accre-
tion is in the form of wind Roche lobe overflow. However,
if Db < Rdust, Roche lobe overflow may happen. Finally, if
Db � Rdust, the accretion on to the secondary is a driven Bondi–
Hoyle mechanism (see e.g., Frank et al. 2002; Chen et al. 2017).
Therefore, even in wide binaries with Db of the order of tens
of AU, stars could eventually receive mass from an AGB com-
panion. Since such a possibility is discarded on the basis of
its chemical composition, we conclude that the unseen compo-
nent of the SMSS 1605−1443 system has never reached the giant
phase. Our favoured explanation is that the unseen companion is
a low-mass star that has not left the main sequence yet. We esti-
mate that the mass of such a companion could not have exceeded
0.8 M�; otherwise, the companion would have plenty of time to
start the H-shell burning phase and quickly rise up to the giant
branch. We find clear similarities between SMSS 1605−1443
and HE 0107−5240, another binary system likely composed of
two low-mass stars. Unfortunately, due to the faint magnitude
of SMSS 1605−1443 (GGaia = 15.4), no spectral distribution
of energy could be analysed since no GALEX ultraviolet data

(Martin et al. 2005) are available for this star. Therefore, con-
firmation of the precise nature of its companion could not be
obtained. More observations with ultra-stable ESPRESSO spec-
troscopy are required in a longer time interval to determine an
orbit for the system.

4.3. The binary fraction in CEMP-no stars

Different origins have been proposed to explain the high
carbon enrichment in extremely metal-poor stars. In partic-
ular, for CEMP-no stars, it was widely believed that the
majority of them are not part of binary systems (Ryan et al.
2005; Starkenburg et al. 2014; Hansen et al. 2016). However,
recent studies are now challenging this picture, at least at
the metal-poor end of the Galactic halo (Arentsen et al. 2019;
Bonifacio et al. 2020; Aguado et al. 2022). The fact that out
of eight stars with [Fe/H] < −4.5 already observed with
ESPRESSO, two of them are binaries increases the expected
ratio of this rare class. We also notice that binarity could not
be excluded from the other six stars with the data in hand
(Aguado et al. 2022). Evidence of binarity among the most iron-
poor CEMP-no stars is potentially very interesting. Indeed,
theoretical models that study the fragmentation properties of
star-forming clouds in the presence of dust (e.g., Omukai et al.
2005) found that gaseous environments with 10−5 Z� < Z <
10−2 Z� can fragment into very small sub-solar clumps, while the
mass of these clumps increases for Z > 10−2 Z�. This implies
that many low-mass stars can form in very metal-poor envi-
ronments and thus that binary systems might be more common
among very metal-poor stars (Matsukoba et al. 2022).

4.4. On the origin of carbon

Spite et al. (2013) noted that carbon is not following the general
iron decrease, but it remains rather constant at the lowest metal-
licities. They suggested the existence of two different carbon lev-
els: one with relatively high carbon abundance, [C/H] ≈ −2.0,
and a second with about [C/H] ≈ −3.5. Carbon has a differ-
ent origin in the two bands: in the high-C band, it is acquired
from an AGB companion, together with n-capture elements. In
the low-C band, it is instead representative of the environment
of formation. However, what the stellar objects are that polluted
this birth environment is still unclear.

Low-energy primordial faint supernovae (SNe) with mix-
ing and fallback have been the first sources proposed to
enrich the environment of formation of CEMP-no stars
(e.g., Umeda & Nomoto 2003, 2005; Iwamoto et al. 2005;
Tominaga et al. 2007; Ishigaki et al. 2014; Bonifacio et al.
2015). Recent models comparing the chemical abundances of
five CEMP-no stars and the predicted SN yields confirm that
SNe with a stellar mass of 11–22 M� and low explosion ener-
gies, 0.3–1.8×1051 erg, are possible progenitors of CEMP-no
stars (Almusleh et al. 2021). However, massive and fast-rotating
low-metallicity ‘spinstars’ have also been proposed as possible
sources of enrichment for the birth environment of CEMP-no
stars (Meynet et al. 2006; Maeder et al. 2015). Ultimately, both
solutions are plausible, and cosmological models can indeed suc-
cessfully reproduce the observed fraction of CEMP-no stars at
different [Fe/H] by including either primordial faint SNe (e.g.,
de Bennassuti et al. 2017) or spinstars (e.g., Liu et al. 2021).
However, it has been shown that spinstars could produce a large
amount of 13C (Meynet et al. 2006; Limongi & Chieffi 2018;
Maeder et al. 2015), while zero-metallicity (faint) SNe do not
(Heger & Woosley 2010).
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Hence, our new results can allow us to finally constrain
the progenitors of CEMP-no stars. SMSS 1605−1443 shows
12C/13C > 60 and in the CEMP-no star HE 0107−5240 this ratio
is 87 ± 6 (Aguado et al. 2022). These high values in the carbon
isotopic ratios rule out the significant production of 13C. Thus,
the first generation of stars that polluted the gas from which
CEMP-no stars are born does not seem to have made any sig-
nificant amount of 13C. For this reason, the faint SNe hypothesis
is favoured against spinstars. We note that Hansen et al. (2015a),
Norris et al. (2013) measured low 12C/13C in a sample of CEMP-
no stars. However, these stars also show [C/N]< 0, which is evi-
dence of internal mixing according to Spite et al. (2006), and
thus of a conversion of 12C into 13C (see also our Fig. 3).

The old, mega metal-poor star SMSS 1605−1443
([Fe/H] = −6.2) is a unique single-lined, chemically unmixed
binary star. Therefore, its chemical signature is likely reflecting
the composition of the molecular natal cloud. New high-
resolution ESPRESSO observations during the next years
are required to constrain the orbital parameters. Finally, the
new generation of not only spectroscopic but also photo-
metric surveys such as Pristine (Starkenburg et al. 2017),
S-Plus (Mendes de Oliveira et al. 2019), and J-Plus
(Cenarro et al. 2019) will help to identify new CEMP-no
candidates at [Fe/H] < −4 and shed light on the origin of these
elusive fossils.
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Appendix A: Co-added ESPRESSO spectrum and
the table with urad measurements.

The combined ESPRESSO spectrum of SMSS 1605−1443 is
shown together with a table with all vrad measurements described
in Sec 3.

Fig. A.1. Co-added ESPRESSO spectrum of SMSS 1605−1443 (black lines). Absorptions corresponding to the Balmer series and Ca ii H&K
region are marked in red, purple, and yellow, respectively. Other metallic absorptions and the G band are also labelled. Regions with strong telluric
contamination are masked in red.

Table A.1. Radial velocities measurements from ESPRESSO, UVES and Mike.

Instrument vrad error MJDb MODE λ/δλ texp S/N binning seeing Comment
(km s−1) (km s−1) −50000 s arcsec

Mike −224 1a 8362.0 AB 28,000 1800 10 2×2 – Nordlander et al. (2019)
UVES −225.914 0.173 9266.351 DIC#2 41,000 2990 27 2×2 0.75
UVES −225.834 0.213 9291.259 DIC#2 41,000 2990 24 2×2 0.91
UVES −225.157 0.159 9318.365 DIC#2 41,000 2990 30 2×2 0.77
UVES −225.791 0.201 9411.142 DIC#2 41,000 2990 27 2×2 0.91
UVES −225.971 0.174 9463.006 DIC#2 41,000 2990 28 2×2 0.77
ESPRESSO −226.059 0.037 9676.277 HR42 145,000 3150 11 4×2 1.23
ESPRESSO −226.118 0.036 9726.189 HR42 145,000 3150 12 4×2 0.68
ESPRESSO −226.196 0.037 9727.060 HR42 145,000 3150 13 4×2 0.92
ESPRESSO −226.214 0.030 9761.059 HR42 145,000 3150 13 4×2 0.97
ESPRESSO −226.278 0.033 9792.055 HR42 145,000 3150 13 4×2 0.79

Notes. aUncertainty no originally reported but assumed for the purpose of this work bModified Julian date at the start of observation.
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Appendix B: 12C/13C calculation with an MCMC
methodology

Fig. B.1. Upper-panel: Weights employed in the FERRE analysis (red).
Lower-panel: Combined ESPRESSO spectrum around the G band
(black) and the best fit derived with FERRE (blue). Both the data and
the best fit were normalised with a running mean filter with a 300 pixel
window.

To derive a constringent 12C/13C lower limit, we employed an
MCMC methodology already described in Aguado et al. (2019).
First, following the recipe presented in Sec. 3.2, we computed
a set of synthetic models with different values of 12C/13C, from
ten to 90 in steps of ten. The rest of the stellar parameters, effec-
tive temperature, surface gravity, metallicity, and absolute car-
bon abundance were fixed to the values from Sec. 3. Then we
packaged the stellar models in a FERRE3 readable shape.

Then, to identify the regions within the G band more sen-
sible to 12C/13C variations, we subtracted the 12C/13C=90 nor-
malised model from the 12C/13C=10 model. The result was
scaled between 0 and 1 (top panel of Fig. B.1, in red). This differ-
ence was used to weigh the χ-squared evaluation: more weight
was given to frequencies that contain more information on the
12C/13C ratio. FERRE is equipped with an option to read these
weights and use them.

3 FERRE is available from http://github.com/callendeprieto/
ferre

56 58 60 62 64 66 68 70
12C/13C

0

2.0×103

4.0×103

6.0×103

8.0×103

1.0×104

1.2×104

N

µ=62.94

σ2=0.97

Fig. B.2. Sample distribution of Markov chain Monte Carlo experiments
vs 12C/13C computed with FERRE (black histogram) and the modelled
Gaussian distribution with parameters (red line).

Subsequently, we normalised both the set of models and
the ESPRESSO data by using a running mean filter with a
300 pixel window and indicated the code to fit the data with
an MCMC self-adaptative randomised subspace sampling algo-
rithm (Vrug et al. 2009). Ten chains of 5,000 experiments each
(discarding the first 500) were run following this methodology.
The data and the derived best fit is shown in Fig. B.1, in the
lower panel. In Fig. B.2 we show the sample distribution of the
MCMC experiments versus the most likely 12C/13C value. The
distribution is somewhat skewed towards the higher values, and
they could be approximated by a Gaussian with a central value
of 62.94 and a variance of 0.97.

Although the result seems to be very robust with this method-
ology, we note that the spectral sensitivity at such high values of
12C/13C (i.e. low values of 13C) is relatively low. Thus, we worry
about possible uncontrolled systematics and prefer to consider it
as a lower limit. Then, considering the statistical parameters µ
and σ2, we derived 12C/13C>60 at more than a 3σ confidence
level. Finally, we considered the central value of the distribu-
tion as a tentative detection of 13C with 12C/13C= 62.94 and
σ2 = 0.97.
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