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ABSTRACT

ontext. The vast majority of the most iron-poor stars in the Galaxy exhibit a strong carbon enhancement, with C/H ratios only about two orders
f magnitude below solar. This unusual chemical composition likely reflects the properties of the gas cloud from which these stars formed, having
een enriched by one, or at most a few, supernovae. A remarkable member of this stellar class, HE 0107-5240 with [Fe/H]=-5.56, has been
dentified as part of a binary system.

ims. To constrain its orbital parameters, radial velocity monitoring has been carried out using the ESPRESSO spectrograph.

ethods. Radial velocities were derived using cross-correlation with a template, taking advantage of the strong G-band feature. Combining
11 observations yielded a high signal-to-noise spectrum, which has been used to refine our understanding of the stellar chemical composition.
dditionally, a co-added UVES spectrum in the blue was used to complement the wavelength coverage of ESPRESSO.

esults. Observations of HE 0107-5240 over a span of more than four years have yielded a revised orbital period of about 29 years. Updated
lemental abundances have been determined for Sc, Cr, Co, and, tentatively, Al, along with a new upper limit for Be. The iron abundance has been
erived from ionised Fe lines. Significant upper limits have been established for Li, Si, and Sr.

onclusions. The star is confirmed to be a long-period binary. Iron abundances derived from neutral and ionised lines are consistent with local
hermodynamical equilibrium (LTE) assumption, casting doubt on published deviation from LTE corrections for Fe for this star. The heavy
lements Sr and Ba remain undetected, confirming the classification of HE 0107-5240 as a carbon enhanced metal-poor and non enhanced in

eavy elements (CEMP-no) star and supporting the absence of an n-capture element plateau at the lowest metallicities.

ey words. Stars: abundances - Galaxy: abundances - Galaxy: evolution - Galaxy: formation

. Introduction

he metal-poor stars shining today in the sky are expected to
ave formed shortly after the Big Bang from gas clouds that
ere only slightly enriched by one or a few supernova explo-
ions. Given their life times comparable to the age of the Uni-
erse, they must have low masses (M < 0.8Mg.) Metal-poor
tars have been known since the early work of |Chamberlain &
ller (1951), but it was the HK survey by Beers et al.| (1992)
hat led to the discovery of a distinct group: carbon-enhanced,
ron-poor stars. Within this group, a subclass was identified that
ombines high carbon enhancement with a deficiency or absence
f n-capture elements (Norris et al.||1997; Bonifacio et al.[1998)).
The star HE 0107-5240 was discovered at the beginning of this
century (Christlieb et al.|[2002) and has since become the pro-
totype of this rare class, which now includes most of the most
iron-poor stars known.

Currently, about a dozen stars are known with extremely
low iron abundances ([Fe/H] < —4.5) and relatively high car-
bon abundances (5.5 < A(C) < 7.8). Only two known stars
in this regime (SDSS J102915.14+172927.9 |Caffau et al.|2011a
and Pristine J221.8781+09.7844 Starkenburg et al.[2018)) do not

* Based on ESPRESSO GTO observations collected under ESO pro-
grammes 0103.D-0700 and 108.2268.001 (PI: P. Molaro), 1104.C-0350
1102.C-0744 (PI F. Pepe), and 114.27NH.001 (PI: D. Aguado)

exhibit carbon enhancement, having only upper limits on their
carbon abundances: A(C) < 4.68 for the former (Caffau et al.
2024b) and below 6.0 for the latter (Lardo et al.[2021). Recently
Limberg et al.[(2025)), reported of an evolved star which shows
no C in the spectrum and, after taking into account for the lost C
into N, the upper limit is just A(C) < 4.79 ([C/Fe] < +1.18).

Un-evolved, warm stars (T.g> 5800 K) often display a weak
G-band, making carbon abundance determinations challenging
and complicating the identification of extremely metal poor
stars, EMP, that are not carbon-enhanced (i.e., not CEMP, a
CEMP being here defined as [C/Fe] > 1.0, Beers & Christlieb
2005). According to [Bonifacio et al.| (2015), CEMP-no stars
show a relatively constant absolute carbon abundance, lower
than that of CEMP-s stars, which also show enhanced abun-
dances of s-process elements. The carbon in CEMP-s stars likely
originates from mass transfer from an evolved asymptotic giant
branch (AGB) companion, along with elements such as Sr and
Ba. In contrast, the carbon in CEMP-no stars is likely primordial.
The so-called ‘low-carbon band’ (Bonifacio et al.|[2015) is cen-
tred around A(C) ~ 6.8. We therefore suggest that in the ultra-
iron-poor regime ([Fe/H] < —4.5), stars with A(C) > 5.8 should
be classified as CEMP, rather than relying solely on [C/Fe] > 1.

It is plausible that carbon-normal and carbon-enhanced
ultra iron-poor stars have distinct origins. For example,
SDSS J102915.14+172927.9 exhibits a solar-scaled abundance
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pattern without the typical @-element enhancement seen in most
metal-poor stars and an orbit in the Galactic disc. This may in-
dicate that this is a PopIII star and that its stellar surface was
polluted during its long journey through the Galactic disc (see
Caffau et al.[2024b).

HE 0107-5240 was first reported by (Christlieb et al.| (2002,
with a detailed chemical abundance analysis presented in
Christlieb et al.| (2004), based on UVES spectra. The oxygen
abundance was later derived from OH molecular lines in the UV
by|Bessell et al.|(2004)). The impact of 3D hydrodynamic models
on the inferred abundances was explored by (Collet et al.| (2006),
while deviations from local thermodynamic equilibrium (NLTE)
were examined for iron by Ezzeddine et al.| (2017) and for Mg
and Ca by [Sitnova et al.| (2019).

The star HE 0107-5240 was included in an ESO ESPRESSO
GTO programme aimed at investigating binarity among the most
metal-poor stars. Its binary nature was first suggested by |Ar-
entsen et al.|(2019), who noted discrepancies between radial ve-
locities measured with UVES and SALT. This was subsequently
confirmed by Bonifacio et al| (2020) using early ESPRESSO
data. Continued ESPRESSO monitoring over more than three
years was analysed by |Aguado et al.| (2022), who derived a
long orbital period of approximately 13,000 days (~36 years),
showing that binary formation is not precluded at extremely low
metallicities. [Aguado et al.| (2022)) also measured a carbon iso-
topic ratio of 1?C/!*C = 87 +6. This value rules out mass transfer
from an evolved AGB companion as the source of the observed
carbon and implies a significant primordial production of *C
in the progenitor. In the present study, we extend the temporal
baseline of radial velocity monitoring and analyse a new, high
signal-to-noise co-added spectrum derived from all the available
ESPRESSO observations.

2. Observations

HE 0107-5240 was observed as part of several ESPRESSO
GTO  programmes: 0103.D-0700, 108.2268.001, and
110.245W.001 (PI: P. Molaro); 1102.C-0744 and 1104.C-
0350 (PI: F. Pepe); as well as during the open-time programme
114.27NH.001 (PI: D. S. Aguado). The observations were
reduced all in the same way. The GTO data, previously analysed
by |Aguado et al.| (2022) and Molaro et al.| (2023), are here
complemented with the additional open-time observations. All
spectra cover the same wavelength range from 380 to 788 nm,
and were corrected for the star’s orbital motion, co-added, and
used for a revised chemical abundance analysis.

Since the ESPRESSO spectrum extends only down to ap-
proximately 380 nm in the blue, UVES data were employed to
study chemical species with transitions in the ultraviolet. The
UVES spectra consist of a sequence of observations using the
346 nm setting, obtained between September 30 and December
27, 2002, for a total exposure time of 19.5 hours (see [Bonifa-
cio et al.|2021} for the observation log). A total of 22 observ-
ing blocks (OBs) from programme 70.D-0009 were available,
of which 21 were usable (one OB was exposed for only 1s and
contained no signal). Most OBs had exposure times of 3600 s,
with three exceptions at 1727, 1600, and 3960 s, respectively.
The combined UVES spectrum reached a signal-to-noise ratio
(S/N) of approximately 50 per pixel at 324 nm.

The individual UVES spectra were shifted to the rest frame,
scaled relative to one another, and co-added using an iterative
ko -clipping procedure to compute a weighted average while re-
moving outliers. Due to the pixel scale of 0.215” per pixel in
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Table 1. Journal of the ESPRESSO observations with a measurement
of the radial velocities.

Date hour MID“ Vrad error
. (kms ") (kms™!)
2018-09-03  02:35:15.830  58364.1078 48.170 0.047
2019-08-03  07:31:54.524  58698.3138 47.925 0.014
2019-08-26  06:18:47.382  58721.2630 47.873 0.015
2019-09-04  04:57:33.171 58741.2506 47.905 0.016
2019-10-03  02:18:47.960  58759.0963 47913 0.015
2020-12-07  02:19:17.802  59190.0967 47.741 0.017
2021-01-23  00:47:12.076  59435.1762 47.627 0.016
2021-08-09  05:16:11.004  59435.2195 47.647 0.013
2021-10-02  05:42:52.690  59489.2381 47.559 0.022
2021-10-31 01:28:39.476  59518.0615 47.593 0.014
2021-11-11 04:51:34.041 59529.2024 47.610 0.012
2022-01-27  01:00:20.859  59606.0419 47.525 0.020
2022-10-05  02:23:36.234  59857.0997 47.429 0.014
2022-10-06  05:15:07.307  59858.2188 47.408 0.014
2022-10-07  00:55:29.027  59859.0385 47.429 0.019
2022-10-09  01:55:47.567  59861.0804 47.446 0.017
2022-10-10  01:32:41.459  59862.0643 47.406 0.013
2022-10-13  06:35:05.896  59865.2743 47.496 0.018
2022-10-14  05:09:08.436  59866.2146 47.378 0.012
2022-10-15  06:16:20.113  59867.2613 47.383 0.013
2022-10-16  00:28:15.002  59868.0196 47.362 0.011
2022-10-17  01:28:38.559  59869.0615 47.411 0.018
2022-10-17  05:20:01.708  59869.2222 47.382 0.013
2022-10-30  00:36:16.959  59882.0251 47.391 0.015
2022-11-04  03:40:39.767  59887.1532 47.386 0.014
2022-11-10  03:37:47.954  59893.1512 47.437 0.012
2022-11-17  02:14:41.449  59900.0935 47.346 0.016
2022-11-22  02:34:23.004  59905.1072 47.395 0.012
2022-11-27  01:35:49.040  59910.0665 47.316 0.015
2022-12-02  01:18:39.614  59915.0546 47.350 0.020
2022-12-03  02:40:27.679  59916.1114 47.339 0.016
2022-12-04  01:01:41.885  59917.0428 47.381 0.012
2023-06-09  08:45:19.968  60104.3648 47311 0.012
2024-10-04  01:12:31.436  60587.0503 46.841 0.017
2024-11-03  02:12:59.673  60617.0923 46.842 0.011
2024-12-03  03:02:13.415  60647.1265 46.857 0.010

Notes. @ Modified Julian date at the start of observation.

the blue arm of UVES, the resulting spectrum was oversam-
pled; it was therefore rebinned by a factor of two. The final co-
added spectrum achieves a peak S/N per 0.05 A pixel of ~ 140 at
3800 A, decreasing to S/N ~ 70 at 3350 A and ~ 30 at 3100 A.

The HRS at SALT spectrum (Arentsen et al.[2019) has been
used only for the radial velocity determination.

3. Galactic Kinematics

We adopted coordinates, proper motions and parallax from Gaia
DR3 (Gaia Collaboration et al.[2023)), applying the parallax zero-
point correction as prescribed by |Lindegren et al.| (2021). The
distance derived from the parallax is of 6.93 ¢ kpc. The star is
part of a binary system, although the faint companion is not di-
rectly visible. Radial velocity variations have been extensively
discussed by |Aguado et al.|(2022)) and [Molaro et al.| (2023). For
our analysis, we adopted the systemic (barycentric) radial veloc-
ity of the system, Vg = 46.6 + 0.1 kms™' (see Sec., and used
this value to derive the star’s Galactic orbit.

Following the procedure described in (Caffau et al.| (2024a)),
we employed the galpy code (Bovy|[2015) with the MWPoten-
tial2014 Galactic potential model. We integrated the orbit back-
ward in time over 1 Gyr. For the solar motion, we adopted the
parameters from [Schonrich et al| (2010), assuming a solar dis-
tance to the Galactic centre of 8 kpc and a circular velocity of
220 kms~! (Bovy et al|2012).

The kinematical properties of the star are shown in Fig.[T]
The upper and lower panels display its position in several diag-
nostic diagrams: the Toomre diagram (top-left), orbital energy
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Fig. 1. Upper panels: HE 0107-5240 position (black filled star) in the
Toomre diagram (left) and the orbital energy versus angular momen-
tum (right). Bottom panels: square root of the radial action versus the
azimuthal action (left) and action diamond (right). Coloured points are
stars from the good-parallax sample of [Bonifacio et al.|(2021). The red
and green shaded areas are the regions defined by [Feuillet et al.|(2021)
to select candidate GSE and Sequoia stars.

versus angular momentum (top-right), the square root of the ra-
dial action versus the azimuthal action (bottom-left), and the ac-
tion diamond (bottom-right). The star is marked with a filled
black star symbol. For comparison, stars from the good-parallax
sample of [Bonifacio et al.| (2021} coloured points) are also plot-
ted. Based on the classification criteria of |Bensby et al.| (2014)),
thin disc, thick disc, and halo stars are shown in red, green, and
blue, respectively. The red and green shaded boxes in the bottom
panels correspond to the regions defined by [Feuillet et al.| (2021)
for stars associated with the Gaia-Sausage-Enceladus (GSE, red
box, bottom-left) and Sequoia (green box, bottom-right) accre-
tion events.

Sestito et al.| (2019) estimated a distance of 14.3 + 1.0kpc
and classified the system as having a retrograde Galactic halo
orbit with an apocentric radius of r,, = 15.9kpc. We adopt
a significantly shorter distance of 6.93 kpc. According to the
Bensby et al.| (2014) criteria, the system is classified as a thick
disc star, consistent with its location in the kinematic diagrams
of Fig.[T} However, its vertical distance from the Galactic plane
(z = —6.2kpc), the maximum orbital height (Z,,x = 6.3 kpc),
and its apocentric distance (r,, = 9.9kpc) suggest otherwise.
The orbit is eccentric (e = 0.69) and prograde, with positive an-
gular momentum (L) and transverse velocity (vy). Moreover,
the star does not appear to be associated with either the GSE or
Sequoia structures.

We therefore conclude that HE 0107-5240 is best classified
as a halo star on a prograde Galactic orbit.

4. Orbital parameters

We recomputed the orbital parameters of the binary star
HE 0107-5240 considering the new measurements of radial ve-
locities also for the observations of the first 3 years to benefit of
a better template in the cross correlation analysis. The new mea-
surements from ESPRESSO spectra are provided in Table[T] For
the UVES and HRS at SALT spectra we used the measurements
provided in |Bonifacio et al.| (2020) and |Arentsen et al.| (2019).

HE 0107-5240

For the HARPS spectrum we used that provided in|Aguado et al.
(2022). With respect to the epochs provided in |Aguado et al.
(2022ﬂ we rejected a few measurements obtained from very
low S/N spectra. The whole set of ESPRESSO radial velocities
(RVs) follows a decreasing trend as expected for this long period
binary. The v;,q data are binned in bins of 1-d to minimise the
stellar jitter (see Fig.m upper-left panel). The RVs are modelled
using the RADVEL code (Fulton et al. 2018E|including a Keplerian
motion of the star plus an RV offset (the y of the v,,4 curve), and a
jitter parameter for each instrument within a likelihood scheme
implemented in python using ceLerITE (Foreman-Mackey et al.
2017)f
The Keplerian orbit for radial velocity is described as:

Viad = ¥ + kz(cos(v, + w) + e cos(w)) €))
where the true anomaly v, is a function of the eccentric anomaly
E, that is, in turn, a function of time, through Kepler’s equation
(see equations 1,2,3 in [Fulton et al.|2018). The parameters that
define the orbit are five: the orbital period (P,), the orbital semi-
amplitude velocity (k;), the angle of periastron (w), the eccen-
tricity (e) and the time of passage at periastron (772 peri). The RAD-
VEL program allows to infer both the time of periastron, 775 peri,
and the time at inferior conjunction of the star, 7 conj. An or-
bit can be fit using any set of independent parameters that can
be derived from these five. Following [Fulton et al.| (2018)), we
chose to perform fitting and posterior sampling using the In P,,
T2.conjs vecosw, vesinw, Ink, basis which helps to speed up
the convergence. We chose In k, to avoid favouring large k, and
In P, because P, may be long if compared with the observational
baseline. The v,q errors in the Fig.[2]include the jitter of each in-
strument and the v,,q offset has been subtracted. In addition, we
adopted uniform priors for all parameters (see Table[2). The re-
vised orbital period of the system is 28.9 + 2 yr. One should be
however aware that since the time during which we have been
observing this system is shorter than the best-fit period, the ac-
tual uncertainty on the period could be larger than our estimate.
To sample the posterior distributions and obtain the Bayesian
evidence of the model (that is, marginal likelihood, In Z), we re-
lied on nested sampling using pYNESTY (Speagle ZOZOﬂ We ini-
tialised a number of live points equal to N°(N + 1), to efficiently
sample the parameter space, with N = 10 being the number of
free parameters. In the middle panel of Fig.[2} we also show in
grey a subsample of 300 models randomly selected from the final
selection of ~37,696 Bayesian samples from the posterior distri-
butions. The binary mass function can be computed from the
masses of the binary component (e.g. [Tauris & van den Heuvel
2000)), i.e. that of the seen star, M5, and that of the unseen binary
companion, M, and the orbital parameters as follows:

FM) = (M; sin® i)/ (M + M»)* 2)

3

! Note that there is a typo in Table 2 of|Aguado et al.| (2022), the epoch
9618.061 is instead 9518.061.

2 RADVEL is a Python package for modelling of radial velocity time se-
ries data, available in https://radvel.readthedocs.io/en/latest/index.html
3 ceLerITE is a library for fast and scalable Gaussian
Process (GP) Regression in one dimension, available in
https://celerite.readthedocs.io/en/stable/

4 DyNEsTY is a Pure Python, MIT-licensed Dynamic Nested Sampling
package for estimating Bayesian posteriors and evidences, available in
https://dynesty.readthedocs.io/en/stable/

FM) = [(Poink3)/27G)I(1 — €/
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Table 2. Revised orbital parameters of HE 0107—-5240 from the Markov

° o 25 R RN 6 S wws Chain Monte Carlo (MCMC) analysis.
_ 20 Parameter MCMC Priors Results
£ 10 s Keplerian orbit
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Fig. 2. Radial velocities (RV) of HE0107-5240 versus heliocentric
Julian date (HJD), together with the best RV model. The inner panel
within the middle panel shows the ESPRESSO RV points after remov-
ing the best model. The RMS of the residuals of all RVs are provided
within the middle panel and those from each spectrograph are given in
the bottom panels.

With the Bayesian samples we computed the posterior dis-
tribution of the binary mass function providing the following re-
sult:

M) = 4778 x 1074 [Mo] 4)

The binary mass function provides a lower limit to the mass
of the unseen companion. The minimum mass of the companion
can be approximately estimated as the maximum value between
f and f'/3M§/3. Adopting a mass of M,[Mg] = 0.8 for the seen
star we obtain M[M] > 0.14 for the unseen companion.

The minimum orbital distance (or semi-major axis) of the
star with respect to the centre of mass of the binary system can
be computed as:

az sini = [(Ponka)/(2m1(1 — €3)'/? = 1.5717 0155 AU ®)

The dispersion of the ESPRESSO radial velocities after sub-
tracting the best fit is now 47 ms™' which is in line with the
derived velocity jitter (Table [2). However, this is about 3 times
larger than the mean error bar of the ESPRESSO radial velocity
measurements, suggesting the presence of additional signal of
relatively smaller amplitude. Pulsation, activity or the presence
of a planetary motion are discussed in|Aguado et al.|(2022). The
residuals of ESPRESSO RVs as shown in the inner panel within
the centre panel of Fig.[2] after subtracting the orbital solution
(black line) have been analysed for periodicity and did not show
any obvious peak in the periodogram.
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percentile that covers the 68% (1 — o) of all samples.

5. Chemical Analysis
5.1. Stellar parameters

By using Gaia DR3 (Gaia Collaboration et al.|[2023) photom-
etry and parallax corrected by zero-point (—0.03783) as sug-
gested by [Lindegren et al.| (2021)), with reddening Av = 0.0344
from |Schlafly & Finkbeiner| (2011)), we derive: Teg= 5111 K and
log g= 2.46 [cgs], as described in |Caffau et al| (2024b). If the
zero-point correction is not applied, the derived stellar parame-
ters would be Teg= 5116 K and log g= 2.20 [cgs]. Using the for-
mer value of the surface gravity (zero-point applied), the position
of the star in a Gaia colour-magnitude diagram (CMD) agrees
well with a BASTI isochrone (Pietrinferni et al.|[2021al) for an
age of 13 Gyr and [Fe/H] = —2.2 (see Fig. EI) The mass range
implied by the two aforementioned surface gravities is 0.77—
0.78 My, In the case the zero-point is not applied, the position of
the star is still compatible with the [Fe/H] = —2.2 isochrone, but
agrees better with the one of the same age and at [Fe/H] = —-3.2.
The position of HE 0107-5240, with the parameters corrected
by the zero-point, in the Gaia CMD matches only marginally
with a BASTI isochrone for an age of 13 Gyr and [Fe/H] = -3.2
(this is the lowest [Fe/H] value provided by BASTI isochrones).
It is true that the metallicity of HE0107-5240 is logZ/Z; =
—2.4, due to its very high over-abundance of CNO with respect
to Fe. The high carbon abundance leads to strong CH lines in the
blue/UV spectral range, making the star to appear much redder
in the Ggp — Grp colour compared to stars with a scaled So-
lar abundance pattern. This could be an explanation why a star
with [Fe/H] = —5.56 (Aguado et al.[2022) is compatible with an
isochrone 2-3 dex more metal-rich. But we have to bear in mind
that to build the isochrones, whatever the position in the HR dia-
gram, all the models are computed with the same mixing length
value. This is especially problematic for evolved stars (see|Man-
chon et al.|2024) and the fact is clear and discussed in the sample
of giant stars investigated by |Caffau et al.| (2025)).

Regarding the reddening, we note that the star has a very
low extinction. This is confirmed by the absence of diffuse inter-
stellar bands (DIBs) in the high-quality ESPRESSO spectrum.
The interstellar Na1 doublet lines are visible but weak and their
equivalent widths confirm the low extinction. In fact the position
in the sky of HE 0107-5240 (1 = 296.5° and b = —64.49°) coin-
cides with a well known window in the local interstellar matter
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Fig. 3. BASTI isochrones (Pietrinferni et al. 2021b) in a Gaia

colour-magnitude diagram. The two green points correspond to
HE 0107-5240, assuming surface gravities of logg 2.20 (upper
point) and 2.46 (lower point), respectively.

where the photons from the star intercept relatively small clouds
in the Solar vicinity.

The stellar parameters used in the analyses of this star in
the literature (see Table[A.T)) are: Teg= 5100K and log g= 2.2
(Christlieb et al.|[2002] |2004; Bessell et al.|[2004; Yong et al.
2013; |Aguado et al.|[2022; [Molaro et al.|[2023); T.g= 5130K
and log g= 2.2 (Collet et al.|[2006); Teg= 5050K and log g=2.3
(Ezzeddine et al.[2017); Teg= 5300K and log g= 2.5 (Sitnova
et al. 2019). We here adopted T.z= 5100K, log g= 2.2 and a
microturbulence of 2.2 kms™!, to be consistent with the previous
works, especially [Christlieb et al.| (2004), |Aguado et al.| (2022)
and [Molaro et al.| (2023)). The two latter papers analysed a com-
bined spectrum derived from the same ESPRESSO observations,
but obtained with fewer exposures.

Using the Gaia parallax, the G magnitude and the bolomet-
ric correction derived from the grid of ATLAS9 fluxes (Muc-
ciarelli et al. in prep.), we estimated the luminosity of the star
to be log(L/Ly) = 1.67 = 0.02, where the error takes into ac-
count both the error on the parallax and on the magnitude G, but
it is dominated by the error on the parallax. Although red giant
stars are not in a very favourable position in the Hertzsprung-
Russel diagram to determine their age, we attempted to do so
using the code SPInS (Lebreton & Reese|[2020; Reese & Le-
breton|2020). We used a grid of BASTI a-enhanced evolution-
ary tracks (Pietrinferni et al.||2006). The input parameters were
log(Tef), log(L/Ls) and log(Z). This choice ensures that the pa-
rameters of HE 0107-5240 are well within the range covered by
the grid. Had we chosen [Fe/H] as metallicity indicator the value
for HE 0107—-5240 would lie outside the grid. In the inference
we assumed a uniform prior on age requiring that it is smaller
than the age of the Universe, 13.8 Gyr (Planck Collaboration
et al.[2020). The resulting age is 7.6 Gyr+3.2 Gyr.

5.2. Spectral energy distribution

The VOSA serviceE] provides as the best fit parameters: Teg=
5500 K and log g= 1.5. They indicate a considerably warmer Tg
than our adopted one and a lower surface gravity (see Sec.[5.I).
The spectral energy distribution of the star, when compared to

5> http://svo2.cab.inta-csic.es/theory/vosa
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the flux derived from the model, does not show any UV nor IR
excess.

5.3. Abundances

HE 0107-5240 is ultra-poor in Fe, but its C content is about
16% solar, making this star a CEMP star. In Table@]the abun-
dances derived in the literature are shown. As expected several
upper-limits are present, but, due to the low metallicity of the
star, many of them are too loose to be significant. In particular,
the upper limits of the heavy elements do not allow to clarify if
HE 0107-5240 matches the criterion for a CEMP-no star. Abun-
dances or upper-limits derived from the new high-quality spec-
trum are provided in Table[A.2]and a discussion element by ele-
ment is given below. For the main 1D LTE analysis we computed
spectral synthesis by using SYNTHE with an ATLAS 9 model
atmosphere (Kurucz/2005). In addition, we computed dedicated
3D model atmospheres with the COSBOLD code (Freytag et al.
2012, plus updates) to estimate 3D (LTE) corrections for selected
spectral lines. Details about the models and spectrum synthesis
codes are provided in the appendix (B).

Lithium. No lithium from the Li1 doublet at 670.7 nm is visible.
We applied the Cayrel’s formulﬁ multiplied by a factor three
because we consider the uncertainty at 30 (see |Cayrel [1988|
S/N=230) and we obtained A(Li) < —0.14 dex.

Beryllium. The two Be 1 resonance doublet lines lie at 313.0442
and 313.1067 nm, both outside the wavelength coverage of
ESPRESSO. The reddest Beu feature (313.1067 nm) is not
clearly detected in the UVES spectrum (see Fig.[)), while the
other line (313.0442 nm) is heavily blended with CH molecular
features. If present, the 313.1 nm line is buried in the noise, with
S/N ~ 35. We therefore derive an upper limit (or tentative de-
tection) of A(Be) £ —2.06, corresponding to [Be/H] § —3.44
and [Be/Fe] £ +2.12. However, we note that a hint of the line
is present at the expected position. If confirmed in the future,
this feature could potentially originate from primary spallation
processes involving energetic CNO particles from the progeni-
tor of HE 0107-5240 colliding with the ambient medium. Even
an upper limit slightly above [Be/Fe] < +2.0dex is significant
(assuming the star has not depleted its beryllium) as it argues
against the existence of a primordial Be plateau (see Figure [5)
predicted by some inhomogeneous cosmological models, albeit
at lower abundance levels (Malaney & Fowler||1989; Thomas
et al.||{1994; Jedamzik & Rehm|2001; Nakamura & Hashimoto
2017).

Carbon. The new spectrum does not alter the derived carbon
abundance, as the CH G-band features are so strong that do not
benefit from an increased S/N. To determine the carbon isotopic
ratio, we selected regions in the observed spectrum where clean
pairs of '>2CH and '>CH lines are present. These lines arise from
the same electronic transitions, but the '>CH features are signifi-
cantly stronger due to the stellar atmosphere containing approx-
imately two orders of magnitude more 'C than '*C.

Our approach differs from that of Molaro et al.|(2023) in that
we used different spectral regions and simultaneously fit both
the total carbon abundance and the isotopic ratio. Several wave-
length intervals containing matched '>CH and '3CH lines were

6 opw = 1.6 x VPixelSize x FWHM/(S/N)
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Fig. 5. Beryllium abundance in HE 0107-5240 (red symbol) compared
to the Galactic behaviour Data from Boesgaard et al.[(2011}, black sym-
bols) and |Smiljanic et al.| (2009, blue symbols) and the upper limits for
2MASS J18082002-5104378 and BD+44 493 (Spite et al.[2019, green
symbols).

selected (5 ranges), and we performed a global fit using both
parameters as free variables. This analysis yielded: (i) a carbon
abundance of A(C) = 6.72 + 0.02, where the uncertainty repre-
sents the region-to-region scatter (thus, a formal error), and (ii)
an isotopic ratio of >C/!3C = 110 + 12. Our carbon abundance
is in excellent agreement with the value of A(C) = 6.75 reported
byMolaro et al.|(2023), and the isotopic ratio is consistent within
1.70 with their result of '>?C/13C = 87 + 6.

To evaluate the impact of 3D effects, we computed the 3D
(LTE) correction for the '>CH line at 423.1 nm, obtaining a cor-
rection of —0.65 dex for the '>C abundance. To assess the 3D
correction of the isotopic ratio, we focused on the same spec-
tral region, examining pairs of '>CH and '*CH lines sharing the
same electronic transition. While both lines experience similar
3D effects at equal line strengths, in practice their strengths dif-
fer significantly. For a solar carbon isotopic ratio, the equivalent
width (EW) of the '>CH line is tens of times larger than that of
the corresponding '*CH line.

We computed the 3D correction factor of the '>C/!3C iso-
topic ratio, Ry, as the ratio of the isotopic ratios derived in 3D
and in 1D, Ry = g3p/qip and expressed this as a function of
gip for different choices of the '*CH line’s equivalent width,
EW|3, as shown in Fig.@ The correction is also sensitive to the
adopted microturbulence. We used a value of 1.3 kms™', selected
to ensure a flat 3D abundance correction with the strength of the
516.9 nm Fem line (see below).
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with a '*CH equivalent width of 2mA would translate to a 3D isotopic
ratio of = 90.

Unfortunately, the derived 3D corrections depend on the
chemical composition, in particular the C, N, O abundances,
adopted for the construction of the 3D atmosphere and the 1D
reference model. All 3D results reported above are based on a
3D (and 1D reference) model with a solar chemical composition
scaled down by —4.0 dex, except for the @ elements (including
O but not C) that are enhanced by +0.4 dex relative to the other
metals. Compared to the abundances derived for HE 0107-5240
in this work, C and O are too low by about —2.3 and —0.65 dex,
respectively, in this model.

As an alternative, we also computed a pair of 3D — 1D mod-
els where the carbon and nitrogen abundances are enhanced by
+3.0dex and the oxygen abundance by +2.6 dex with respect to
the previous case. Again, these C, N, O abundances are not rep-
resentative of HE 0107-5240, now C and O are too high by about
0.7 and 2.0 dex, respectively. The C/O ratio is ~ 0.5 instead of
~ 10.

With the same procedure, we derived the 3D correction for
the C abundance and the 3D correction for the '2C/!3C isotopic
ratio. As already found by|Gallagher et al.|(2017)), the 3D correc-
tion is smaller (only about —0.2 dex) and the 3D correction factor
for the C isotopic ratio increases from ~ 0.8 to ~ 1.1, implying
that the 3D corrected isotopic ratio is larger than what is derived
in 1D. What is important to underline here is that a robust result,
beyond all uncertainties of the modelling, is that HE 0107-5240
has a high '2C/!3C isotopic ratio (2 90), ruling out any mixing
with CNO processed material.

More reliable 3D corrections can only be obtained from a
future 3D model based on custom-made opacity tables with con-
sistent CNO abundances.

Nitrogen. The NH band at 336 nm is outside the wavelength
coverage of ESPRESSO. We then used the UVES 346 spectrum
to investigate it. We inspected this 336 nm NH band by using
the molecular data provided by [Fernando et al.| (2018)) and we
derived A(N)=4.42 ([N/H] = -3.44 and [N/Fe] = +2.12). The
3D correction on the N abundance from this band is —0.58 dex,
that, if applied, would decrease the [N/Fe] ratio to 1.6 dex.

Oxygen. No atomic or molecular useful line is available in
the wavelength range of ESPRESSO. The OH lines in the UV
range of a UVES spectrum have been already investigated by
Bessell et al.[ (2004). We selected the OH lines in the list sug-
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line: tentative detection of Al (solid red) and other syntheses (solid blue)
to show the Al line.

gested by [Prakapavicius et al.|(2017), as the molecular data we
adopted are from their table A.1. We investigated ten OH lines
and we derived (A(O)) = 5.72 + 0.09. With a solar oxygen
abundance of 8.76 (see Table[A.2), we obtained [O/H] = —-3.04
and [O/Fe] = +2.52dex. The 3D effects on molecular lines are
strong. The average corrections we derive is —0.58 + 0.07 dex,
but we have to stress that the corrections have been computed
without taking into account scattering in the synthesis of both
1D and 3D profiles.

Sodium. The two Na1-D resonance lines are strong in the spec-
trum, providing an abundance of A(Na)=1.64. According to/An-
drievsky et al.|(2007), NLTE corrections for the Na1 D lines are
small at extremely metal-poor regime. Two weak features due to
Galactic interstellar absorption, account for the very low redden-
ing.

Aluminium. At the wavelength of the strongest Alr line at
396.1 nm, a feature compatible with the Al line is visible. How-
ever, on the red side there is a spike due to noise that makes the
detection uncertain. Either this is a tentative Al detection with
an abundance of A(Al) = 0.27; or we have a conservative higher
upper limit at A(Al) < 0.47. In both cases the star is poor in
Al with [Al/Fe] = —0.64: or [Al/Fe] < —0.44 (see Fig.[7). The
Al resonance lines are affected by strong NLTE effects. For the
well known star CD-38:245, which has stellar parameters simi-
lar to HE 0107-5240, |Andrievsky et al.| (2008)) derived a NLTE
correction of +0.74 dex. The NLTE correction for Fe, according
to the MPIA websit (hereafter MPIA), is about +0.55 dex (see
below the paragraph on iron). So, taking into account the NLTE
corrections for Al and Fe, the star is compatible to be solar in the
[Al/Fe] ratio.

Silicon. The strong Sir1 line at 390.5 nm is not clearly visible
in the spectrum, but there is a hint of a line that could be at-
tributed to the Si1 line. We provide a conservative upper limit
of A(Si) < 1.8 corresponding to [Si/Fe] < —0.16. In fact, we
guess a feature, compatible with the noise, at the expected wave-
length, corresponding to a lower Si abundance (A(Si) ~ 1.6,
[Si/Fe] ~ —0.36). For this line, the NLTE corrections provided
in the web-site MPIA are large (+0.31 dex) when adopting a
metallicity of —5.0 for the star, but still smaller than the NLTE

7 https://nlte.mpia.de/gui-siuAC_secE.php

HE 0107-5240

correction of Fe. At metallicity —4.0 the NLTE correction for
both elements are much smaller (+0.1 dex for Si and +0.3 dex
for Fe).

Sulphur. The strongest St feature available in the ESPRESSO
spectrum is the strongest triplet of the Mult. 8 at 675.7 nm. How-
ever, this feature is already weak in solar-metallicity or slightly
metal-poor stars and the upper-limit we derive (A(S) < 5.2) is
not significant. The UVES spectra with setting 860 nm host the
stronger St lines of Mult. 1. We selected the S1lines at 922.8 and
923.7 nm, which are free from telluric absorption. The averaged
spectrum from 4 OBs provided a much more stringent upper-
limit at A(S) < 4.40 ([S/Fe] < 2.80) but still non-significant.
The St line of Mult, 1 are very sensitive to NLTE effects. Ac-
cording to [Takeda et al.| (2005), for the line at 923.7 nm a NLTE
correction of about —0.5 dex is expected for a metallicity of —4.0.

Potassium. The strong K1 line at 769.8 nm is not visible in
the spectrum of HE(0107-5240 and no telluric contamination
affect the position of the line. We took into account the S/N ratio
of 200 and using Cayrel’s formula we derived an upper-limit of
[K/Fe] < 1.50, which is not significant. Looking at the compu-
tations from |Andrievsky et al.| (2010), the NLTE correction for
this line is not large, of the order of +0.1 dex.

Scandium. Two Scu lines (361.38 and 363.07 nm) are avail-
able in the UVES 346 spectrum. In spite of the low S/N ratio
in this spectral region we have been able to detect the 361.3 nm
Sc line and we derived A(Sc) = —2.3 ([Sc/H] = —5.40).

Chromium. Due to the good spectral quality (S/N of almost
100), at 425.43 nm a feature is visible in the spectrum. Accord-
ing to the synthesis this is a blend of the Cr1 line at 425.43 nm
with two CH lines, so the contribution is due to CH. In the green
wavelength range, at 520 nm, the S/N is almost 200 and three
Cr1 lines are not visible. By using Cayrel’s formula, we derived
an upper-limit too small, that we think too optimistic for such
weak lines. We think that an upper-limit of A(Cr) < 0.30 and
[Cr/Fe] < 0.22 is reasonable. The Cr upper-limit is not signif-
icant to draw conclusions on the star. On top of that, the NLTE
correction is large and positive (of +0.8 dex in the case of metal-
licity —4.0) according to MPIA. This value is larger than the
NLTE correction for Fe, fact that makes this upper-limit non sig-
nificant.

Manganese. The Mnr1at403.3 nm is not visible, providing (us-
ing Cayrel’s formula) a stringent upper-limit (A(Mn) < —0.50.
But the NLTE correction expected from these line is large (~
1 dex, see Bergemann & Gehren[2008).

Iron. We keep A(Fe) from neutral lines from [Aguado et al.
(2022, A(Fe)=1.96) because the value we derived from the lat-
est ESPRESSO combined spectrum is just 0.005dex higher.
Christlieb et al.| (2004) provided upper limits on A(Fe) from
two Fem lines at 501.8440 and 516.9028 nm (Nave & Johans-
son/2013). Of the two lines the 516.9 nm line is weak but clearly
visible in the ESPRESSO spectrum. We adopted log gf = —1.0
from Meléndez & Barbuy| (2009), while [Schnabel et al.| (2004)
provide a log gf of —0.87. We derived A(Fe)=1.74 from line-
profile fitting (see Fig.[8). From the other two Feu lines ex-
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Fig. 8. Observed spectra (solid black, from top to bottom Fen 492.3,
501.8 and 516.9 nm), compared to the best fit (solid red) and synthetic
profile to provide uncertainty and upper-limit (solid blue).

pected to be strong enough to be visible in extremely metal-poor
stars (492.3921 and 501.8440nm), we derived just an upper-
limit, consistent with the abundance from the 516.9 nm line (see
Fig.[8). As expected, according to MPIA, the NLTE correction
for the 516.9 nm line is very small (0.03 dex). Our 3D LTE model
provides a 3D correction for this line of about +0.1 dex. In the
UVES setting 346, we detected also the Fe line at 322.774 nm
for which we derived A(Fe)=1.67 (with a log gf of —1.014), in
good agreement with the Fe 11 line in the ESPRESSO spectrum.

Selecting among the Fe1 lines investigated by |[Aguado et al.
(2022), 12 are present in the database MPIA to derive 1D NLTE
correction for iron. From these lines, we derived a NLTE correc-
tion of +0.54, adopting a model with parameters: T.g=5100K,
log g=2.2, [Fe/H] = -5.0 and microturbulence of 2.2 kms™!
(—5.0 is the lowest metallicity provided). By applying the NLTE
correction to the A(Fe)=1.96 derived from Fe1 lines, we have a
disagreement with the abundance from the A(Fe)=1.74 Fe line.
The NLTE correction from the same Fe1 line adopting a metal-
licity —3.0, compatible with the oxygen abundance, is +0.12 dex,
and with a metallicity —2.0, compatible with the C content, is
+0.08 dex. Clearly, a ‘high’ NLTE correction in A(Fe) from neu-
tral lines brings tension with the Fe abundance derived from the
ionised lines.

Cobalt. The Cor UV lines (345.35 and 352.98 nm) are outside
the wavelength range of ESPRESSO, but they are in the UV
UVES range. The result from the UVES spectrum is not so clear.
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(1) The feature at 345.35 nm is compatible with A(Co) ~ —0.30.
The line is blended with a non-reproduced NH line, but the
blend is not affecting the abundance derived. (ii) The two Co1
lines at 352.9 nm are consistent and provide A(Co) ~ 0.30 and
[Co/H] = —4.62.

Zinc. The line at 481.5 nm is the strongest Zn1 line available in
the wavelength range provided by ESPRESSO. We did not detect
the line in the spectrum because it is too weak. Any upper-limit
is not stringent and Cayrel’s formula was too optimistic, so we
over-plotted synthetic spectra and we derived an upper-limit on
Zn for A(Zn) < 1.02 which is lower than the previous values
provided in the literature (see Table[A.T) but sill not significant.
Looking in the tables by Takeda et al.| (2005)), the NLTE correc-
tion is positive but not large (~ 0.1 dex).

Strontium. The 407.7 nm Sr 1 line is not detectable in the spec-
trum. We computed the S/N ratio as 90 and, using Cayrel’s for-
mula (multiplied by three, |Cayrel [1988), we derive A(Sr) <
—3.89 ([Sr/Fe] < —1.25), which is a very stringent upper-limit.
Looking at a star (CD-38:245) with similar parameters investi-
gated by |Francois et al.|(2007), Andrievsky et al.| (201 1)) provide
a NLTE correction of +0.23 dex. Also taking into account the
NLTE correction, the star is Sr-poor, moreover considering the
NLTE correction for Fe from neutral lines provided in the liter-
ature (and in contradiction with our results on Fen) is positive
and expected to be larger.

Barium. Deriving a Ba detection or a stringent upper-limit is
extremely important in the case of CEMP stars to understand to
which group they belong. A low Ba abundance or upper-limit
providing [Ba/Fe] < 0 would imply that the star is a CEMP-
no. The Bam line at 455.4nm is blended in this C-rich star
with CH molecules, that have to be taken into account. The CH
line shows an asymmetry that could be due to the Ba contri-
bution. The S/N ratio per pixel in the wavelength range is 160,
that, by using Cayrel’s formula, provides at 30 A(Ba) < —3.87
([Ba/H] = —6.04 and [Ba/Fe] = —0.48 when using A(Fe) from
Fe1 lines). The asymmetry in the CH line is more than justified
by this upper-limit. In Fig.[9 we provide the observed spectrum
compared to the synthesis with the CH contribution, with the
upper-limit on Ba and with both. Considering the 1D-NLTE cor-
rection for CD-38:245 (Francois et al|2007)), Andrievsky et al.
(2011)) provide +0.32 dex, but the NLTE of A(Fe) from Fe1 lines
is expected to be larger.
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Europium. The Eum line at 412.973 nm is not visible in the
spectrum. In the wavelength range we measured a S/N around 80
that, by using Cayrel’s formula at 30, implies an upper-limit of
A(Eu) < —3.0 but few spike of noise pushed us to adopt A(Eu) <
—2.67. Both values are not significant.

6. Discussion

HE 0107-5240 is a Halo binary system with a prograde Galac-
tic orbit. Its abundances reflect the chemical composition of the
cloud from where the system was formed. The star belong to a
binary system with an estimated period of about 29 y.

6.1. Stellar chemistry
6.1.1. The carbon isotopic signature: high '3C abundance

Notably, the absolute abundance of 13C in HE0107-5240,
A(3C) = 4.68, exceeds that of nitrogen (A(N) = 4.42) and is
second only to oxygen (A(O) = 5.72) and '*C (A('?C) = 6.72),
underscoring the significant presence of '*C in the stellar atmo-
sphere.

The carbon isotopic ratio ('>C/'3C) measured in
HE0107-5240 (also accounting for 3D corrections) is
consistent with the value reported by Molaro et al.| (2023) and
slightly higher than those observed in the sample of unmixed
giant stars analysed by [Spite et al.|(2000).

Nonetheless, the derived ratio remains well below the pre-
dictions of the zero-metallicity stellar models, which typically
yield '2C/3C ratios exceeding 1000 (e.g. Roberti et al.[2024).
Ratios in the range '>C/'3C = 50-100 can be produced when
the hydrogen- and helium-burning shells merge during the pre-
supernova evolution of massive stars. This scenario is exempli-
fied by the 25M,, zero-metallicity model with an initial rotational
velocity of 300 km s~! presented by Roberti et al.|(2024). In-
corporating the nucleosynthetic yields from such models into
a Galactic chemical evolution framework, [Rizzuti et al.| (2025)
successfully reproduced observed abundance patterns (provided
that H-He shell merging also occurs in stars with metallicities
up to [Fe/H] = —3.0). The carbon isotopic ratio observed in
HE 0107-5240 also rules out self-pollution from an AGB com-
panion as the origin of its carbon enhancement, as such a pro-
cess would produce ratios of 12C/13C < 10. Instead, the value is
consistent with those found in other unevolved carbon-enhanced
metal-poor stars, such as HE 1327-2326 and HE 0233-0343
(see Molaro et al|[2023). It is important to note, however, that
measuring isotopic ratios above ~ 100 in metal-poor stars is ob-
servationally challenging, if not unfeasible. Therefore, published
lower limits below this threshold may still be compatible with
much higher intrinsic values, potentially exceeding 1000.

6.1.2. Reevaluating NLTE effects: iron lines show LTE
consistency

The LTE iron abundances derived from both neutral and ionised
lines in HE 0107—-5240 are in perfect agreement within the un-
certainties (as already noted by |Christlieb| 2008), without ap-
plying any corrections, contrary to what NLTE studies typi-
cally predict. The Feu line at 516.9 nm forms at approximately
log T ~ —1, relatively deep within the stellar atmosphere. Since
Feu is the dominant ionisation state of iron under these condi-
tions, this line is expected to form close to LTE. The agreement
between Fe 1 and Fe m abundances thus implies that NLTE effects
on Fe1 must be small for HE 0107-5240.
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Fig. 10. Update figure of Figure2 from |Mucciarelli et al.| (2022),
with same symbols: red filled circles normal star, blue and green
filled squares CEMP stars with ‘low’ and ‘high’ A(C), respectively.
HE 0107-5240 is highlighted by a black circle.

This finding stands in contrast with the literature, where sig-
nificant positive NLTE corrections are generally reported for
neutral iron lines in extremely metal-poor stars (see, e.g.,/Amarsi
et al.|2016; |[Ezzeddine et al.|2017). For example, [Nordlander|
et al.| (2017) investigated 3D-NLTE effects on iron in the ultra
iron-poor star SMSS 0313-6708, which has stellar parameters
nearly identical to those of HE 0107-5240; in fact, their model
was computed specifically for HE 0107-5240. They found a 3D-
NLTE correction of approximately +0.8 dex.

If we were to force the Fenr abundance to match the lower
Fe1 abundance derived by [Ezzeddine et al|(2017) under NLTE
assumption, we would need to increase the surface gravity of
HE 0107-5240 by more than 2 dex, effectively classifying it as a
Turn-Off star. However, this scenario is clearly inconsistent with
the Gaia parallax and with the observed profiles of Ha and other
Balmer lines, whose wings are too narrow to support such high
gravity.

This unexpected result for HE 0107-5240, which is sup-
ported by a preliminary consistent result for SMSS J160540.18—
144323.1 (Nordlander et al.[2019) discussed in the Appendix|C]
challenges current expectations and highlights the need for fur-
ther investigation into 1D- and 3D-NLTE effects in the most
iron-poor stars.

6.1.3. Lithium depletion

According to its stellar parameters, HE 0107—-5240 should lie
on the Mucciarelli plateau (Mucciarelli et al.||2022), which im-
plies an expected lithium abundance of A(Li) ~ 1.09. In Fig.[I(]
we reproduce Figure2 from [Mucciarelli et al| (2022), adding
SMSS J1505-1443 (Nordlander et al.|[2019) and SDSSJ1313—
0019 (Allende Prieto et al| |[2015) and updating value for
HE 0107-5240. The upper limit on lithium (A(Li) < —0.14) of
HE 0107-5240 is consistent with an absence of lithium, suggest-
ing that either the star has destroyed its lithium or it formed from
a gas cloud already devoid of lithium.

It is true that several CEMP-no stars fall below the Muccia-
relli plateau (see Figure 2 in [Mucciarelli et al.|[2022), yet some
do lie on the plateau. For example, [Matsuno et al.| (2017) mea-
sured lithium at the Spite plateau level in two CEMP-no dwarf
stars with metallicities around [Fe/H] ~ —3.0. This indicates that
the nature of their progenitors alone cannot explain the higher
incidence of lithium depletion at low metallicities. As discussed
in [Molaro et al.| (2023), the mechanism responsible for lithium
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Fig. 11. [Ba/Fe] versus [Fe/H] (black arrow) compared to the sample in
Francois et al.|(2007) (red full red). Three CEMP stars HE 1327-2326
(Molaro et al.|[2023) SDSSJ 131326.89-001941.4 (Frebel et al. 2015,
ApJ 810,27) and HE 0557-4840 (Norris et al. 2007, ApJ 670, 774) are
added as blue symbols.

depletion appears to correlate more strongly with extremely low
iron abundance, rather than with destruction during the evolution
of faint supernovae, the likely progenitors of CEMP-no stars.

An alternative explanation is that HE0107-5240 is an
evolved blue straggler, formed through the merger of two
lower-mass stars, during which lithium could have been de-
stroyed. Interestingly, the relatively young age we derived for
HE 0107-5240 — unusual for a halo star — may support this
hypothesis. However, given the large uncertainty in the age esti-
mate, it remains consistent within 1.80" with an age equal to that
of the Universe.

6.1.4. n-capture elements

The new upper limit for barium in HE 0107-5240 satisfies the
criterion for classification as a CEMP-no star. In Fig.[IT] the star
is compared to a sample of EMP stars (excluding CEMP stars)
analysed under LTE assumption by |[Francois et al.| (2007), and
it displays a comparable [Ba/Fe] ratio. However, a striking con-
trast is seen with HE 1327-2326, which shows a high barium
abundance of [Ba/Fe] = +1.0 (Molaro et al|[2023), highlight-
ing the large diversity in the behaviour of neutron-capture ele-
ments at low metallicities. Also in the [Ba/H] vs. [St/H] plane,
HE 0107-5240 is consistent with metal-poor stars (see Fig.[I2).

Hansen et al.| (2015) proposed the existence of a floor in the
absolute barium abundance at A(Ba) ~ —2.0 for CEMP-no stars.
However, HE 0107-5240, with its extremely low [Fe/H] and an
upper limit of A(Ba) < —3.87, lies well below this proposed
floor and below all upper limits reported in their study (see their
Figure 13). This suggests that either the barium floor occurs at a
lower level than previously thought, or it may not exist at all.

6.2. Origin of HE0107-5240

Limongi et al| (2003) proposed a model to explain the ob-
served abundance ratios in HE 0107-5240 by invoking the ejecta
of primordial core-collapse supernovae. Specifically, they sug-
gested that elements heavier than Mg were synthesised in one
or more ‘normal’ Population III core-collapse supernovae, while
the lighter elements originated from enrichment by a failed
Pop III supernova - i.e., one that left behind a very massive rem-
nant. This scenario was based on a detailed analysis of pre-
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Fig. 13. Abundance ratios C,N,Na, Mg/O as a function of remnant
mass for a zero-metallicity 15 Mg (top) and 35 M, (bottom) star
(Limongi & Chieffi||2012) after the explosion (solid thick lines, left y-
axis). The abundance ratio X/O is defined as the difference between
the predicted and observed [X/O] values. The right y-axis shows post-
explosion interior profiles of *He (black dotted line), '>C (red), '°O
(cyan), 2*Na (blue), and >*Mg (orange).

supernova models and explosive yields published by (Chieffi &
Limongil (2002) and |Limongi & Chieffi| (2002).

In particular, they found that stars with initial masses around
35 M, underwent partial mixing between the He convective shell
and the tail of the H shell. This mixing, which is relatively com-
mon in zero-metallicity massive stars (see, e.g., |Fujimoto et al.
1990; |Chiefhi et al.|2001; [Limongi & Chieffi|2012} Roberti et al.
2024)), leads to the synthesis of C, N, Na, and Mg in relative
proportions consistent with those observed in HE 0107-5240.

A quantitative analysis using these models demonstrated that
the observed abundance pattern (specifically, the elements C, N,
Na, Mg, Ca, Ti, and Ni) could be reproduced by combining the
yields of a 15Mg ‘normal’ PopIIl supernova with those of a
35M; model in which the mass cut was located within the He
shell, corresponding to a remnant mass of 9.4 M, (see Figure 3
in|Limongi et al.|2003)).
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Subsequent spectroscopic studies of HE 0107-5240 allowed
for a determination of the [O/Fe] abundance ratio (see Ta-
ble[A.T|for literature values and Table[A.2]for our determination),
which was unavailable at the time of the original analysis. The
measured oxygen abundance — particularly the observed ratio
[C/O] > 1, implying a super-solar C/O ratio — presents a po-
tential challenge for the model. This is because the only region
in a massive star where '2C exceeds '%0 in abundance is the He
convective shell. In this zone, He burning is incomplete, leading
to a significant accumulation of '?C before it is fully converted
into '°0.

As shown in the upper panel of Fig.[I3] a recent 15M,, zero-
metallicity model (Limongi & Chieffi| 2012) exhibits a [C/O]
ratio within the He convective shell (between mass coordinates
~ 2.2 and ~ 3.2M,) that matches the observed value. Thus, plac-
ing the mass cut within this region yields ejecta with a [C/O]
ratio in excellent agreement with observations. However, due
to the initial zero metallicity, this region does not produce '“N,
which is observed in HE 0107-5240. Therefore, although such
a mass cut can reproduce the observed [C/O], it fails to account
for the observed [N/O].

As previously discussed, significant '*N and '3C production
in zero-metallicity stars requires partial mixing between the He
convective shell and the overlying H-rich shell. Proton ingestion
into the He shell triggers a primary CNO cycle, generating '“N
and '3C from freshly synthesised '>C. While this mixing process
is relatively common in zero-metallicity stars, it occurs only in a
limited mass range — typically between ~ 25 and ~ 35 M. Pro-
ton ingestion also alters the abundances of '2C and '°0, reducing
the [C/O] ratio below the observed value in HE 0107-5240.

The bottom of Figure[I3] shows the internal presupernova
composition of a 35Mg model (Limongi & Chiefi|2012)) where
such partial He/H mixing occurred. In the mixed region of the
He shell (mass coordinates ~ 11 to ~ 20My), the [C/O] ratio
drops significantly, while [N/O] rises above the observed value.
Conversely, in the deeper portion of the He shell (between ~ 8.5
and ~ 11 M) that remained unmixed, 12C dominates over €0,
resulting in a high [C/O] and low [N/O], along with [Na/O] and
[Mg/O] values slightly below the observed ratios. These abun-
dance patterns depend on the extent of He burning in the inner
shell and the efficiency and depth of mixing with the H-rich en-
velope.

Among the models published by |[Limongi & Chieffi| (2012),
this peculiar internal structure is found only in the 35 Mg, case.
However, due to the limited mass resolution of the available grid,
it is currently not possible to fully explore how this behaviour
varies with initial stellar mass. It remains plausible that models
with intermediate or different initial masses could yield C, N,
O, Na, and Mg abundance ratios more closely aligned with the
observations. To investigate this possibility, we plan to conduct
a more extensive and finely sampled study in future work.

7. Conclusions

The main conclusions are:

— Observations of HE 0107-5240 over a longer temporal base-
line have refined the orbital period to 10560*1%¢ d (~ 28.9y),
which is smaller than previously derived (Aguado et al.
2022).

— The lginary system follows a halo prograde orbit around the
Galactic centre.

— New stringent upper limits on Sr and Ba abundances con-
firm that HE 0107-5240 satisfies the CEMP-no classifica-

tion. These limits do not support the existence of a floor in

.. HE0107-5240

the absolute barium abundance at A(Ba) ~ —2.0 for CEMP-
no stars, as proposed by Hansen et al.|(2015).

Lithium remains undetected at levels much lower than those
reported by Mucciarelli et al.|(2022)) for giants, implying that
Li has been depleted either in the star itself or in its progeni-
tor.

The Fe abundances derived under LTE assumptions from
both Fe1 and Fen lines are in good agreement, raising con-
cerns about the reliability of published NLTE corrections for
Fe1

The '2C/'3C isotopic ratio is measured to be 110+ 12, which
is close to the solar value. We have shown that this ratio is
sensitive to 3D NLTE effects, which tend to lower the derived
value. The NLTE-corrected ratio is 87, higher than the aver-
age value observed in unmixed stars by [Spite et al.| (2006)),
yet still low enough for '3C to be the third most abundant
element in the star’s atmosphere.
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Appendix A: Data from the literature

The abundances and upper limits derived in the literture are re-
ported in Table[A.T] while in Table[A.2]our results are listed.

Appendix B: Model atmospheres and spectrum
synthesis

B.1. 1D (LTE) models and spectrum synthesis

As 1D model atmosphere we computed an ATLAS9 (Kurucz
2005) model with Te.g= 5100K and log g 2.2, with metallic-
ity [M/H]=-5.0, a enhancement +0.4 dex and microturbulence
1.0kms™!, using the Opacity Distribution Function of Muccia-
relli et al. (in preparation). The effect of microturbulence on the
model structure and emerging flux is minor (see |Kucinskas et al.
2018)). The ODF used assumes the (scaled) solar abundances of
Caffau et al.| (2011b) and [Lodders et al.| (2009) for the elements
not included in the former paper. This is also the set of solar
abundances assumed elsewhere in this work.

We also computed an ATLAS 12 model atmosphere with the
precise chemical composition of HE(0107-5240. We verified
that the ATLAS 9 and ATLAS 12 models have exactly the same
temperature structure for all layers that are relevant for the line
formation. The two models begin to differ for log(tress) < —4,
the ATLAS 12 model being cooler. This difference is not due
to the different chemical composition but is due to the different
temperature correction algorithm in the two codes. One should
bear in mind that real stars are expected to show a chromospheric
temperature rise at very low optical depths that cannot be mod-
elled by the 1D LTE approach of the ATLAS codes. We typically
compute models up to optical depth of log(Tress) ~ —6.5 just to
avoid an edge effect when computing the cores of strong lines.
We do not claim that these are correctly computed, since they
certainly are sensitive to the structure of the chromosphere and
NLTE effects.

When computing the ATLAS models we used the default
control card SCATTERING ON that includes the scattering term
in the computation of the continuum source function. The effect
of scattering is discussed in Bonifacio et al.|(2018| section 2.3).

To compute the synthetic spectra from our 1D model atmo-
sphere we used the SYNTHE suite (Kurucz|2005). The scatter-
ing is treated explicitly and without approximation. In fact, this
is specially important in the UV range: if one does not treat scat-
tering explicitly one finds a trend of abundances with wavelength
(see|Cayrel et al.[2004} section 3.2 for a discussion).

B.2. 3D (LTE) models and abundance corrections

Two dedicated high-resolution COSBOLD models (288 x 288 x
200 grid) have been computed to represent the dynamic atmo-
sphere of HE0107-5240 (T ~ 5100K, logg = 2.2). For the
first model, we assumed [M/H]=-4.0 solar scaled abundances
(with an @ enhancement of +0.4 dex), for the second one an en-
hancement of C and N by 3.0dex and of O by 2.6 dex was ap-
plied with respect to the first model. The detailed chemical com-
position is relevant for constructing the 14-band opacity tables
used for computing the radiation transport in COSBOLD. Con-
tinuum scattering is treated approximately by ignoring the scat-
tering opacity in the optically thin layers as suggested by |Collet
et al.| (2011), (see also|Ludwig & Steffen|[2012]2013).

As shown in Fig.[B.T] both models are characterised by sub-
stantial photospheric temperature fluctuations that cannot be
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Fig. B.1. 3D versus 1D temperature structure of two 3D CO5BOLD
models representing HE0107-5240 (T ~ 5090K, logg = 2.2,
[M/H]=-4.0, @ enhancement +0.4), assuming different CNO abun-
dances for computing the opacity tables: Top: A(C)=4.39, A (N)=3.78,
A(0)=5.06; Bottom: A(C)=17.39, A(N)=6.78, A(O)=7.66. The orange
band outlines the 3D temperature distribution constructed from 20
snapshots of the respective high-resolution model, each resampled to
144 %144 %200 grid points. The dashed blue lines enclose 95, 5% of the
data points at given Rosseland optical depth. The black solid line shows
the <3D> model (the temperature of the 3D model averaged at constant
TRross)» the black long-dashed line represents the T '(Tres) relation of the
1D LHD reference model atmosphere with identical stellar parameters,
treating convection by standard mixing-length theory, but otherwise us-
ing the same input physics as the 3D hydrodynamical model.

captured by 1D (or 3D-averaged) models Spectral lines emerg-
ing from an inhomogeneous atmosphere can have a significantly
different strength (an shape) compared to the same lines formed
in a representative 1D (<3D>) atmosphere. In the present case,
the investigated CH, NH, OH molecular lines show a highly non-
linear temperature dependence. The strong temperature fluctua-
tions in the 3D models lead to a substantial enhancement of these
lines, so that the abundances derived from these models are sig-
nificantly lower than those obtained from a standard 1D analysis.

We use the line formation code Linf0r3lf’_y] to compute syn-
thetic spectra from selected snapshots of the 3D hydrodynami-
cal model as well as from the 1D LHD reference model atmo-

8 This is in stark contrast to the 3D temperature structure of
SDSS J102915.14+172927.9, one of the most metal-poor star known
to date, where horizontal temperature fluctuations are effectively sup-
pressed (see Caffau et al.|2024b| Figure 2).

® https://www.aip.de/en/members/matthias-steffen/
linfor3d-user-manual/
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Table A.1. Abundances from the literature.

Element | NCO2 | NCO04 | B04 | RCO6 Y13 El7 S19 A22 M23
[X/Fe] AX) C-NLTE!

Ten 5100 5100 | 5100 5130 5100 5050 5300 5100 5100

log g 22 20| 22 22 22 23 2.5 22 22

Li <53 <1.12 <0.94 <0.50

C 4.0 | 6.81/7.112 ~57 6.74 6.90 6.75

12C/13C ~ 60 87

N 2.3 | 4.93/5.224 ~ 35 4.72 5.00

o) 5.66 ~ 56

Na 0.8 1.86 1.75 1.81 1.62

Mg 0.2 241 2.33 2.32 0.30 2.24

Al <093 <0.79 <0.90

Si <255 <245

S <7.11 <7.15

K <122

Cal 0.4 0.99 0.84 0.92 0.02 0.78

Call 1.44 1.24 1.43

Sc <-1.50 <-1.63

Ti -0.4 -0.62 -0.66 | -055

Cr <0.65 <0.36 <0.67

Mn <047 <0.08

Fel -53+02 | 2.06/2.177 1.83 1.96 | 2.03 +0.20/2.78 + 0.157 1.96

Fell <3.00 <3.06

Co <0.86 <0.60

Ni -0.4 0.60 0.27

Zn <27 <197 <2.02

Sr <-05 <-2.83 <-3.00 | <-3.19 < —3.40

Ba <08 <-233 <-259 | <-2.54 <-287 | <-3.19

Eu <2.8 <-1.99 <-2.52

NCO02: |Christlieb et al.|(2002); NC04: Christlieb et al.| (2004); B04: Bessell et al.|(2004); RC06:|Collet et al.|(2006); Y13:|Yong et al.|(2013); E17:
Ezzeddine et al.[(2017); S19:|Sitnova et al.|(2019); A22:|Aguado et al.|(2022); M23: |Molaro et al.| (2023)).

U'NLTE corrections.
2 From CH and C2 lines, respectively.

3 average assuming two different A(C) of 7.11 and 6.81, respectively and on different lines.

4 consistent values from CH and C2 lines.

3 from CN lines.

6 average value after 3D correction of several synthetic OH lines.
7 LTE and NLTE.

sphere with identical stellar parameters and input physics as the
3D hydrodynamical model, except that convection is treated by
the mixing-length theory. Linfor3D treats continuum scattering
as true absorption which may compromise the synthetic spec-
tra in the UV, e.g., of the OH lines near 319, 5 nm. However,
the abundance corrections are probably affected only marginally
since the same scattering approximation is used for the line for-
mation in the 3D and the 1D LHD models.

3D abundance corrections are derived for individual spec-
tral lines from a comparison of 3D and 1D equivalent widths.
More specifically, if the observed equivalent width of a spec-
tral line of element X is reproduced with (logarithmic) abun-
dance A3;p(X) based on the 3D model and with A;p(X) when
using the 1D model, the 3D abundance correction is defined as
Asp = A3p(X) — Aip(X). For the molecular lines and the Fen
line investigated in this work, both 3D and 1D line formation are
treated in LTE.

It must be noted that the 3D abundance correction of partly
saturated lines depends on the microturbulence velocity assumed
in the 1D spectrum synthesis. Here we have determined the opti-
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mal value of the microturbulence as 1.3kms™! from a curve-of-
growth analysis of the Fe line at 516.9 nm.

In the present work, the '>C/!3C isotopic ratio is derived from
the CH lines in the G-band where the '>’CH and the '>CH lines
are well separated such that their individual equivalent widths
can be measured. We can therefore compute individual 3D abun-
dance corrections, A;é and A;% for both isotopic components as
described above. The isotopic ratio derived in 3D, gsp, is related
to the 1D isotopic ratio, ¢ip, by log(gap/qip) = Ajf, — AL} If the
corrections for both components are identical, the 3D correction
factor for the isotopic ratio is R, = gsp/qip = 1.

As mentioned in Sect.[5.3] the magnitude of the 3D correc-
tions depends on the chemical composition, in particular the
CNO abundances, adopted for the construction of the 3D at-
mosphere and the 1D reference model. This is because the
molecular opacities influence the resulting temperature struc-
ture, as demonstrated in Fig.[B.I] The model with the lower CNO
abundances (model A, top panel) shows a T-distribution that is
strongly biased towards the lowest temperatures, visible as the
dark-orange band in the upper photosphere, which leads to a
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Table A.2. Abundances derived in this work.

Element A(X), AX) [X/H] [X/Fe] 3D LTE corr
Fe1® 7.52 1.96 -5.56

Ber 138 <-205 <-344 <212

Lir 1.03 <-0.14

2Cy 6.72 -0.65
BCy 4.68

N1 7.86 4.42 -3.44 +2.12 -0.58
O1 8.76 5.72 -3.04 +2.52 -0.58
Nar 6.30 1.64 —4.66 0.90

Al1 6.47 0.27 : -6.20: -0.64 :

Si1 7.52 <18 <-572 <-0.16

S1 7.16 <440 <-2.76 <2.80

K1 5.11 <1.05 <-4.06 < 1.56

Scn 3.10 -2.30 -5.40 0.16

Crr 5.64 <030 <-534 <0.22

Mn1 526 <-050 <-576 <-0.20

Fen 7.52 1.74 +0.10
Cot 4.92 0.30 : -4.62: +0.94 :

Zn1 4.62 <1.02 <-3.60 < 1.96

Srn 292 <-389 <-681 <-125

Ban 217 <-387 <-6.04 <-048

Eun 0.51 <-2.67 <-3.18 <2.38

) A(Fe) is from |Aguado et al|(2022) and it is used in the table for
[Fe/H] to compute [X/Fe] for all the elements.

plateau in the <3D> temperature profile around log Tross ~ —4-
In the model with enhanced CNO abundances (model B, bot-
tom), the T-distribution is more symmetric, and the <3D> and
1D T(7) relations are more similar throughout the photosphere.

The physical reasons for these differences need yet to be
understood. For given carbon abundance, model A produces
stronger CH lines due to the excess of cool temperatures. It ap-
pears plausible that the larger asymmetry of the T-distribution
and the larger separation between <3D> and 1D reference model
lead to larger (more negative) 3D abundance corrections for the
molecular lines in model A than in model B. Since the 3D and
1D curves-of-growth are running almost parallel in model B, the
correction factor for the isotopic ratio is close to 1, while it is
significantly below 1 in model A.

Reliable 3D corrections can only be evaluated when a new
3D model is available that is based on a (yet unavailable) custom-
made opacity table representative of the actual chemical compo-
sition of HE 0107-5240.

Appendix C: lonised Fe in
SMSS J160540.18—144323.1

The problem, discussed in Sec.[6.1.2] about the large NLTE cor-
rections for HE 0107—-5240 proposed in the literature for A(Fe)
from Fer lines (see [Ezzeddine et al. 2017; Nordlander et al.
2017) and that bring tension with A(Fe) from Fe lines, is also
true for SMSS J160540.18-144323.1 (Nordlander et al.|[2019).
We took the advantage of 18 ESPRESSO observations to in-
vestigate the Fe line at 516.9 nm, the same one investigated
in HE 0107-5240 and shown in the lower panel of Fig.[§] We
here suppose that the NLTE correction for Fe 11 line is negligible
for this star as for HE 0107-5240. In Fig.[C.T|the observed spec-
trum of SMSS J160540.18—-144323.1 (solid black) is compared
to a synthesis (solid blue) with the LTE iron abundance derived

77—
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Fig. C.1. Observed spectra (solid black) of SMSSJ160540.18—
144323.1, compared to 1D-LTE synthesis with different A(Fe) values
(solid blue, green and red).

from neutral Fe lines (A(Fe)=1.24 Nordlander et al.|[2019): the
agreement observation/synthesis is good for both the Fe 1 and the
Feu line, which is not detected. A NLTE correction of +0.2 dex
in Fe1 (a value compatible with the NLTE correction for a more
metal rich model derived in the MPIA database and discussed
in Sec.[5.3) would bring A(Fe)=1.44: the solid green synthesis
in the figure shows that the profile is compatible with the ob-
servations of the Fe line. The ‘large’ NLTE correction on Fe1
(as suggested by Nordlander et al.|2017} [Ezzeddine et al.|2017)
is not compatible with the observation. A NLTE correction of
+0.8 dex would bring the LTE A(Fe) value at 2.04, and this is
shown as a red solid profile in the figure. Clearly such a NLTE
correction would imply the Fem line to be visible at this obser-
vation quality, and this is not the case. A dedicated work will
perform a careful investigation of this line as well as a complete
analysis of this ESPRESSO spectrum.
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