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Abstract

CEMP-rs stars are often interpreted as signatures of intermediate (i-) process nucleosynthesis during 
early AGB evolution, yet no observed pattern has been shown to favor the i-process over a simple r+s 
combination. We present a new analysis of TYC 6044-714-1 based on high-resolution UVES spectra and 
state-of-the-art 1D and 3D non-LTE modelling, deriving precise atmospheric parameters, elemental 
abundances, and barium isotopic ratios. Modelling of the Ba II 4934 Å line indicates that 86% of 
barium originates from the s-process, while the derived [Ba/Eu] = 0.25 dex further supports s-process 
dominance.

Keywords: CEMP-s stars; CEMP-rs stars; s-process; i-process; high-resolution spectroscopy; abun-
dances; isotope ratios; nucleosynthesis

1. Introduction
The production of elements heavier than iron is governed by neutron-capture processes, tra-

ditionally classified as the slow (s-) and rapid (r-). Abundance heavy element patterns of several
Carbon-Enhanced Metal-Poor (CEMP) stars [1] are difficult to reproduce by a simple combination
of these two channels. This has motivated the consideration of an intermediate neutron-capture
process (i-process), operating at neutron densities between those of the s- and r-processes [2]. CEMP
stars are prime laboratories for testing this scenario. Yet distinguishing between a genuine i-process
signature and a mixture of s- and r-process contributions remains challenging. Differences between
theoretical heavy-element patterns often do not exceed ∼0.3 dex, requiring highly accurate abundance
determinations. This task is complicated by uncertainties in atmospheric parameters, the limited
availability of realistic 3D non-LTE line formation models, and spectral blending from carbon-bearing
molecules in CEMP giants.

Standard 1D LTE methods are known to introduce significant biases in very metal-poor stars
[3,4] —especially in giants, affecting both stellar parameters and derived abundances. While 1D NLTE
corrections are available for some elements, their reliability remains uncertain. These modelling limita-
tions directly impact the interpretation of neutron-capture diagnostics and the inferred nucleosynthetic
origin. In this context, TYC 6044-714-1 provides an excellent test case. This characterised CEMP-rs
star [5] offers a valuable opportunity to put constrains on the r+s- and i-process hypothesis under
state-of-the-art modelling assumptions.

2. Observations and Stellar Parameters
TYC 6044-714-1 was observed with UVES [6] at the ESO VLT. A co-added spectra covering the

blue and red spectral regions with resolution of R ∼ 70 000 and signal-to-noise ratios (S/N) of ∼140 in
the blue and ∼430 in the red was acquired. We derived atmospheric parameters adopting the TITAN

benchmark star HD 186478 [4] as reference, which also has a UVES archival spectrum. The spectra of
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both stars were processed and analysed following the same procedure to ensure a fully differential
approach. Effective temperature (Teff= 4810 ± 41 K) was derived by fitting the wings of the Hα and
Hβ Balmer lines using 3D non-LTE synthetic grids [9] as with the normalization-fitting method [4,7,8].
Surface gravity (log g= 1.70 ± 0.15 dex), metallicity ([Fe/H] = −2.17 ± 0.05 dex), and microturbulence
(vmic = 1.82 ± 0.04 km/s) were derived from Fe lines assuming 1D non-LTE line formation [12,13],
using Turbospectrum [10] with MARCS model atmospheres [11]. A strictly differential analysis relative
to HD 186478 was adopted to minimise systematic uncertainties. Microturbulence was constrained
by requiring the absence of trends between Fe abundance and reduced equivalent width, excluding
saturated lines. The final atmospheric parameters place TYC 6044-714-1 among metal-poor giants with
properties closely matching those of the reference star.

3. Element Abundances and Barium Isotopic Fraction
Elemental abundances were derived by spectral synthesis using Turbospectrum. Table 2 list

our determinations. Magnesium was determined from the 5528 and 5711 Å lines under 1D non-
LTE adopting the departure coefficients in [14] applying the method in [27] (see Figure A1 in the
Appendix). Carbon and nitrogen abundances are crucial for modelling lines in the blue spectral
region (i.e Eu at 4129 and 4205 Å), as their molecular features contribute significant blending. Carbon
abundance was derived from C I lines at 5082 and 5380 Å, and the Swan 12C2 band at 5140–5166 Å (see
Figure A2 in the Appendix). Nitrogen abundance was determined by modelling the CN molecular
bands in the 3556–3590 Å and 3787–3812 Å regions (see Figure A3 in the Appendix). The 12C/13C ratio
was measured from molecular features in the band at 4155-4240 Å. The iterative procedure ensured
convergence of CNO, Mg, and Fe abundances.

Barium abundance was obtained from the subordinate lines at 6141 and 6496 Å as in [15], using
the accurate oscillator strengths log g f = −0.070 and log g f = −0.365, respectively, from Table 1
of [18], which are derived from the transition probabilities in [25,26]. This atomic data was used
successfully by [18] to recover the canonic solar abundance A(Ba) = 2.18 ± 0.08 dex [28] under 1D LTE,
and to demonstrate that, for the solar case, 3D non-LTE corrections are negligible, while 1D non-LTE
underestimates the abundance by ∼0.20 dex.

Similar to the solar case, our tests on TYC 6044-714-1 indicate that 1D LTE yield abundances
consistent with 3D non-LTE corrections1 based on the CO5BOLD model atmosphere grids [16,17] and
the model atom in [18]. On the other hand, 1D non-LTE tends to underestimate A(Ba) by ∼0.35 dex.
This is exposed in Figures 1 and 2. The left panels show the fits under 1D LTE; and display 1D non-
LTE line profiles of the same abundances, indicating that the latter would certainly require lower
abundances to fit the observational lines. The right panels of the figures show the interpolations of
the 3D non-LTE correction grids. This diagnostic is crucial for determining isotopic ratios through
modelling of the Ba II resonance line at 4934 Å, as the Ba abundance –along the microturbulence– has
the strongest influence on assessing the relative contributions of the s- and r-processes [15].

We fitted the 4934 Å resonance line using the hyperfine-structure (HFS) components and isotopic
fractions listed in Tables B.1 and 5 of [15], adopting a 1D non-LTE approach with the departure
coefficients from [18]. 1D non-LTE is necessary for modelling this resonance line, as demonstrated by
extensive tests on metal-poor giants (Giribaldi et al., submitted), where 1D LTE syntheses produce
profiles that are systematically too shallow to reproduce the observed spectra. Figure 3 shows that the
observed line is best reproduced by a synthetic profile with an 86% s-process contribution: 134Ba =
0.0246, 135Ba = 0.0740, 136Ba = 0.0808, 137Ba = 0.1278, 138Ba = 0.6928. Since the r- and i-process profiles
are nearly indistinguishable, the remaining 14% of Ba may arise from either process or a mixture of
both.

1 https://www.chetec-infra.eu/3dnlte/abundance-corrections/barium/
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Figure 1. Left panel: Fit of the line at 6141 Å under 1D LTE. A 1D non-LTE line profile with the same determined
abundance is shown by the dashed dark line. Right panel: Interpolation of the grid of 3D non-LTE Ba abundance
corrections. Circles show the tabulated grid values, with stellar parameters indicated in the legend. Solid lines of
matching colours represent linear interpolations between grid points. Crosses mark values interpolated in Teff

and log g, while the black cross corresponds to interpolation in Teff, log g, and [Fe/H]. The figure also reports the
line’s reduced equivalent width (REW) and the resulting 3D NLTE correction.

6496.0 6496.5 6497.0 6497.5 6498.0

Wavelength [Å]

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

 fl
u
x

A(Ba) = 0.81+[0.05] [0.04]

NLTE model

without Ba

Noise error

LTE model

0 100 200 300 400
EW3DNLTE

0.1

0.0

0.1

0.2

3D
 N

LT
E 

co
rre

ct
io

n

   REW=-4.62, 0.03 dex

Line 6496 Å

4000 K/ log g = 1.5/ [Fe/H] = -3.0
4250 K/ log g = 1.5/ [Fe/H] = -3.0
4500 K/ log g = 1.5/ [Fe/H] = -3.0
4750 K/ log g = 1.5/ [Fe/H] = -3.0
4000 K/ log g = 1.5/ [Fe/H] = -2.0
4250 K/ log g = 1.5/ [Fe/H] = -2.0
4500 K/ log g = 1.5/ [Fe/H] = -2.0
4750 K/ log g = 1.5/ [Fe/H] = -2.0
4500 K/ log g = 2.0/ [Fe/H] = -3.0
4500 K/ log g = 2.0/ [Fe/H] = -2.0
4750 K /log g = 1.5/[Fe/H] = -3.0
4750 K /log g = 1.5/[Fe/H] = -2.0
Teff, log g, and [Fe/H] interp.

Figure 2. Similar to Figure 1 but for the line at 6496 Å.
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Figure 3. Fit of the Ba resonance line at λ4934 Å. Top panel: The observed profile is shown in black, and the
best-fitting synthetic profile in red. The corresponding s-process percentage and its uncertainty (from spectral
noise) are indicated in the plot. Additional synthetic profiles with the isotopic ratios listed in Table 5 in [15] are
included as labelled in the legend. The inset displays the χ2 distribution of the fits; the bar marks the s-process
fraction corresponding to the minimum χ2. Bottom panel: The black curve shows the residuals (best fit minus
observation), with the grey shaded region indicating the flux uncertainty due to noise. Residuals for the r-, s-, and
i-process profiles relative to the observed spectrum are plotted using the same line styles as in the top panel.

We derived the europium abundance from the 4129 and 4205 Å lines using 1D non-LTE modelling
with the departure coefficients of [19]. Hyperfine-structure components were adopted from [29], and
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the isotopic fractions from Table 1. Figure 4 shows that, for both transitions, the r- and i-process
synthetic profiles are nearly indistinguishable. Therefore, despite the high quality of the spectrum,
these Eu lines do not provide a diagnostic power comparable to that of the Ba resonance line.

Table 1. Europium isotopic fractions.

Process 151Eu 153Eu

Slow 0.4673 0.5327
Rapid 0.5008 0.4992

Intermediate 0.5221 0.4779
Notes. Quantities related the r-process are inferred from [30]. Quantities related to the s-process and i-process are inferred from
a model of 1.5M⊙ with [Fe/H] = −2.27 dex (Giribaldi et al. submitted).
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Figure 4. Top panel: Fit of the line at 4129 Å. Line profiles from the r- and i-processes from the isotopes fractions in
Table 1 are represented in different colours as indicated in the legends. CN and CH molecule features are also
plotted. Bottom panel: Similar to top pandl but for the line at 4205 Å.

Table 2. Element abundances.

Element A(X) [X/Fe]

C I 7.30 ± 0.06 1.00
12C2 7.25 ± 0.07 0.98

12C/13C 19 —
Mg 5.66 ± 0.04 5.28
Fe 5.28 ± 0.05 —
Ba 0.79 ± 0.10 0.70
Eu −0.19 ± 0.08 0.45

Notes. A(X) indicates that for a given element X, the logarithmic absolute abundance is defined as the number of atoms of
element X per 1012 hydrogen atoms, log ϵ(X) = A(X) ≡ log10(NX/NH) + 12.0. [X/Fe] indicates a logarithmic scale of A(X)
relative that of iron A(Fe) relative to the Sun. For all elements except Mg and Fe, the solar canonical values of [28] were adopted.
For Mg, the solar A(Mg) = 7.55 of [31] was adopted.

4. Conclusions
We derived accurate and precise abundances of C, Mg, Fe, Ba, and Eu for the CEMP star TYC 6044-

714-1 using accurately determined atmospheric parameters and state-of-the-art line-profile modelling.
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The barium isotopic fractions were inferred from the 4934 Å resonance line, adopting a well-constrained
Ba abundance based on validated oscillator strengths and supported by prototype 3D non-LTE cor-
rections. Our results indicate that the majority of the barium (86%) was synthesized by the s-process,
while the remaining fraction may originate from the r-process, the i-process, or a combination of both.
We derive [Ba/Eu] = 0.25 dex, consistent with observational signatures of s-process dominance (e.g.,
[32]), as negative [Ba/Eu] values are associated with stars with material dominated by the r-process
(e.g., [33]).
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Figure A1. Fits of the Mg lines.

2 http://www.astropy.org
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