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Abstract: Separating stars enriched in the s- and r-processes of nucleosynthesis is usually achieved
by analyzing the element ratios of s-process elements (like Ba or La) to r-process elements (like Eu).
The situation becomes more complex when analyzing CEMP-rs stars, which are carbon-enriched
metal-poor objects enriched in a mixture of s- and r-elements. These objects, possibly resulting from
the i-process of nucleosynthesis, are notoriously difficult to classify based on elemental ratios. Recent

Er;)edcgtfgsr theoretical studies have outlined, however, that the s-, i-, and r-processes produce distinct isotopic
Citation: Van Eck, S.; Giribaldi, R.; mixtures. Here, we propose to analyze a sample of stars known to be enriched in s, 1, or r + s elements
Merle, T,; Lambotte, A ; Karinkuzhi, D;  and to determine the odd-to-even isotopic ratio measured on atomic lines of barium, in order to
Goriely, S.; Choplin, A.; Storm, N.; validate or disprove their assignation.
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10.3390/ galaxies12060089 1. Introduction

Academic Editors: Oscar Straniero Elements heavier than iron are produced by neutron captures on iron-seed nuclei,
and Oleg Malkov either by the s-process (for ‘slow’), or by the r-process (for ‘rapid’), leaving aside the
Received: 26 September 2024 marginal contribution by the p-process [1]. The s-process proceeds at neutron densities of
Revised: 12 December 2024 the order of ~10% cm~2 and builds up isotopes close the valley of nuclear stability [2-4],
Accepted: 16 December 2024 whereas the r-process, which produces more neutron-rich isotopes, occurs at typical neutron
Published: 23 December 2024 densities in excess of ~ 102 ¢cm 3 [5,6].

® *  Thesite of the s-process for A > 90 nuclei is well-identified as low- and intermediate-
mass (M < 3 —4M;) thermally-pulsing asymptotic giant branch (TP-AGB) stars [3,4,7,8].

Stars producing their s-process elements are classified as intrinsic S or carbon stars,

Copyright: © 2024 by the authors. . o . .
whereas stars polluted by s-process material originating from a companion are tagged
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This article is an open access article extrinsic S, barium, CH, or CEMP-s stars (CEMP stands for ‘carbon-enriched metal-
distributed under the terms and poor’), by order of decreasing metallicity.

conditions of the Creative Commons ~ ®  The site of the r-process is still debated: the decompression of neutron-star mat-
Attribution (CC BY) license (https:// ter ejected during a binary neutron star merger [9] provides, since the observa-
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40/). magnetorotational supernovae (e.g., [12]). Whether the neutron star merger site is

Galaxies 2024, 12, 89. https:/ /doi.org/10.3390/ galaxies12060089 https://www.mdpi.com/journal/galaxies


https://doi.org/10.3390/galaxies12060089
https://doi.org/10.3390/galaxies12060089
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/galaxies
https://www.mdpi.com
https://orcid.org/0000-0003-0499-8608
https://orcid.org/0000-0002-9420-560X
https://orcid.org/0000-0001-8253-1603
https://orcid.org/0000-0002-9110-941X
https://orcid.org/0000-0001-6159-8470
https://orcid.org/0000-0001-9583-0004
https://orcid.org/0000-0001-6008-1103
https://orcid.org/0000-0002-9908-5571
https://orcid.org/0000-0002-1883-4578
https://doi.org/10.3390/galaxies12060089
https://www.mdpi.com/journal/galaxies
https://www.mdpi.com/article/10.3390/galaxies12060089?type=check_update&version=2

Galaxies 2024, 12, 89

20f11

the only one contributing to the r-process is still highly debated [13,14]. r-process-
enriched stars are found among the CEMP-r stellar class, subdivided into the classes
r-1 (0.3 < [Eu/Fe] < 0.7 and [Ba/Eu]< 0), r-II ([Eu/Fe] > 0.7 and [Ba/Eu] < 0),
and r-1II ([Eu/Fe] > 2) ([15] and references therein). We adopt the usual notation:
[A/B] =1log,,(Na/Ng)+ —logy(Na/Np)w, where Nx is the number density of the
X element and ey = log,,(Nx/Ny) +12.

®  Some stars are enriched in both r- and s-elements; they are also carbon-enriched and
have been initially detected among metal-poor stars (they are thus tagged CEMP-rs)
and among CH stars. However, some of them have been found in more metal-rich
([Fe/H] = —0.5) carbon-enriched objects (see e.g., [16-20]).

The current criteria used to distinguish CEMP-rs from CEMP-s stars are based on
[Ba/Eu] or [La/Eu] ratio [21,22] or on a series of (first and second-peak) s- and r-elemental
abundances [18,23]. However, the boundary between the two classes is somewhat empirical
and depends on the discriminating criteria, and a robust identification scheme is difficult
to define [18]. Both CEMP-s and CEMP-rs stars seem to belong to binary systems ([24] and
references therein), so binarity cannot be used as a discriminant.

The origin of the peculiar abundance patterns in stars showing enhancements in
both s- and r-process elements is still an open question ([21,22,25] and references therein).
Several exotic scenarios have been mentioned to explain the hybrid abundance profile of
CEMP-rs stars, in particular primordial origin (pollution of the birth cloud by an r-process
source), pollution of the binary by a third massive star (triple system) ([26] and references
therein), pollution by the primary exploding as a type 1.5 supernova or accretion-induced
collapse [22,26-28], or the i-process (for "intermediate-process’) scenario [29,30]. The latter
operates at neutron densities of the order of ~ 104-15¢m~3 intermediate between those
of the s- and r-processes. Recently, the abundances of CEMP-rs stars have been explained
(as satisfactorily as those of the s-process) by low-metallicity ([Fe/H] ~ —2.5) 1 -2 Mg
AGB models experiencing proton ingestion [18,31,32]. According to this scenario, during a
thermal pulse at the beginning of the TP-AGB, the He-driven convection zone penetrates
in the H-rich layer. The subsequent proton ingestion leads to the production of *C from
the 12C(p,7)!3N(B)'3C chain of reactions and, consequent to a strong neutron burst, via the
13C(a,n)'®0 reaction, with neutron densities adequate for the synthesis of elements heavier
than iron. Exotic or hybrid sites for the i-process might therefore not be required.

Different isotopic mixtures are predicted for the s-process, and for the r- or i-processes.
The s-process mainly produces the even-N isotopes due to the strong even—-odd and shell
effects affecting the isotopic abundances (directly in line with the local equilibrium, i.e., a
constant N(A) (o) 4 along an isotopic chain, where N(A) is the abundance of isotope A
and (o) 4 its Maxwellian-averaged neutron capture cross section). The i-process is also
expected to be sensitive to similar effects but on the progenitors along the Cs and I chains,
with a negligible production of the shielded '3413*Ba and a weak production of 1**Ba due
to the long half-life of 1351 of 6.6 h. In the case of the r-process, 134+13Ba cannot be produced
and a rather similar production of the other Ba isotopes is found, the odd-even effect being
washed out by statistical averaging on a large number of physical irradiation conditions
and the impact of smoothing effects like f-delayed neutron emission [5].

Such a disparity in the isotopic mixture can be well represented by the barium even-to-
odd isotope abundance ratio fp, 044 = (N(1*°Ba) + N(!1¥Ba))/N(Ba). Based on astrophys-
ical as well as nuclear physics uncertainties affecting the s- [4] and i-processes [33,34]
in AGB stars, we have estimated the predicted range of the fg,,qq ratio. Values of
fBaodd = 0.10 £ 0.03 are obtained for an s-process origin and fp,odq4 = 0.67f8:28 [35]
for the i-process. In the case of the r-process, significant nuclear and astrophysical uncer-
tainties remain, so that modeling is difficult to use nowadays to infer an r-process pollution.
However, since many r-II stars have been shown to follow the same pattern as the solar
r-distribution [6], it can be assumed that fg, ,qq follows the solar r-ratios and their corre-
sponding uncertainties stemming from solar abundance determination, as well as nuclear
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and astrophysics modeling of the s-process [36-38]. With this assumption, we obtain the
r-process value of fg, ,qq = 0.66 & 0.20.

Isotopic abundances are notoriously difficult to measure from atomic lines because
isotopic shifts (a few mA) are negligible compared to the line width. However, in contrast
with the spectral lines of even isotopes, the lines of the odd isotopes are affected by
hyperfine splitting (HFS), the effect of which can be larger than ~ 50 mA. It is thus possible
to measure fp, ogq and to relate it to a given nucleosynthetic process (either s-process or
i/r-processes). After the pioneering studies of [39-42], this technique has been applied
in [43-47], with contradictory conclusions. Indeed, the subgiant used in these studies, HD
140283, had weak Ba lines, and the non-local thermodynamic equilibrium (NLTE) effects
were not taken into account. Only a handful of measurements are available from high-
resolution high-S/N spectra analyzed in NLTE conditions in CEMP stars, as summarized
in Table 1.

Table 1. Literature review of non-local thermodynamic equilibrium (NLTE) and 3D Ba odd-to-even
measurements. LTE and NLTE apply to the fitting of the barium lines.

Star ID Type [Fe/HI  fBaodd LTE/NLTE R SNR Ref.
HE 0338-3945 CEMP-rs —242 023 £0.12 NLTE 35,000 >70 [48]
CS31082-001 CEMP-rII. —290  0.43 &+ 0.09 NLTE 75,000 >250 [48]
CS529491-069 CEMP-rII. —2.58  0.46 & 0.08 NLTE 60,000 70-50 [49]
HE 1219-0312 CEMP-rII —-294 0.51+0.09 NLTE 70,000 110-111  [49]
HE 2327-5642 CEMP-rlI —2.87  0.50+£0.13 NLTE 60,000 50-100 [49]
HE 2252-4225 CEMP-rlI —-2.67 0.484+0.12 NLTE 50,000 70-60 [49]
HD 140283 CEMP-rI —-250 0.38 £0.1 3D, LTE 95,000 1100 * [47]

*S/N per 12 mA wide pixel around 4500 A.

It has been confirmed [39-42,50] that the 4554 A Ba II resonance line (used to measure
fBa,odd) is formed under NLTE conditions in metal-poor stars. Ba isotopic fractions in
CEMP-r-1I stars were first reported by [48], who found that the fg, ,qq Value in CS 31082-
001 is consistent with the isotopic ratio in the solar pure r-process component. We note,
however, that the result of [48] (fpaodq = 0.23 £ 0.12) for the CEMP-rs object HE0338-
3945 is incompatible with [31] the model predictions for the i-process at low metallicity
(fBaodd =~ 0.53) for the r-process (fpaodd =~ 0.66) and marginally compatible with an
s-process occurring in a metal poor star (fg, ogq = 0.10).

2. Isotopic Ratio Determination
2.1. Materials and Methods

Our star sample consists of three stars known, to the best of today’s knowledge, to
have abundance profiles corresponding to three distinct nucleosynthesis processes, as
shown in Table 2. For two of them, we obtained spectra from the HERMES spectrograph
mounted on the 1.2 m Mercator telescope [51] installed on the Roque de los Muchachos
Observatory (Canary Islands, Spain). The spectral resolution is 86,000, with a spectral
range spanning 3800 to 9000 A. The signal-to-noise ratio has been enhanced by co-adding
multiple exposures. We also included in our analysis two ESO-UVES archive spectra of
the star HE 2208-1239, with a wavelength range of 4780-6800 A (resp., 3300-4515 A), a
resolution of R = 56,990 (resp., R = 49,620), and an SNR of 100 (resp., 40).

Table 2. Sample stars.

Star Type Reference Spectrograph SNR
HD 2454 Dwarf Ba (s) [52] HERMES 330
HD 115444 CEMP-r [53] HERMES 350

HE 2208-1239 CEMP-r/s [54] UVES 40-100
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The stellar parameters were derived as follows: the effective temperature was de-
termined by fitting selected regions of the H, line profile wings, following the method
of [55-57]. Surface gravity was obtained by fitting the wings of the Mg Ib triplet at 5171 and
5183 A, as described in [57]. Metallicity and microturbulence were derived jointly by ensur-
ing no correlation between iron abundance and the reduced equivalent width of the lines.
In this process, iron abundance was determined using the NLTE Turbospectrum radiative
transfer code [58]. The parameters were iterated until the effective temperature, surface
gravity, metallicity, and microturbulence were simultaneously fitted by the aforementioned
methods. The resulting parameters are presented in Table 3.

Table 3. Atmospheric parameters of the sample stars.

Star Tots logg [Fe/HINLTE 'IJ%{“CTE ZJBSC

(K) (dex) (dex) (km/s) (km/s)
HD 2454 6565 -+ 21 4114006  —021+£005 1.60+£020  not required
HD 115444 4667 + 86 1284£015  —297+£008  1.40+0.15 1657030
HE 2208-1239 5200 475 2144015  —240+£009  085+020 2154015

This procedure yielded an unexpected outcome: the barium abundances derived from
the three subordinate Ba lines (5853.67, 6141.71, and 6496.90 A; subordinate lines denote
lines that correspond to transitions from one excited state to another excited state) did not
align with those from two resonance Ba lines (4554.03 and 4934.08 A). The subordinate
lines provided abundances that were, on average, 0.7 dex higher (except for HD 2454). This
discrepancy is likely due to the fact that 1D model atmospheres cannot provide a consistent
microturbulence value that fits both the moderate (subordinate) and strong (resonance)
barium lines simultaneously. In an upcoming study, 3D model atmospheres will be used
for the analysis of the three stars. In the meantime, a reasonable assumption was tested:
adopting the same barium abundance relative to solar as that of its neighboring element
cerium, namely: [Ba/Fe]. =[Ce/Fe].. Since the abundance is no longer a free parameter,
the value of the microturbulence must be adapted, in order to be able to fit the three barium
subordinate lines.

Despite its simplicity, this assumption led to remarkably consistent results for the
isotopic fractions, as demonstrated below.

2.2. Results

Figure 1 shows the fits of the Ba II resonance line at 4934.08 A. The best fit, determined
from the smallest residuals, is highlighted in violet across all panels. The barium isotopic
fraction, ffgd, is derived by finding the best match between the synthetic spectra, obtained
by varying f(}fgd, and the observed spectrum, as quantified by the minimum normalized x>
(see insets in each panel of Figure 1).
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without Ba o
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Figure 1. Cont.
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Figure 1. Fits to the 4934.08 A Ba II resonance line for the three sample stars. The thin black line
represents the observed spectrum, while the dashed, dotted, and thick violet lines represent the spectral
synthesis with different (])33 4 as labeled (the 10% dashed line characterizing an s-process origin and the
53% thick-dashed line an i-process). The thin dashed line shows a spectral synthesis without barium.
The lower panels display residuals for each fit shown in the upper panels. The fits with smaller
residuals are highlighted in grey. The barium isotopic fraction, ffj 4 is determined by identifying
the best agreement between the synthetic spectra (for varying fgd) and the observed spectrum, as
quantified by the minimum normalized x? illustrated in the upper right inset of each panel.

As noted in the Introduction, each nucleosynthesis process (s-, r- and i-processes)
corresponds to a distinct isotopic fraction ( ff:i‘d =~ (.10, 0.66, 0.53, respectively), based on
nucleosynthesis calculations. Our results (Figure 1) support the classification found in the
literature and reported in Table 2, namely: the s-process origin for HD 2454 (consistent with
its classification as a dwarf Barium star), and i- or r-processes nature for the CEMP-r/s
stars HE 2208-1239 and the CEMP-r star HD 115444. However, distinguishing between the
i- and r-processes is not possible based solely on the barium isotopic fraction.

This assignation is further validated using the criteria for distinguishing CEMP-s, -r,

and -r/s stars established in [18], where we compute a signed distance:

1
ds = N Z(loglo Exjx — loglo exi,norm(r,*)) 1)

Xi
and an RMS distance to the r-process

1/2
1
drms = N Y (1080 €x, + — 10810 €x, norm(s))” 2)

Xi
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where {x;...xy} is the list of the N considered heavy elements, and we use the usual
notation log,, €x;, = loglo(n x;/np) + 12, with ny, as the number density of element x;. We
denote log €x;, the abundance of element x; as measured in the stars, and log; €y, norm(x+)
the standard r-process abundance profile log;, €y, » normalized to the star abundance
profile with respect to europium: 10g;y €y, norm(r+) = 10810 €x;,r + (10810 €Eu« — 10810 €Eu,r)-
The adopted standard r-process abundances (log,, €x,,) are listed in Table B.4 of [18]. We
selected europium as a normalizing element because it is mainly produced by the r-process
and is easily measurable in most stars. Here, we consider the element set x; = {Y, Zr, Ba,
La, Ce, Nd, Sm} (and Eu for normalization).

The dividing threshold between the CEMP-r/s and CEMP-s stars was fixed at d = 0.7
for both distances [18].

Additionally, we computed the x? differences between the measured abundances and
those predicted by either the s- or the i-process models [4,32].

2 _ 1 ([X/Fe]obs — [X/Fe]mod)2

2
NObS X UX,obs

X 3)

where Ny, is the total number of data points for a given star. The Xlz‘—pro values reported in
Table 4 are derived considering all elements with Z > 30. For HD 2454 and HE 2208-1239,
the Xipro and Xiz—pro values are based on all available elements of Giribaldi (2024, in prep.),
including light ones (16 for HD 2454 and 15 for HD 2208-1239). For the likely r-process star
HD 115444, only Z > 30 elements (13 in total) are considered to compute Xipm and Xi{pro.
The results are summarized in Table 4.

Table 4. Summary of the nucleosynthetic process indicators.

Star Type Signed RMS xﬁ_pm xiz_pm xf_Pm Ba,
Distance Distance

HD 2454 Dwarf Ba (s) 0.83 0.90 1.38 1.56 447 17ﬂ7

HD 115444 CEMP-r 0.00 0.14 446 2.35 0.79 6632

HE 2208-1239 CEMP-1/s 0.56 0.80 13.14 2.05 7.37 100fg6

The conclusions for the three investigated stars are as follows:

e HD 2454: Both the signed and RMS distances exceed 0.7, indicating that the s-process
is responsible for the measured chemical peculiarities. The x? analysis also strongly
supports the s-process. Furthermore, the low value of f fé’d = 17(+1-17)9% is consistent
only with the s-process.

e HD 115444: The signed and RMS distances are very small or even zero, as expected
for a pure r-process abundance profile. The x? analysis also favors the r-process. The
isotopic fraction f, cﬁfd = 66(t33-35)9% rules out the s-process but cannot distinguish
between pollution by an i- or r-process.

e HE 2208-1239: The signed distance is below the threshold of 0.7, pointing to an i-
process, while the RMS distance suggests the s-process. The x? analysis offers a clearer
conclusion, strongly supporting the i-process, likely due to the inclusion of more
chemical elements. Finally, 5, = 100(+0-30)9% suggests an i- or r-process origin.

In conclusion, the barium isotopic ratio alone can reliably identify an s-process but
cannot discriminate well between an i- or r-process origin. To resolve this, another isotopic
fraction, such as the one of europium, could be considered. However, when combined with
additional independent indicators like dg or drprs, which compare individual abundances
to a reference abundance profile, a consistent diagnostic emerges, with all indicators
aligning. The assumption of adopting a barium abundance similar to that of cerium,
though initially strong, appears reasonable in retrospect.
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3. Extrinsic Stars in Surveys: Searching for a Needle in a Haystack

Stars exhibiting anomalous chemical abundance patterns in carbon or heavy elements
(such as Barium, CH, and CEMP stars) were primarily discovered through low-resolution
surveys, including prism-objective surveys, conducted in the last century. With the advent
of medium- and high-resolution surveys, it is now feasible to compile new catalogues
of extrinsic stars with significantly more members and reduced biases, sometimes using
machine learning techniques. However, caution is warranted when using automated
methods to detect anomalous objects. In [20], 15 objects previously identified as enriched
in strontium using low-resolution spectra were re-analyzed. This study found that four
of these objects actually had normal strontium abundances; the misclassification was
due to an unrecognized blend with a CN band head. Therefore, it is crucial to validate
machine-learning results with classical methods.

In [59], cerium abundances were determined from Gaia RVS spectra using the GSP-
Spec module. As expected, most cerium-enriched objects are found on the asymptotic
giant branch, at T,¢< 3800K. Interestingly, a subpanel of their Figure 3, which shows a Kiel
diagram (log g, Te¢f) color-coded with Ce abundance, reveals a group of cerium-enriched
stars located at 2.5 < log ¢ < 3.5 and 4500 K <T,¢< 5500 K, as shown in Figure 2.

0.0

<
o 04 §
2.0 T
° 02 5
=)
25
0.0
3.0
-0.2
3.5
-0.4
4.0
6000 5500 5000 4500 4000
Terr (K)

Figure 2. Kiel diagram of stars from the Gaia catalogue, having a reliable GSP-Spec cerium abundance
(as color-coded), as in [59].

From the GAIA data with GSP-Spec cerium abundances, we selected a sample of
82 extrinsic star candidates having [Ce/Fe] > 0.6 dex and 4500 K < T < 6000 K, according
to the determinations of [59]. Varying this abundance threshold, we checked that above
[Ce/Fe] = 0.6 the binarity proportion within the sample reached an asymptotic constant
value. Additionally, we built a reference sample of 4161 stars within the same temperature
range but with [Ce/Fe] < 0.3 dex. These stars are assumed to have normal cerium
abundances within the uncertainties. The 0.3 dex threshold is somewhat arbitrary, and it is
possible that some extrinsic stars may be inadvertently included in this reference sample.
Finally, we defined the golden sample as the subset of the extrinsic sample for which
the cerium abundance is most reliable, based on verification using the high-resolution
HERMES spectra of a subsample of targets.

As shown in Table 5, the Gaia data reveal that the percentage of detected binaries is
52.44% in the extrinsic sample and increases to 62.50% in the golden sample. In contrast, the
reference sample shows a much lower detection rate of just 21.68%, which is the expected
binarity rate in this stellar parameter range.
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Table 5. Number and proportion of binaries among three different star samples: the “extrinsic”
sample, the “reference” sample, and the “golden” sample, as defined in Section 3.

Extrinsic Sample Reference Sample Golden Sample

Extrinsic Sample Reference Sample Golden Sample
, Number - Number N Number
Proportion (%) (o). 82 Stars) ~ ProPOrtion (%) (o). 4161 Stars)  PrOPOTHON (%) (poia1. 28 Stars)
Variable Yes 4512 + 549 37 + 451 1459 £ 055 607 + 22.77 57.14 & 9.35 16 +2.62
radial No 5122 + 5.52 42 + 453 80.72 + 0.61 3359 + 2545 39.29 + 9.23 11+ 2.58
velocity Undetermined 3.66 + 0.23 3 4+ 019 469 + 0.33 195 & 13.64 3.57 4+ 0.68 14019
?Il?g‘sb:l%a;ry 69.51 + 5.08 57 + 4.17 88.18 =+ 0.50 3669 =+ 20.83 46.43 £ 9.42 13+ 264
Gaia Astrometric 1098 + 3.45 9 + 283 3.58 + 0.29 149 + 11.98 17.86 + 7.23 54202
binarity gmaiy (NS5 =1)
pectroscopic
flags binary (NG =2) 976 * 328 8 + 2.69 519 + 0.34 216 + 14.31 17.86 + 7.23 54202
Astrometric and
spectroscopic 9.76 + 3.28 8 + 2.69 3.05 + 0.27 127 £ 11.09 17.86 4+ 7.23 54202
binary (NSS = 3)
Re-normalized RUWE > 1.4 4146 + 544 34 + 446 16.46 + 0.57 685 + 23.92 50.00 + 9.45 14+ 265
o, error RUWE < 14 5854 + 5.44 48 + 446 8349 + 0.58 3474 + 2395 50.00 & 9.45 14 +2.65
Union of all binarity indicators 5244 + 551 43 + 452 21.68 + 0.64 902 + 26.58 62.50 &+ 9.15 18 & 2.56

Different statistical tests (namely the Fisher’s exact test, the x? test as well as the
equality test on large samples) indicate with 99% confidence that we can reject the null
hypothesis that the binary proportions are identical in the extrinsic and reference samples.
This suggests that the extrinsic sample has an unusually high number of binaries. This
finding is consistent with the expectation that cerium-enriched stars, which are not yet
evolved to the thermally-pulsing AGB phase, likely acquired their chemical peculiarities
through past mass transfer. Consequently, these stars are expected to be binaries [60].

Finally, the scale height above the galactic plane for the extrinsic star sample is mea-
sured at 149.64 4 2.01 pc, compared to 82.37 £ 0.89 pc for the control sample. This difference
supports the idea that extrinsic stars belong to an older slightly more metal-poor population,
with companions that have already evolved to the white dwarf stage.

We note that among the 82 stars of our extrinsic sample, only eight have previously
been identified in the literature as being enriched in heavy elements.

4. Conclusions

This study provides a deep analysis of barium isotopic ratios in selected objects. By
employing advanced spectroscopic techniques and high-precision measurements, the bar-
ium isotopic ratios have been determined, and they confirm the nucleosynthesis diagnostics
obtained from independent methods, e.g., from the abundance profile analysis. In addition,
we have shown that large surveys hold significant potential for uncovering a wealth of
extrinsic stars, yet to be analyzed. It underlines the relevance of both large spectroscopic
surveys with a plethora of objects and detailed studies of key-targets to progress in our
understanding of nucleosynthesis processes.
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