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ABSTRACT

Context. Theoretical results showed the possibility that neutron capture elements were produced in the early Universe by two different
sources: a frequent s-process source hosted by rotating massive stars, and a rare r-process source hosted most likely by neutron star
mergers. The two sources produce barium with different isotopic compositions.

Aims. We aim to investigate the lines of barium in two halo stars, HD 6268 and HD 4306. The spectra present an exquisite quality,
both in terms of resolution (R > 100 000) and signal-to-noise (~400). Due to hyperfine splitting (hfs) effects, barium lines are expected
to show slightly different profiles depending on the barium isotopic fraction.

Methods. We applied a standard local thermodynamic equilibrium synthesis of the barium lines. We compared the synthetic results
assuming an s-process isotopic pattern or an r-process isotopic pattern for the two barium lines for each star that exhibited hfs. We also
applied a methodology, less dependent on the accuracy of the theoretical Ba hfs structure, that transforms the lines of HD 4306 into
those we would observe if its atmospheric parameter values (i.e. Teg, log g, micro- and macro-turbulence, V sin i, and Ba abundance)
were the same as those of HD 6268.

Results. With both methods, our results show that the barium lines with hfs effects of HD 4306 are in agreement with an s-process
composition and the lines in HD 6268 have a different profile, which is most likely linked to the presence of an r-process isotopic
pattern.

Conclusions. Two lines of barium of HD 6268 and HD 4306 seem to confirm the theoretical expectation that both r-process events
and also s-process contribution by rotating massive stars have polluted the ancient halo of our Galaxy.
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1. Introduction

The past decade has seen an explosion of elemental abundance
determinations for the most metal-poor stars in the Galaxy.
These new data have shown many surprising results, includ-
ing the fact that light neutron capture elements (such as Sr, Y,
and Zr) are more enriched in some extremely metal-poor (EMP)
stars compared to the expectations of a pure r-process pattern
(Thielemann et al. 2011), and they show an increasing scatter
towards low metallicities, down to [Fe/H]! ~ —4 (Honda et al.

*Based on observations made with the UVES at the ESO Very

Large Telescope, Paranal Observatory, Chile (ID 098.B-0094(A); P.I.
G. Cescutti).
I 'We assumed the common approximation in which iron is a proxy
for the entire metal content, and we adopted the notation [A/B] =
log,o(Na/Ng) —10g,,(Na/Np)o and e(A) = log,,(Na/Ny) for elements
A and B.

Article published by EDP Sciences

2004; Barklem et al. 2005; Francois et al. 2007; Spite et al.
2018).

Astronomers then invoked the need for a new process (e.g.
Travaglio et al. 2004) able to provide the additional contribution
to light neutron capture elements. The astrophysical conditions
that would create this additional contribution are still unknown,
and both an s-process-like or an r-process-like mechanism was
found to reproduce the abundance pattern between Sr and Ag
observed in many of the most extreme metal poor stars (Montes
et al. 2007). The s-process production in massive stars (weak s-
process) was shown to be inefficient at low metallicity (Raiteri
et al. 1992), so most authors have focused on the existence of a
possible second r-process (also called the weak r-process; see
Arcones & Montes 2011).

However, the recent nucleosynthesis computations by
Frischknecht et al. (2016) showing that rotating massive stars
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can support the s-process, and hence pollute the early Uni-
verse with these elements on a timescale comparable to that
of the r-process, have brought a new twist to the interpretation
of the neutron capture element abundances of stars at very low
metallicity. Interestingly, the existence of rotating massive stars
in the early Universe has already been suggested as the only
solution for at least four ‘anomalies’ observed in other chemi-
cal elements in very metal-poor stars ([Fe/H] < —2.5); namely,
the rise of N/O and C/O towards lower metallicities (Chiappini
et al. 2006); the low '2C/'3C (Chiappini et al. 2008) and the
primary-like behaviour of Be and B (Prantzos 2012). Recently,
we claimed to have found a fifth signature of the impact of rotat-
ing massive stars, namely an early enrichment of the Universe in
s-process elements (Chiappini et al. 2011; Cescutti et al. 2013).
More recently, the impact of rotation in the nucleosynthesis of
neutron capture elements was also confirmed by the studies of
Limongi & Chieffi (2018) and Choplin et al. (2018). Moreover,
chemical evolution models have again confirmed that adopting
these yields of rotating massive stars can explain the increase
in [St/Ba] towards low metallicity (Prantzos et al. 2018; Rizzuti
et al. 2019, 2021). A similar increase was obtained by Kobayashi
et al. (2020) thanks to the strontium production by electron cap-
ture SNe, a potential source of weak r-process; in this case, the
barium is formed only by an r-process.

In this framework, the oldest halo stars can form from an
ISM enriched by an r-process source or an s-process source (or
both). A clear prediction of stochastic models with rotating mas-
sive stars is that EMP stars with high [St/Ba] ratio should be
almost entirely enriched by the s-process (see Fig. 2 in Cescutti
& Chiappini 2014). On the other hand, an r-process enrichment
is expected for stars that show a lower [St/Ba] ratio, closer to the
r-process solar residual® ratio (Arlandini et al. 1999). Following
this interpretation, the abundances of the isotopes of the ele-
ments produced are expected to present different patterns among
these two classes of stars. Usually, atomic lines of heavy ele-
ments do not allow us to distinguish the isotopic composition
of the element. However, Ba is an attractive heavy element in
this respect. In fact, it presents a hyperfine splitting (hfs) of its
4554 A line and its 4934 A line from the singly ionised stage,
which is large enough to be detected (Rutten 1978) and hence
offers the possibility of measuring the fraction of odd isotopes
(hereafter, f,qq®) via resolved asymmetric lines. According to
nucleosynthesis calculations (Arlandini et al. 1999), one expects
an foqq=0.11+0.01 in the case of a pure s-process, and an
Joda =0.46 £ 0.06 in the case of the r-process solar residual. So,
in the case of an s-process enrichment, even isotopes and no hfs
effects are almost exclusively expected; on the other hand, in the
case of an r-process the impact of the profile of the barium lines
is relatively strong and driven by the large fraction of odd iso-
topes prone to hfs effects. Kobayashi et al. (2020) found a higher
Joda = 0.3 for their chemical evolution model with rotating mas-
sive stars at [Fe/H] =—2.7; this is due to the model, which is
in fact a homogeneous one that mixes the contribution of the r-
process events and rotating massive stars. The same work, based
on recent theoretical computations of nucleosynthesis, found a
slightly higher fraction of odd isotopes (foqq =0.63) for the pure
r-process.

The measurement of the Ba-isotopic ratio, although feasi-
ble, is very challenging. Magain (1995) measured the isotopic
ratio of a very bright halo star, HD 140283, for the first time. He

2 The residual abundances of chemical species of the solar abundances;
after that, theoretical s-process abundances have been removed.
3 fuaa = [N("*Ba) + N(""Ba)]/N(Ba).
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found an s-process signature with a high [Sr/Ba] =0.9, which
was in agreement with the theoretical expectations of the chem-
ical models of Cescutti & Chiappini (2014). However, this result
on HD 140283 has been challenged and still needs to be con-
firmed (see Lambert & Allende Prieto 2002; Collet et al. 2009;
Gallagher et al. 2010). Gallagher et al. (2012) attempted to mea-
sure isotopic ratios in five s-process-dominated metal-poor stars,
obtaining isotopic fractions more compatible with an s-process-
dominated composition. Indeed, one of the biggest difficulties
in this case is properly accounting for 3D effects on the line
formation. Gallagher et al. (2015) adopted a 3D modelling to
obtain an r-process isotopic composition for HD 140283, con-
trary to their previous results in 1D and also differently to the
similar attempt in 3D carried out by Collet et al. (2009). In the
same year, Jablonka et al. (2015) also managed to determine
this isotopic fraction in stars belonging to the dwarf spheroidal
Sculptor.

In this work, we investigated two spectra of extremely high
quality (signal-to-noise, S/N > 400 and R ~ 100000) for two
stars, HD 4306 and HD 6268. The spectra were obtained homo-
geneously with the same instrument, which was set up and
during the same night. The final goal is to compare the barium
lines of these two stars. For this purpose, the stars were selected
to have parameters as similar as possible: [Fe/H]~ — 2.5 dex,
logg ~ 1, and T ~ 4500 K, but with a different ratio of [Sr/Ba];
so, we expect HD 4306 to show barium with an isotopic pat-
tern typical of an s-process, and HD 6268 to show that typical
of an r-process enrichment. The parameters were not as close
as ideally desired, but the constraints of bright halo stars with
[Fe/H] < —2.5 resulted in the choice of these two candidates.
The paper is structured as follows: in Sect. 2, we describe the
observations and the reductions of the stellar spectra; in Sect. 3,
we provide new atmospheric parameters, with a comparison to
the previous literature results; in Sect. 4, we present the chemical
abundances obtained from equivalent widths; in Sect. 5, we show
the comparison of the synthetic spectra with r- and s-process
isotopic compositions to the observational ones; in Sect. 6, a
new empirical method is described to directly compare the two
observational spectra; in Sect. 7, we draw our conclusions.

2. Observations and data reduction

The observations were performed using the UVES high-
resolution spectrograph (Dekker et al. 2000), mounted at the
UT2 Kueyen Telescope at the ESO Paranal Observatory (Chile),
in slit mode. We adopted the standard R530 set-up (red arm
only, cross disperser 3, centred at 5200 covering the 4140-6210 A
wavelength interval with a resolving power of R ~ 100 000.

The spectra were acquired on the night of 18th October 2016,
with three exposures of 2400s (40 min) for HD 4306 and two
exposures of 1600 s (26 min and 40 s) for HD 6268. Each of the
resulting spectra have approximately an average S/N of 250 for
HD 4306 and 350 for HD 6268. Details of the observations are
summarised in Table 1.

The spectra were reduced using the standard UVES pipeline
with the following exceptions:

— 23 high-quality flat fields were purposely obtained and
used to build the MASTERFLAT;

— wavelength calibration was achieved by using ThAr lamps
obtained immediately after the stellar observations;

— flat-fielding is obtained in pixel-pixel space before extrac-
tion (reduce.ffmethod =pixel) and not using the default option
‘extract’;
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Table 1. Observing log.

Object RA Dec B Exp. (S/N) Obs. date No. of
(J2000.0)  (J2000.0) (mag) (mag) time (s) (UT) exps.
HD 4306 004527 -093244 9.71 8.76 2400s 250 19th Oct. 2016 3
HD 6268 010318 275254 8.89 7.80 1600 s 350 19th Oct. 2016 2

— all the extracted spectral orders were normalised individu-
ally before merging.

Then, the spectra of each star were Doppler—shifted to put
them in the laboratory reference frame, cleaned by cosmic ray,
and, eventually averaged to achieve the highest possible S/N.
Using DER_SNR, a ‘simple and general spectroscopic signal-to-
noise measurement algorithm’ (Stoehr et al. 2007), we obtained
S/N ~390/640 and S /N ~430/720, for HD 4306 and HD 6268
respectively, in the blue and in the red parts of the spectra.

3. Atmospheric parameters

We re-determined the stellar parameters of HD 4306 and
HD 6268 in order to take advantage of the very high S/N of our
mean spectra, even if these stars have been studied several times
in the literature; among the most recent results with a detailed
chemistry, we used the works by Honda et al. (2004), Roederer
et al. (2014), and Mashonkina et al. (2017) for a direct com-
parison. The full list of sixteen original atmospheric parameter
determinations for HD 6268 is presented in Table A.1, with the
first determination from 40 yr ago by Luck & Bond (1981), and
the most recent one by Arentsen et al. (2019).

We derived the stellar parameters of the two stars via the
spectroscopic approach; namely, the effective temperature T
was determined by requiring the iron abundance from Fe I lines
to be independent of their excitation potential, and the surface
gravity log g was derived from the ionisation equilibrium of
Fel and Fell. The microturbulence velocity & was estimated
by requiring the [Fe/H] derived from the Fe I lines to be inde-
pendent of their equivalent widths. The equivalent widths of a
list of 81 Fel and of 14 Fell lines and of 99 Fel and 16 Fe Il
lines were measured in the spectra of HD 6268 and HD 4306,
respectively. Then, an iterative procedure was adopted to derive
the stellar parameters using as initial guess for the parameter
values those taken from the latest literature. We used the ABUN-
DANCE and the BLACKWEL codes” to derive estimates of T,
log g, [Fe/H], and é. In Fig. 1, we show that at the adopted tem-
perature T =4500 K the iron abundance of HD 6268 obtained
from Fe I lines is almost independent of their excitation potential;
on the other hand, a significant slope is obtained at a temperature
lower/higher of 100 K. The atmosphere models of the two stars
were calculated for the newly derived stellar parameters by using
ATLAS12 (Kurucz 2005). As discussed in Kurucz (2005) and
Castelli (2005), ATLASI12 can generate an atmosphere model
for any desired chemical composition of individual elements and
microturbulent velocity, since its treatment of opacity is based
on the opacity sampling technique instead of the use of opacity
distribution functions as, for example, in ATLASO.

Table 2 shows the obtained atmospheric parameters for
HD 4306 and HD 6268 together with estimates from the
literature. We found atmospheric parameters that are reasonably

4 https://www.appstate.edu/~grayro/spectrum/spectrum.
html
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Fig. 1. Iron abundance from Fe I lines versus excitation potential of
HD 6268 for the adopted T =4500 K (middle panel) and for a temper-
ature lower (T =4400 K, top panel) and higher (T.g =4600 K, bottom
panel).

close with those available in literature, even if we estimate lower
effective temperatures for both stars; in fact, both Honda et al.
(2004) and Mashonkina et al. (2017) estimated T with a differ-
ent approach based on the photometric data. On the contrary, in
Roederer et al. (2014) T, is derived with our same approach, by
requiring that abundances derived from FeI lines show no trend
with the excitation potential and indeed their estimated T.g for
HD 6268 is the closest to our result.

4. Chemical abundances from equivalent widths

We used the measured equivalent widths of other weak lines
present in our spectra to derive abundances for the elements
listed in Table 3. The errors in our abundances reported in the
table are based only on the standard deviation to the mean from
the abundances measured in the different lines. These errors
are considered as lower limits because we did not compute the
impact of the atmospheric parameters on the error budget for all
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Table 2. Atmospheric parameters.

HD 4306
Test log g [M/H] 3 Reference
(K) (dex) (dex) (kms™h)
4700+50 1.80+0.10 -2.90+0.10 1.50+0.13 This paper
4810 1.80 -2.89 1.60 Honda et al. (2004)
4960 2.18 -2.74 1.30 Mashonkina et al. (2017)
HD 6268
Tesr logg [M/H] 3 Reference
(K) (dex) (dex) (km s™")
450050 0.80+0.10 -2.50+£0.10 2.25+0.13 This paper
4600 1.00 -2.63 2.1 Honda et al. (2004)
4570 0.70 -2.69 1.85 Roederer et al. (2014)

Table 3. Chemical abundances of the two stars and comparison to similar results in literature.

HD 4306
This paper Honda et al. (2004) Mashonkina et al. (2017) Roederer et al. (2014)

Elem [X/H]-LTE A(X) Nlines A(X) -LTE AX)LTE AX)NLTE A(X) -LTE
Mgl -249+0.09 5.04 4 5.25 5.27 5.30 -

Cal -2.49+0.02 3.82 14 3.97 3.98 4.11 -
SclI -275+0.07 042 5 0.45 - - -

Til -277+0.02 213 11 2.55 2.41 2.63 -

Till -233+0.04 2.57 23 2.55 2.58 2.59 -
CrlI -274+0.04 290 2 2.97 - - -
MnlI -3.67+0.01 1.72 2 2.08 - - -

Fel -3.00+£0.01 445 99 4.62 4.60 4.7 -
Fell -290+0.02 4.55 16 4.62 4.76 4.76 -

Sr1l -3.27 -0.35 1 -0.08 0.17 0.13 -
Ball -4.05+0.07 -1.88 2 -1.84 -1.62 -1.62 -

HD 6268
This paper Honda et al. (2004) Mashonkina et al. (2017) Roederer et al. (2014)

Elem [X/H]-LTE A(X) N lines A(X) - LTE AX)LTE AX)NLTE [X/H] -LTE
Mgl -213+0.17 5.40 4 5.44 - - 5.35
Cal -227+0.02 4.04 13 4.09 - - 3.98
Scll -2.65+0.08 0.52 4 0.51 - - 0.39
Til -255+002 2.35 10 2.62 - - 2.25
TillT -223+0.04 2.67 14 2.62 - - 2.54
CrlI -237+011 3.27 2 3.20 - - 3.11
MnlI -3.10+0.01 2.29 2 2.49 - - 2.54
Fel -251+001 494 81 4.88 - - 4.68
Fell -251+0.03 494 14 4.88 - - 4.81
Sr1I -2.59 0.33 1 0.36 - - 0.33
Ball -2.62+0.07 -0.45 2 -0.45 - - -0.46

Notes. For solar abundances — [X/H] — we considered Grevesse et al. (2007). For the literature data, we also provide the information on how the

abundances were computed assuming the LTE approximation or NLTE.

the elements. Nevertheless, in Table 4 we show the impact of
the variation of the atmospheric parameters on the abundance
of barium for HD 6268. The variation is small, 0.03 dex, and
there is a total budget of 0.08 dex for the errors on the abun-
dance of barium of this star; a similar impact is expected for HD
4306. For Sr, we can measure only one line, and for this rea-
son we cannot compute this error. It is worth noticing that after
deriving the abundances of the different elements with the code
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ABUNDANCE, we used them to recompute the corresponding
atmosphere models with ATLAS12 for the two stars, and we
iterated in order to have a full consistency between the abun-
dances derived from the spectra and those used in constructing
the atmosphere structures.

Even if a detailed study of the chemical composition of
HD 4306 and HD 6268 is not the purpose of this paper, in which
we want to study the profiles of Ball lines, the results shown
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Table 4. Variations of barium abundances obtained from the lines at 5853.668 A and 6141.730 A as a function of the atmospheric parameters.

Bestmodel ATs=50K AT.s=-50K Alog(g) = +0.1 Alog(g) =-0.1
[Ba/H] from 5853.668 A -2.611 —2.581 -2.639 —2.585 -2.637
[Ba/H] from 6141.730 A —2.635 -2.599 —2.669 —2.608 —2.662
mean [Ba/H] —2.62 -2.59 —2.65 -2.60 —2.65
A [Ba/H] 0.03 -0.03 0.02 0.03

Notes. We present the abundance derived from the single barium lines with three digits; in fact, they are considered to compute the mean and A

[Ba/H] (the following as usual with two digits).

in Table 3 indicate that, starting from our measured equiva-
lent widths and adopting the derived atmosphere parameters, we
obtain abundances that are consistent with those reported in lit-
erature. We thus provide further confirmation of the reliability
of the results reported in Table 2. Regarding the abundances,
the enrichment in terms of neutron capture elements in the two
stars is quite different: HD 6268 is more abundant in heavy ele-
ments compared to HD 4306 and has a ratio of [St/Ba] ~ 0; with
abundances of [Sr/Fe] < 0 and [Ba/Fe] < —1, HD 4306 presents
a high [Sr/Ba] > 0.75. It is important to confirm this enrich-
ment pattern, since it is on this basis that we select these stars
to have, respectively, an expected barium with r- or s-process
isotopic ratios, following the theoretical outcomes of Cescutti &
Chiappini (2014). It must be pointed out that the different abun-
dance values we derived for Fel and Fell and for Til and TiIl
are the result of deviations from local thermodynamic equilib-
rium (LTE), in particular for Fe I and Ti I (see Mashonkina et al.
2017). It is also worth underlining that the impacts of the non-
LTE (NLTE) approach to the barium abundances are negligible
for HD 4306 according to the results in Mashonkina et al. (2017).
On the other hand, the following estimates were also obtained for
the star HD 4306 (T =4700; log(g) =1.8; [Fe/H] =—-2.8): for
the barium abundance of —1.88, SNLTE =+0.14 for the 6141 line
and ONLTE =+0.21 for the 4554 line; for the barium abundance
of —1.62, SNLTE = +0.11 for the 6141 line and SNLTE =+0.17 for
the 4554 line; for the barium abundance of -1.32, 6NLTE =+0.09
for the 6141 line and ONLTE=+0.09 for the 4554 line
(Korotin et al. 2015, and Sergey Korotin, priv. comm.). With
these estimates of the NLTE impact, we assume an abundance
for Ba too high by 0.06-0.07 dex by considering the abundance
obtained from the line at 6141 A for the synthesis of the line at
4554 A. Indeed, the difference is not negligible, but still within
the error. Finally, we also expect NLTE to have a very small
impact on Ba for HD 6268, following the results for a similar
star in terms of stellar atmosphere and barium abundance again
in the Mashonkina et al. (2017) dataset (UMi 36 886).

5. Spectral synthesis
5.1. Synthesis of calcium and iron lines

Using the obtained atmosphere models and the stellar abun-
dances, we computed the LTE synthetic spectra of HD 4306
and of HD 6268 with SPECTRUM. In order to compare them
with those observed, we need to take into account the broaden-
ing introduced by the instrument and by macroturbulence, Vp,c,
and rotation, V sin i. The shape of the instrumental profile used
in degrading the synthetic spectra to the UVES resolution was
derived by fitting the profile of several emission lines in the
ThAr lamp spectra taken during the observing run. This kind of

analysis provides an instrumental profile, which is a linear com-
bination of a Gaussian and a Lorentzian both with R=110000
and with relative weights of 0.9 and 0.1, respectively. As far
as macroturbulence and rotation broadening are concerned, we
compared the observed and broadened synthetic profiles of three
lines: Cal at 6102.7 A, Cal at 6122.2 A, and Fell at 4555.8 A.
We used the combination of Gaussian profiles computed with
Vinae varying from 0 to 6 km s~! at step 0.5 km s~! and rotational
proﬁles5 with Vsini=0,1,2,3, and 4km s~! as broadening
functions. In Figs. 2-4, we show the best resulting synthetic
broadened profiles compared to the observed ones, achieved by
using Viae =2.5 and 5.5km sl and Vsin i=3.0 and 3.0km s~!
for HD 4306 and HD 6268, respectively.

5.2. Synthesis of barium lines

The same broadening was then adopted to obtain synthetic line
profiles for four Ball lines, namely the lines at 4554.0, 4934.1,
5853.7, and 6141.7 A. The first two lines’ profiles are strongly
dependent on the Ba isotope ratios, while the other two are
almost independent of them. In computing the theoretical line
profiles, we used the s- and r-process contributions to the five
isotopes from Arlandini et al. (1999) to construct pure s-process
and pure r-process Ba II lines. The Ba hfs line list is the one we
used for the resonant lines at 4554 A line and 4934 A is from
McWilliam (1998, Table 1), and it is shown here in Table 5
together with the mass fractions considered for each isotope in
the s-process and r-process cases.

Figures 5-6 show comparisons among the observed profiles
(black) and the broadened synthetic ones for the lines at 5853.7 A
and at 6141.7 A. As mentioned above, these lines do not have
strong hfs effects, and therefore they do not show any signif-
icant difference in their synthetic profiles between the s- and
the r cases, which appear as a single purple line. The compar-
ison between observed and synthetic lines for 5853.7 A and at
6141.7 A is good, although the line at 5853.7 A for HD 4306 is
really weak; these two lines were also used to derive the Ball
abundances given in Table 3. On the other hand, the two lines
at 4554.0, 4934.1 A are sensitive to hfs effects and therefore can
be used to infer the role of s- and r-processes in the two stars.
In Figs. 7 and 8, we show the comparison of the observed pro-
files (black) to the broadened synthetic ones computed for pure 7-
(blue) and s-process (red). In the case of HD 4306 the observed
profiles are very well matched by the synthetic ones computed
assuming a pure s-process (see also the small residuals plot-
ted at the bottom of the figures). The observed profiles of the

5 See Eq. (18.14) in Gray (2008); that is, flux convolution approxima-
tion including the limb-darkening coefficient € (in this work € =0.6).
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Fig. 2. Cal line at 6102.7 A. In the upper panels, we show the observed spectra with a black line. The purple lines are the synthetic spectra
obtained; in the lower panels, the residuals between synthetic spectra and observed spectra are reported. In the left panels, we present the results

for HD 6268, and on the right we show those for HD 4306.
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Fig. 3. Same as Fig. 2, but for Cal line at 6122.2 A.

4554.0 and 4934.1 A lines in HD 6268 are not very well repro-
duced by the synthetic ones, either assuming a pure s- or pure
r-process. On the other hand, the discrepancies are smaller in the
case of the pure r-process (see also the residuals). In HD 6268,
both these two lines are much stronger than the corresponding
ones in HD 4306, thus the mismatch of the total equivalent width
between observation and synthetic profile can be ascribed to a
problem with the adopted & or with deviation from LTE and can
be explained only in part by differences in the isotopic compo-
sition. An increase of the Ba abundance of 0.7 and 0.5 dex is
needed to match the observed equivalent width, assuming an s-
and r-process isotopic composition, respectively. The necessary
correction is smaller for the r-process case, and the resulting line
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profile fit is better than that of the s-process assumption. This
gives additional support for the conclusion that the barium of
HD 6268 most likely has an r-process origin. In conclusion, by
looking at Figs. 7 and 8 we can say that while the Ball lines in
HD 4306 are fully consistent with a pure s-process origin, those
in HD 6268 are better reproduced assuming the predominance of
the r-process.

6. Comparison of observed spectra

The results presented thus far are indeed model dependent. In
particular, they depend heavily on the accuracy of the hfs data
used to build our synthetic spectra and on the reliability of the
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Fig. 4. Same as Fig. 2, but for FeII line at 4555.8 A.
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Table 5. Parameters of barium lines at 4554 A and 4934 A used in our calculations with hfs, including the wavelengths, excitation potentials of the
lower level, numbers of isotopes, the mass fraction for each isotope, and oscillator strengths.

Ball Ejw=0.00eViloggf=+0.17 Ejw=0.00eVloggf=-0.15 s-process r-process
Wavelength (A) Strength ~ Wavelength (A) Strength  fraction fraction
1344 0.02 0.00
4554.032 1.000 4934.075 1.000
135Ba 0.03 0.40
4554.001 0.1562 4934.034 0.3125
4554.002 0.1562 4934.045 0.0625
4554.003 0.0625 4934.093 0.3125
4554.049 0.4375 4934.104 0.3125
4554.052 0.1562
4554.053 0.0313
136B4 0.10 0.00
4554.032 1.000 4934.075 1.000
137Ba 0.09 0.32
4553.997 0.1562 4934.029 0.3125
4553.999 0.1562 4934.041 0.0625
4554.000 0.0625 4934.096 0.3125
4554.052 0.4375 4934.107 0.3125
4554.054 0.1562
4554.055 0.0313
138Ba 0.76 0.28
4554.032 1.0000 4934.075 1.0

spectrum and atmosphere model codes in reproducing the real
spectra and atmosphere of the two stars. For this reason, it would
be worthwhile to perform a relative analysis exclusively using
the two observed spectra. Unfortunately, such an approach would
require the two stars to be perfectly equal, apart from the rela-
tive contributions of the s- and r-process to the formation of Ba.
Even if the 4554.0 and 4934.1 A Ba line profiles depend on the
Ba isotope ratios, their profiles are mainly determined by the val-
ues of the stellar atmospheric parameters, by the Ba abundance,

and by the &, Vi, and Vsin i velocities. In the following, we
use the pure-s synthetic spectra of the two stars in a differential
way in order to transform the observed spectrum of HD 4306
into the spectrum this star would have if its atmospheric parame-
ters and velocities were exactly the same as those of HD 6268.
In such a way, our results are still built with the help of the
synthetic spectra, but they should be less model dependent than
those described in Sect. 5. The idea is to build a spectrum of a
pure-s Ba star with the same stellar atmosphere parameters and
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Fig. 5. Ba II line at 5853 A. In the upper panels, we show the observed spectra with a black line. The purple line is actually two nearly identical
profiles, computed for pure s- and pure r-process hfs, respectively; in the lower panels, the residuals between synthetic spectra and observed spectra
are reported. In the left panels, we present the results for HD 6268, and on the right we show those for HD 4306.

HD6268 HD4306
1.0 4 \/
5 0.8 1
T
(]
2 0.6 1
©
E
S 0.4 i g
=z Y Vsin(i)=3km/s Vsin(i)=3km/s
Vimac=5.5km/s Vmac=2.5km/s —— synthetic
024 €(Ba)=-0.45 { ¢&(Ba)=-1.88 —— observed
0.2
©
=]
T 0.0 —_——
[}
g
_02 T T T T T T T T T
61414 6141.6 6141.8 6142.0 6142.2 61414 6141.6 6141.8 6142.0
AA) AA)

Fig. 6. Same as Fig. 5, but for Ba II line at 6141 A.

abundances of HD 6268 (hereafter fake-HD 6268) starting from
the spectrum of HD 4306 and to compare it with the spectrum of
the real HD 6268 in order to search for a possible contribution of
non-s-processed Ba in the latter star. The lines in HD 4306 and
in the fake-HD 6268 spectrum will differ in strength (equivalent
width) and broadening due to the different stellar atmosphere
characteristics and chemical compositions. If the line profiles are
mainly Doppler profiles, it is easy to scale those of HD 4306 (in a
velocity scale centred at the nominal wavelength of each line) to
obtain the broadening of the fake-HD6268 by taking into account
the different effective temperatures and macroturbulence veloc-
ities in the two stars. On the other hand, if other broadening
mechanisms are present (such as, for example, collision broad-
ening, van der Waals broadening, and Stark broadening) it is not
easy to take them into account within a simple equation; there-
fore we adopted a parametric multiplication factor, b, to address
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their effects. Thus, we initially changed from the wavelength
scale to a velocity scale; that is, Av=cXx =% (’1 %) Then, to take
into account the differences in broadening, we scaled each pure-
s synthetic HD 4306 line profile to build the corresponding line
of the fake-HD 6268 using the following equation:

HD6268 VHD6268

—p . A pHPe0s eff mac ) (1)

HD4306 HD4306
T deC

A vfake —HD 6268

All the resulting fake-HD 6268 lines were then scaled to have
the same equivalent width of the corresponding HD 6268 lines
removing the effects of the different abundances and microtur-
bulences. The b value for each line was empirically derived by
applying the above procedure to the synthetic pure-s spectra of
the two stars by iterating and varying b until we achieved a good



G. Cescutti et al.: Barium lines in two halo stars

HD6268 HD4306
1.0 1
5 0.8
©
(O]
£ 0.6 1
©
£
[e]
=z 0.4 Vsin(i)=3km/s 1 Vsin(i)=3km/s —— syn r-process
Vmac=5.5km/s Vmac=2.5km/s —— syn s-process
02 €(Ba)=-0.45 { ¢&(Ba)=-1.88 —— observed
0.2
E
% 0.0 % S
_0.2 T T T T T T T T T T
4553.6 4553.8 4554.0 4554.2 45544 4553.6 4553.8 4554.0 4554.2 45544
AA) A(A)

Fig. 7. Ba Il line at 4554 A.Inthe upper panels, we show the observed spectra with a black line. The blue lines are the synthetic spectra obtained
with an r-process isotopic composition of barium. The red lines are the synthetic spectra obtained with an s-process composition. In the lower
panels, the residual for both synthetic spectra are reported. In the left panels, we present the results for HD 6268, and on the right we show those

for HD 4306.
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Fig. 8. Same as Fig. 7, but for Ba II line at 4934 A.

match between the synthetic fake-HD 6268 and the pure-s syn-
thetic HD 6268 lines. We did not use the observed spectra, since
we wanted to avoid incorporating any broadening in the empir-
ically derived b values caused by hfs effects produced by odd
isotopes in the Ba lines. In the left panels of Fig. 9, we plot
the obtained synthetic line profiles of the fake-HD 6268 (dark
green lines) superimposed on the original pure-s synthetic pro-
files of HD 6268 (red lines) after re-sampling all of them at steps
of 0.1 km s~! for all the lines analysed in Sect. 5. This was done
with the exception of the Fell line that is blended with the Crl
line (4556.163 A) and the Ball 5853.7 A line that is too week in
HD 4306. The values of the b factor are around one (i.e. 0.97,
0.97, 1.15, 1.35, and 1.27 for Cal 6102.7, Cal 6122.2, Ball 6141.7,
Ball 4554.0, and Ball 4934.1 A, respectively), as expected since
we already corrected for the Doppler effects. As can be seen
in the left column panels of Fig. 9, the fake synthetic profiles

match very well those of HD 6268 apart for the blue wing of
the Ball 4934.1 A line that has a known blend with a weak Fel
line (see Fig. 5 in Gallagher et al. 2010) since the two stars
have different iron abundances. Thus, our procedure works effec-
tively to remove practically all the differences between the two
stars and to transform the synthetic pure-s profiles of HD 4306
in those we should expect if HD 4306 were actually identical to
HD 6268.

Eventually, we apply the so derived individual b factors
to scale the observed HD 4306 lines to obtain the observed
fake-HD 6268 lines by assuming a pure s-process for HD 6268.
In the right column panels of Fig. 9, we plot the observed
fake-HD 6268 profiles (light green lines) superimposed on the
corresponding observed profiles of HD 6268 (black lines) in
order to check our assumption. Our procedure removed prac-
tically all the differences between the two stars and transform

A164, page 9 of 12



A&A 654, A164 (2021)

Synth fake—HD6268 S (green) & HD6268 S (red)

1.0
O_gv

0.6~ —

Cal 6102.720

0.2 —

Cal 6122.217

Ball 6141.710

Ball 4554.033

Ball 4934.075

0.0L . . .
—-20 —=10 0 10 20
M [km s™]

Obs foke—HD6268 (green) & HDE268 (black)

0.8; \\_/ . f

0.6~ —

0.2 —

0.4 3

0.2 =

N

04l -
02k -
0.0L . . . . .

—15 ~10 -5 0 5 10 15

;
1o ]
[ — ]
osf \ ;
06k \ -
|- \ 4
04l -
02k -
F S i

0.0L . .
—20 ~10 0 10 20
10 JRARRES

—— _

08k -
06k -
04l -
02 N 8

0.0L . .
—20 ~10 0 10 20

M [km s™]

Fig. 9. Left panels: comparison of synthetic pure-s profiles of a scaled fake-HD 6268 star (dark green) with those of HD 6268 (red). Right panels:
comparison of scaled ‘observed’ profiles of a fake-HD 6268 (light green) with the observed ones of HD 6268 (black) (see text). Vertical blue lines
show the hfs lines of odd Ba isotopes, and vertical red lines show lines of the even Ba isotopes.

the observed profiles of HD 4306 in those we should expect if
HD 4306 was actually identical to HD 6268 when we look at the
two Cal lines and at the Ball 6141.7 line, which are unaffected
by the hypothesis that both stars are pure-s Ba objects. On the
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other hand, when we apply the same technique to the 4554.0 and
4934.1 A Ball lines, whose profiles are sensitive to the relative
contributions of s- and r-processes in the two stars, the observed
fake-HD 6268 profiles do not reproduce the observed profiles of



G. Cescutti et al.: Barium lines in two halo stars

HD 6268 as well as in the case of the corresponding synthetic
ones (left panels in the bottom two lines of Fig. 9). In particular,
we notice main differences in the cores where the even Ba iso-
topes shape the lines and in the regions of the hfs lines of odd
Ba isotopes, indicated by vertical red and blue lines in Fig. 9,
respectively. So, these results suggest that the assumption of a
pure s-process for HD 6268 should be rejected since it leads to
fake observed profiles of HD 6268 that are different from the
real observed ones, in particular in the region sensitive to s- and
r-process contribution.

We cannot firmly conclude that the barium isotopes in
HD 6268 have a pure r-process pattern. On the other hand, the
differences shown in the right panels of the two bottom lines
should be due to an effect that does not occur in the other lines.
In this respect, the most likely reason is the different pattern of
barium isotopes between the two stars; therefore, these differ-
ences can be ascribed to the enrichment of an r-process with a
large fraction of odd isotopes in HD 6268, absent from the fake-
HD 6268 spectrum. This outcome arises from the differential
analysis of synthetic and observed spectra, and so it is almost
independent of the theoretical hfs Ba data; the only dependence
is in the negligible hfs effects of the scarce odd isotopes within
the s-process pattern.

7. Conclusions

According to our results, the two stars analysed here present two
different isotopic compositions of barium. In fact, the results
obtained in Sects. 5 and 6 are both consistent with the hypothe-
sis that the barium in HD 4306 was produced exclusively by an
s-process, while the one in HD 6268 also shows a contribution
by an r-process. The predictions of the previous chemical evolu-
tion models in Cescutti & Chiappini (2014) pointed out exactly
this possibility, that in the Galactic halo both an s-process and
an r-process can pollute the ISM and therefore preserve this dif-
ferential signature. The high [Ba/Fe] stars that typically show a
solar or slightly sub-solar [St/Ba] ratio are most likely polluted
by an r-process source, in this case HD 6268 with [Ba/Fe] =0.09
and [Sr/Ba]=0.03. On the other hand, an s-process source
should have polluted the stars with a low [Ba/Fe] and with
a [Sr/Ba] that, according to the theoretical yields for rotating
massive stars, can go from about solar (possibly even below
solar) up to a [St/Ba] ~ 1.5 (Frischknecht et al. 2016; Limongi
& Chieffi 2018), in our case HD 4306 with [Ba/Fe]=—1.05 and
[St/Ba] =0.78. Therefore, it could be that the light elements’
primary production, empirically introduced by Travaglio et al.
(2004), is an s-process that is activated almost as a primary pro-
cess by rotation. This possibility was not excluded by the study of
Montes et al. (2007), together with the more commonly invoked
weak r-process. Clearly, the fact that this happens for two stars
does not provide firm conclusions, and more stars must be mea-
sured to determine the real statistical impact of the s-process
in massive stars at low metallicity. Nevertheless, we think that
this work provides insight into the impact of detailed studies
of isotopes and the possibilities that high-quality spectra can
provide.
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Appendix A: Additional Table

Table A.1. List of the atmosphere parameters of HD 6268 from literature. Column ‘r’ indicates the data type: ‘H’ is high-
resolution spectra, ‘L’ is low-resolution spectra, and ‘P’ is photometry. Column ‘c’ indicates whether the data are original
measurements (‘O’) or a compilation of re-calibrated sources (‘C’). Column ‘m’ indicates the method: ‘A’ stands for model
atmosphere and ‘T’ stands for empirical calibration.

Teff | err | logg | err | [Fe/H] | err r | c|m Reference

4667 1.25 -2.42 H | O | A | Luck & Bond (1981)
4755 1.2 -2.1 H | O | A | Luck & Bond (1985)
4582 0.75 24 H | O | A | Barbuy etal. (1985)
4800 | 100 | 0.84 | 0.03 256 | 0.05 | H| O | A | Gratton (1989)

4670 0.75 -2.58 H | O | A | McWilliam et al. (1995)
4800 | 100 | 0.84 | 0.03 -2.52 | 005 | H| O | A | Francois (1996)

4700 1.6 -2.36 H | O | A | Pilachowski et al. (1996)
4705 1.5 -2.35 H | O | A | Meléndez & Barbuy (2002)
4600 1. -2.62 | 0.11 | H | O | A | Honda et al. (2004)
4740 1.2 -2.32 C Cenarro et al. (2007)
4735 | 113 | 1.42 | 0.26 236 | 011 | L | O | T | Prugniel etal. (2011)
4570 34 0.7 | 0.16 -2.82 | 015 | H | O | A | Roederer et al. (2014)
4726 1.14 -2.63 H| O | A | Wuetal. (2015)

4571 | 161 | 1.13 | 0.39 263 | 018 | L | O | T | Sharma et al. (2016)
4837 | 125 | 1.59 P | O | T | McDonald et al. (2017)
4662 47 | 1.37 | 0.14 247 | 0.07 | H| O | A | Arentsen et al. (2019)
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