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ABSTRACT. Low metallicity star HD121135 ([Fe/H] =
-1.5) have been investigated spectroscopically. Its atmos-
pheric parameters and elemental abundances have been
determined, including elements of neutron (n-) capture
processes, which are the keys in the study of early Galaxy
enrichment. Na, Mg, Ni, Co, Sr, Y, Zr, Mo, Ba, La, Ce, Pr,
Sm, Eu, Gd, Dy, Ho, Os, Th abundances were calculated
using the synthetic spectrum method, factoring in the hy-
perfine structure (HFS) for the Eu Il lines. Si, Ca, Sc abun-
dances were determined using the equivalent widths of
their lines. The carbon content was computed by the molec-
ular synthesis fitting for the region of CH (4300-4330 AA).
For the abundances determinations of C, Na, Mg, Ba, and
Th the NLTE corrections have been applied.

We have determined for the first time the abundances
of several n-capture elements and found that the behaviors
of these elements do not show a significant trend with
increasing atomic number. The elements ratios of [Eu/Fe]
=0.06, [Ba/Eu] = 0.13, [Sr/Ba] = - 0.05 do not support the
HD121135 status as a r-process enrichment star. We have
obtained the thorium abundance [Th/Fe] = 0.26. The car-
bon content confirms the effect of canonical additional
mixing in this star.

Keywords: stars: abundances — stars: atmospheres — stars:
Population Il — stars: individual (HD 121135).

AHOTALIS. XimidHi e1eMeHTH, III0 yTBOPIOBAINCS B
pe3yibTaTi MpOLECiB  3aXOIUICHHS HEWTpoHiB (n-), €
KIIIOYOBHMH Y BUBYCHHI paHHBOTO 30aradeHHs ["alakTHKH.
Ix Benmkuiil BMiCT B 30psHili aTMOChEpi 03BONIAE TeCTyBa-
TH TIpOLIECH HyKJIeocHHTe3y. [lepiu 3a Bce, 11e BaXIIMBO Y
BUIMAJKy BHBYCHHS EJIEMCHTIB IIBHAKOrO 3axBary N (I-
NpOLEC), IO BiAJ3EKAIOE, HAIIPUKIIAJL 3TUTTS HEHTPOHHHUX
3ipoK a0 BIUIMB MarHiTOTipOAMHaMIYHHMX HaJIHOBHX. Lle
TaKOXK BaXJIMBO JUISL BiICTEXKEHHS IUISXY 30arauyeHHs] LUMH
eIeMEHTaMH MDK30PSHOTO CEepeloBHINA B PaHHI Tajak-
tiuni yacu. Jns 3ipku HD121135 3 meranesicrio [Fe / H]
= -1,5 Oymm BU3HaYeHI aTMOc(epHi mapaMeTpu Ta PoO3Io-
BCIODKCHHICTB €JIEMCHTIB.

CrekTpalbHUi Matepian OTpUMaHO 3a JOIOMOTOO
emene-cnekrporpada HRS IliBnenHoadhprkaHCHKOTO Be-
qkoro teneckona (SALT) y pexumi cepeiHb0i po3aiabHOT
spatHocti (R ~ 31000-41000) 3 BHcOKMM Koe(iliEHTOM
BIZIHOIIICHHS CUTHAJ 70 Irymy, Omu3bko 100-200, B miama-
30Hi NoBXKMH XBWIb Bix 3900 no 8700 AA. Armocdepni
napameTpu Ta XimiuHud ckiax 3ipku HD 121135 Oynu
Bu3HaueHi B migxoni JITP (JokameHOI TepMOTUHAMIUHOI

piBHOBArM) 3 BUKOPHUCTaHHAM Mojeneii atmochepu Castelli
& Kurucz (2004). Bmict Na, Mg, Ni, Co, Sr, Y, Zr, Mo,
Ba, La, Ce, Pr, Sm, Eu, Gd, Dy, Ho, Os, Th po3paxosanwuii
3a JONIOMOTOI) HOBOi BepCii MpOorpamMHOro 3a0e3reueHHs
STARSP (Iumban 1996), BpaxoByI0UH HAaTOHKY CTPYK-
typy (HFS) nns miwiii Eu 11, a Bmict Si, Ca, SC BusHaueHuit
3 BUKOPHCTaHHAM ekBiBaJeHTHUX mmpur i WIDTH9 P.
Kypyua. Bmict Byriiemno po3paxoBaHo 3a JOIIOMOTOIO TIPH-
MacyBaHHSI MOJIEKYJIIPHOTO CHHTE3y /0 CIIOCTEPEKHOIO
crextpy B o6macti CH (4300-4330 AA).

st smicty C, Na, Mg, Ba ta Th mu po3sristHyu otiiH-
KM TIOTIPABOK 3@ paxyHOK BigxwieHHs Big JITP.

Mu Brepilie BU3HAYMIIM BMICT JIESIKUX SJIEMEHTIB HEHT-
ponHoTro (N) 3aXBaTy, BKJIOYHO 3 Topiem, amst HD121135.
Mu BUSBHIIH, IO TIOBEIIHKAa BMICTy N- €JIEMEHTIB HE Je-
MOHCTPYE CYTTEBOI TEHACHII pOCTy 31 30iTBIICHHAM
aromuoro uucia. CriBBigHoleHHs eixementiB [Eu/Fe] =
0,06, [Ba / Eu] = 0,13, [Sr / Ba] = - 0,05 ne miarpumye
BU3HAYEHHS JOCIIKYBAHOT 3IpKH SIK 31pKHM 31 30aradeH-
HSIM [-Tiporiecy. MU oTpuMaiy BMICT TOPilO 31 3HAYEHHSIM
[Th/Fe] = 0,26. Bumict Byrmento miaTBepmkye epekt Ka-
HOHIYHOTO JIOJIaTKOBOrO 3MilnyBaHHs (J{eHHCEHKOB Ta
[Mincon, 2008) y mocmimKyBaHii 3ipii.

1. Introduction

Metal-poor stars ([Fe / H] <- 1.0) are considered to be
among the oldest existing stars in the Galaxy (Beers &
Christlieb, 2005; Frebel & Norris, 2015). Observations of
these stars may be given an opportunity to get the data
about the early conditions of nucleosynthesis for the Ga-
lactic stars, especially about the nucleosynthesis of rare
elements, yields from early mergers of neutron stars
(NSM) and supernovae (SN), and the chemical evolution
of theGalaxy in general.

The low content of metals, primarily for the iron, indi-
cates the possible contamination of interstellar clouds by a
small number of stars producing chemical elements, espe-
cially at the very first, early stages of the Galaxy, at which
the mixing of matter was still insignificant. Stars enrich-
ment by the elements of the fast (r-) neutron capture pro-
cess are very important for understanding of the early
Galaxy chemical evolution (Sneden et al., 1996, Yong et
al., 2013; Roederer et al., 2014; Hansen et al., 2018).

The sources of of r-process elements production are in
the active stage of researches. There are some transactions
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that strongly support an early mergers of neutron stars
(NSM) hypotheses (e.g. Lattimer & Schramm, 1974;
Rosswog et al. 2014; Lippuner et al., 2017), but other au-
thors suggest that not only NSMs can produce (create) r-
process elements (e.g. Tsujimoto & Nishimura, 2015). At
the same time, standard core-collapse supernovae most
likely cannot produce the basic elements of the r-process
(Arcones & Thielemann, 2013); however, the most likely
candidate for yet another r-process formation site could be
core-collapsed supernovae from strong magnetic stars
(e.g. Winteler et al. 2012; Nishimura et al. 2017).

The study of r-process-enhanced, metal-poor stars are
useful for identifying of the r-process sources types.

Besides, in this case, the detection of radioactive ele-
ments like Th and U is high, that provide cosmochrono-
metric ages can also be determined (see, e.g., Holmbeck et
al. 2018 and references therein).

The r-process-enhanced, metal-poor stars have historically
been divided into two main categories (Beers & Christlieb
2005): the r-1 stars have 0.3<=[Eu/Fe]<=+1.0, while r-1I stars
have [Eu/Fe]>+1.0; both require [Ba/Eu] < O to avoid con-
tamination from the s-process. Variations in the lighter neu-
tron-capture elements, such as Sr, Y, and Zr, have been ob-
served in several stars (e.g., Spite et al. 2018) and a new
limited r- process designation with [Sr/Ba]>+0.5 to classify
stars with enhancements in these lighter elements was pro-
posed by Frebel (2018). A subset of r-11 stars (~30%) also
exhibit an enhancement in Th and U that is referred to as an
“actinide boost” (e.g., Hill et al., 2002; Mashonkina et al.,
2014; Holmbeck et al., 2018a) — a complete explanation for
this phenomenon remains elusive.

The main aim of this work is to study the elements
abundances that have been formed due to n-capture pro-
cesses in the atmosphere of HD 121135, with [Fe/H] near
-1.5. This object is one of the stars from our project to
study the sources (sites) of r-process enrichment in the
early Galaxy.

2. Observations and spectrum processing, radial ve-
locities

The main characteristics of HD 121135 (HIP 67822)
were taken from the SIMBAD database, in particular:
Equatorial coordinates: a = 13 53 33; 8 = +02 41 41
(2000) (GAIA DR2); Galactic coordinates: 336.90;
+61.40 (2000).

Stellar magnitudes: B =10.14; V = 9.37 (SIMBAD);
distance = 755.00 pc (GAIA DR2); parallax (mas): 1.3245
[0.0532] (GAIA DR2); radial velocity (RV) in km/s =
125.60 [0.23] (GAIA DR2).

One spectrum of this star was obtained in 2020 with the
11-metre Southern African Large Telescope (SALT)
(Buckley et al., 2006; O’Donoghue et al., 2006) and fibre-
fed dual-beam echelle-spectrograph HRS (Barnes et al.,
2008, Bramall et al., 2010, Bramall et al., 2012, Crause et
al,, 2014) in the medium resolution mode (R~31000-
41000) with a single exposure of 650s and a high S/N ratio
near 100-200. HRS allows to provide the spectrum in the
blue and red arms over the total spectral range from 3900 to
8700 AA . Primary reduction of HRS data, including over-
scan correction, bias substractions and gain corrections, was
done with SALT science pipeline (Crawford et al., 2010).

All the data were processed using the software package
developed by the authors based on the standard system of
astronomical data reduction MIDAS. Further spectra pro-
cessing, such as the continuum establishment, line depth
and equivalent width (EW) measurements, etc., was con-
ducted using the DECH30 software package by G.A. Gala-
zutdinov  http://gazinur.com/DECH-software.html.  The
radial and rotational velocities were measured by fitting of
the observed spectra with models from Coelho (2014).

3. Atmosphere parameters determination

To determine the effective temperature Teff, we have
precised the value of Terr based on the independence of
the iron abundance obtained from given lines from the
lower-level potential Ejow of this line (Fig. 1). Gravity log
g was determined from the ionization equilibrium balance
for the Fe | and Fe Il abundances. The microturbulent
velocity Vt was obtained from the condition of independ-
ence Fe | abundance on the equivalent width EW (Fig. 2).

The metallicity [Fe/H] was adopted as the iron abun-
dance determined from the Fe I lines. The selection of the
parameters was performed using an iterative procedure.
Finally, the following parameters were adopted: Terr =
4950 K; log g =1.5; Vi = 1.8 km/s.

Table 1 represents the comparison results of our data
with those from other works. As can be seen in Table 1,
there is a good agreement between Ter , and [Fe/H] ob-
tained by different authors. However, some discrepancies
are evident for log g and turbulent velocity Vt values.
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Table 1. Comparison of parameters obtained by different

authors

Test logg | [Fe/H] | Vt, km/s | reference

4950 15 -1.47 18 our

4934 1.91 -1.54 1.6 Simmerer et al.2004

-1.37

4934 - - - Alonso et al.1999

4925 15 -1.57 2.1 Pilachowski et al.,
1996

4927 Ramirez&Melendez,
2005

4925 15 -1.57 2.1 Burris et al. , 2000

5005 Gonzalez Hernandez
& and Bonifacio,
2009

Our determinations corroborate with the mean values
of the parameters within the errors: <Teff> = 4955 + 44
K; <log g>=1.63 £0.23; <[Fe/H]> =-1.45 £ 0.12; <Vt>=
1.85 +0. 35 km/s.

In the atmospheres of metal-poor stars the deviations
from the Local Thermodynamic Equilibrium (LTE) may
influence to the stellar parameters and abundance of iron
(see, e.g., Lind et al., 2012). But, for such stars Roederer
et al. (2014) shown that the Fe Il abundance determined in
the LTE approaches agree with those ones under non-LTE
approximations within 0.02 dex. The obtained results ena-
bled Roederer et al. (2014) to adopt the iron abundance
derived from the Fe Il lines as an indicator of metallicity
[Fe/H]. Our values of the iron abundance obtained from
the Fe I and Fe 1l lines are almost similar, and we used the
Fe | abundance as metallicity [Fe/H].

4. Abundances determination

The elements abundances were determined using the
LTE approximation and the atmosphere models by Castelli
& Kurucz (2004). The choice of model for each star was
made by means of standard interpolation for Tes and log g.

Na, Mg, Sr, Y, Zr, Mo, Ba, La, Ce, Pr, Sm, Eu, Gd,
Dy, Ho, Os, Th abundances were calculated employing
the synthetic spectrum method by a new version of the
STARSP software (Tsymbal, 1996) and new version of
the VALD2018 line list (Kupka et al., 1999), Si, Ca, Sc
abundances using EWs of lines and WIDTH9 code by
Kurucz R. Two lines of Eu Il 4129 A and 6645 A with
HFS taking into account (lvans et al., 2006) were used.
The carbon abundance was determined using the molecu-
lar synthesis fitting in the region of CH (4300-4330 AA).

For the Na, Mg, and Ba abundances determinations we
have used the NLTE corrections: the NLTE departures for
Na, Mg and Al at [Fe/H]~-1.5 varied from 0.03 to 0.15
dex depending on Te and log g (Andrievsky et al., 2010);
the NLTE correction for the Ba lines at [Fe/H] close to -
1.5 was about 0.1 dex (Korotin et al., 2015) and for 4019
A Th line, for Sun it is 0.01 dex, and for [Fe/H] near -1.5
it is about 0.05 dex (Mashonkina et al,. 2012).

The spectrum synthesis fitting of the Eu and Th lines to
the observed profiles for star is shown in Figs. 3,4.
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Figure 3. Observed (asterisk) and calculated (solid lines)
spectra in the region of Eu I lines.
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Figure 4. Observed (asterisk) and calculated (solid and
dashed lines) spectra in the region of Th II line 4019 A

To determine the systematic errors in the abundance esti-
mates due to uncertainties in the atmospheric parameter de-
terminations, we have derived the elemental abundances for
the target star from several models with modified parameters
(6Teff= £100 K; dlog g= +0.2; 3Vt= £0.1). The total uncer-
tainty due to the parameter and EW errors for the Fe | and Fe
Il are 0.11 and 0.12, respectively. The determination accura-
cy for other elements varies from 0.10 to 0.18 dex.

We compared our abundance determinations with those
obtained by other authors (Pilachowski et al., 1996, Burris
et al., 2001; Simmerer et al., 2004). As seen our data are
in good agreement with those of other authors (Table 2).

The elemental abundances [EI/H] as a function of the rel-
evant atomic numbers for HD 121135 are depicted in Fig. 5.
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Figure 5. [EI/H] vs. Atomic Number.

5. Results and discussions

We have studied HD 121135 both from the point of
view of the advanced stages of stellar evolution of metal-
poor stars, and in the context of n-capture elements en-
richment.

5.1. Stellar evolutionary effects

Stars in the advanced stages of their evolution may be
show some changes in the abundances of the certain
chemical elements. Elements like Li, CNO, Na, Mg and
Al may be expected these changes, which is the subject of
long-term researches in the atmospheres of galactic clus-
ters giants (e.g. Charbonnel C., 1994; 1995). Table 2 pre-
sents the abundances of the C, Na, Mg, Si, Ca, Sc, Ni, Ba
and La/Eu ratio obtained in our research, as well as those
reported in Pilachowski et al. (1996), Burris et al. (2001)
and Simmerer et al. (2004).

Table 2. C, Na, Mg, Si, Ca, Sc, Ni, Ba abundances and
La/Eu ratio

. . | Burris | Simmerer
Pilachowski
Elem our etal. 1996 etal.,, etal.,
" 2001 2004
[CIFe] -0.53 - -0.45
[OfFe] - -
[Na/Fe] -0.04 -0.10
[Mg/Fe] 0.43 0.44
[Al/Fe] - -
[SilFe] 0.50 0.48
[Ca/Fe] 0.27 0.30
[Sc/Fe] -0.13 -0.06
[Ni/Fe] -0.02 -0.24
[Ba/Fe] 0.19 0.20
logA(La.Eu) | 0.46(0.40) 0.37

A detailed analysis of mixing along the red-giant
branch field stars within the metallicity range of —2 <
[Fe/H] <— 1 was carried out by Gratton et al. (2000). The
abundances of light elements in lower-RGB stars (i.e.
stars brighter than those with the first dredge-up luminosi-
ty and fainter than the RGB bump) are in agreement with
the predictions made using classical evolutionary models.

[C/H]

log (L/Lg)

Figure 6. The carbon abundance vs. log L/Le; the figure
corresponds to Figure 2 in Denissenkov&Pinsonneault
(2008).

LTE analysis of several extreme metal-poor (EMP) gi-
ants in order to understand the CNO abundance variations
found in some, but not all EMP field giants, considering
mixing beyond the first dredge-up in the standard stellar
models performed by Spite et al. (2006). They found out a
C-N anti-correlation that corroborated the hypothesis that
the surface abundances could be modified by the CNO
processed material from the inner regions.

In our investigated star we found the carbon undera-
bundance (Table 2) that may be agreement with the stellar
evolution calculations and associated with canonical extra
mixing (e.g., Denissenkov & Pinsonneault, 2008; for the
CMEP stars). Figure 5 in their paper illustrated variations
in the surface C and N abundances (black curve) due to
canonical extra mixing with the depth rmix = 0:045 Rl
and rate Dmix = 0:04K in the RGB model with M = 0:83
Mso and Z = 0:0001, but the extra mixing depth does not
seems to depend strongly on the metallicity (Denissenkov
& VandenBerg, (2003). The authors called this universal
non-convective mixing process “canonical extra mixing”

We compared our result with calculation of Denissen-
kov & Pinsonneault (2008). For that we have computated
the value of log L/Le = 2.60 for HD121135 based on the
classical formula:.

Log L/Le = log M*/M¢ + 4logTeff*/Teffo - log g*/go

were Teffo= 5780 K, log go = 4.44 and assuming the stel-
lar mass M* = 0.85Mp,

Fig. 6 presented the data by Denissenkov & Pinsonneault
(2008) for canonical extra mixing at log L/Le > 2.2 (this
figure correspond to black curves in Figures 2 in the cited
paper). If we compare our values of [C/H] = -2.00 and log
L/Le = 2.60 with the prediction reported in the afore-
mentioned study, we can see that our star is located in the
black curve which corresponds to canonical extra mixing
for non-C-enhanced extremely metal-poor stars (Fig. 6).
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5.2. Galactic n-capture element’s enrichment

Based on the values of the components of spatial veloc-
ities taken from (Simmerer et al. 2004 ): U Isr (km/s)= -
8.2 £11.1 ; V lIsr (km/s)= -169.5 +24.4; W Isr(km/s)=
111.3 £1.9 and the criterion for separating of stars belong-
ing to the thick disk and the halo, for which the velocity
component is equal — VIsr = 175 km/c (Marsakov, Borko-
va 2005) , we can classify this star after study as a halo
rather than thick disc.

The obtained pattern of the abundances of elements de-
pending on their atomic numbers (for the elements with
AN > 50, Fig.5), the abundance slightly increases with
increasing atomic number) is in agreement with the results
obtained by Sneden et al. (2003) for the star CS 22892-
052 exhibiting a scaled solar system r-process abundance
(as stars with no r-process enriched).

We compare also obtained Sr, Ba, Eu abundance with
indicators of strong r-process evidence.  Our values of
[Eu/Fe] = 0.06, [Ba/Eu]=0.13, [Sr/Ba]=-0.05 do not sup-
port the definition of a star as enriched with r-process el-
ements (r-1 stars: [Eu/Fe]>0.3, [Ba/Eu] <0.0, [Sr/Ba]>0.5).

6. Conclusion

»  Carbon abundance confirms the operating of ca-
nonical extra mixing (Denissen-
kov&Pinsonneault 2008).

* The abundances of some n-capture elements
were determined for the first time, including Th,
[Th/Fe] = 0.26.

* Behavior of n-capture element’s abundances
don’t show significant trend with atomic number
increasing.

e Our values of [Eu/Fe] = 0.06, [Ba/Eu]=0.13,
[Sr/Ba]=-0.05 do not support the definition of a
star as enriched with r-process elements (r-1 stars:
[Eu/Fe]>0.3, [Ba/Eu] <0.0, [Sr/Ba]>0.5).
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