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ABSTRACT

We present new observational data for the heavy elements molybdenum (Mo, Z = 42) and
ruthenium (Ru, Z = 44) in F-, G-, and K-stars belonging to different substructures of the Milky
Way. The range of metallicity covered is —1.0 < [Fe/H] < + 0.3. The spectra of Galactic
disc stars have a high resolution of 42 000 and 75 000 and signal-to-noise ratio better than 100.
Mo and Ru abundances were derived by comparing the observed and synthetic spectra in the
region of Mo 1 lines at 5506, 5533 A for 209 stars and Ru 1 lines at 4080, 4584, 4757 A for
162 stars using the LTE approach. For all the stars, the Mo and Ru abundance determinations
are obtained for the first time with an average error of 0.14 dex. This is the first extended
sample of stellar observations for Mo and Ru in the Milky Way disc, and together with earlier
observations in halo stars it is pivotal in providing a complete picture of the evolution of Mo
and Ru across cosmic time-scales.

The Mo and Ru abundances were compared with those of the neutron-capture elements (Sr,
Y, Zr, Ba, Sm, Eu). The complex nucleosynthesis history of Mo and Ru is compared with
different Galactic Chemical Evolution (GCE) simulations. In general, present theoretical GCE
simulations show underproduction of Mo and Ru at all metallicities compared to observations.
This highlights a significant contribution of nucleosynthesis processes not yet considered in
our simulations. A number of possible scenarios are discussed.

Key words: stars: abundances — stars: late-type — Galaxy: disc — Galaxy: evolution.

1 INTRODUCTION

The elements molybdenum (Mo, Z = 42) and ruthenium (Ru, Z
= 44) are located just above the first neutron-shell closure beyond
iron, at N = 50. They both have seven stable isotopes, providing
an ideal benchmark for nuclear astrophysics. The isotopes >°*Mo
and °®%Ru are classically defined as p-only nuclei, i.e. they can
be made by the y process or by some p-process component, but
not by neutron-capture processes. Their high concentration in the
Solar system compared to other neutron-rich Mo and Ru isotopes

* E-mail: tmishenina@ukr.net (TM); mpignatsri@gmai.com (MP)
1 The NuGrid Collaboration, http://www.nugridstars.org.
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is still a major puzzle to be solved (e.g. Arnould & Goriely 2003;
Rauscher et al. 2013; Pignatari et al. 2016a, and references therein).
%Mo and '®Ru are classified as s-only isotopes, i.e. they can
be made by the slow neutron-capture process or s-process (e.g.
Kiippeler et al. 2011, and references therein). '’ Mo and '™Ru are
not efficiently produced via the s-process (e.g. Bisterzo et al. 2014).
They are classified as r-only isotopes, i.e. they are made mostly by
some of the rapid neutron-capture process components, Or 7-process
(Cowanetal. 2019, and references therein). Finally, the intermediate
neutron-capture process (i-process; Cowan & Rose 1977) have been
shown to produce efficiently the Mo stable isotopes *>Mo and *’Mo,
and preliminary evaluations of the i-process contribution to Mo and
Ru have been reported in Coté et al. (2018a). Therefore, studying
these elements in the context of Galactic Chemical Evolution (GCE)
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Table 1. Contribution of Mo and Ru isotopes to the solar abundances.

Element Solar (per cent) s-process (no GCE) s-process + GCE (per cent) s-process + GCE (per cent) p-process (per cent)
1 2 3 4

2Mo 14.84 100

%Mo 9.25 100

SMo 15.92 39

%Mo 16.68 78

Mo 9.55 46

%Mo 24.13 59

10000 9.63

Mo 50 38 39

%Ru 5.52 100

%Ru 1.88 100

PRu 12.7

100Ry 12.6

10TRy 17.0

102Ru 31.6

104Ry 18.7

Ru 32 24 29

Note. 1 — Anders & Grevess (1989); 2 — Arlandini et al. (1999); 3 — Travaglio et al. (2004); 4 — Bisterzo et al. (2014).

can provide valuable diagnostics on the nucleosynthesis processes
described above.

The s-process component of Mo and Ru is made by the main
s-process component between Sr and Pb that is produced by
asymptotic giant branch stars (AGB stars; e.g. Gallino et al.
1998; Busso, Gallino & Wasserburg 1999). In these stars most
of the neutrons are released by the '*C(a,n)'°O reaction in the
radiative '*C-pocket, formed right after the third dredge-up event
(e.g. Straniero et al. 1995). The rest of the neutrons are supplied
by the partial activation of the 2*Ne(a,n)*Mg reaction during
the convective thermal pulse (Busso et al. 1999; Herwig 2005;
Karakas & Lattanzio 2014, and reference therein). The weak s-
process component in the Solar system originates in massive stars,
and is mostly due to the >>Ne(a,n)>*>Mg activation in the convective
He-burning core and in the convective C-burning shell (e.g. The, El
Eid & Meyer 2007; Pignatari et al. 2010, and references therein).
The weak s-process contributes to no more than few per cent to the
solar abundance of Mo and Ru (Travaglio et al. 2004). The relevance
of additional s-process production in rotating massive stars to GCE
is still being debated, in the early Galaxy as well as for the Solar
system (e.g. Pignatari et al. 2008; Cescutti et al. 2015; Maeder,
Meynet & Chiappini 2015; Frischknecht et al. 2016; Choplin et al.
2018).

The origin of the r-process abundances beyond Fe is still matter
of debate. Several astrophysical scenarios have been proposed: (1)
neutrino-driven winds from core-collapse supernovae (CCSNe; e.g.
Hoffman et al. 1994; Hoffman, Woosley & Qian 1997; Wanajo
et al. 2001; Farougqi et al. 2009; Arcones & Montes 2011; Kratz,
Farouqi & Moller 2014) or electron-capture supernovae (ECSNe),
i.e. collapsing O-Mg—Ne cores (Wanajo, Janka & Kubono 2011;
weak r-process); (2) neutron-rich matter ejected by neutron star
mergers (e.g. Freiburghaus, Rosswog & Thielemann 1999; Goriely,
Bauswein & Janka 2011; Wu et al. 2016) and neutron star—black
hole mergers (Surman et al. 2008; Wehmeyer et al. 2019; main -
process); (3) ejecta from rotating MHD core-collapse supernovae
and/or collapsars (e.g. Nishimura et al. 2006; Winteler et al. 2012;
Nishimura et al. 2017; Mosta et al. 2018; Siegel, Barnes & Metzger
2019). The origin of r-process elements in the Milky Way has been
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discussed recently by Coté et al. (2018b) and reviewed by Cowan
et al. (2019).

The (classical) p-process is identified with explosive Ne/O-
burning in outer zones of the progenitor star. It is initiated by the pas-
sage of the supernova shock wave and acts via photodisintegration
reactions which produce neighbouring (proton-rich) isotopes from
pre-existing heavy nuclei (see Arnould & Goriely 2003; Rauscher
et al. 2013; Pignatari et al. 2016a, and references therein). The
most established scenario proposed for the p-process production
are Type II supernova explosions (Woosley & Howard 1978; Rayet
etal. 1995), with a potential relevant contribution from the advanced
pre-supernova stages (Arnould 1976; Rauscher et al. 2002; Ritter
et al. 2018a). Complementary scenarios are Type la Supernovae
(Howard, Meyer & Woosley 1991; Travaglio et al. 2011, 2015;
Nishimura et al. 2018) and He-accreting CO white dwarfs of sub-
Chandrasekhar mass (Goriely et al. 2002). Proton-rich components
of neutrino-driven winds have also been proposed as a potential
relevant source for the light p-process nuclei (e.g. Frohlich et al.
2006, 2017; Martinez-Pinedo, Fischer & Huther 2014; Eichler et al.
2018), although their effective contribution in the Mo and Ru region
is challenged by observations of radioactive °>’Nb abundance in the
early Solar system (Dauphas et al. 2003). We refer to Pignatari et al.
(2018), Wanajo et al. (2018), and Bliss, Arcones & Qian (2018) for
the most up-to-date theoretical data on the production of Mo and
Ru in CCSNe.

The solar abundances of Mo and Ru isotopes adopted from
Anders & Grevesse (1989) are listed in the second column of
Table 1. The most important isotopes contributing to the Mo and
Ru abundances are Mo and '"?Ru. As we mentioned before, the
isotopes > **Mo isotopes are produced by the p-process. The table
also shows the s-process contribution to Mo isotopes derived by
Travaglio et al. (2004) using GCE simulations and stellar yields for
low- and intermediate-mass stars (LIM), as well as the s-process
contribution to the solar composition estimated using the GCE
simulations for Mo and Ru by Arlandini et al. (1999), Travaglio
et al. (2004), and Bisterzo et al. (2014).

This paper is the last one in a series of those focused on the
observations of different elements in the Galactic disc. In the first
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Table 2. Comparison of obtained stellar parameters with those reported by other authors for the n stars common to our
sample. The full list of stellar parameters applied for each star in this study is provided in Table A2 (available online)

and in Mishenina et al. (2019).

Reference ATegr (K) Alog g A[Fe/H] n
Delgado Mena et al. (2017) 27 + 36 —0.08 £ 0.13 —0.01 £ 0.03 12
Battistini & Bensby (2016) —4 + 106 —0.10 £ 0.15 —0.03 + 0.06 22
Adibekyan et al. (2014) 28 + 57 —0.07 £ 0.14 0.01 + 0.04 9
Nissen & Schuster (2011) 7 + 143 —0.03 £ 0.20 —0.05 + 0.10 4
Feltzing et al. (2007) 24 + 76 —0.03 £ 0.13 —0.01 £+ 0.08 10
Takeda (2007) —14 £ 119 —0.06 + 0.21 —0.04 £+ 0.10 31
Brewer & Carney (2006) 64 + 112 0.02 + 0.20 0.09 + 0.06 4
Reddy et al. (2003) 127 £ 13 —0.08 £ 0.14 0.09 + 0.02 7
Mashon kina & Gehren (2001) 26 + 56 —0.10 £+ 0.21 0.03 + 0.06 14

studies, particular attention was paid to the enrichment of the
thin and thick disc stars with the «-elements and neutron-capture
elements (Mishenina et al. 2004, 2013), as well as Mn (Mishenina
et al. 2015), and Sr (Mishenina et al. 2019). Stellar observations
for our sample of stars and different data sets have been compared
with a number of GCE simulations (Mishenina et al. 2017). In this
work, we focus on Mo and Ru. Although these elements have been
investigated in metal-poor stars (e.g. Ivans et al. 2006; Peterson
2011, 2013; Roederer et al. 2012; Hansen, Andersen & Christlieb
2014; Sakari et al. 2018), there is a lack of observations at higher
metallicities ([Fe/H]) between —0.7 and 0.3, which is the range
covered in this study. We aim at providing the first extended sample
of stellar observations for Mo and Ru abundances in Galactic disc
stars and analysing their chemical signatures using theoretical GCE
models.

The paper is structured as follows. The observations and selection
of stars along with the definition of the main stellar parameters are
described in Section 2. Section 3 presents the abundance determi-
nations and analysis of corresponding errors. The application of the
results in the theory of nucleosynthesis and the chemical evolution
of the Galaxy is discussed in Section 4. And finally, Section 5
summarizes the finding and presents the conclusions drawn.

2 OBSERVATIONS AND ATMOSPHERIC
PARAMETERS

In this investigation, we used the same spectra, atmospheric pa-
rameters, and analytical techniques as earlier in Mishenina et al.
(2013). The spectra of the target stars were obtained using the
1.93 m telescope at Observatoire de Haute-Provence (OHP, France)
equipped with the Echelle-type spectrograph ELODIE (Baranne
etal. 1996) with the resolving power of R = 42 000, the wavelength
range from 4400 to 6800 A and signal-to-noise (S/N) ratio of
about 100-300. We also used additional spectra taken from the
OHP spectroscopic archive (Moultaka et al. 2004), presenting the
SOPHIE spectrograph (Perruchot et al. 2008) data covering a similar
wavelength range at the resolution of R = 75 000.

The online initial processing of spectra was carried out during
observations (Katz et al. 1998). Further spectra processing such
as the continuum arrangement, and measurements of the line
depths and equivalent widths (EW), was conducted using the
DECH30 software package developed by G.A. Galazutdinov (2007),
http://gazinur.com/DECH-software.html.

The stellar atmospheric parameters of our target stars were
determined earlier using uniform techniques for all the studied
stars. The procedures employed to derive the effective temperatures

T surface gravities log g, and microturbulent velocity Vt for our
stars were described in detail in Mishenina & Kovtyukh (2001) and
Mishenina et al. (2004, 2008). The effective temperatures 7. were
derived by the calibration of the line-depth ratios for spectral line
pairs that have different low-level excitation potentials (Kovtyukh
et al. 2003). For the most metal-poor stars in the sample, T.i were
estimated by adjusting the far-wings of the H « line (Mishenina &
Kovtyukh 2001). The surface gravities log ¢ were computed by
the ionization balance, implying that similar iron abundances were
obtained from the neutral iron Fe I and ionized iron Fe II lines.
The microturbulent velocity Vt was established by factoring out the
correlation between the abundances and the EWs of the Fe I lines.
We used the Fe I lines to derive the metallicity [Fe/H].

We compared our atmospheric parameters with the results of
other authors in Mishenina et al. (2004, 2008, 2013, 2019). The
estimated accuracy of our parameter determinations is as follows:
AT = £100 K, surface gravities Alog g = £0.2 dex and micro-
turbulent velocity AVt = +0.2km s™!.

In this paper, we also compare our parameter determinations with
those obtained in other studies for the stars common to our sample
(Mashonkina & Gehren 2001; Reddy et al. 2003; Brewer & Carney
2006; Feltzing, Fohlman & Bensby 2007; Takeda 2007; Nissen &
Schuster 2011; Adibekyan et al. 2014; Battistini & Bensby 2016;
Delgado Mena et al. 2017). The mean differences between the
parameters, the errors, and the number of common stars are given
in Table 2. In general, we see a good agreement of our findings with
the results of other authors.

We adopt the kinematic classification of the stars into the thin
and thick discs and Hercules stream, as described in Mishenina
et al. (2013). We have not updated our classification with respect to
the latest astrometric data from the Gaia Data Release 2 (Gaia
Collaboration 2018) because the stars in our sample are bright
and tend to have Gaia astrometric errors equivalent to those of
the Hipparcos observations. Some stars are even too bright to be
measured by Gaia. Our previous sample (276 stars), contained 21
stars belonging to the thick disc, 212 to the thin disc, 16 to the
Hercules stream, and 27 are unclassified.

3 DETERMINATION OF MO AND RU
ABUNDANCES

The Mo and Ru abundances were derived using the LTE approx-
imation applying the models of Castelli & Kurucz (2004) and the
modified STARSP LTE spectral synthesis code (Tsymbal 1996). For
Mo 1 lines at 5506, 5533 A, and Ru 1 lines at 4080, 4584, and 4757
A, the oscillator strengths log gf were adopted from last version

MNRAS 489, 1697-1708 (2019)
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(2016) of the VALD data base (Kupka et al. 1999). Both Mo I lines
are fairly well measured in the spectra of our target stars. The Mo 1
5533 A line is represented in the list of the Gaia-ESO Survey (GES),
and has been used by Hansen et al. (2014) for the investigation of 71
meta-poor stars. The comparison of synthetic and observed spectra
for the Mo I and Ru I lines is shown in Fig. 1.

The adopted LTE solar Mo and Ru abundances are log A(Mo)q
= 1.88 £ 0.08 and log A(Ru); = 1.75 £ 0.08 (Asplund et al.
2009).

We determined Mo abundance for 163 stars of the thin disc,
20 stars of the thick disc, 12 stars in the Hercules group, and 14
unclassified stars, which represents a total of 209 stars. Accordingly,
the Ru content was determined for 124, 16, 10, and 12 stars
belonging to the considered substructures, which made 162 stars
in total. The obtained Mo and Ru abundances, as well as stellar
parameters, are given in Table Al (available online). Fig. 2 shows
our [Mo/Fe] and [Ru/Fe] data as a function of [Fe/H].

3.1 Errors in abundance determinations

We estimated systematic errors in the abundance of molybdenum
and ruthenium abundance determinations due to the uncertainty
of the atmospheric parameters on the basis of the results obtained
for two stars — namely, HD154345 (T = 5503 K; log g= 4.30;
Vt=13kms™!;[Fe/H] = —0.22) and HD82106 (T.;y = 4827 K;
log g=4.10; Vt=1.1 km s~!; [Fe/H] = —0.11); we used the Mo,
Ru abundances for several models with modified parameters (A Tegt
==+100K, Alog g ==40.2, A Vt==0.1). The obtained variations
of the abundance for different parameters and the adjustment errors
for the calculated and observed spectral line profiles (0.02 dex) are
given in Table 3. The error in the 7. determination is the major
contributor to the error in the Mo and Ru abundance determinations.
The total errors due to the uncertainty of the parameters and the
measured spectra range from (.12 dex for the Ru abundance to 0.16
for the Mo abundance in hotter stars. As can be seen in Figs 3 and
4, we found no correlation between the Mo and Ru abundances and
Teff .

Unfortunately, no measurements of the Mo and Ru abundances
in common stars have been reported elsewhere. In Table 4, we
compare our atmospheric parameters and abundances of Mo and Ru
with those obtained by Hansen et al. (2014) for two stars common
to our sample (Mishenina et al. 2017). Overall, the atmospheric
parameters derived in both studies are consistent. For HD 22879
([Fe/H] ~ —1), our upper limit for [Ru/Fe] is consistent with the
actual value reported in Hansen et al. (2014).

4 RESULTS AND COMPARISON WITH
THEORETICAL GCE MODELS

Hansen et al. (2014) compared the behaviour of Mo and Ru with
the that of other elements, such as Sr, Zr, Pd, Ag, Ba, and Eu,
to detect the main sources of these elements in metal-poor stars
([Fe/H] < —0.7). They concluded that for the investigated range of
[Fe/H], the Mo content is contributed by both the main and weak
s-processes, the p-process and to a lesser extent by the main and
weak r-processes. On the other hand, the Ru production is show
to be correlated with Ag, suggesting the weak r-process to be the
main stellar source. In this paper, the abundance measurements in
F-, G-, and K-dwarfs are representative of the population of stars
with higher metallicities compared to those in the sample of Hansen
et al. (2014).
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Figure 1. Observed (dotted) and calculated (solid) spectra in the region of
Mo I and Ru 1 lines for the stars HD 1562 and HD 3651. The dashed lines
correspond to the difference in 0.1 dex for the Mo abundance in HD 3651
and 0.3 dex in other cases.

220z aunf 9z uo 1sanb Aq 06.8%5S//691/2/68/90IMe/SEIUL/WOO dNO"dlWapede//:sdny WOy papeojumoq



0.6 |- ° +-

04 |- ® *e ° -

o - ) ® o -
5 o L 1B
= - LA SR 2 4 1
— .“
00 | . ‘?i-:& o«
.. L] ‘
- L[] -
) 3
0.2 |- * 4
I B BT B B B B
410 08 -06 -04 -02 00 02 04
[Fe/H]
BT T T T T T
- .. . +
06} © R -
A ° °e i
L e A -
- K ° ©5 ° 4
e o R A I
S 02 |- 00 * e, .
x i s .“ ¢ o J
00 |- ° ® o -
““? .
A PR S
02 . -
[PEEN TR BEPERN AR SRR NP A |

10 -08 -06 -04 -02 00 02 04
[FelH]

Figure 2. [Mo/Fe] and [Ru/Fe] as a function of [Fe/H]. The stars belonging
to the thin and thick discs are marked with small black and red circles,
respectively. The stars classified into the Hercules stream are marked with
asterisks while non-classified stars are depicted as open circles. The error
bar is marked with a cross in the upper right corner.

04 |-

02 |-

[Mo/Fe]

0.0 |-

4000 4500 5000 5500 6000 6500
Teff, K

Figure 3. Dependence of [Mo/Fe] on T¢fy.

Molybdenum and ruthenium 1701

T T T T T T T T T

08 |- -

06 |- ¢ : ]

6 |- . ¢. -

L . o o 4

04 |- o ® & : -

E i e o ¢ )

E 0.2 |- V:. " 0o ° s. -

L . o J

00 | ecterd 30 8N .

o of e T g
B . ®e0eh o0y h
0.2 |- L4 -
.
04 N T U T B

4000 4500 5000 5500 6000 6500

Teff, K
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Fig. 5 shows the [Mo/Fe] and [Ru/Fe] abundance distribution
at different [Fe/H], including our determinations for Galactic disc
stars and those reported by other authors at different metallicities
(Allen & Porto de Mello 2007; Peterson 2013; Hansen et al. 2014,
Roederer et al. 2014; Spite et al. 2018). The Mo observations are
available for a larger sample of stars at low metallicity as compared
to Ru. The observational errors for Mo and Ru as follows: 0.1 dex
and 0.15 dex, respectively (Peterson 2013), 0.15 dex for both Mo
and Ru (this work and Hansen et al. 2014), and 0.2 dex for both
Mo and Ru (Spite et al. 2018). Roederer et al. (2014) reported data
for 313 stars collected with various telescopes and spectrographs.
The authors carried out a thorough analysis and processing of the
adopted data, in particular, the parameter estimation, comparison of
the EWs obtained with different spectrographs and by different
researchers, as well as application of the atmospheric models,
calculation codes, line lists, etc. The comparison of the Mo and Ru
abundances estimated by Roederer et al. (2014) with those obtained
by other authors for all the sample stars has shown uncertainties
ranging from 0.2-0.3 dex to 0.4 dex for Mo and Ru, respectively.
Note that there are no NLTE calculations for Mo or Ru currently
available. With regard to our sample of stars, since we use weak
subordinate lines, and they are formed in the deep atmospheric
layers wherein collisions with electrons create (establish) the LTE
conditions, the NLTE corrections should be negligible and levelled
using our analysis relative to the Sun. They should not make a
significant contribution to the errors in the measurements reported
in this paper. For more metal-poor stars, they could yield more
relevant corrections. The correlations between Mo, Ru, Y, Zr, Ba,
Sm, Eu (Mishenina et al. 2013), and Sr (Mishenina et al. 2019)
are illustrated in Fig. 6 and Figs A1-A3 in the Appendix (available
online). The slopes and errors obtained for our stellar sample are
summarized in Table 5. We cannot deduce any detailed information
from these slopes without GCE simulations representative of the
disc stars. However, using the data shown in the figures, we can
draw several important conclusions. The Mo and Ru abundance
trends with respect to the r-process element Eu (Figs 6 and A2)

Table 3. Abundance errors due to the atmospheric parameter uncertainties, for two stars with different set of stellar parameters (7¢fr, log g, and Vt) — namely,

HD154345 (5503, 4.30, 1.3) and HD82106 (4827, 4.10,1.1).

HD154345 HD82106
AN El AT+ Alog g+ AVt+ tot+ ATesr + Alog g+ AVt + tot+
(K) (kms~!) (K) (kms™1)
42 Mol 0.15 0.05 0.01 0.16 0.12 0.05 0.02 0.13
44 Rul 0.10 0.03 0.05 0.12 0.11 0.05 0.02 0.12

MNRAS 489, 1697-1708 (2019)
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Table 4. Comparison of the atmospheric parameters (Mishenina et al. 2017) and Mo and Ru abundances derived in this study with the values reported in

Hansen et al. (2014) for two common stars.

HD Tets log g Vt [Fe/H] [Mo/Fe] [Mo/Fe] [Ru/Fe] Reference
(K) (kms™") (3864 A) (5506 A)
19445 5982 4.38 14 —2.13 - 0.7 Hansen et al. (2014)
5830 4.00 1.1 —2.16 - - this work
22879 5792 4.29 1.2 —-0.95 - - 0.43 Hansen et al. (2014)
5825 4.42 0.5 —-091 - 0.45 >0.51 this work
. MoFethin B that the contribution of the main s-process to the Mo and Ru solar
0 T T T T - [MoFelthick abundances is lower than that for the s-process elements such, as Sr,
35 ._+ L. : mi\ffi:'fi%”'e Y, and Ba. An in-depth study of the Mo and Ru production, as well
30 - . o 7 Hansent? D as the relative impact of different stellar sources, with application
2.5 - o, :;. v Spite18 of detailed GCE simulations is required. Note that the observational
5 20F L . ’. P . :g:g::::i:;g uncertainties are similar for Mo and Ru as discussed in the previous
u?_; 15 = ! .‘;;‘;f:’ ;’: v ’. . * Egzgzzﬂfcgg sections. Therefore, they cannot explain such different behaviour
£ 10 ¢ ”{i e e e 3 observed for Mo and Ru.
05 |- :., ;‘w:’{:’ *’:.;'::*"wg. ;; 7 The application of GCE models allows us to take into account
0.0 |- RGNS Ty T 5. the contribution of various nucleosynthesis sources occurring at
0.5 - v -] different time-scales during the evolution of the elements. GCE
1.0 = - simulations serve as a fundamental tool to understand the complex
-1.5 — L history of enrichment of elements like Mo and Ru. Recently, Prant-
S 4 3 [Fellﬁ - 0 zos et al. (2018) have carried out the investigation of the chemical
evolution of the elements from H to U in the Milky Way halo
] and local disc. The authors used metallicity-dependent yields from
28 FM T T T T T T . {Eﬂ::}mk low- and intermediate-mass stars (LIM, AGB), and from rotating
24 b t : [F';Ur:zsg";‘zf%”e massive stars. They found that the solar isotopic composition of pure
b v Hansen14 D s-process isotopes could be reproduced within 10 per cent accuracy.
20 - : iﬁ;irg;)ms They also reproduced the s-process abundances of isotopes for
1.6 |- v v Spite18 90 < A < 130 (solar lighter element primary process, LEPP;
s 12 F v Roederert Montes et al. 2007). The differences between their findings and
5 oslL Yoy " . *a o Y ] those resulted from the GCE simulations reported by Bisterzo et al.
£ 04 b M :, ;:m %i ‘;'," . ] (2017) were mainly due to the yields adopted for rotating massive
0.0 | vl T e, %_ stars, in particular, Prantzos et al. (2018) used the isotopic yields
-k v ’ g from Limongi & Chieffi (2018). Moreover, the AGB yields used in
04 - 7] both studies were not similar that could affect the results obtained
UK I I TP IS S B P AN P A A T for the elements which are subject to our study. Prantzos et al.
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Figure 5. Observed [Mo/Fe] (top panel) and [Ru/Fe] (bottom panel) as a
function of [Fe/H] resulted from the comparison of our sample of stellar
data with those reported by other authors. Symbols are specified in the
figure: Hansen14_G and Hansenl14_D refer to giant and dwarf stars by
Hansen et al. (2014); Petersonl3 are stars by Peterson (2013); Spitel8
by Spite et al. (2018); Rodererl4_HB, Roederer14_MS, Roderer14_RG,
and Roderer14_SG are, respectively, horizontal branch, main sequence, red
giant, and subgiant branch stars by Roederer et al. (2014); Allen07 refers to
Allen & Porto de Mello (2007). The average of the observational errors is
provided in the upper left corner.

show no clear correlations for the thin disc stars. Moreover, the Mo
enrichment does not correlate closely with Ru. Such a pattern could
be associated with a late nucleosynthesis source yielding Ru, but
not producing efficiently other elements in the same mass region
as Mo. It is the most likely that such an extra source would not be
an s-process source, since Mo and Ru have similar patterns of the
s-process production (see Table 1). Having analysed the correlation
between various elements at the near solar metallicity we can derive
that the galactic stellar sources which contribute to Mo and Ru
content are at least partially different. Furthermore, we confirm
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(2018) have also concluded that there are significant differences at
lower [Fe/H] for which the chemical evolution is mainly governed
by massive stars and emphasized some deficiency in Zr and Mo.
Our new observational data for Mo and Ru along with those
reported by Hansen et al. (2014), Peterson (2013), Roederer et al.
(2014), and Spite et al. (2018) are presented in Figs 7 and 8,
respectively. The bottom panels in the figures illustrate the evolution
of Mo and Ru for the metallicity range of the Galactic disc. The GCE
evolution of Mo predicted by Prantzos et al. (2018, as presented in
fig. 16 in their study) is compared with the observational data in
Fig. 7. As also highlighted by the authors, the theoretical trends are
not reproducing the Galactic behaviour of Mo: GCE simulations
do not produce enough Mo compared to Fe in comparison to
observations. Fig. 7 also shows the GCE results of Bisterzo et al.
(2017), who used the same chemical evolution model as Travaglio
et al. (2004). The latter prediction for [Mo/Fe] assumed 40 per cent
s-process contribution from AGB stars (see Bisterzo et al. 2017, for
details), 10 per cent contribution from the r-process, and 1 per cent
contribution from the weak s-component from massive stars. We
also obtained 49 percent contribution from LEPP (derived from
Travaglio et al. 2004). As in Travaglio et al. (2015), we can
also derive separately the p-process contribution to the two p-
only isotopes of Mo, i.e. °>°Mo from Type Ia supernovae (a
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Figure 6. Trends of log A(El) where El = Ru, Ba, and Eu versus log A(Mo)
for thin disc stars (small black circles) and thick disc stars (red circles).

single degenerate scenario). However, the p-process contribution
to the total Mo abundance is irrelevant for reproducing the Mo
observations in the Galaxy.

In Figs 7 and 8 we also show the evolution of [Mo/Fe] and
[Ru/Fe], as predicted using the open-source GCE code OMEGA+

Molybdenum and ruthenium 1703

Table 5. Elemental abundance trends related to Mo and Ru, as shown in
Figs 6, Al, A2, and A3, for thin disc stars (third column) and thick disc stars
(fourth column).

1 2 3 4

Element Reference Slope + Error Slope + Error
Ru Mo 0.49 + 0.06 0.76 + 0.14
Ba Mo 1.16 = 0.09 1.23 £ 0.13
Ba Ru 0.99 £ 0.15 1.32 £ 0.26
Sr Y 1.17 £ 0.04 1.07 £ 0.04
Sr Mo 1.48 + 0.08 1.36 £+ 0.12
Sr Ru 1.15 &£ 0.16 1.30 £ 0.30
Y Mo 0.97 £ 0.08 1.27 £ 0.11
Zr Mo 0.83 £ 0.08 0.97 £ 0.08
Sm Mo 0.67 = 0.06 1.06 £+ 0.10
Sm Ru 0.64 + 0.09 1.17 £ 0.19
Eu Mo 0.60 = 0.06 0.84 = 0.11
Eu Ru 0.43 £ 0.10 0.80 + 0.17

(Coté et al. 2018c), which is part of the JINAPYCEE PYTHON
package.! This is a two-zone model consisting of a classical one-
zone chemical evolution model located at the centre of a large
gas reservoir (the circumgalactic medium of the simulated galaxy).
For low- and intermediate-mass stars, we used the stellar yields
reported in Cristallo et al. (2015) with no rotation and standard
3C pocket, which are available with the FR.U.LT.Y? data base.
For thermonuclear supernovae (SNIa), we adopted the yields from
Iwamoto et al. (1999) and distributed them in time following a
function based on the observed delay-time distribution function
for SNIa (see Coté et al. 2016 and Ritter et al. 2018b for more
details). For the CCSNe yields, we used the NuGrid massive star
models (Ritter et al. 2018c) along with the delayed supernova
engine prescription (Fryer et al. 2012). In order to calculate the
integrated stellar yields used in the GCE simulations, we did not
use the 12 M models at all metallicities. The SN explosion set-up
used for these models causes an overproduction of Fe abundances
when compared to the solar composition, which indicates that the
conditions obtained are not representative of those in most of 12 M,
CCSNe do (see Coté et al. 2018a; Philcox, Rybizki & Gutcke 2018).
We also did not consider the 15Mg model at Z = 0.006. That
single model included a strong «-rich freezeout contribution (e.g.
Woosley & Hoffman 1992; Pignatari et al. 2016b), that resulted
in the overestimated GCE production for some first-peak neutron-
capture elements, such as Y and Zr, in our simulations. Therefore,
the «-rich freezeout component obtained in that model is not
representative of what 15 M, CCSNe stars typically produce. For
the GCE models considered below, for simplicity, we replaced the
15Mg model at Z = 0.006 with the 15 Mg model at Z = 0.001,
without causing any impact on the GCE of Mo and Ru. The only
difference between the two OMEGA+ models presented in Figs 7
and 8, is a different set-up for the r-process production. For both
models, the dominant r-process source are neutron star mergers
(e.g. Coté et al. 2019; Cowan et al. 2019). However, for each r-
process event we assume that the ejecta is released either 30 Myr
after the formation of the progenitor star (short-delay time set-
up), or released following a delay-time distribution function in the
form of r~! from 10 Myr to 10 Gyr (delay-time distribution set-up;
Chruslinska et al. 2018).

Uhttps://github.com/becot85/JINAPyCEE
Zhttp://fruity.oa-teramo.inaf.it/modelli.pl
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Figure 7. Top Panel: evolution of [Mo/Fe] as a function of [Fe/H] predicted by the chemical evolution models of Prantzos et al. (2018) and Travaglio et al.
(2004) as compared to the observation data (markers are specified in the figure). For Prantzos et al. (2018) simulations, the following models are shown: (i)
LIM stars, rotating massive stars plus their fiduciary r-process (the baseline model, orange solid curve); (ii) LIM stars, non-rotating massive stars and r-process
(green dashed curve); (iii) LIM stars and non-rotating massive stars without r-process contribution (grey dashed curve); and (iv) LIM stars plus rotating
massive stars without the r-process contribution (orange dashed curve). For the Travaglio et al. (2004) predictions, the models for halo, thick and thin disc of
the Milky Way are reported (solid red, dashed cyan, and solid blue curves, respectively). The curves overlap within the metallicity range -2 < [Fe/H] < —1.
The prediction by the OMEGA+ code, short delay time (r-process) and delay time distribution (r-process) marked as black dots — dashed line and solid line,
respectively. Bottom panel: the same as on the top panel, but for the metallicity range of the Galactic disc. The average observational errors is provided in the
upper left corner.
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Figure 8. Top panel: evolution of [Ru/Fe] as a function of [Fe/H] predicted by the OMEGA+ code, the short delay time (r-process) and delay time distribution
(r-process) marked with black dot, dashed and solid line, respectively, as compared to the observational data (markers are specified in the figure). Bottom
panel: the same as on the top panel, but for the metallicity range of the Galactic disc. The average observational errors is provided in the upper left corner.

As can be seen in the bottom panel of Fig. 7, the contribution from
massive rotating stars or from AGB stars at higher metallicities does
not solve the issue of underproduction in theoretical predictions as
compared to the observations (Prantzos et al. 2018). The simulations
by Travaglio et al. (2004) and OMEGA+ (short-delay time set-up)
seem to show a better consistency with Mo observations, reducing
the average underproduction to about 0.1 dex. For the data reported
in Travaglio et al. (2004) this might be due to the additional
contribution to Mo by the LEPP component, considered in these
GCE models. Concerning OMEGA+ results, the difference is mainly

due to the r-process sources different from those in two other sets of
GCE simulations. In particular, the yields of neutron—star mergers
are implemented as decoupled with CCSNe which is the main source
of Fe at low metallicity.

According to the results of our comparison of the OMEGA+ and
Travaglio et al. (2004) more thoroughly, the s-process contribution
to the solar abundances of Mo and Ru is 60 per cent and 45 per cent,
respectively, which is different from 40 percent and 24 per cent
obtained by Travaglio et al. (2004). The r-process contribution
obtained is 16 percent and 45 per cent, respectively, compared to
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Figure 9. Evolution of [Mo/Eu] as a function of [Fe/H].

12 per cent and 50 per cent derived from the elemental distribution
of the r-process in the metal-poor star CS 22892—052 and used
as a reference of the r-process contribution in Travaglio et al.
(2004). Despite such a higher s-process contribution obtained
in OMEGA+ calculations, the requirement for having additional
sources for Mo at low metallicity is consistent with the results of
other GCE simulations referred to in this paper. Concerning Ru, the
two OMEGA+ models show different results with a higher [Ru/Fe]
trend using the short-delay time set-up. On the other hand, even
in the most optimistic conditions, at metallicities lower than solar
ones, the GCE model yield is 0.2 dex lower as compared to the
observations.

Despite the fact that the r-process contributes to a small fraction of
the solar Mo, and a half of that of Ru, it becomes more significant at
low metallicities, where the s-process contribution from AGB stars
becomes marginal. In particular, we show in the bottom panels of
Figs 7 and 8 that the properties of the r-process sources adopted
in the GCE simulations have a strong impact on the abundances
of Mo and Ru for [Fe/H] < —0.2 dex, if we assume that all r-
process events carry a solar r-process residual pattern for the yields
(e.g. Arnould, Goriely & Takahashi 2007). In a more general sense,
the study of the chemical evolution of these elements can provide
additional new constraints on the 7-process production in the Galaxy
and other nucleosynthesis processes active in the early Galaxy. In
Fig. 9, we show that while [Mo/Eu] is consistent within 0.4 dex in
our stellar sample, the observed scatter increases up to about 2 dex
in more metal-poor stars (Hansen et al. 2014). This would imply
that at least Mo-poor and Mo-rich nucleosynthesis sources with
respect to Eu were active in the early Galaxy. At the same time,
the [Mo/Fe] and [Ru/Fe] scatter observed at low metallicities (see
Fig. 5) is quite similar to that of [Eu/Fe], indicating that also the
production of Mo and Ru with respect to Fe at low metallicity is
associated with rare events. A detailed study of these observations
for [Fe/H] < —2 would possibly require an inhomogeneous galactic
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chemical evolution study (e.g. Wehmeyer, Pignatari & Thielemann
2015; Mishenina et al. 2017).

5 CONCLUSIONS

We presented new observational data for the light trans-Fe elements
Mo (Z = 42) and Ru (Z = 44) in F-, G-, and K-stars belonging
to the substructures of the Galaxy with metallicities ranging from
—1.0 < [Fe/H] < + 0.3. The spectra of Galactic disc stars have
a high resolution of 42000 and 75000 and S/N ratio better than
100. The Mo and Ru abundances were derived by comparing the
observed and synthetic spectra in the region of Mo I lines at 5506,
5533 A (for 209 stars), and Ru 1 lines at 4080, 4584, and 4757 A (for
162 stars) in the LTE approximation. For all the stars the Mo and Ru
abundance determinations were obtained for the first time. Taking
into consideration the observational data reported in other studies
at low metallicities, this work enables us to analyse the complete
trend of Mo and Ru abundances in the Milky Way.

As follows from the observations at lower metallicities, the
existing GCE models with the nucleosynthesis sites and stellar
yields included therein underproduce Mo and Ru compared to
observational data also in the Galactic disc. Canonical stellar
sources of heavy elements, such as the s-process in massive stars
and AGB stars or the r-process, do not appear to produce sufficient
amount of these elements. Factoring in the additional LEPP in GCE
simulations allows to obtain a better fit. However, the nature and
the origin of LEPP is still a matter for debate, and such a zoo of
numerous independent stellar processes could contribute instead to
the production of various elements. According to the GCE models
presented in this paper, also the assumption of an r-process source
disentangled by CCSNe like neutron star mergers can provide in
principle a better fit for the observations. However, even the most
Mo-rich and Ru-rich GCE simulations cannot reproduce all the
observed Mo and Ru. Similar indications seem to be obtained
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for metal-poor stars, but hydrodynamics chemical evolution or
inhomogeneous chemical evolution models are needed in order to
study the inhomogeneous enrichment of the Galactic halo.

In summary, the origin of the two elements remains an open
question requiring further detailed studying. We found that some
other stellar sites and their contributions should be included in
the GCE calculations, apart from the classical nucleosynthesis
processes. As regards Eu, the large scatter observed for [Mo/Fe]
and [Ru/Fe] at low metallicities would be consistent with the
contribution from a rare stellar source. For the thick and thin disc
stars in our sample, we found that the Mo enrichment is correlated
with both Ba and Eu. On the other hand, Ru shows a much higher
dispersion with respect to Mo, Ba, and Eu. A possible scenario that
we suggested and discussed is that Ru could be efficiently produced
by an extra stellar nucleosynthesis source active in the Galactic
disc. Further investigation with GCE simulations is required to
better define the nature of such a source. Today, we can only argue
that it is not an s-process source, since the s-process contributions
to Mo and Ru are similar. At present, spectroscopic abundance
measurements available for Mo and Ru are based on the LTE
calculations with no NLTE corrections currently available. Though
it should not be an issue within the metallicity range of our stellar
sample, more significant corrections could be required for the
observations in metal-poor stars. However, since the discrepancy
between theoretical predictions and observations is already evident
from the simulations of the chemical evolution of the Milky Way
disc, it would not affect the main findings and conclusions presented
in this paper.
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