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Molybdenum abundances in the stars from 13 di�erent open clusters have been determined. High-
resolution stellar spectra have been obtained using the VLT telescope equipped with the UVES
spectrograph on Cerro Paranal, Chile. The Mo abundances have been derived in the LTE approxi-
mation from the Mo I lines at 5506 �A and 5533 �A. A comparative analysis of the behaviour of
molybdenum in the sampled stars of open clusters and Galactic disc show similar trends of decreasi-
ng Mo abundances with increasing metallicities; such a behaviour pattern suggests a common ori-
gin of the examined populations. On the other hand, the scatter of Mo abundances in the open
cluster stars is slightly greater, 0.14 dex versus 0.11 dex. The results are discussed, considering the
abundance trends with the age of clusters and distances from the center of the Galaxy.
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I. INTRODUTION

The distribution of elemental abundances in di�erent
Galactic substructures is essential for the study of the
evolution of the Milky Way, and of the nucleosynthesis
processes in stars. The nucleosynthesis of Molybdenum
(Mo, Z = 42) has not been fully understood. Galactic
chemical evolution (GCE) simulations estimated that
about 40% of the solar Mo is made by the s-process (slow
process of neutron capture), while the r-process (rapid
process of neutron capture) contribution is uncertain
(e.g., [1]). Mo is most likely characterized also by a contri-
bution from di�erent explosive nucleosynthesis processes
in collapsing supernovae (CCSNe) that is not associ-
ated with the r-process. Therefore, the study of the Mo
abundance observed in the Galactic disc is a challenging
task for current GCE simulations [2, 3].

From a theoretical point of view (in terms of
nucleosynthesis), low- and moderate-mass asymptotic gi-
ant branch (AGB) stars (the main s-process) [4�6, etc.],
massive stars (the weak s-process) (e.g., [7�10]) and fast-
rotating massive stars [11] are the di�erent s-process
sources of Mo. Neutrino-driven winds from CCSNe may
play an important role [12�15, etc.], while the r-process
contribution might be associated with one or more possi-
ble sources, e.g., neutron star � neutron star mergers
[16�20]. The studies of the r-process and its components
in the Galaxy are actively carried out nowadays (for

further details refer to [18, 21, 22]. The underproducti-
on of light isotopes of molybdenum (92 and 94 Mo)
in proton-capture reactions in CCSNe (e.g., [23�24])
remains a matter of debate. Additionally, some other
processes have been investigated � like the intermedi-
ate neutron-capture process (the i-process, [25]) from di-
�erent stellar sources, e.g, from rapidly-accreting white
dwarfs (RAWDs) [26].

From an observational point of view, the Mo
abundance was thoroughly investigated in metal-poor
stars (e.g., [27�32]). In the studies of turno� stars,
Peterson [28�29] found overabundances of Mo (up to
1 dex), which had not been detected in the �eld
and globular cluster giants (e.g., [33�36]). In order to
explain the obtained overabundances of Mo, Peterson
[28] suggested that it was the low-entropy domain of a
high-entropy wind (HEW) above the neutron star formed
in a Type II supernova that was responsible for the addi-
tional molybdenum production (e.g., [37]). Later, Hansen
et al. [31], having conducted a survey of 71 metal-poor �-
eld stars, con�rmed the expected enrichment from HEWs
and suggested that several other sources, namely, the
proton-capture process (p-process), the s-process or the
r-process could also be responsible for the Mo formation.

By determining the Mo abundances in the Galactic
disc stars, Mishenina et al. [3] expanded the range of
metallicities (up to [Fe/H] ≈ 0.3 dex) for stars with
speci�ed Mo abundances. The analysis using two di-
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�erent GCE codes [1, 38] showed that, in compari-
son with the calculated s-process yields in AGB stars,
there was a missing s-process contribution of about 20%
(e.g., [1, 6]). Some missing production from explosive
nucleosynthesis was also identi�ed from looking at the
overall pattern of [Mo/Fe]. Prantzos et al. [39] also esti-
mated the contributions of the s-process and r-process to
the solar isotopic and elemental abundances: 0.497 from
the s-process (about 10% higher compared to [3]), 0.275
for the r-process and 0.228 from the p-process.
When investigating the Mo enrichment of the Galactic

disc with a wider sample of Galactic substructures, we
have focused on open clusters (OCs) which belong to
the Galactic disc, but at the same one time can consider
separate subpopulations of this formation. The study of
stellar abundances in OCs may provide some additional
information about the disc enrichment and structure. If
we accept the scenario where open clusters and stellar
associations are formed within dense molecular clouds
showing chemical compositions similar to those of their
members, and later they are dispersed throughout the di-
sc, contributing to its formation [40�41], then it is cruci-
al to carry out a comparative study of distinguishing
aspects of the chemical composition of stars in OCs and
Galactic disc.
This study aims to determine the Mo abundances

in the open cluster stars, to examine the molybdenum
enrichment of OCs and analyse the features of the Mo
abundance behaviour in the Galactic disc.

II. STARS UNDER EXAMINATION,

OBSERVATIONS AND STELLAR PARAMETERS

For the purposes of this study, we have selected stars
belonging to 13 open clusters from the list of stars which,
along with the detailed description of the spectral data
and determinations of main parameters, was taken from
[42�43]. The main parameters of the examined clusters
are given in Table 1, including galactic coordinates (for
J2000.0), galacto-centric distance RGC and age, while
atmospheric parameters of cluster stars are presented in
Table 2, with memberships in the last column (Mem).
Now let us give a summary of the main characteristics
of the spectra, stars and clusters.
The spectra of the selected stars were obtained usi-

ng a high-resolution ultraviolet and visible light echelle
spectrograph (UVES) ensuring the resolving power
R = 47 000 at the wavelength range 4760�6840 �A,
which is installed at the VLT telescope operated by
the European Southern Observatory (ESO) on Cerro
Paranal, Chile. In the study by Mishenina et al. [42],
we adopted the stellar parameters reported by Carraro
et al. [40] and Magrini et al. [44]. E�ective temperatures
Teff were derived from the photometric data using the
calibration described in [45], further adjusted for the
correlation between the iron abundance determined from
a certain line and lower-level excitation potential for
that line. Surface gravities log g were determined using
a canonical formula (for further details refer to [40]).
In order to test the atmospheric parameters reported

in [40] and in our work [42], two stars in each of two

open clusters, namely Ruprecht 4 and Ruprecht 7, were
selected; we compared the measured equivalent widths
EWs of lines in these two stars, as well as the e�ecti-
ve temperatures Teff estimated in [42] using the cali-
brations of the line-depths ratios for di�erent lower-level
excitation potentials developed by Kovtyukh et al. [46].
The comparison yielded a good agreement (see in detail
in [42]) for both equivalent widths EWs and e�ecti-
ve temperatures Teff , and the atmospheric parameters
reported in [40, 44] were adopted in the study. In
[43], the parameters were determined by applying the
afore-described technique, in particular Teff was determi-
ned by calibrating the line-depths ratios for di�erent
lower-level excitation potentials [46]. The gravity log g
was obtained from the iron ionisation balance. The mi-
croturbulent velocity Vt was derived factoring in that
the iron abundance logA (Fe) derived from the speci�-
ed Fe I line did not correlate with the EW of that line.
A comparison of the atmospheric parameters with those
reported in the literature showed a good agreement [43].

Name l b RGC age References

deg deg kpc Gyr

Berkeley 75 234.30 11.12 9.8 3.0 [47]

Berkeley 25 226.60 9.69 11.3 4.0 [47]

Ruprecht 7 225.44 4.58 6.5 0.8 [48]

Ruprecht 4 222.04 5.31 4.9 0.8 [48]

Berkeley 73 215.28 9.42 9.7 1.5 [47]

NGC6192 340.65 2.12 1.5 0.18 [49]

NGC6404 355.66 −1.18 1.7 0.5 [50]

NGC6583 9.28 −1.53 2.1 1.0 [50]

Collinder 110 209.649 −1.927 10.2 1.3 [51]

Collinder 261 301.684 −5.528 7.5 7.0 [52]

NGC 2477 253.563 −5.838 8.9 0.6 [53]

NGC 2506 230.564 9.935 10.9 1.9 [54]

NGC 5822 321.577 3.585 7.9 0.45 [55]

Table 1. Main characteristics of the investigated cluster

III. DETERMINATION OF THE Mo

ABUNDANCE

The abundances of molybdenum were derived in the
LTE approximation from the Mo I lines at 5506.493 �A
(log gf = 0.06) and 5533.031 �A (log gf = −0.069) usi-
ng the Castelli and Kurucz models [56] and a modi�ed
spectral synthesis code STARSP [57]. The lists of lines
and oscillator strengths were taken from the latest versi-
on of the Vienna Atomic Line Database (VALD) [58]
revised in 2016. The adopted LTE solar Mo abundance
was log A(Mo)� = 1.88± 0.08 [59]. Fig. 1 illustrates the
observed spectrum of star Cl* NGC 2477 MMU 4027
= NGC 2477 902 �tted with the calculated (synthetic)
spectrum in the region of the Mo lines.
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Cluster/ID Teff , K log g [Fe/H] Vt, km/s [Mo/Fe] σ,± Mem

Cl* Berkeley 25 CGM 10 5000 2.9 0.10 1.65 0.09 NM

Cl* Berkeley 25 CGM 12 4870 2.75 −0.20 1.50 0.12 M

Cl* Berkeley 25 CGM 13 4860 2.65 −0.17 1.73 0.24 M

Cl* Berkeley 73 CGM 12 5030 2.78 −0.39 1.40 0.35 0.22 NM

Cl* Berkeley 73 CGM 13 5730 4.15 0.17 0.99 −0.14 0.16 NM

Cl* Berkeley 73 CGM 15 5070 3.12 −0.38 1.04 0.28 0.04 NM

Cl* Berkeley 73 CGM 16 4890 2.71 −0.18 1.45 0.09 0.05 M

Cl* Berkeley 73 CGM 18 4940 2.88 −0.27 1.32 0.17 0.03 M

Cl* Berkeley 73 CGM 19 5870 4.23 −0.03 1.40 0.10 0.07 NM

Cl* Berkeley 75 CGM 9 4968 2.57 −0.44 1.5 0.06 0.01 NM

Cl* Berkeley 75 CGM 22 5180 3.37 −0.22 1.21 0.13 0.06 M

Cl* Collinder 110 DI 1122 4954 2.60 −0.06 1.20 −0.03 0.06 M

Cl* Collinder 110 DI 1134 4940 2.60 0.02 1.20 −0.19 0.03 M

Cl* Collinder 110 DI 1149 4906 2.60 −0.01 1.20 −0.03 0.08 M

Cl* Collinder 110 DI 1151 4956 2.60 0.02 1.20 −0.04 0.02 M

Cl* Collinder 110 DI 2129 4933 2.60 −0.04 1.20 −0.08 0.00 M

Cl* Collinder 110 DI 3122 4758 2.40 −0.03 1.00 −0.20 0.03 M

Cl* Collinder 261 CGM 2269 4575 2.40 −0.02 1.20 −0.11 0.07 M

Cl* Collinder 261 CGM 2291 4746 2.50 0 1.20 −0.13 0.07 M

Cl* Collinder 261 CGM 2309 4746 2.50 0 1.20 −0.11 0.04 M

Cl* Collinder 261 CGM 2311 4778 2.50 −0.02 1.15 −0.06 0.07 M

Cl* Collinder 261 CGM 2313 4674 2.50 −0.01 1.20 −0.03 0.06 M

Cl* Ruprecht 4 CGM 3 5180 2.63 −0.07 1.56 0.22 0.10 M

Cl* Ruprecht 4 CGM 4 5150 2.52 −0.04 1.66 0.11 0.12 M

Cl* Ruprecht 4 CGM 8 5190 2.64 −0.16 1.40 0.23 0.02 M

Cl* Ruprecht 4 CGM 18 5040 3.17 −0.35 1.20 0.19 0.07 NM

Cl* Ruprecht 7 CGM 2 5160 2.12 −0.34 1.62 0.21 0.00 M

Cl* Ruprecht 7 CGM 4 5105 2.05 −0.24 1.90 0.06 0.07 M

Cl* Ruprecht 7 CGM 5 5230 2.19 −0.27 2.10 0.30 0.00 M

Cl* Ruprecht 7 CGM 6 5230 2.23 −0.20 2.08 0.28 0.11 M

Cl* Ruprecht 7 CGM 7 5150 2.40 −0.25 1.82 0.27 0.00 M

Cl* NGC 2477 MMU 4027 4969 2.60 0.10 1.20 −0.03 0.00 M

Cl* NGC 2477 MMU 4221 4728 2.40 0.19 1.00 −0.15 0.04 M

Cl* NGC 2477 MMU 5043 5040 2.60 0.08 0.90 −0.29 0.07 NM

Cl* NGC 2477 MMU 5076 4992 2.60 0.18 1.00 −0.17 0.01 M

Cl* NGC 2477 MMU 7266 4974 2.60 0.19 1.20 −0.21 0.02 M

Cl* NGC 2477 MMU 7273 4993 2.60 0.20 1.15 2 −0.23 0.04 M

Cl* NGC 2477 MMU 8216 4945 2.70 0.14 1.20 −0.25 0.07 NM

Cl* NGC 2506 MMU 1112 4969 2.60 -0.22 1.20 0.10 0.20 M

Cl* NGC 2506 MMU 1229 4728 2.40 -0.22 1.00 −0.09 0.04 M

Cl* NGC 2506 MMU 2109 5040 2.60 -0.22 0.90 0.13 0.07 NM

Cl* NGC 2506 MMU 2380 4992 2.60 -0.19 1.00 0.04 0.35 M

Cl* NGC 2506 MMU 3231 4974 2.60 -0.22 1.20 0.11 0.11 M

Cl* NGC 2506 MMU 5271 4993 2.60 -0.24 1.15 0.02 0.09 M

Cl* NGC 5822 13292 5010 2.8 0.04 1.20 −0.05 0.11 M

Cl* NGC 5822 16450 4972 2.6 -0.02 1.20 −0.04 0.11 NM

Cl* NGC 5822 18897 5030 2.7 -0.02 1.00 −0.10 0.19 M

Cl* NGC 5822 2397 5036 2.8 0.02 1.10 −0.14 0.13 M

Cl* NGC 6192 9 5050 2.30 0.19 1.75 −0.07 0.07 M

Cl* NGC 6192 45 5020 2.55 0.08 1.60 0.07 0.01 M

Cl* NGC 6192 96 5050 2.30 0.13 2.10 0.04 0.07 M

Cl* NGC 6192 137 4670 2.10 0.07 1.80 −0.09 0.03 M

Cl* NGC 6404 5 5000 1.00 0.05 2.60 −0.08 0.14 M

Cl* NGC 6583 46 5100 2.95 0.40 1.45 −0.17 0.11 M

Table 2. Main parameters of stars in the examined clusters and respective Mo abundances
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The derived molybdenum to iron abundance ratios in
the open cluster stars relative to the solar [Mo/Fe] ratios
are given in Table 2.
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Fig. 1. Spectra in the region of Mo I lines at 5506 �A and
5533 �A for Cl* NGC 2477 MMU 4027 = NGC 2477 902.
The observed (asterisks) and calculated (dashed line) spectra
depict a change of 0.1 dex in the Mo abundance; the dotted

line does not factor in the Mo contribution

A. The estimated impact of the parameter

accuracy on the Mo abundance determination

Table 3 presents the estimated impact of the
parameter accuracy on the Mo abundance determination
in a star of the open cluster Cl* Ruprecht 7 CGM 4 wi-
th the atmospheric parameters Teff/log g/Vt/[Fe/H] =
5190/2.64/1.4/-0.16 for the following parameter variati-
on values: δ Teff= +100K; δ log g= +0.2 km/s; δVt= 0.2
km/s, and the �tting of the spectrum is +0.03. The
total error is given in the last column labeled Total. The
parameter variation values taken from an earlier study
conducted by Mishenina et al. [43] correspond to the
accuracy of the measured parameters.

Element δTeff δlog g δVt Fit Total

Mo I 0.13 0.06 0.01 0.03 0.14

Table 3. Impact of the parameter accuracy on the Mo
abundance determination, OCs star Cl* Ruprecht 7 CGM

4 (5190/2.64/1.4/-0.16)

As can be seen from Table 3, the error in the Mo
abundance determination is 0.14 dex.

B. Comparison with the results obtained by other

authors for the open cluster stars

The abundances of Mo for the clusters common with
this study have only been reported in [60] just for one
open cluster, namely Collinder 261. In the study [60],
the Mo I lines used to determine the Mo abundances
were di�erent from those employed in our study �
in particular, they used the Mo I lines at 5570.44 �A
(log gf = −0.34), 5751.41 �A (log gf = −1.01) and
6030.64 �A (log gf = −0.52) with the Mo atomic data
taken from [61] and modelled each feature as a si-
ngle line. There are no examined stars in the Collinder
261 cluster common with the study of Overbeek et al.

[60]; we can compare only the cluster mean metallici-
ty 〈[Fe/H]〉 and Mo abundance 〈[Mo/Fe]〉, which are
as follows: 〈[Fe/H]〉our = −0.01, 〈[Mo/Fe]〉our = −0.09
and 〈[Fe/H]〉Over = −0.06, 〈[Mo/Fe]〉Over = −0.05 (our
determinations and those reported in [60], respectively).
The cluster mean metallicity 〈[Fe/H]〉Over is 0.05 lower
while the mean Mo abundance 〈[Mo/Fe]〉Over is 0.04 hi-
gher than our values, but they all agree within the errors.

IV. RESULTS AND DISCUSSION

The mean Mo abundances for the members of the
target clusters are given in Table 4, averaging was carri-
ed out over the values of the Mo abundance for the
cluster members (n). The comparison of the mean Mo
abundances for the open clusters in this work and in
[60], and also for the disc stars [3] is presented in Fig. 2.

As can be seen in Fig. 2, there are superimposing data
sets which are coincident within the errors and show si-
milar dependences (trends) of decreasing Mo abundances
with increasing metallicities in the open clusters and disc
stars. Moreover, the observational data from [60] show a
greater number of clusters with the Mo abundances that
are high, but still within the range of the values for the
Galactic disc stars nevertheless.
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Fig. 2. Comparison of the resulting mean Mo abundances for
the open clusters (the values derived in this study are plotted
using circles with dots inside while those from [60] are marked
as �lled circles) and for the disc stars [3] (marked as asterisks)
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A. The mean Mo abundances and respective

scatter in di�erent stellar populations of the

Galactic disc

We compared the mean molybdenum 〈[Mo/Fe]〉 and
europium 〈[Eu/Fe]〉 abundance ratios, as well as respecti-
ve standard error (σ), determined for the open cluster
stars in this study and in [60], with the mean values for
the disc dwarfs from [3] and the open cluster 〈[Eu/Fe]〉
ratios reported in a series of papers by Reddy et al.

[54, 62�64]. In Table 5, europium is selected additionally
as the second (reference) element in common with our
precedent study [43], based on the same spectra and
used the same parameters as in this work, and in [60].
Unfortunately, no Mo abundances were reported in the
studies by Reddy et al. [54, 62�64]. Values n represent
the number of either clusters or disc dwarfs.

Name 〈[Fe/H]〉 〈[Mo/Fe]〉 σ n

Berkeley 25 −0.18 0.18 0.08 2

Berkeley 73 −0.22 0.13 0.06 2

Berkeley 75 −0.22 0.13 � 1

Collinder 110 −0.02 −0.09 0.08 6

Collinder 261 −0.01 −0.09 0.04 5

Ruprecht 4 −0.09 0.19 0.05 3

Ruprecht 7 −0.22 0.22 0.10 5

NGC 2477 0.17 −0.16 0.08 5

NGC 2506 −0.22 0.04 0.08 5

NGC 5822 0.01 −0.09 0.05 3

NGC 6192 0.12 −0.01 0.08 4

NGC 6404 0.11 −0.08 � 1

NGC 6583 0.4 −0.17 � 1

Table 4. The mean metallicities and Mo abundances for the
examined clusters

As can be seen from Table 5, the mean ratio
〈[Mo/Fe]〉Over = 0.11 is close to the mean value for the
disc stars (0.08); however, for two sets of OCs the rati-
os 〈[Mo/Fe]〉our = 0.02 and 〈[Mo/Fe]〉Over di�er from
each other, and this di�erence makes −0.09. A direct
comparison of the results for the open cluster Collinder
261 also yields such a di�erence (o�set). Although this di-

�erence is within the Mo abundance determination error
(as speci�ed above, this error is about 0.14 dex), it is
indicative of the systematic o�set which may be associ-
ated with the di�erent approaches and methods applied
in these two studies, in particular di�erent Mo lines, i.e.
Mo atomic data used in the present study and in [60].

As for the scatter (dispersion) of the Mo abundance,
the dispersion for the stars inside the considered clusters
does not exceed 0.08 dex with the exception of Ruprecht
7 (0.1 dex, see Table 4); at the same time, for the two
sets of considered open clusters, the scatter is the same,
obtained in this work and in [60], and equals to 0.14 dex,
which is slightly larger than for disk stars (0.11 dex), but
this is within the determining error of the molybdenum
abundance (0.14 dex).

A comparison between the mean Eu abundances obtai-
ned in this study 〈[Eu/Fe]〉our and in [60] 〈[Eu/Fe]〉Over

shows a di�erence of about 0.2 dex, the 〈[Eu/Fe]〉Over

ratio is lower than our ratios for both the open cluster
stars and disc stars (Table 5). Therefore, we make an
additional comparison between the 〈[Eu/Fe]〉our ratio
obtained in this study and the 〈[Eu/Fe]〉Reddy ratio
reported in a series of studies by Reddy et al. covering
a larger sample of clusters [54, 62�64]. As noted earlier,
due to the fact that no Mo abundances are available from
[54, 62�64], we add another comparison (Table 6) with
the yttrium and lanthanum abundances reported in [54,
62�64]. As can be seen in Table 5, the Eu abundances
in the disc stars and open clusters (for the sets sampled
in our studies and in [54, 62�64]) are similar while the
values reported in [60] are di�erent from all the others;
the Eu abundance scatter in the open clusters (sampled
in this study and in [60]) is greater than the cluster values
in [54, 62�64] and those for the disc stars in [3].

The di�erence resulted from the comparison of the Eu
abundances obtained in this study (〈[Eu/Fe]〉our = 0.14)
and those in [60] (〈[Eu/Fe]〉Over = −0.05) may be associ-
ated with a greater number of distant clusters exami-
ned in [60] as compared to this study; moreover, these
distant clusters may be responsible for some variations
in the mean ratios due to the possible presence of the
abundance gradients in the Galaxy.

Objects/Reference 〈[Mo/Fe]〉 σ,± n 〈[Eu/Fe]〉 σ,± n

Galactic disc [3] 0.08 0.11 163 0.07 0.11 197

OCs (this work), [43] 0.02 0.14 13 0.14 0.13 11

OCs [60] 0.11 0.14 23 −0.05 0.14 23

OCs [54, 62�64] � � � 0.11 0.08 33

Table 5. The mean [Mo/Fe] and [Eu/Fe] ratios and respective standard errors (σ) in the examined objects

〈[Y/Fe]〉 σ, ± 〈[La/Fe]〉 σ, ± 〈[Eu/Fe]〉 σ, ± References

0.04 0.11 0.11 0.09 0.14 −0.13 this study

0.07 0.06 0.06 0.12 0.11 0.08 [54, 62�64]

Table 6. Comparison of the mean values of [Y/Fe], [La/Fe] and [Eu/Fe] ratios obtained in this study and in a series of the
open cluster studies by Reddy et al. [54, 62�64] for 11 and 33 sampled clusters, respectively
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B. The abundances of Mo in stellar clusters as a

function of the cluster age and distance to the

Galactic centre RGC

The Mo abundance behaviour as a function of
the cluster age and distance to the Galactic centre
RGC was investigated in [60]. However, the reported
results were subject to a su�cient degree of uncertai-
nty as the absence of data from other studies did
not allow the authors to compare their results and
thus draw more reasonable conclusions. Let us exami-
ne the Mo abundance behaviour taking into account
our newly obtained determinations. The dependences of
the [Mo/Fe] ratios on the cluster age and distance to
the Galactic center (i.e. Galactocentric radius) RGC are
plotted in Figs. 3, and 4, respectively, for the two sets of
clusters examined in this study and in [60].
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Fig. 3. [Mo/Fe] vs. age of clusters is shown for the data in
this study (empty circles with central dot) and in [60] (�lled
circles). Slopes from the di�erent sets are shown with the

continuous line and the dashed line, respectively
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Fig. 4. As for Figure 3, but [Mo/Fe] vs. Galactocentric radius
RGC is shown

As is seen from Fig. 3, there is hardly any correlation
between the Mo abundance and the age of the cluster.
From our set of data, the slope is 0.006±0.021 dex Gyr−1.
From [60] the slope is −0.0121±0.013 dex Gyr−1, that is
consistent with our results within the errors. As reported
in [60], �there is no visual suggestion of a trend with age
when the cluster Berkeley 17 (which is 10.2 Gyr old)
is excluded from the sample�. Our results con�rm this
conclusion.

As regards the dependence of [Mo/Fe] on the
Galactocentric radius RGC (Fig. 4), our results show a
small gradient of 0.007±0.020 dex kpc−1. The slope for
the data reported by Overbeek et al. [60] is 0.014±0.013
dex kpc−1. Also in this case, our results are consistent
with [60], con�rming that there is no signi�cant trend
with the Galactocentric radius.

We also considered the abundance trend of the combi-
ned Mo data with respect to the age and Galactocentric
radii for the entire list of clusters in the combined sample.
There is no correlation between the Mo abundance ratio
[Mo/Fe] and the age of the cluster (slope = −0.001 ±
0.010 dex Gyr−1) for the combined sample of clusters.
As noted earlier, Mo is made by di�erent processes consi-
stently with this scenario, the resulting Mo abundance
trend does not follow the trend of typical s-process
elements like Zr, La and Ba [65]. This con�rms that it is
not the s-process that dominates the Mo production in
the galactic disk (e.g., [1, 6, 3]).

The compiled [Mo/Fe] trend with the Galactocentric
radius RGC for all the sampled clusters is represented
with a slope of 0.018 ± 0.009 dex kpc−1, which is simi-
lar to the slope of 0.015 ± 0.013 dex kpc−1 reported
in [60], but is of a higher statistical signi�cance level
(p-value). It is essential and interesting to compare the
degree of correspondence between this trend for Mo and
a compiled trend for Eu, which is an element produced
mainly by the r-process, reported in [60] (a slope of
0.039± 0.010 dex kpc−1) and other studies. Jacobson &
Friel [65] reported a slope of 0.047 dex kpc−1 while Yong
et al. [66] determined the abundance gradient for two
ranges of distances, in particular 0.07±0.01 dex kpc−1 for
RGC < 13 kpc and 0.01± 0.00 dex kpc−1 for RGC > 13
kpc. As discussed in Overbeek et al. [60], the scatter in
the [Eu/Fe] ratios among di�erent sources was up to 0.3
dex due to the di�erences in atomic data and techniques
used for the EW measurements of lines. Our data are in
agreement with such a value: the di�erence between the
mean abundances for the clusters examined in this study
and in [60] is 0.19 dex (Table 5). However, when consi-
dering only the Eu abundance in the clusters sampled in
[66, 67] within the range of Galactocentric radii adopted
in [60], Overbeek et al. [60] found a slope of [Eu/Fe] of
0.031 ± 0.023 dex kpc−1, which was consistent with the
resulting slope of the regression line of 0.039± 0.010 dex
kpc−1 [60]. Despite some inconsistency in the determi-
nations of the slope for [Eu/Fe] by di�erent authors, the
slope of the Mo abundance with the Galactocentric radi-
us derived in this study is signi�cantly smaller compared
to that of Eu. If we consider the [Mo/Fe] ratios for the
target clusters within the range of RGC < 13 kpc, the
relevant slope will be 0.007± 0.012 dex kpc−1. Since Mo
does not behave like the r-process element Eu, this also
con�rms that the production of Mo is not dominated by
the the r-process. However, it is not feasible to carry out
a quantitative estimation of these contributions.

For the comparison of the Mo and Eu trends, we used
the Eu abundance determinations for the open clusters
from [43, 60] and [54, 62�64], as well as those for the disc
stars reported in [3]. Note that in all the listed references

3901-6



MOLYBDENUM IN THE OPEN CLUSTER STARS

the Eu abundances were determined using the same 6645
�A line, with atomic data from [68] and by a calculated
synthetic spectrum as the line is of hyper�ne structure
and is slightly blended, though not as much as the other
Eu lines [60]. Fig. 5 illustrates a comparison between the
Eu abundances determined by di�erent authors for three
samples of open clusters [43, 54, 60, 62�64].
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Fig. 5. [Eu/Fe] vs. [Fe/H] for three samples of open clusters:
the values from [43] are plotted using circles with dots inside;
the data from [60] are marked as �lled circles while those from

[54, 62�64] are represented with blue squares
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Fig. 6. [Mo/Fe] vs. [Eu/Fe] for the Galactic disc sample from
[3] (dots) and for the open cluster samples from [43] (circles

with dots inside) and [60] (�lled circles)

A common trend of [Eu/Fe] with [Fe/H], i.e. decreasing
Eu abundance with increasing metallicity, is obvious for
all three samples, but the slope for the data from [60]
is steeper. The correlation between [Mo/Fe] and [Eu/Fe]
is shown in Fig. 6; the slope is 0.583 ± 0.068 for the
disc stars from [3] (red line); 0.501 ± 0.305 for the open
clusters from [43] (black line) and 0.333 ± 0.207 for the
sample from [60] (dashed line).
When neglecting the di�erence between systematic

errors in these studies, it is evident that all three samples
exhibit similar trends of [Mo/Fe] with [Eu/Fe]. The
resulting slopes con�rm that the contribution of the r-
process to the molybdenum enrichment is not signi�-

cant as compared to its contribution to the europium
abundance.

V. SUMMARY AND CONCLUSIONS

1. The abundances of molybdenum have been derived
for the stars in 13 open clusters for the �rst time.
2. Similar abundance trends of decreasing Mo

abundances with increasing metallicities have been found
for the open clusters and disc stars; such a behavi-
our pattern suggests a common origin of the examined
populations.
3. According to the determinations in this study, as

well as in the literature, the open cluster stars exhibit a
larger scatter (dispersion) of [Mo/Fe] values as compared
to the disc dwarfs (it is slightly greater, 0.14 dex versus
0.11 dex). It may be due to both methodological errors
in the abundance determinations and the actual scatter
associated with inhomogeneities in the disc enrichment
at di�erent distances to the Galactic center.
4. The results of this study for the open clusters

con�rm the absence of OCs age-dependence of the Mo
abundance, as reported earlier in [60].
5. The dependence of the Mo abundance on the

Galactocentric radius found in this study suggests that
the s-process (r-process) contribution to the Mo enri-
chment is signi�cantly smaller than its contribution to
typical s-process (r-process) elements. As a diagnostic,
we used Zr, Ba and La as s-process elements, and Eu as
an r-process element.
6. An analysis of the obtained results and the

dependences of the Mo content on the age of clusters and
distances from the center of the Galaxy manifests that
there is no correlation between the Mo abundance ratio
[Mo/Fe] and the age of the cluster (slope = −0.001 ±
0.010 dex Gyr−1) for the combined sample of clusters.
The compiled [Mo/Fe] trend with the Galactocentric
radius RGC for all the sampled clusters is represented
with the slope of 0.018 ± 0.009 dex kpc−1; it is of a hi-
gher statistical signi�cance in comparison with the earli-
er obtained data. This slope is di�erent from those obtai-
ned for s- or r-processes n-capture elements.
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Ðîçïîäië óìiñòó åëåìåíòiâ ó ðiçíèõ ãàëàêòè÷íèõ ïiäñòðóêòóðàõ ìà¹ âàæëèâå çíà÷åííÿ äëÿ âèâ÷å-
ííÿ ñòðóêòóðè é åâîëþöi¨ ×óìàöüêîãî Øëÿõó òà ïðîöåñiâ íóêëåîñèíòåçó. Óïåðøå âèçíà÷åíî âìiñò
ìîëiáäåíó â çîðÿõ, ùî íàëåæàòü äî 13 ðîçñiÿíèõ ñêóï÷åíü. Ñïåêòðè âèñîêî¨ ðîçäiëüíî¨ çäàòíîñòi
çið ó ðîçñiÿíèõ ñêóï÷åííÿõ áóëè îòðèìàíi çà äîïîìîãîþ òåëåñêîïà VLT, îñíàùåíîãî ñïåêòðîãðàôîì
UVES, íà Ïiâäåííié �âðîïåéñüêié Îáñåðâàòîði¨ Ñåððî Ïàðàíàë, ×èëi. Àòìîñôåðíi ïàðàìåòðè, ÿê-îò
åôåêòèâíi òåìïåðàòóðè Teff , îòðèìàíî ç ôîòîìåòðè÷íèõ äàíèõ òà çà äîïîìîãîþ êàëiáðóâàííÿ, ïî-
âåðõíåâó  ðàâiòàöiþ log g âèçíà÷åíî çà äîïîìîãîþ êàíîíi÷íî¨ ôîðìóëè. Âìiñòè ìoëiáäåíó îäåðæàíi
â íàáëèæåííi ËÒÐ (ëîêàëüíî¨ òåðìîäèíàìi÷íî¨ ðiâíîâàãè) iç âèêîðèñòàííÿì ìåòîäó ñèíòåòè÷íîãî
ñïåêòðà òà ëiíiié ìîëiáäåíó Mo I 5506�A i 5533�A. Çiñòàâëåííÿ îòðèìàíèõ ðåçóëüòàòiâ iç ðåçóëüòàòàìè
iíøèõ àâòîðiâ ïîêàçàëî õîðîøèé çáiã i äàëî ìîæëèâiñòü âèêîðèñòàòè áiëüø ðîçøèðåíèé íàáið ñêó-
ï÷åíü. Ïîðiâíÿëüíèé àíàëiç ïîâåäiíêè ìîëiáäåíó â çið ðîçñiÿíèõ ñêóï÷åíü òà çið Ãàëàêòè÷íîãî äèñêà
ïîêàçó¹ ïîäiáíi òåíäåíöi¨ çìåíøåííÿ âìiñòó Ìî çi çáiëüøåííÿì ìåòàëi÷íîñòi [Fe/H] ÿê çið ñêóï÷åíü,
òàê i çið äèñêà; òàêà ïîâåäiíêà ãîâîðèòü ïðî çàãàëüíå ïîõîäæåííÿ äîñëiäæóâàíèõ ïîïóëÿöié, ïðè
öüîìó ðîçêèä óìiñòó Ìî â çið ðîçñiÿíèõ ñêóï÷åíü áiëüøèé. Ïðîàíàëiçîâàíî òàêîæ îòðèìàíi ðåçóëü-
òàòè òà çàëåæíîñòi âìiñòó ìîëiáäåíó â ñêóï÷åííÿõ âiä âiêó òà âiäñòàíåé âiä öåíòðó Ãàëàêòèêè. Íå
çíàéäåíî êîðåëÿöi¨ ìiæ âìiñòîì [Mo/Fe] òà âiêîì ñêóï÷åííÿ (íàõèë = −0.001±0.010 dex Gyr−1) äëÿ
êîìáiíîâàíî¨ âèáiðêè ñêóï÷åíü. Çàãàëüíèé òðåíä [Mo/Fe] ç ãàëàêòîöåíòðè÷íèì ðàäióñîì RGC äëÿ
âñiõ ðîçãëÿíóòèõ ñêóï÷åíü çîáðàæåíèé íàõèëîì 0.018±0.009 dex kpc−1 i ìà¹ âèùó ñòàòèñòè÷íó çíà-
÷óùiñòü ïîðiâíÿíî ç îòðèìàíèìè ðàíiøå äàíèìè. Öåé íàõèë âiäðiçíÿ¹òüñÿ âiä íàõèëiâ, îäåðæàíèõ
äëÿ åëåìåíòiâ s- àáî r-ïðîöåñiâ íåéòðîííîãî çàõîïëåííÿ, ùî ñâiä÷èòü ïðî âíåñîê ó ìîëiáäåí iíøèõ
äæåðåë éîãî óòâîðåííÿ.
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