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ABSTRACT

Context. Abundance ratios involving Y or other slow-neutron capture elements are routinely used to infer stellar ages.

Aims. We aim to explain the observed [Y/H] and [Y/Mg] abundance ratios of star clusters located in the inner disc with a new pre-
scription for mixing in asymptotic giant branch (AGB) stars.

Methods. In a Galactic chemical evolution model, we adopted a new set of AGB stellar yields in which magnetic mixing was included.
We compared the results of the model with a sample of abundances and ages of open clusters located at different Galactocentric
distances.

Results. The magnetic mixing causes a less efficient production of Y at high metallicity. A non-negligible fraction of stars with super-
solar metallicity is produced in the inner disc, and their Y abundances are affected by the reduced yields. The results of the new AGB
model qualitatively reproduce the observed trends for both [Y/H] and [Y/Mg] versus age at different Galactocetric distances.
Conclusions. Our results confirm from a theoretical point of view that the relation between [Y/Mg] and stellar age cannot be ‘uni-
versal’, that is, cannot be the same in every part of the Galaxy. It has a strong dependence on the star formation rate, on the s-process
yields, and on their relation with metallicity, and it therefore varies throughout the Galactic disc.

Key words. stars: evolution — Galaxy: abundances — open clusters and associations: general — Galaxy: evolution — Galaxy: disk —

nuclear reactions, nucleosynthesis, abundances

1. Introduction

The launch of the Gaia satellite, with its first data releases
(Gaia Collaboration 2016, 2018a,b, 2021), together with
ground-based large spectroscopic surveys such as the Apache
Point Observatory Galactic Evolution Experiment (APOGEE)
(Majewski et al. 2017), the Gaia-ESO survey (Gilmore et al.
2012; Randich & Gilmore 2013), the GALactic Archaeol-
ogy with HERMES (GALAH) survey (De Silvaetal. 2015;
Bland-Hawthorn et al. 2019), and the Large Sky Area Multi-
Object Fibre Spectroscopic Telescope (LAMOST) survey
(Deng et al. 2012; Cui et al. 2012) have inaugurated a new era
for Galactic astronomy. In the new multidimensional view of
our Galaxy, the determination of the stellar ages plays a pre-
dominant role. New techniques based on the relations between
the age and some stellar properties, for instance, asteroseis-
mology, gyrochronology, stellar activity (see Soderblom 2010;
Soderblom et al. 2014, for reviews on the issue), and abundance
ratios (e.g., Masseron & Gilmore 2015; Feltzing et al. 2017,
Spina et al. 2018; Casali et al. 2019; Delgado Mena et al. 2019)
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have been developed as alternative and complementary methods
to the isochrone fitting. In this framework, the measurements
of stellar ages through the so-called chemical clocks, that is,
abundance ratios composed of a pair of elements that display
an increasing trend with decreasing stellar ages, such as [Y/Mg],
play a key role. Among the first works focusing on these kinds of
ratios, da Silva et al. (2012) found a significant trend of [Y/Mg],
[St/Mg], [Y/Zn], and [Sr/Zn] with the age of a sample of solar-
type stars. Nissen (2015) attributed the trend to the different pro-
duction mechanisms of the pair of elements considered in the
ratios: Mg, Zn, and for example, Al and Ti (used in some sub-
sequent works, as Delgado Mena et al. 2019; Casali et al. 2020)
are also produced by massive stars on shorter timescales, while
Y, Sr, and the other s-process elements are synthesised in low-
and intermediate-mass stars and are released to the interstel-
lar medium at later times. The value of their ratios therefore
increases in the younger stellar populations, and it has been
used as a sort of chemical clock to infer stellar ages, mainly in
the solar neighbourhood (see e.g., Jofré et al. 2020; Nissen et al.
2020).
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Casali et al. (2020, hereafter C20) analysed a sample of
solar-type stars, spanning a wide range of metallicities, to
derive precise stellar parameters and abundances from their
high-resolution stellar spectra. From these, stellar ages were
derived through isochrone fitting. C20 obtained a set of
relations between ages and several abundance ratios taking
the metallicity dependence into account. The relations were
applied to a sample of open clusters observed by the Gaia-
ESO survey (Gilmore et al. 2012; Randich & Gilmore 2013)
that were located in a wide range of Galactocentric dis-
tances (4 kpc < Rge < 16 kpc). The literature ages, obtained from
isochrone fitting of the full cluster sequence, of the clusters
located at Rgc>7kpc on average agree well with the ages
derived from the relations between abundance ratios and ages.
However, the ages derived for the innermost open clusters,
Rge < Tkpc, were overestimated with respect to those from
the literature. In other words, at a given age, clusters located in
the inner disc had a lower (or equal) Y abundance than clus-
ters at larger Galactocentric radii, while their Mg abundance
increased, producing a lower [Y/Mg]. C20 tentatively explained
the behaviour of the inner disc stellar populations as due to a
different star formation history (SFH) in different Galactocentric
distances, combined with a non-monotonic metallicity depen-
dence of the s-process stellar yields, and assuming a decreasing
efficiency of the s-process at high metallicity. With a Galactic
chemical evolution (GCE) model (Magrini et al. 2009) and a set
of empirical yields in which the production of Y at high metal-
licity was depressed, C20 were able to reproduce the observed
trends.

We here provide a robust theoretical explanation of this
decrease in the s-process efficiency with increasing metallicity,
and how this can reconcile the observations with the results of
a GCE model. In Sect. 2 we describe the assumptions under
which new AGB models including magnetic mixing were built.
In Sect. 3 we compare the results of a GCE with the abundances
and ages of a sample of open clusters observed in the Gaia-ESO
survey that were presented in C20 and Magrini et al. (2018). In
Sect. 4 we summarise our results and conclude.

2. Yields from magnetic AGB stars

Stellar yields from asymptotic giant branch (AGB) stars play
a major role in constructing a GCE model. In a previous work
(C20), AGB yields from different authors were adopted, includ-
ing those available in the FRUITY database' (Cristallo et al.
2011, 2015). FRUITY models, coupled to rotating massive
star models from Limongi & Chieffi (2018), provide a good
fit to the distribution of s-process elements in the solar spec-
trum (Prantzos et al. 2020). However, extremely precise (=10%)
isotopic ratio measurements in presolar SiC grains (Liu et al.
2018) demonstrated that the neutron density of FRUITY mod-
els is likely overestimated. In low-mass AGB stars, neutrons
are mainly provided by a '*C-rich thin layer, the so-called *C
pocket, which forms at the bottom of the convective enve-
lope after each third dredge-up episode (see e.g., Cristallo et al.
2009). The extension of the pocket and its '*C enrichment
depend on the algorithm that is adopted to handle the convec-
tive or radiative interface. FRUITY models are calculated by
applying a simple exponentially decreasing profile of the con-
vective velocities at the inner border of the convective enve-
lope (Cristallo et al. 2009). Recently, these models have been
revised by considering the mixing triggered by magnetic fields
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(Vescovi et al. 2020). This led to the formation of a more
extended and flatter 13C pocket with a lower '*C concentration.
We refer to Vescovi et al. (2020) for the details of this imple-
mentation. New magnetic models better reproduce presolar grain
experimental data by matching almost all the isotopic ratios.
Vescovi et al. (2020) presented three models with the same ini-
tial mass (M = 2 M,) and different metallicities (Z = 1072,
Z = Zo, and Z = 2 x 1072). To better identify the yttrium trend
as a function of the metallicity, we extended the 2 M, set by cal-
culating three additional models (Z = 3 x 107, Z = 6 x 1073,
and Z = 3 x 1072). As a reference term, we also calculated the
Z = 3 x 1072 FRUITY model, which is not currently included in
the database.

3. Time evolution of the yttrium abundance: effect
of magnetic mixing at high metallicity

We included the new set of Y stellar yields in the GCE
described in Magrini et al. (2009) and Maiorca et al. (2012),
which is a multi-phase multi-zone semianalytic chemical evo-
lution model based on the work of Ferrini & Galli (1988),
which has been applied by Travaglio et al. (1999), Molla & Diaz
(2005), Magrini et al. (2007), and Molld et al. (2015, 2016,
2019), for example. For the production of the first- and second-
peak neutron capture elements in massive stars, we considered
the yields of Limongi & Chieffi (2018).

In the upper panel of Fig. 1 we show the star formation
rate (SFR) normalised to the SFR at solar Rgc at the present
time (SFRy), predicted by our GCE at three Galactocentric radii
(6—8 and 10kpc). As a consequence of the higher infall rate
and the more efficient star formation in the inner parts of the
disc, the SFR/SFR, is considerably higher at Rgc = 6 kpe than
at larger radii. In addition, super-solar [Fe/H] are reached in the
inner regions, unlike in the outermost regions, where lower val-
ues are obtained. In the middle panel of Fig. 1 we show the
yttrium net yields of a 2 My as a function of [Fe/H] extracted
from the FRUITY database and obtained with the new set of
AGB models, in which the mixing triggered by magnetic fields
is considered (hereafter MAGN). The two sets of yields differ
strongly. This is caused by their different neutron-to-seed ratio.
This ratio depends on the availability of free neutrons (numera-
tor) and on the abundance of iron seed from which the s-process
path starts (denominator). While the first quantity is of primary
origin, the latter depends on the initial metallicity. In the bot-
tom panel of Fig. 1 we show the barium net of a 2 M, from the
FRUITY database and with the new MAGN approximation. In
general, MAGN models are characterised by a lower neutron-to-
seed ratio because fewer neutrons are available to the synthesis
of heavy elements. This has many important consequences (i) at
low metallicities, more yttrium is produced in MAGN models
because in FRUITY models the s-process flow is strong enough
to saturate the first s-process peak (Sr-Y-Zr region) and to move
to the second peak (Ba-La-Ce region); (ii) for higher [Fe/H], the
two sets have opposite trends: MAGN models show an almost
monotonically decreasing curve; on the other hand, FURITY
models first increase, reach a maximum at slightly super-solar
metallicity, and finally start to decrease; (iii) from low [Fe/H]
to high [Fe/H], the net yttrium production of MAGN models
decreases by roughly a factor of 30. In contrast, Y increases by
about a factor of 4 in FRUITY models. The effect is less pro-
nounced for the Ba yields at high [Fe/H] in the two sets of yields.

It is therefore straightforward to hypothesise that the adop-
tion of MAGN yields in the GCE has an important role in the
inner disc, where super-solar metallicity is reached. Still, we
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Fig. 1. SFR and s-process yields as a function of metallicity. Upper
panel: SFR normalised to SFR at solar Rgc at the present time computed
with the GCE in the thin disc at Rgc =6, 8, 10kpc. Middle panel: net
yttrium yields as a function of [Fe/H] for a 2 M, AGB star. Bottom
panel: net barium yield as a function of [Fe/H] for a 2 M, AGB star
(grey: FRUITY yields; red: new MAGN yields).

caution that the currently available MAGN models only have
initial masses M = 2 M. In this work, AGB models with other
stellar masses were scaled by conserving the original FRUITY
dependence on the initial mass. This approximation has to be
taken with caution because we did not yet explore the depen-
dence of the mixing triggered by magnetic fields on the initial
stellar mass (Cristallo et al., in prep.).

We plot the results in Fig. 2, where we show the trend of
[Y/H] versus age (upper panel) by comparing our abundances
and the ages of the open cluster sample, and the results of the
models at Rgc =6, 8, and 10kpc. The open clusters are divided
into three radial bins to be compared with the corresponding
curves of the model. The observational data show us that in the
innermost clusters yttrium no longer increases, but that [Y/H] is
comparable with the ratio in solar neighbourhood clusters. We
also show the theoretical curves obtained using the new MAGN
models and with the FRUITY yields. With the choice of the
MAGN yields for Y, the GCE predicts a flatter curve in the inner
disc than in the outermost regions for [Y/H] versus age, while
with the FRUITY yields there would be further growth of [Y/H].
In the bottom panel we show the time evolution of [Mg/H], for
which we adopted the yields of Chieffi & Limongi (2004) for Z
solar and Z = 0.006, extrapolated to 100 M. To be consistent
with C20, we kept the same choice for the Mg yields to high-
light variations that are only due to the yields of the s-process
elements. As noted by Prantzos et al. (2018), most literature Mg
yields underestimate the production of Mg, in particular those
that include rotating massive stars (see also Romano et al. 2010;
Magrini et al. 2014), and we therefore added an offset to the
model curves to reproduce the solar value. Unlike [Y/H], [Mg/H]
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Fig. 2. [Y/H], [Y/Mg], and [Mg/H] vs. age: sample of Gaia-ESO IDR5
clusters in three radial bins (Rgc < 6.5kpc in blue, 6.5kpc < Rge <
9kpc in green, and Rgc > 9kpc in pink) compared with results of the
GCE for the thin disc at three Rgc =6, 8, and 10 kpc with the MAGN
yields (continuous curves) and with the FRUITY yields (dot-dashed
lines). The ages and Rgc of open clusters are from Cantat-Gaudin et al.
(2020). The star marks the abundance ratio at the solar age and Galac-
tocentric distance.

continues to grow in the inner part of the disc, both from the
observational side and from the results of the GCE. In the mid-
dle panel, we show the time evolution of [Y/Mg]. The combi-
nation of an increasing trend for Mg and a slightly decreasing
trend for Y decreases their ratio for the inner disc clusters with
respect to the clusters in the solar neighbourhood at a given age.
The results of the GCE model with the MAGN yields qualita-
tively reproduce the observed trend, predicting a lower [Y/Mg]
than at Rgc > 8 kpc in the last 4 Gyr at Rgc = 6 kpc. On the other
hand, the results of the GCE with standard FRUITY yields would
produce a net increase of [ Y/H] in the inner regions, which com-
bined with the trend of [Mg/H], implies a higher [Y/Mg] in the
inner regions with respect to the solar and outer regions.

The results shown in Fig. 2 are similar to those obtained by
C20 with a set of yields from Maiorca et al. (2012), empirically
rescaled to match the observations. In particular, C20 reduced
the yields at super-solar metallicity by a factor 10. Now, the need
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for lower yields at high metallicity is instead based on a solid
physical basis and justifies the previous empirical results. For
the sake of completeness, in Fig. 3 we report the time evolution
of the other s-process elements versus Mg observed in the open
clusters of the IDRS of the Gaia-ESO survey, with data available
in Magrini et al. (2018). The five elements (including Y, shown
in Fig. 2), Zr and Y (belonging to the first s-process peak), and
Ba-La-Ce (second s-process peak), show a similar behaviour:
inner and solar Galactocentric clusters reach a similar enrich-
ment in [El/Mg] despite the much more intense star formation
in the inner part of the disc. We compare the observations with
the results of the GCE models in which, as for Y, we include the
MAGN yields. For comparison, we also include the results of the
GCE with the FRUITY yields. The behaviour of Zr is very simi-
lar to that of Y because they both belong to the first peak. For ele-
ments belonging to the second s-process peak, we also find that
inner disc clusters reach the same enrichment as their solar coun-
terparts. GCE curves computed with MAGN models reproduce
the observed trends well, further confirming the robustness of the
new adopted physical prescription for magnetic mixing in AGB
stars. Another striking achievement is the adequate reproduction
of the solar abundances at the epoch and the birith place of the
Sun (~8 kpc and ~4.5 Gyr ago; marked by a star in the plot) for
all the studied elements. These elements would be slightly over-
estimated for the second-peak elements when adopting FRUITY
yields (see e.g., Prantzos et al. 2020). The difference between
the two sets arises from the fact that in the metallicity range we
explored, MAGN models also produce fewer elements belong-
ing to the second s-process peak than FRUITY models (see the
lower panel of Fig. 1). Further exploration of the low-metallicity
regime is needed, as is the dependence on the magnetic mixing
as a function of the initial mass (Vescovi et al., in prep.; Cristallo
et al., in prep.). Moreover, we also plan to evaluate the possible
effects caused by stellar migration (see e.g., Minchev et al. 2019;
Cristallo et al. 2020).

Data on additional open clusters from the last Gaia-ESO
data release, covering wider ranges in ages and distances, will
be available in Spring 2021. They will allow us to complete the
comparison between models and observations by including more
s-process and r-process elements (Van der Swaelmen et al., in
prep.; Viscasillas Vazquez et al., in prep.), which will for the
first time provide spatially resolved relations of age and chemi-
cal clocks in the Galactic disc.

4. Conclusions

We propose a theoretical explanation of the behaviour of the
slow neutron capture elements, in particular Y, in the inner part
of the Galactic disc. In a recent paper, C20 confirmed the exis-
tence of a tight relation of age and [Y/Mg] in the solar neigh-
bourhood. The failure to apply this relationship to the open
cluster population in the innermost part of the Galactic disc has
raised some questions about the efficiency of the s-process at
high metallicity. C20 found an empirical solution that in a GCE
model introduced reduced yields for the production of Y from
AGB stars at high metallicity.

Recently, Vescovi et al. (2020) proposed a new paradigm
for mixing induced by magnetic buoyancy in AGB stars. With
respect to this work, we expanded the metallicity range of
our theoretical investigation and highlighted a new relationship
between metallicity and high-mass element yields. With a focus
on yttrium, we applied these new AGB yields in a GCE model
and were able to reproduce the observed trend at different Galac-
tocentric distances. In particular, we can qualitatively explain the
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Fig. 3. [Zr/Mg], [Ba/Mg], [Ce/Mg], and [La/Mg] vs. age. Symbols and
colours as in Fig. 2.

change in slope and intercept in the relations of age and [Y/Mg].
We confirm that no single relationship of age and [ Y/Mg] is valid
in the whole Galaxy, but that it varies according to the SFR and
the metallicity. For limited regions, in particular the solar neigh-
bourhood, the relations of age and abundance ratios built with
solar twins are still valuable tools for measuring stellar ages. We
aim at extending these relations including a further variable that
is the birth radius in the disc (Viscasillas Vazquez et al., in prep.).
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