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Haywood et al.: The age structure of stellar populations in the solar vicinity
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Fig. 6. Top panel: The general [α/Fe] vs age distribution for stars
in the sample, for all stars having an absolute magnitude Mv < 4.75.
Open circles indicate stars which have alpha enhancements consistent
with the thick disk but have ages indicative of the thin disk and also lie
on the thick disk sequence in the [α/Fe]–[Fe/H] plane. The line divides
the thick and thin disk populations. Bottom panel: Same stars, the color
coding the absolute magnitude of stars as described by the vertical scale.

following arguments favors an outer disk origin for these ob-
jects. Several of these stars have apocenters reaching galac-
tocentric distances larger than 9 kpc, being the only disk
population in the solar vicinity showing this characteristic.
This was demonstrated in Haywood (2008) for stars in the
solar vicinity, and is also clearly visible in Fig. 7 of Bovy
et al. (2012b) for a more spatially extended sample. While
these metal-poor stars represent only a few percent of the lo-
cal disk, objects with similar chemical properties dominate
the disk at R>9-10 kpc, or about 1-2 kpc outside the solar
orbit. With a dispersion in the U-component of about 50
km.s−1, one derives an epicycle radial excursion of 1-2 kpc
(e.g, Roškar et al. 2011), which is sufficient to explain that
some of these objects contaminate local samples. Further ar-
guments and a discussion of the status of these stars and how
they fit in our general scheme are presented in § 5.1.

3.3. The age-metallicity relation

In light of the insights gained in investigating the relationship
between age and α-enhancement, it is interesting to look at
the age-metallicity ([Fe/H]) relation. The age-metallicity rela-
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Thick disk sequence
Thin disk sequence

Fig. 7. Top panel: Same as Fig. 6, but the open and solid circles
represent stars on the thin and thick disks sequence as classified from
their distribution in Fig. 1, respectively. Bottom panel: Same as above,
but color coding based on the metallicity of the stars as indicated by the
color bar.

tion confirms that stars in the thick disk show a much tighter
correlation between age and metallicity than thin disk stars
(Fig. 9). Moreover, the increase in metallicity in the thick disk
phase (∼0.15 dex Gyr−1) is much steeper than in the thin disk
(0.025 dex Gyr−1), also implying a decrease by a factor of 5–6
in the production of iron after 8 Gyr. Moreover, metal-poor thin
disk stars are not degenerate in the age-[Fe/H] as they are in the
[α/Fe]–age plane. Once they are identified in the age-metallicity
distribution, the correlation between age and metallicity for thick
disk stars becomes much clearer. Note the four outliers to the
thick disk age-metallicity relation. Two of them have no partic-
ular characteristics, and seem to be standard thick disk objects.
We can offer no particular explanation for their ‘young’ ages.
The two others (circled symbols on Fig. 9) are HIP 54641 and
HIP 57360, two stars with slightly low alpha abundances (see
Fig. 1), and significant U velocity (respectively +84 and +100
km s−1) . Taken together, these arguments suggest that these two
stars have been accreted.

At ages less than about 8 Gyr, in the thin disk regime, the
dispersion in metallicity increases sharply. This is in agreement
with a number of previous studies (e.g. Edvardsson et al. 1993;
Nordström et al. 2004; Haywood 2006). This may be mainly
an effect of radial migration of the stars through “churning” or
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Fig. 6. Top: age-metallicity plot for the Milky Way disk. The contours
indicate the relative sample completeness, i.e. the percentage of stars
that would remain in the sample due to the Gaia-ESO survey selection
functions, i.e. IR magnitude and colour cuts, and restrictions imposed
on stellar parameters. Here the magnitude cuts refer to the distance of
1 kpc. For clarity, this fraction was normalised to its peak value. Bottom:
the distribution of stars in the [Mg/Fe] – age plane.

Geneva-Copenhagen Survey. The authors find no age-metallicity
relation; the stars are homogeneously distributed in metallicity
in any age bin up to 12 Gyr (Casagrande et al. 2011b, their
Fig. 16). While qualitatively, the mean metallicity of the sample
for old ages could be affected by our sampling bias against old
and metal-rich stars, Fig. 6 shows that the suppression relative
to the most populated part of the plot is not larger than 50−70%.
The fact that no metal-rich star is observed with age >10 Gyr
may indicate that such stars are rare, if they exist at all in the
solar neighbourhood.

Figure 6 (bottom panel) shows [Mg/Fe] ratios as a func-
tion of age, colour-coded with [Fe/H]. The oldest stars with
ages >12 Gyr show [Mg/Fe], from 0 to 0.4 dex, and a broad
range of metallicity, from solar to [Fe/H] ∼ −1. There is lit-
tle evidence that the relation tightens at ages greater than 9 Gyr
in our sample, as advocated e.g. by Haywood et al. (2013) who
used a subsample of 363 stars from the Adibekyan et al. (2012)
sample of 1111 FGK stars. Bensby et al. (2014) also found a
knee at 9 Gyr, with a clear increase in [Mg/Fe] with age (their
Fig. 21), albeit with a notably larger scatter at ages >11 Gyr than
in Haywood et al. (2013). It is possible that the larger scatter in
our sample at old ages is due to the fact that we include stars with
relatively large age uncertainties. However, from our analysis of
the selection effects, it is to be expected that some fraction of
α-poor old stars could be artificially suppressed for the same rea-
sons as discussed above, akin to the [Fe/H] suppression shown
in the age-metallicity plot. Regardless of these effects, the trends
at old age, as seen by Haywood et al. (2013) and Bensby et al.
(2014) fit within our [Mg/Fe]-age relation.

Finally, one interesting feature of the age-metallicity relation
deserves a comment. Figure 7 (top panel) shows the observed
stars in the age-metallicity plane colour-coded with their Teff .
The obvious correlation with effective temperature is striking yet
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Fig. 7. Top panel: observed stars in the age-[Fe/H] plane, colour-coded
with their Teff . Bottom two panels: highest possible Teff for a given age
and [Fe/H] obtained from the stellar evolution tracks without (middle)
and with (bottom) photometry and log g cuts. Selected curves of con-
stant Teff are given for reference. For Teff ≤ 6500 K, the highest “observ-
able” values of Teff do not depend on the cuts imposed on the sample
and are simply the result of stellar evolution effects.

it can be easily explained based on the similar considerations as
in Sect. 4. In the middle and bottom panel of Fig. 7, we also show
the maximum Teff to be expected in the [Fe/H] – age plane based
on stellar evolution models, without (middle) and with (bottom)
cuts on the photometry and stellar parameters. The colour and
log g cuts affect the bottom left corner of the age-metallicity plot.
Young hot stars are suppressed because of the blue colour cut
in the Gaia-ESO UVES sample selection. However, from the
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Because of the uncertainities, we resort to using
isochrones as little as possible, and have a very simple ap-
proach, explained in the next section. We note that Ro-
drigues et al have the same issue, but argue that a tem-
perature offset is not important for their purpose, which is
measuring distances.

3 MEASURING MASSES AND AGES

3.1 Masses from seismic scaling relations

From the standard seismic scaling relations described in the
introduction, we can derive the mass of a star as:

M =

(

νmax

νmax,!

)3 (

∆ν
∆ν!

)4 (

Teff

Teff,!

)1.5

,

using νmax,! = 3140µHz, ∆ν! = 135.03µHz, and Teff,! =
5777 K (as was used to build the APOKASC catalogue, see
XXX). We perform a simple error propagation to get an
error on this mass using the errors on νmax, ∆ν and Teff .
On average, the resulting mass errors are of 0.19 M! (or
14%). In this computation, as a value of temperature er-
ror we only took into account the statistical error from the
APOGEE data reduction pipeline (this error is of the of 90
K on average). We do not attempt to correct for system-
atic metallicity-dependent errors (because at this stage, it
is unclear if the offset between APOKASC and isochrones
comes from the data or the isochrones, or both). However,
if we correct the APOKASC effective temperatures to bring
them closer to the isochrones, by using the simple prescrip-
tion:

Teff−modified =

{

Teff − 350× [Fe/H] if [Fe/H] < 0
Teff if [Fe/H] ! 0,

we find that the masses are increased by less than 0.1 M!

(see Figure 2). If indeed this correction should be applied, it
means that by not applying it we are systematically under-
estimating the masses of metal poor stars, which would lead
to an overestimate of their ages by up to a few Gyr. This is
acceptable since our purpose here is to provide upper limits
on ages.

3.2 From masses to ages

4 DISCUSSION
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Figure 2. Effect of a modification of Teff on the mass obtained
from scaling relations. The modified masses are typically higher
by ∼0.1M! at most

Figure 3. Cumulative distribution of the minimum mass of stars
(defined as the lower limit of the 1σ confidence interval) for dif-
ferent bins of [α/Fe]
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et al. 2013), for stars out to 8 kpc from the Sun (Miglio
et al. 2013). Solar-like oscillations are pulsations that are
stochastically excited by convective turbulence in the stellar
envelope (e.g., Goldreich & Keeley 1977; Samadi & Goupil
2001). These oscillation modes are regularly spaced in fre-
quency, and can be described by two global asteroseismic
parameters, ∆ν and νmax. These parameters can be used to
measure stellar masses and radii.

The large frequency separation, ∆ν, is the frequency
separation of two modes of same spherical degree and con-
secutive radial order. It is related to the sound travel time
from the center of the star to the surface, and depends on the
stellar mean density (Tassoul 1980; Ulrich 1986; Kjeldsen &
Bedding 1995),

∆ν ∝ ρ1/2 ∝ M1/2R−3/2 . (1)

The power spectrum of the oscillations usually has a
Gaussian-shaped envelope. The frequency of maximal os-
cillation power is called νmax, and is related to the acoustic
cut-off frequency (Brown et al. 1991). In the adiabatic case,
and for an ideal gas, it mainly depends on surface gravity
and temperature (Kjeldsen & Bedding 1995; Belkacem et al.
2011).

νmax ∝ gT−1/2
eff

∝ MR−2T−1/2
eff

(2)

Provided that Teff is known, the standard seismic scal-
ing relations (Equations 1 and 2) can be directly combined
to determine the mass and radius of a star (?Silva Aguirre et
al. 2011; Chaplin et al. 2011). This does not ensure however
that Teff , M and R are all consistent with stellar evolution.
Another way to use the scaling relations is called grid-based
modelling. It consists in transforming theoretical isochrones
into the (Teff , [Fe/H], ∆ν, νmax) space and finding the stellar
model that best matches the data, usually using standard
Bayesian parameter estimation techniques. This technique is
very often used (e.g., Stello et al. 2009; Kallinger et al. 2010;
Basu, Chaplin, & Elsworth 2010; Quirion, Christensen-
Dalsgaard, & Arentoft 2010; Casagrande et al. 2014), and it
has the advantage of having smaller uncertainties on mass
and radius compared to a direct use of the scaling relations
(Gai et al. 2011; Chaplin et al. 2014). It is also a way to ob-
tain ages, that cannot be directly derived from the scaling
relations. Typical uncertainties on grid-based ages are below
30% (e.g., Chaplin et al. 2014).

The goal of this paper is to study the relation be-
tween age and chemical abundance for a sample of red giant
stars that have been observed both by Kepler (and thus
have seismic parameters measured) and by APOGEE (Teff

and chemical abundances are obtained from high-resolution
near-infrared spectra). To measure ages, we use a very sim-
ple technique that provides an upper limit on stellar ages, in
a robust way that minimizes as much as possible the effects
of model-dependence that are characteristic of grid-based
modelling. We first determine a minimum mass for each star
using the seismic scaling relations, and then translate that
minimum mass into a maximum age, independently of the
evolutionary stage of each star. We also vary model param-
eters to assess how robust our upper limits are.

Our results confirm the expectations that most α-poor
stars have young ages, and that the fraction of young stars
decreases with increasing [α/Fe]. However, we also find 14

stars that are both α-rich and younger than 6 Gyr, which are
not predicted by chemical evolution models of the Galaxy.

We start by describing the APOKASC survey and the
data we use in Section 2. In Section 3, we justify the general
motivation for our approach, and then explain in Sections
4 and 5 how we measure masses and ages. The relation be-
tween age and chemical abundances is shown in Section 6,
before discussing in Section 7 the robustness of our age and
mass measurements. We conclude with a brief discussion on
the nature of the α-rich young stars.

2 THE APOKASC SAMPLE

APOKASC results from the combination of asteroseismol-
ogy data from the Kepler Asteroseismic Science Consortium
(KASC), with spectroscopic information from APOGEE
(Apache Point Observatory Galactic Evolution Experiment,
Majewski et al., in preparation) as part of the third phase
of the Sloan Digital Sky Survey (SDSS-III; Eisenstein et
al. 2011). The first APOKASC data release is introduced
in Pinsonneault et al. (2014). The catalogue contains seis-
mic and spectroscopic information for 1989 red giants. In
the original catalogue, the spectroscopic information corre-
sponds to APOGEE’s Data Release 10 (DR10; Ahn et al.
2014). In this paper, we keep the same original sample of
1989 stars and their seismic parameters, but update their
Teff and abundances to DR12 values (DR12 will be made
public in December 2014). DR12 provides a number of im-
provements over DR10: the line list has been updated, the
abundances of model atmospheres used to calculate synthe-
sized spectra that are fitted to the observation (Mészáros
et al. 2012) are now consistent with the abundances used
in the synthesis, and individual abundances for 15 elements
are now computed.

2.1 Seismic parameters from Kepler

The ∼ 2000 giants have been observed by Kepler in long
cadence mode, i.e., with a 30 minutes interval (e.g., Jenkins
et al. 2010). The light curves are prepared as described in
García et al. (2011), and their power spectra are analysed
with five different methods to measure νmax and ∆ν (Huber
et al. 2009; Hekker et al. 2010; Kallinger et al. 2010; Mathur
et al. 2010; Mosser et al. 2011). The νmax and ∆ν values pro-
vided in the catalogue are the ones obtained with the OCT
method from Hekker et al. (2010), while the other methods
are used for an outlier rejection process (stars with νmax val-
ues that differ too much from one technique to another are
removed from the sample) and to estimate uncertainties on
the measured parameters.

2.2 Spectroscopic parameters from APOGEE

APOGEE uses a multi-fiber H-band spectrograph to col-
lect high-resolution stellar spectra. After being treated by
the APOGEE data reduction pipeline (Nidever et al., in
preparation), these spectra are fed to the APOGEE Stellar
Parameter and Chemical Abundances Pipeline (ASPCAP;
Mészáros et al. 2013, García Pérez et al., in preparation),
that works in two steps. First, the spectra are compared to
a grid of synthetic spectra (Mészáros et al. 2012, Zamora et
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et al. 2013), for stars out to 8 kpc from the Sun (Miglio
et al. 2013). Solar-like oscillations are pulsations that are
stochastically excited by convective turbulence in the stellar
envelope (e.g., Goldreich & Keeley 1977; Samadi & Goupil
2001). These oscillation modes are regularly spaced in fre-
quency, and can be described by two global asteroseismic
parameters, ∆ν and νmax. These parameters can be used to
measure stellar masses and radii.

The large frequency separation, ∆ν, is the frequency
separation of two modes of same spherical degree and con-
secutive radial order. It is related to the sound travel time
from the center of the star to the surface, and depends on the
stellar mean density (Tassoul 1980; Ulrich 1986; Kjeldsen &
Bedding 1995),

∆ν ∝ ρ1/2 ∝ M1/2R−3/2 . (1)

The power spectrum of the oscillations usually has a
Gaussian-shaped envelope. The frequency of maximal os-
cillation power is called νmax, and is related to the acoustic
cut-off frequency (Brown et al. 1991). In the adiabatic case,
and for an ideal gas, it mainly depends on surface gravity
and temperature (Kjeldsen & Bedding 1995; Belkacem et al.
2011).

νmax ∝ gT−1/2
eff

∝ MR−2T−1/2
eff

(2)

Provided that Teff is known, the standard seismic scal-
ing relations (Equations 1 and 2) can be directly combined
to determine the mass and radius of a star (?Silva Aguirre et
al. 2011; Chaplin et al. 2011). This does not ensure however
that Teff , M and R are all consistent with stellar evolution.
Another way to use the scaling relations is called grid-based
modelling. It consists in transforming theoretical isochrones
into the (Teff , [Fe/H], ∆ν, νmax) space and finding the stellar
model that best matches the data, usually using standard
Bayesian parameter estimation techniques. This technique is
very often used (e.g., Stello et al. 2009; Kallinger et al. 2010;
Basu, Chaplin, & Elsworth 2010; Quirion, Christensen-
Dalsgaard, & Arentoft 2010; Casagrande et al. 2014), and it
has the advantage of having smaller uncertainties on mass
and radius compared to a direct use of the scaling relations
(Gai et al. 2011; Chaplin et al. 2014). It is also a way to ob-
tain ages, that cannot be directly derived from the scaling
relations. Typical uncertainties on grid-based ages are below
30% (e.g., Chaplin et al. 2014).

The goal of this paper is to study the relation be-
tween age and chemical abundance for a sample of red giant
stars that have been observed both by Kepler (and thus
have seismic parameters measured) and by APOGEE (Teff

and chemical abundances are obtained from high-resolution
near-infrared spectra). To measure ages, we use a very sim-
ple technique that provides an upper limit on stellar ages, in
a robust way that minimizes as much as possible the effects
of model-dependence that are characteristic of grid-based
modelling. We first determine a minimum mass for each star
using the seismic scaling relations, and then translate that
minimum mass into a maximum age, independently of the
evolutionary stage of each star. We also vary model param-
eters to assess how robust our upper limits are.

Our results confirm the expectations that most α-poor
stars have young ages, and that the fraction of young stars
decreases with increasing [α/Fe]. However, we also find 14

stars that are both α-rich and younger than 6 Gyr, which are
not predicted by chemical evolution models of the Galaxy.

We start by describing the APOKASC survey and the
data we use in Section 2. In Section 3, we justify the general
motivation for our approach, and then explain in Sections
4 and 5 how we measure masses and ages. The relation be-
tween age and chemical abundances is shown in Section 6,
before discussing in Section 7 the robustness of our age and
mass measurements. We conclude with a brief discussion on
the nature of the α-rich young stars.

2 THE APOKASC SAMPLE

APOKASC results from the combination of asteroseismol-
ogy data from the Kepler Asteroseismic Science Consortium
(KASC), with spectroscopic information from APOGEE
(Apache Point Observatory Galactic Evolution Experiment,
Majewski et al., in preparation) as part of the third phase
of the Sloan Digital Sky Survey (SDSS-III; Eisenstein et
al. 2011). The first APOKASC data release is introduced
in Pinsonneault et al. (2014). The catalogue contains seis-
mic and spectroscopic information for 1989 red giants. In
the original catalogue, the spectroscopic information corre-
sponds to APOGEE’s Data Release 10 (DR10; Ahn et al.
2014). In this paper, we keep the same original sample of
1989 stars and their seismic parameters, but update their
Teff and abundances to DR12 values (DR12 will be made
public in December 2014). DR12 provides a number of im-
provements over DR10: the line list has been updated, the
abundances of model atmospheres used to calculate synthe-
sized spectra that are fitted to the observation (Mészáros
et al. 2012) are now consistent with the abundances used
in the synthesis, and individual abundances for 15 elements
are now computed.

2.1 Seismic parameters from Kepler

The ∼ 2000 giants have been observed by Kepler in long
cadence mode, i.e., with a 30 minutes interval (e.g., Jenkins
et al. 2010). The light curves are prepared as described in
García et al. (2011), and their power spectra are analysed
with five different methods to measure νmax and ∆ν (Huber
et al. 2009; Hekker et al. 2010; Kallinger et al. 2010; Mathur
et al. 2010; Mosser et al. 2011). The νmax and ∆ν values pro-
vided in the catalogue are the ones obtained with the OCT
method from Hekker et al. (2010), while the other methods
are used for an outlier rejection process (stars with νmax val-
ues that differ too much from one technique to another are
removed from the sample) and to estimate uncertainties on
the measured parameters.

2.2 Spectroscopic parameters from APOGEE

APOGEE uses a multi-fiber H-band spectrograph to col-
lect high-resolution stellar spectra. After being treated by
the APOGEE data reduction pipeline (Nidever et al., in
preparation), these spectra are fed to the APOGEE Stellar
Parameter and Chemical Abundances Pipeline (ASPCAP;
Mészáros et al. 2013, García Pérez et al., in preparation),
that works in two steps. First, the spectra are compared to
a grid of synthetic spectra (Mészáros et al. 2012, Zamora et
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Figure 4. Range of possible ages for a post main-sequence star
with a mass of 1.2 M! and Z = 0.04. We show ages for the
main-sequence turn-off, sub-giant branch, red giant branch, core
helium burning phases, and asymptotic giant branch (from bot-
tom to top). For each of these phases, we show a range of possi-
ble ages according to the PARSEC and BaSTI stellar evolution
models. The diamonds and squares correspond to PARSEC and
BaSTI models with no mass loss on the RGB (corresponding to
η = 0). The triangles, dots and stars correspond to BaSTI with
η = 0.2 for canonical models, non-canonical models including
core convective overshooting on the main sequence, and models
with the same total metal content Z but enriched in α elements.
The highest possible ages (7.4 Gyr) are obtained on the AGB
for models without mass loss, and differ by only a few 100 Myr
between BaSTI and PARSEC models. Depending on the evolu-
tionary stage of a star, its content in α elements and the physical
model considered, the age could be up to ∼ 2 Gyr younger.

Figure 5. Maximum age as a function of mass and metallicity.
The dots show the values for the PARSEC isochrones for η = 0

(no mass loss) and a range of metallicities, while the lines cor-
respond to different sets of BaSTI isochrones for two extreme
metallicities (Z = 0.002 and Z = 0.04) in red and blue (solid
lines – no mass loss, dash-dotted lines – η = 0.2, canonical mod-
els, dashed lines – η = 0.2, non-canonical models including core
convective overshooting, dotted lines – η = 0.2, models enriched
in α elements).

ure 4 also shows ages for a 1.2 M! star using the BaSTI
isochrones with η = 0.2 for the canonical model, the non-
canonical model including convective core overshooting on
the main sequence, and a canonical model with the same
total Z but enriched in α-elements. These ages do not cor-
respond to the time evolution of a single star: a star with a
mass of 1.2 M! at the tip of the RGB actually started its
evolution as more massive, and is younger than a star with
a similar mass at the base of the RGB. For the three models
tested here, we find that the highest possible ages for a star
of a given mass are found on the RGB (but not at the tip of
the RGB), and are of about ∼ 7 Gyr, except for α-enriched
stars that could be 1 Gyr younger.

In the following, unless explicitely stated, we adopt the
age on the AGB for PARSEC models without mass loss
as the maximum age for a given mass and metallicity (as
shown in Figure 2, as a function of model parameters and
actual evolutionary stage, stars could be younger than this
maximum age by up to 1.5–2 Gyr).

In Figure 5, we show how this maximum age depends on
mass and metallicity. The series of dots correspond to PAR-
SEC isochrones for a range of metallicities representative of
the APOKASC sample, while the solid lines are the BaSTI
maximal ages for two extreme metallicities (Z = 0.002 and
Z = 0.004, roughly corresponding to the minimum and max-
imum values shown for PARSEC). As also seen in Figure 4,
the maximum age for a star of a given mass is very similar
between stellar evolution models, with differences up to a
few 100 Myr at most. The dashed, dotted and dash-dotted
lines correspond to various BaSTI models including mass
loss, and as already shown, they give smaller ages than the
standard case without mass loss.

Because the age–mass relation is very steep at low
masses, age determination is difficult for these stars: a small
error on mass or metallicity creates large variations in age.
For this reason, we do not attempt to measure ages for stars
with a mass lower than 1.2 M!. For stars more massive than
1.2 M!, we determine a maximum age based on each star’s
minimum mass and on its metallicity by using the PARSEC
isochrones with no mass loss (the dots in Figure 5). Instead
of using the actual metallicity of each star, we use bins of 0.2
dex in metallicity as shown in Figure 5. From such a bin to a
neighbouring one, the change of age at a fixed mass is of the
order of a few 100 Myr at most. This means that potential
small errors on the APOGEE metallicities have little influ-
ences on our results. We also note that α-enriched models
give consistently younger ages, so that by not considering
such α-enriched models, we provide a safe upper limit on
ages.

5.2 Age uncertainties due to the helium fraction

Even though our age upper limits appear safe, there remains
an additional uncertainty due to the unknown helium con-
tent of the stars. Direct measurements of the abundance in
helium are limited to stars with Teff greater than 8000 K
for which strong helium lines are present (Valcarce, Cate-
lan, & De Medeiros 2013). The mass fraction in helium, Y ,
is however a critical parameter for stellar models because
it has a strong influence on stellar ages. For a fixed stellar
mass and metallicity, stars enriched in helium have a shorter
lifetime (e.g., Karakas 2014). Stellar evolution models usu-
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Figure 4. Range of possible ages for a post main-sequence star
with a mass of 1.2 M! and Z = 0.04. We show ages for the
main-sequence turn-off, sub-giant branch, red giant branch, core
helium burning phases, and asymptotic giant branch (from bot-
tom to top). For each of these phases, we show a range of possi-
ble ages according to the PARSEC and BaSTI stellar evolution
models. The diamonds and squares correspond to PARSEC and
BaSTI models with no mass loss on the RGB (corresponding to
η = 0). The triangles, dots and stars correspond to BaSTI with
η = 0.2 for canonical models, non-canonical models including
core convective overshooting on the main sequence, and models
with the same total metal content Z but enriched in α elements.
The highest possible ages (7.4 Gyr) are obtained on the AGB
for models without mass loss, and differ by only a few 100 Myr
between BaSTI and PARSEC models. Depending on the evolu-
tionary stage of a star, its content in α elements and the physical
model considered, the age could be up to ∼ 2 Gyr younger.

Figure 5. Maximum age as a function of mass and metallicity.
The dots show the values for the PARSEC isochrones for η = 0

(no mass loss) and a range of metallicities, while the lines cor-
respond to different sets of BaSTI isochrones for two extreme
metallicities (Z = 0.002 and Z = 0.04) in red and blue (solid
lines – no mass loss, dash-dotted lines – η = 0.2, canonical mod-
els, dashed lines – η = 0.2, non-canonical models including core
convective overshooting, dotted lines – η = 0.2, models enriched
in α elements).

ure 4 also shows ages for a 1.2 M! star using the BaSTI
isochrones with η = 0.2 for the canonical model, the non-
canonical model including convective core overshooting on
the main sequence, and a canonical model with the same
total Z but enriched in α-elements. These ages do not cor-
respond to the time evolution of a single star: a star with a
mass of 1.2 M! at the tip of the RGB actually started its
evolution as more massive, and is younger than a star with
a similar mass at the base of the RGB. For the three models
tested here, we find that the highest possible ages for a star
of a given mass are found on the RGB (but not at the tip of
the RGB), and are of about ∼ 7 Gyr, except for α-enriched
stars that could be 1 Gyr younger.

In the following, unless explicitely stated, we adopt the
age on the AGB for PARSEC models without mass loss
as the maximum age for a given mass and metallicity (as
shown in Figure 2, as a function of model parameters and
actual evolutionary stage, stars could be younger than this
maximum age by up to 1.5–2 Gyr).

In Figure 5, we show how this maximum age depends on
mass and metallicity. The series of dots correspond to PAR-
SEC isochrones for a range of metallicities representative of
the APOKASC sample, while the solid lines are the BaSTI
maximal ages for two extreme metallicities (Z = 0.002 and
Z = 0.004, roughly corresponding to the minimum and max-
imum values shown for PARSEC). As also seen in Figure 4,
the maximum age for a star of a given mass is very similar
between stellar evolution models, with differences up to a
few 100 Myr at most. The dashed, dotted and dash-dotted
lines correspond to various BaSTI models including mass
loss, and as already shown, they give smaller ages than the
standard case without mass loss.

Because the age–mass relation is very steep at low
masses, age determination is difficult for these stars: a small
error on mass or metallicity creates large variations in age.
For this reason, we do not attempt to measure ages for stars
with a mass lower than 1.2 M!. For stars more massive than
1.2 M!, we determine a maximum age based on each star’s
minimum mass and on its metallicity by using the PARSEC
isochrones with no mass loss (the dots in Figure 5). Instead
of using the actual metallicity of each star, we use bins of 0.2
dex in metallicity as shown in Figure 5. From such a bin to a
neighbouring one, the change of age at a fixed mass is of the
order of a few 100 Myr at most. This means that potential
small errors on the APOGEE metallicities have little influ-
ences on our results. We also note that α-enriched models
give consistently younger ages, so that by not considering
such α-enriched models, we provide a safe upper limit on
ages.

5.2 Age uncertainties due to the helium fraction

Even though our age upper limits appear safe, there remains
an additional uncertainty due to the unknown helium con-
tent of the stars. Direct measurements of the abundance in
helium are limited to stars with Teff greater than 8000 K
for which strong helium lines are present (Valcarce, Cate-
lan, & De Medeiros 2013). The mass fraction in helium, Y ,
is however a critical parameter for stellar models because
it has a strong influence on stellar ages. For a fixed stellar
mass and metallicity, stars enriched in helium have a shorter
lifetime (e.g., Karakas 2014). Stellar evolution models usu-

c© 0000 RAS, MNRAS 000, 000–000



0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Mass [M⊙]

0

2

4

6

8

10

12

M
ax

im
um

Ag
e

[G
yr

]

PARSEC, [M/H]=-0.9

A simple way to get upper limits on ages 



0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Mass [M⊙]

0

2

4

6

8

10

12

M
ax

im
um

Ag
e

[G
yr

]

PARSEC, [M/H]=-0.9
PARSEC, [M/H]=-0.7
PARSEC, [M/H]=-0.5
PARSEC, [M/H]=-0.3
PARSEC, [M/H]=-0.1
PARSEC, [M/H]=0.1
PARSEC, [M/H]=0.3
PARSEC, [M/H]=0.5

A simple way to get upper limits on ages 



0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Mass [M⊙]

0

2

4

6

8

10

12

M
ax

im
um

Ag
e

[G
yr

]

BaSTI, η=0
η=0.2, canonical
η=0.2, non-canonical
η=0.2, α-enriched
PARSEC, [M/H]=-0.9
PARSEC, [M/H]=-0.7
PARSEC, [M/H]=-0.5
PARSEC, [M/H]=-0.3
PARSEC, [M/H]=-0.1
PARSEC, [M/H]=0.1
PARSEC, [M/H]=0.3
PARSEC, [M/H]=0.5

A simple way to get upper limits on ages 



0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Mass [M⊙]

0

2

4

6

8

10

12

M
ax

im
um

Ag
e

[G
yr

]

BaSTI, η=0
η=0.2, canonical
η=0.2, non-canonical
η=0.2, α-enriched
PARSEC, [M/H]=-0.9
PARSEC, [M/H]=-0.7
PARSEC, [M/H]=-0.5
PARSEC, [M/H]=-0.3
PARSEC, [M/H]=-0.1
PARSEC, [M/H]=0.1
PARSEC, [M/H]=0.3
PARSEC, [M/H]=0.5

A simple way to get upper limits on ages 



14 young alpha enriched stars 

−1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2
[Fe/H]

−0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

[α
/F

e]

1
2
3
4
5
6

max age [Gyr]



u  Visual inspection of spectra and light curves: OK 

u  No anomalous surface rotation, low radial velocity 
scatter 
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Young alpha-enriched giant stars in the solar neighbourhood 13

Figure 12. Spatial distribution, radial velocity, and guiding radius for α-poor stars (blue dots), α-rich stars (red dots) and α-rich
young stars (red stars). The distances to the Sun have been computed by Rodrigues et al. (2014), and are used to derive galactocentric
coordinates Xgal and Ygal, and galactocentric radius Rgal. The guiding radii is computed as Rguide = Lz/Vcirc = RgalVφ/Vcirc, using
Vcirc = 220 km s−1 and proper motions from the UCAC4 catalogue (Zacharias et al. 2013). The α-rich young stars have orbital properties
similar to the rest of the α-rich population.

might shed light on their possible origin. What appears clear
is that, if they are truly young, they cannot have formed at
the solar radius, and they thus form a sample of stars having
experienced radial migration, although from an unknown lo-
cation. While α-enrichment correlates quite well with age for
the general population, [α/M] cannot be used blindly as a
proxy for age on a star-by-star basis.
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young stars (red stars). The distances to the Sun have been computed by Rodrigues et al. (2014), and are used to derive galactocentric
coordinates Xgal and Ygal, and galactocentric radius Rgal. The guiding radii is computed as Rguide = Lz/Vcirc = RgalVφ/Vcirc, using
Vcirc = 220 km s−1 and proper motions from the UCAC4 catalogue (Zacharias et al. 2013). The α-rich young stars have orbital properties
similar to the rest of the α-rich population.
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I. Minchev et al.: Chemodynamical evolution of the Milky Way disk. I.

the disk evolution (see middle and right panels of Fig. 1 and
discussion below);

(iv) the disk grows self-consistently as the result of cosmolog-
ical gas accretion from filaments and (a small number of)
early-on gas-rich mergers, as well as merger debris, with a
last significant merger concluding ∼9–8 Gyr ago;

(v) the disk gas-to-total-mass ratio at the final time is ∼0.12,
consistent with the estimate of ∼0.14 for the solar vicinity
(Fig. 2, top right panel);

(vi) the radial and vertical velocity dispersions at r ≈ 8 kpc
are ∼45 and ∼20 km s−1 (averaged over all ages), in very
good agreement with observations (see Sect. 5.5 and Fig. 6).

We defined t = 0 as the time after the central bulge (spheroidal
component) has formed. Only about 3% of these stars con-
tribute to the stellar density at the final simulation time in the
region 7 < r < 9 kpc, |z| < 3 kpc, which we investigate in this
paper. Therefore, for this work we ignored these old stars and
focused on the particles forming mostly from gas infall at later
times.

In the first row, middle panel of Fig. 1, we plot the Fourier
amplitude, Am/A0, of the density of stars as a function of radius,
where A0 is the axisymmetric component and m is the multi-
plicity of the pattern; here we only show the m = 2 component,
A2/A0. Different colors indicate the evolution of the A2 radial
profile in the time period specified by the color bar. The bar is
seen to extend to ∼3–4 kpc, where deviations from zero beyond
that radius are due to spiral structure. The brown curve reach-
ing A2/A0 ∼ 0.9 at r ≈ 4.5 kpc results from a merger-induced
two-armed spiral. To better see the evolution of the bar strength
with time, in the right panel we show the amplitude averaged
over 1 kpc at the bar maximum.

The second and third rows of Fig. 1 show face-on and edge-
on stellar density contours at different times of the disk evolu-
tion, as indicated in each panel. The redistribution of stellar an-
gular momentum, L, in the disk as a function of time is shown
in the fourth row, where ∆L is the change in the specific an-
gular momentum as a function of radius estimated in a time
period ∆t = 520 Myr, centered on the time of each snapshot
above. Both axes are divided by the rotational velocity at each
radius, therefore L is approximately equal to the initial radius (at
the beginning of each time interval) and ∆L gives the distance
by which guiding radii change during the time interval ∆t. The
dotted-red and solid-blue vertical lines indicate the positions of
the bar’s CR and OLR. Note that due to the bar’s slowing down,
these resonances are shifted outward in the disk with time.

After the initial bulge formation, the largest merger has a
1:5 stellar-mass ratio and an initially prograde orbit, plunging
through the center later and dissolving in ∼1 Gyr (in the time
period 1.5 ! t ! 2.5 Gyr, first column of Fig. 1). Due to its
in-plane orbit (inclination !45◦), this merger event results in ac-
celerated disk growth by triggering a strong spiral structure in
the gas-dominated early disk, in addition to its tidal perturba-
tion (Quillen et al. 2009). One can see the drastic effect on the
changes in angular momentum,∆L, in the fourth row, right panel
of Fig. 1. A number of less violent events are present at that
early epoch, with their frequency decreasing with time. The ef-
fect of small satellites, occasionally penetrating the disk at later
times, can be seen in the third and fourth columns at L ≈ r " 7
and L ≈ r ≈ 6 kpc, respectively.

We note a strong variation of ∆L with cosmic time, where
mergers dominate at earlier times (high z) and internal evolution
takes over at t = 5−6 Gyr (corresponding to a look-back-time
of ∼6–7 Gyr, or z ∼ 1). The latter is related to an increase with

Fig. 2. Properties of our detailed thin-disk chemical evolution model:
top row, left: SFR in the solar neighborhood resulting from our model.
Top row, right: the total (solid), stellar (dashed), and gas (dotted) density
time evolution in the solar neighborhood. The error bars are observa-
tional constraints (see Table B.1 for references to the data). Middle row,
left: SFR as a function of time for different galactic radii as color-coded.
Middle row, right: total gas density (remaining after star formation + re-
cycled) as a function of time for different galactic radii as color-coded
on the left. Bottom row, left: [Fe/H] gradients. Different curves and col-
ors correspond to different look-back times as indicated. Bottom row,
right: [O/Fe] gradients for different look-back times as on the left.

time in the bar’s length and major-to-minor-axes ratio as seen in
the face-on plots, indicating the strengthening of this structure.
Examining the top-right panel of Fig. 1, we find a continuous in-
crease in the bar’s m = 2 Fourier amplitude with time, where the
strongest growth occurs between t = 4 and 8 Gyr. The effect of
the bar can be found in the changes in angular momentum, ∆L,
as the feature of negative slope, centered on the CR (dotted-red
vertical line), shifting from L ≈ 3.4 to L ≈ 4.7 kpc. Due to the in-
crease in the bar’s amplitude, the changes in stellar guiding radii
(vertical axis values) induced by its presence in the CR-region
double in the time period 4.44 < t < 11.2 Gyr (bottom row of
Fig. 1). Until recently, bars were not considered effective at disk
mixing once they were formed, because of their long-lived na-
ture. We emphasize the importance of the bar in its persistent
mixing of the inner disk throughout the galactic evolution (see
Minchev et al. 2012b, and discussion therein).
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Other examples of alpha-rich 
young stars – (1) CoRoGEE 

C. Chiappini et al.: Young [α/Fe]-enhanced stars discovered in a CoRoT-APOGEE sample

Fig. 1. Age–[α/Fe] relation in different regions of the Galactic disc. Upper left panel: the grey curves indicate the predictions of the multi-
zone Galactic chemical-evolution model of Chiappini (2009) for the thin and thick discs, where different tracks were calculated for different
Galactocentric annuli situated between 2 and 18 kpc from the Galactic Centre. The solar position is indicated in the diagram for the 6 kpc curve,
the distance of the most probable birth position of the Sun (Minchev et al. 2013). Within these models, it is not possible to explain stars that
fall into the grey-shaded region of the diagram: young, [α/Fe]-enhanced stars. The grey shadings provide a heuristic estimate of the typical Nσ
(N = 1, 2, 3) uncertainties in [Mg/Fe] and age. Upper middle and right panels: the solar cylinder data from Bensby et al. (2014, middle panel) and
the Gaia-ESO survey (Bergemann et al. 2014; right panel) show a clear correlation between isochrone-derived age estimates and relative [α/Fe]
abundances. Stars whose age and abundance estimates are 1σ-incompatible with any of the chemical evolution curves are represented by stars;
2σ-outliers are represented by pentagons. Lower panels: the same diagram for the CoRoT-APOGEE sample. Left: the LRa01 outer-disc field.
Middle: the LRc01 inner-disc field, close to the Galactic plane (|ZGal| < 0.3 kpc, RGal > 6.0 kpc). Right: the LRc01 field, below the Galactic plane
(ZGal < −0.3 kpc, RGal < 6.5 kpc). In this region, the fraction of young α-enhanced stars is much larger than in all other regions. Considering
normal stars alone, the age-[α/Fe] relation is much flatter than locally because the CoRoT stars span a wide range in Galactocentric distances.

Fig. 2. Location of the APOGEE high-quality sample of Anders et al.
(2014) in a ZGal vs. RGal plane (grey points). Also shown are the loca-
tions of the CoRoGEE stars (blue), the subgiant stars from Bergemann
et al. (2014, red), and the Bensby et al. (2014) solar-vicinity dwarf stars
(orange). As in Fig. 1, the discovered young [α/Fe]-rich stars are repre-
sented by the pentagons and stars.

Fig. 3. These stars are compatible with being formed from a gas
that has not been processed by many stellar generations, as in-
dicated by the systematically lower abundance of iron-peak ele-
ments (lower contribution of type Ia supernovae to the chemical
enrichment), as well as by the lower [N/O] and [C/O] abundance
ratios (further indicating a mild contribution from intermediate-
mass stars) with respect to the bulk of the CoRoGEE sam-
ple. However, when we restrict the comparison to stars with
[O/H] < −0.2, no significant differences are detected any more.

We also investigated the kinematic properties of the young
[α/Fe]-rich stars. Despite their [α/Fe] enhancements, many of
them exhibit thin-disc like kinematics (although biased to hot-
ter orbits because the inner CoRoT field samples Galactocentric

Fig. 3. Chemical-abundance patterns relative to oxygen for the
CoRoGEE stars marked as chemically peculiar in Fig. 1 (blue hexagons,
2σ-outliers in the age–[α/Fe] diagram). The chemical abundance pat-
tern of the rest of the CoRoGEE sample is presented in grey for
comparison.

distances below ∼5 kpc only at larger distances from the mid-
plane, ZGal > 0.3 kpc). As a result of sample selection effects,
stars with small Galactocentric distances are only reachable at
large distances from the mid-plane and should not be mistaken
for genuine thick-disc stars.

Focusing on the youngest stars (ages younger than 4 Gyr),
where most of the 2σ outliers are found (see Fig. 1), we
checked the locus of the young [α/Fe]-rich stars in the [Fe/H] vs.
Galactocentric distance diagram (Fig. 4, left panel) and in the
[Fe/H] vs. guiding radius diagram (Fig. 4, right panel). Similar to
Minchev et al. (2014), we estimated the guiding-centre radius of
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Other examples of alpha-rich 
young stars – (2) near the Sun 

Haywood et al.: The age structure of stellar populations in the solar vicinity
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Fig. 6. Top panel: The general [α/Fe] vs age distribution for stars
in the sample, for all stars having an absolute magnitude Mv < 4.75.
Open circles indicate stars which have alpha enhancements consistent
with the thick disk but have ages indicative of the thin disk and also lie
on the thick disk sequence in the [α/Fe]–[Fe/H] plane. The line divides
the thick and thin disk populations. Bottom panel: Same stars, the color
coding the absolute magnitude of stars as described by the vertical scale.

following arguments favors an outer disk origin for these ob-
jects. Several of these stars have apocenters reaching galac-
tocentric distances larger than 9 kpc, being the only disk
population in the solar vicinity showing this characteristic.
This was demonstrated in Haywood (2008) for stars in the
solar vicinity, and is also clearly visible in Fig. 7 of Bovy
et al. (2012b) for a more spatially extended sample. While
these metal-poor stars represent only a few percent of the lo-
cal disk, objects with similar chemical properties dominate
the disk at R>9-10 kpc, or about 1-2 kpc outside the solar
orbit. With a dispersion in the U-component of about 50
km.s−1, one derives an epicycle radial excursion of 1-2 kpc
(e.g, Roškar et al. 2011), which is sufficient to explain that
some of these objects contaminate local samples. Further ar-
guments and a discussion of the status of these stars and how
they fit in our general scheme are presented in § 5.1.

3.3. The age-metallicity relation

In light of the insights gained in investigating the relationship
between age and α-enhancement, it is interesting to look at
the age-metallicity ([Fe/H]) relation. The age-metallicity rela-
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Thin disk sequence

Fig. 7. Top panel: Same as Fig. 6, but the open and solid circles
represent stars on the thin and thick disks sequence as classified from
their distribution in Fig. 1, respectively. Bottom panel: Same as above,
but color coding based on the metallicity of the stars as indicated by the
color bar.

tion confirms that stars in the thick disk show a much tighter
correlation between age and metallicity than thin disk stars
(Fig. 9). Moreover, the increase in metallicity in the thick disk
phase (∼0.15 dex Gyr−1) is much steeper than in the thin disk
(0.025 dex Gyr−1), also implying a decrease by a factor of 5–6
in the production of iron after 8 Gyr. Moreover, metal-poor thin
disk stars are not degenerate in the age-[Fe/H] as they are in the
[α/Fe]–age plane. Once they are identified in the age-metallicity
distribution, the correlation between age and metallicity for thick
disk stars becomes much clearer. Note the four outliers to the
thick disk age-metallicity relation. Two of them have no partic-
ular characteristics, and seem to be standard thick disk objects.
We can offer no particular explanation for their ‘young’ ages.
The two others (circled symbols on Fig. 9) are HIP 54641 and
HIP 57360, two stars with slightly low alpha abundances (see
Fig. 1), and significant U velocity (respectively +84 and +100
km s−1) . Taken together, these arguments suggest that these two
stars have been accreted.

At ages less than about 8 Gyr, in the thin disk regime, the
dispersion in metallicity increases sharply. This is in agreement
with a number of previous studies (e.g. Edvardsson et al. 1993;
Nordström et al. 2004; Haywood 2006). This may be mainly
an effect of radial migration of the stars through “churning” or
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Fig. 6. Top: age-metallicity plot for the Milky Way disk. The contours
indicate the relative sample completeness, i.e. the percentage of stars
that would remain in the sample due to the Gaia-ESO survey selection
functions, i.e. IR magnitude and colour cuts, and restrictions imposed
on stellar parameters. Here the magnitude cuts refer to the distance of
1 kpc. For clarity, this fraction was normalised to its peak value. Bottom:
the distribution of stars in the [Mg/Fe] – age plane.

Geneva-Copenhagen Survey. The authors find no age-metallicity
relation; the stars are homogeneously distributed in metallicity
in any age bin up to 12 Gyr (Casagrande et al. 2011b, their
Fig. 16). While qualitatively, the mean metallicity of the sample
for old ages could be affected by our sampling bias against old
and metal-rich stars, Fig. 6 shows that the suppression relative
to the most populated part of the plot is not larger than 50−70%.
The fact that no metal-rich star is observed with age >10 Gyr
may indicate that such stars are rare, if they exist at all in the
solar neighbourhood.

Figure 6 (bottom panel) shows [Mg/Fe] ratios as a func-
tion of age, colour-coded with [Fe/H]. The oldest stars with
ages >12 Gyr show [Mg/Fe], from 0 to 0.4 dex, and a broad
range of metallicity, from solar to [Fe/H] ∼ −1. There is lit-
tle evidence that the relation tightens at ages greater than 9 Gyr
in our sample, as advocated e.g. by Haywood et al. (2013) who
used a subsample of 363 stars from the Adibekyan et al. (2012)
sample of 1111 FGK stars. Bensby et al. (2014) also found a
knee at 9 Gyr, with a clear increase in [Mg/Fe] with age (their
Fig. 21), albeit with a notably larger scatter at ages >11 Gyr than
in Haywood et al. (2013). It is possible that the larger scatter in
our sample at old ages is due to the fact that we include stars with
relatively large age uncertainties. However, from our analysis of
the selection effects, it is to be expected that some fraction of
α-poor old stars could be artificially suppressed for the same rea-
sons as discussed above, akin to the [Fe/H] suppression shown
in the age-metallicity plot. Regardless of these effects, the trends
at old age, as seen by Haywood et al. (2013) and Bensby et al.
(2014) fit within our [Mg/Fe]-age relation.

Finally, one interesting feature of the age-metallicity relation
deserves a comment. Figure 7 (top panel) shows the observed
stars in the age-metallicity plane colour-coded with their Teff .
The obvious correlation with effective temperature is striking yet
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Fig. 7. Top panel: observed stars in the age-[Fe/H] plane, colour-coded
with their Teff . Bottom two panels: highest possible Teff for a given age
and [Fe/H] obtained from the stellar evolution tracks without (middle)
and with (bottom) photometry and log g cuts. Selected curves of con-
stant Teff are given for reference. For Teff ≤ 6500 K, the highest “observ-
able” values of Teff do not depend on the cuts imposed on the sample
and are simply the result of stellar evolution effects.

it can be easily explained based on the similar considerations as
in Sect. 4. In the middle and bottom panel of Fig. 7, we also show
the maximum Teff to be expected in the [Fe/H] – age plane based
on stellar evolution models, without (middle) and with (bottom)
cuts on the photometry and stellar parameters. The colour and
log g cuts affect the bottom left corner of the age-metallicity plot.
Young hot stars are suppressed because of the blue colour cut
in the Gaia-ESO UVES sample selection. However, from the
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Fig. 21. Age-metallicity relation for those stars that have an age differ-
ence between upper and lower estimate of less than 4 Gyr. The sizes of
the circles have been scaled with the ages of the stars. Stars with larger
age uncertainties are shown as small grey dots.

7. Discussions

7.1. Ages and metallicities

7.1.1. Old and metal-rich stars?

Recent high-resolution spectroscopic studies indicate that most
stars with thick disk kinematics are older than those with thin
disk kinematics (e.g. Gratton et al. 2000; Feltzing & Gonzalez
2001; Bensby et al. 2005). However, considerably larger sam-
ples available in photometric studies such as the GCS indicate
the existence of a significant number of stars with thin disk kine-
matics that have high ages (>10 Gyr). Figure 21a shows the age-
metallicity relation for our sample, and we also see that our sam-
ple possibly contains such old and metal-rich stars. However, the
stars that have ages greater than 10 Gyr and metallicities higher
than solar, all have large uncertainties (red small dots in Fig. 21).
Hence, the parameters for these stars are doubtful and cast doubt
on the existence of (very) old and metal-rich (super-solar) stars.

7.1.2. Age-metallicity relations?

In Bensby et al. (2004a) we investigated whether stars with kine-
matics typical for the thick disk showed any signs of an age-
metallicity relation. We found, in accordance with other stud-
ies (e.g. Haywood 2006; Schuster et al. 2006), that stars with
kinematics typical of the thick disk show an age-metallicity re-
lation such that more metal-rich stars on average are younger

than the less metal-poor stars in the sample. The stars older
than about 8 Gyr in Fig. 21a show a trend of declining metal-
licity with age, consistent with the age-metallicity relation seen
for thick disk stars in the studies mentioned above. Younger
stars do not show this behaviour. Instead there appears to be a
rather large scatter in age over the whole metallicity range (−0.8
to +0.4 dex), i.e. no apparent age-metallicity relation.

7.1.3. [α/Fe] as a proxy for age?

Recently, Navarro et al. (2011) have argued that it is better to
identify stars with different populations based on their elemental
abundances rather than other properties such as kinematics. That
a statistical selection based on kinematics causes overlaps be-
tween various abundance trends is evident from the nature of that
selection process (see Sect. 6.3), and casts doubt on the reality
of distinct trends for different stellar populations. This argument
was used for example by Bovy et al. (2012) when they investi-
gated the scale-height of mono-abundance populations (i.e. stars
that fall in a narrow range of elemental abundances, for example
[α/Fe] and [Fe/H]) in the SEGUE data set.

To better understand the formation and evolution of the
Milky Way, it is very desirable to have stellar ages as well as ele-
mental abundances. Given the overall structure of the elemental
abundance patterns and ages observed in the Milky Way (e.g.
Edvardsson et al. 1993), it has been suggested that the amount
of α-enhancement in a star can be used as a proxy for the age of
a star (Liu & van de Ven 2012; Haywood et al. 2013). Age is,
however, a very difficult property to derive for most stars (e.g.
Soderblom 2010). As our sample contains a fair portion of turn-
off and sub-giant stars we are in a position to investigate whether
old ages are a common feature for all stars with enhanced [α/Fe]
in the Solar neighbourhood. Figure 21b shows that this is indeed
the case for stars older than about 8 Gyr and thus that [Ti/Fe] can
be used as a proxy for age for stars, in the sense that young and
old stellar populations can be distinguished. Other studies are
also finding that various α-elements correlate with ages in this
sense. For example Ramírez et al. (2013), in their Fig. 17, show
the same results as our Fig. 21b, but for [O/Fe] as a function of
age.

However, this result is only valid for dwarf stars in the im-
mediate Solar neighbourhood. We do not know if the same is
true elsewhere in the Galaxy or indeed recoverable for other
stellar evolutionary stages. Bensby et al. (2013) provides data
for 58 microlensed dwarf and turn-off stars in the Galactic bulge.
These stars, tentatively, show the same trend as the stars in the
Solar neighbourhood, making it plausible that the connection be-
tween α-enhancement and age is a property shared by many stel-
lar populations in the Galaxy.

7.1.4. A lower metallicity limit for thin disk

Thin disk stars with metallicities below [Fe/H] < −0.7 are
apparently not found in spectroscopic studies in the literature
(see e.g. Fuhrmann 2004; Reddy et al. 2003; Soubiran & Girard
2005). One of the few studies that does claim to have thin disk
stars at lower metallicities, reaching [Fe/H] ≈ −1, is Mishenina
et al. (2004). It is clear, however, that those few stars have chem-
ical compositions similar to what is found in the thick disk, even
though the kinematic properties place them as thin disk stars.
Hence their thin disk status is ambiguous.

Out of the >14 000 stars in the GCS, there are 11 010 stars
that are potential thin disk stars according to their kinematics.
1378 of those stars have ages estimated to be older than 7 Gyr,
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PARSEC isochrone of slightly super-solar metallicity produces a
marginally compatible fit. On the other hand, a sub-solar metal-
licity fails to reproduce the position of both the red clump and
the main sequence turn off at the same time. We estimate the
uncertainty on the extinction to be of the order of 0.03, the un-
certainty on the age 50Myr. For an age of 316Myr, the mass of
the main sequence turn off stars is 3.2M!.

The best set of parameters for fitting a Dartmouth isochrone
is an age of 250Myr, extinction E(B−V) = 0.37, distance modu-
lus (V −MV ) = 11.6 (d!=2090pc), shown in Fig. 15. Again, us-
ing isochrones of super-solar metallicities produces a less satis-
fying fit than a solar metallicity. The age of 250Myr is in agree-
ment with the result of S05, who used Dartmouth isochrones on
2MASS photometry. This age corresponds to a turn off mass of
3.47M!.

The best fits for these two sets of isochrones are both shown
on Fig. 16 for a direct comparison.

Fig. 16. Comparison between theoretical isochrones and our pho-
tometry (PARSEC isochrone of solar metallicity, 316Myr, shifted by
E(B − V) = 0.40 and (V − MV ) = 11.45) and Dartmouth isochrone of
solar metallicity, 250Myr, E(B − V) = 0.37, (V − MV ) = 11.6). The
grey points are all the stars in our photometry, while the red points are
the radial velocity members.

As already discussed, PARSEC and Dartmouth isochrones
give different determination of the age. This difference is due to
the fact that the red clump stars tend to be brighter in the PAR-
SEC tracks than in the Dartmouth tracks, because of a different
choice of mixing-length parameter and solar metallicity refer-
ence (see Sect. 5.6 of Bressan et al. 2012). As a consequence, a
PARSEC isochrone of higher age is necessary to reproduce the
position of the red clump.

In order to fit the (V−I) color in Fig. 16 we adopt the relation
E(V − I)/E(B − V) = 1.24 derived in Section 4.

Fig. 17 shows the position of the 21 UVES cluster members
in the (Teff – log g) plane. PARSEC isochrones of age 316Myr

and solar or slightly super-solar metallicity are compatible with
the location of the red clump stars.

Fig. 17. Position of the 21 UVES members in the theoretical
plane. The position of the red clump is well reproduced with a PAR-
SEC isochrone of age log t=8.5 and Z=0.015 ([Fe/H]=0) or Z=0.019
([Fe/H]=0.1).

7.2. Luminosity function

To confirm the results obtained from the comparison with theo-
retical isochrones, we have studied the luminosity function (LF)
of the inner 0.1◦ (6′) of the cluster. This region is large enough
to provide good statistics, without being too contaminated by
background stars. A photometric selection following the main
sequence down to magnitude V=18 was made. We considered
the stars further than 0.3◦ (18′) from the center of the cluster as
our backgroundfield (see Fig. 3). The LF of the backgroundfield
was subtracted from the LF of the cluster, taking into account the
respective completeness and area of the two regions. The error
on the luminosity function takes into account the statistical error
on both the cluster and the background.

Synthetic populations were computed using PARSEC tracks
(Bressan et al. 2012), varying the age and metallicity, as well as
the slope α of the initial mass function (IMF) and the distance
modulus. The reddening was kept fixed to a value of E(B−V) =
0.40. The LF of the synthetic populations were compared with
the observed LF using a χ2 method, imposing a constrain on the
color of the main sequence and red clump.

Using isochrones of solar metallicity provide the lowest χ2,
and isochrones with [Fe/H]= +0.10 provide very similar results,
while using [Fe/H]= −0.10 provides less good fits. The χ2 maps
(Fig. 18) show the confidence interval of the parameters that
reproduce the observed LF. From these maps we estimate the
parameters of the cluster as: log t=8.55 ± 0.1, (V − MV ) =
11.55 ± 0.3, and the IMF slope α = 2.95 ± 0.2.

In this procedure, we did not take into account that some
of the stars may be unresolved binary (or multiple) systems.
Weidner et al. (2009) indicate that even in the extreme case
where 100% of the stars are in multiple systems, the α parameter
may be underestimated by 0.1 at most.
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Fig. 5. As in Fig. 3, but for NGC 6705.

scale for the normalisation of the stellar results are of great im-
portance, and are among the main strengths of our analysis. We
recall that different conclusions were drawn for instance from
a comparison of bulge and thick disk stars in Fulbright et al.
(2007) and Meléndez et al. (2008). Those differences are proba-
bly due to the heterogeneous comparison in the former paper of
their bulge giant results with literature values for main sequence
and turn-off disk stars in the solar neighbourhood (Bensby et
al. 2005; Reddy et al. 2006) analysed with a different line list
and normalised to a different solar zero-point. In the Gaia-ESO
survey analysis, all stars are analysed as homogeneously as pos-
sible, and these systematic effects should be reduced.

In Fig. 8 we show the abundance ratios [El/Fe] versus [Fe/H]
of solar neighbourhood dwarf stars, of inner disk/bulge giant
stars and of clusters. We note that elemental abundances of stars
in open clusters are consistent, within the errors, with the trends
of [El/Fe] versus [Fe/H] for almost all elements in field stars.
However cluster stars show some differences from field stars
having the same [Fe/H].

A statistical way to compare two distinct populations is to
compare their cumulative distributions. In our case we want
to probe possible differences in the chemical composition of
two populations, thus we compare the cumulative distribution
of their elemental abundance ratios. For each cluster we have
selected for the comparison only field stars (both solar neigh-
bourhood and inner-disk/bulge stars) in the same metallicity
range, 0.2 dex, centred around the mean metallicity of the clus-
ter stars: 0.05≤[Fe/H]<0.25 for Trumpler 20, 0.0≤[Fe/H]<0.2
for NGC6705 and -0.1≤[Fe/H]<0.1 for NGC 4815. The cumu-

Fig. 6. Average values of the four α-elements (Ca, Si, Ti, Mg)
in the bottom panel. Results of iron-peak elements (Ni, Cr) are
shown in the upper panels. Clusters are ordered by [Fe/H], NGC
4815 is the first cluster on the left, NGC 6705 in the middle, and
Trumpler 20 on the right side. The errors are the standard devia-
tion, σ, computed for member stars of each clusters. The colour
and symbol code is the following: green crosses for [Cr/Fe], blue
stars for [Ni/Fe], red circles for [Si/Fe], purple filled triangles for
[Ca/Fe], orange squares for [Mg/Fe], and empty salmon triangles
for [Ti/Fe].

lative distributions of abundance ratios are shown in Figs. 9, 10,
11. The closer two distributions are, the higher is the probabil-
ity that they come from populations sharing the same chemi-
cal composition. For instance, [Ca/H] distribution in Tr 20 and
in the solar neighbourhood stars have a probability of ∼60% to
derive from the same population, while for [Mg/Fe] the prob-
ability is lower than 1%. For NGC 4815, the highest probabil-
ities of similar distributions are for [Mg/Fe] (∼90%), [Ni/Fe]
(∼50%), [Si/Fe] (∼20%) in NGC 4815 and in the solar neigh-
bourhood. For NGC 6705, the probabilities that the cluster
and inner-disk stars came from similar populations are: [Cr/Fe]
(∼30%), [Ca/Fe] (∼50%), [Mg/Fe] (∼70%), [Ni/Fe] (∼80%),
[Ti/Fe] (∼10%). Due to the small number statistics of our anal-
ysis we recall that the probabilities associated with the statisti-
cal Kolmogorov-Smirnov test have a limited confidence and are
only indicative.

In Fig. 9 we have the results for Trumpler 20: this cluster is
indistinguishable from the field population in its iron-peak ele-
ments. The alpha-elements do not all behave in the same way:
two of them are remarkably under-abundant compared to field
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shown in the upper panels. Clusters are ordered by [Fe/H], NGC
4815 is the first cluster on the left, NGC 6705 in the middle, and
Trumpler 20 on the right side. The errors are the standard devia-
tion, σ, computed for member stars of each clusters. The colour
and symbol code is the following: green crosses for [Cr/Fe], blue
stars for [Ni/Fe], red circles for [Si/Fe], purple filled triangles for
[Ca/Fe], orange squares for [Mg/Fe], and empty salmon triangles
for [Ti/Fe].

lative distributions of abundance ratios are shown in Figs. 9, 10,
11. The closer two distributions are, the higher is the probabil-
ity that they come from populations sharing the same chemi-
cal composition. For instance, [Ca/H] distribution in Tr 20 and
in the solar neighbourhood stars have a probability of ∼60% to
derive from the same population, while for [Mg/Fe] the prob-
ability is lower than 1%. For NGC 4815, the highest probabil-
ities of similar distributions are for [Mg/Fe] (∼90%), [Ni/Fe]
(∼50%), [Si/Fe] (∼20%) in NGC 4815 and in the solar neigh-
bourhood. For NGC 6705, the probabilities that the cluster
and inner-disk stars came from similar populations are: [Cr/Fe]
(∼30%), [Ca/Fe] (∼50%), [Mg/Fe] (∼70%), [Ni/Fe] (∼80%),
[Ti/Fe] (∼10%). Due to the small number statistics of our anal-
ysis we recall that the probabilities associated with the statisti-
cal Kolmogorov-Smirnov test have a limited confidence and are
only indicative.

In Fig. 9 we have the results for Trumpler 20: this cluster is
indistinguishable from the field population in its iron-peak ele-
ments. The alpha-elements do not all behave in the same way:
two of them are remarkably under-abundant compared to field
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à a 300 Myr old alpha-rich 
cluster at Rgc=6.3 kpc 



straight line delineating a solar 12C/14N ratio scaled in metal-
licity. The solid curves are defined by constant abundances of
12Cþ14N; the two curves show carbon plus nitrogen abun-
dances scaled up from solar by 0.1 and 0.2 dex.

All three stars studied here are well-fit by slightly elevated
metallicities (as found from the Fe abundances) and CN-cycled
material in their atmospheres (somewhat depleted 12C and el-
evated 14N). Also shown in the two panels of Figure 6 are the
12C and 14N abundances for IRS 7 from Carr et al. (2000). IRS 7
is considerablymoremassive and luminous than IRS 19, BSD 72,
or BSD 124 and shows a much lower 12C and much larger 14N
abundance than any of the three lower luminosity stars. The 14N
abundance in IRS 7 is so large that it may indicate that the CN
cycle alone cannot account for such a large amount of nitrogen.
Indeed, Carr et al. (2000) find a very low 16O abundance and
argue that this is evidence of the presence of ON-cycle material in
the atmosphere of IRS 7 (where 16O has been converted to 14N).
Being much more massive and luminous (it is the brightest star
in the Galactic center at H and K ), IRS 7 is presumably more
deeply mixed and this suggestion is borne out by the bottom
panel of Figure 6, where we show log ½N (16O)/N ( 14N)# versus
Mbol for the four Galactic center stars.

4.3. !-Element Abundances in the Galactic Center

Determination of [! /Fe] in any stellar population and, in par-
ticular, in young stars in the Galactic center provides important
information on chemical enrichment, gas infall, and gas out-
flow. One possible scenario is that the relatively young ages
(1Y100 Myr) of the brightest stars in the Galactic center support
the idea that the Galaxy’s central bar has driven disk gas into the
Galactic center to fuel star formation throughout the Galaxy’s
history, continuously or in bursts of star formation (Serabyn &
Morris 1996; Morris & Serabyn 1996; Blum et al. 2003; Figer
et al. 2004). In particular, the star formation conditions in the
Galactic center are very different from those in the solar neigh-
borhood and are predicted to result in an initial mass function
(IMF) weighted toward massive stars (Morris 1993). Further-
more, models of SN enrichment in an environment dominated
by massive stars predict a high relative abundance of !-elements
compared to Fe, [! /Fe] (e.g., Wheeler et al. 1989).

The results presented in Figure 6 show the presence of CN
mixing in the three evolved stars, but not the very deepmixing that
is observed in themuchmore luminous red supergiant IRS 7. This
suggests that oxygen has been effectively untouched by deeper
mixing in these three stars. In addition, because the net result of
ON-cycle mixing would be to reduce the oxygen abundance, the
oxygen results in fact represent a lower limit on the initial oxygen
abundance for the original gas fromwhich these stars formed. The
average oxygen abundance found for our sample of five stars is
A(O)h i ¼ 9:04 % 0:19. This can be compared to our adopted so-
lar value of A(O)¼ 8:70 (based on [O i] abundances fromAsplund
et al. [2005], which are A(O) ¼ 8:72 from one-dimensional mod-
els and 8.68 from three-dimensionalmodels). The scatter observed
in the sample oxygen abundance distribution can be explained by
the uncertainties in the analysis (discussed in x 3.4).

The values of [O/Fe] in the Galactic center stars can be com-
pared to other samples from the Galaxy. A comparison to the
Galactic disk and halo is shown in the top panel of Figure 7. In
the five stars studied here for oxygen, it is apparent that the av-
erage value of [O/Fe] is elevated relative to the disk: ½O/Fe#h i ¼
þ0:22 % 0:15. Both the narrow [Fe/H] and elevated !-element
abundances are reminiscent of the results obtained by Rich &
Origlia (2005) for M giants in the bulge 500 pc from the Galactic
center. This behavior of enhanced values of [O/Fe] at ½Fe/H #k 0:0

is also similar to what has been found by a number of different
studies of old K andM red giants in the Galactic bulge (Cunha &
Smith 2006; Zoccali et al. 2006; Fulbright et al. 2006). The inter-
pretation of the bulge pattern is that the chemical enrichment was
rapid and dominated by SNe II to quite high Fe abundances. The
population of stars studied here, however, is distinct and very differ-
ent from the bulge, as the Galactic center stars are all rather young
and massive (their estimated masses are presented in Table 1). In
addition, theK-luminosity function of the bulge only contains stars
with K0k 8:0 (DePoy et al. 1993; Zoccali et al. 2003), while the
Galactic center stars observed here have K0 ¼ 3:0Y7:4.

This study also includes an additional!-element, calcium. The
results for calcium, in the form of [Ca /Fe] versus [Fe/H], are
shown in the bottom panel of Figure 7. The small open symbols
are results forGalactic field disk and halo from a number of studies

Fig. 7.—Top: Behavior of [O/Fe] vs. [Fe/H] in different stellar populations.
The small open symbols (all in blue) are studies of Galactic disk and halo field
stars from Bensby et al. (2004; squares), Reddy et al. (2003; circles), Nissen &
Schuster (1997; pentagons), and Fulbright & Johnson (2003; triangles). The de-
crease in [O/Fe] as [Fe/H] increases is interpreted as increasing contributions
from SNe Ia to Fe (but no significant O-production from SNe Ia) as time increases,
causing [O/Fe] to decline. The Galactic center stars, plotted as the large filled red
circles, are displaced significantly to larger values of [O/Fe] relative to disk stars at
the same [Fe/H]; this suggests a larger relative contribution from SN II chemical
enrichment in the Galactic center population. Bottom: Run of [Ca/Fe] values as a
function of [Fe/H]. The trend of [Ca/ Fe] is similar in shape to that of [O/ Fe]
in that [Ca/Fe] is larger in the more metal-poor stars. As calcium, like oxygen,
is primarily a product of SNe II, its behavior should track, to some degree, that
of oxygen, as is observed. Again, the Galactic center stars stand out from disk
stars in having enhanced values of [Ca /Fe]. Both Ca and O abundances point to
the Galactic center stars as being enriched in SN II chemical yields. The filled
black squares in this figure are the four bright disk M giants analyzed for Ca
and Fe in the same manner as was done for the Galactic center stars. These disk
stars follow the same trend in [Ca/Fe] vs. [Fe/H] as the other disk samples. This
result strengthens the conclusion that the Galactic center stars contain elevated
values of [Ca /Fe].
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Conclusion 

u  Several surveys find alpha-enriched young stars 

u  Not predicted by standard chemical evolution 
models 

u  Inhomogeneous mixing in the ISM + radial 
migration 

Martin G. H. Krause et al.: 26Al kinematics: superbubbles following the spiral arms?

When spiral arms sweep through the Galactic disc, they trig-
ger the formation of young star clusters that produce large super-
bubbles, traced as HI supershells. During the observed lifetimes
of HI supershells, ! 100 Myr (Bagetakos et al. 2011), a spiral
arm may lag behind stars and gas by as much as a few kpc, due
to the pattern speed of the arm which is lower within corotation
than the rotational speed of the stars and gas. The current young
star clusters in a spiral arm therefore feed 26Al-carrying ejecta
into the HI supershells left behind by the receding spiral arm
(sketch in Fig. 4).

Despite uncertainties regarding wind clumping (e.g.,
Bestenlehner et al. 2014) and dust production and clumping (e.g.
Indebetouw et al. 2014; Williams 2014), the bulk of 26Al is
likely mixed into the diffuse gaseous ejecta, expelled into the
hot immediate surroundings of the stars. The ejecta do not keep
their initial velocity (≈ 1000 km s−1) for long: for supernovae,
they are shocked on timescales of 103 yr (Tenorio-Tagle et al.
1990). For Wolf-Rayet winds inside superbubbles, the free ex-
pansion phase can be up to 104 yr, or ≈ 10 pc (Krause et al.
2013). The ejecta then travel at a reasonable fraction of the sound
speed in superbubbles, cs =

√

1.62kT/mp = 279 T 1/20.5 km s−1.
Here, k is Boltzmann’s constant, mp the proton mass, T (T0.5)
the temperature (in units of 0.5 keV), and the numerical fac-
tor is calculated for a fully ionised plasma of 90 per cent hy-
drogen and 10 per cent helium by volume. Measurements of
superbubble temperatures range from 0.1 keV to about 1 keV
(e.g., Dunne et al. 2001; Jaskot et al. 2011; Sasaki et al. 2011;
Kavanagh et al. 2012; Warth et al. 2014), in good agreement
with expectations, if instabilities and mixing are taken into ac-
count (Krause et al. 2014).

In simulations of merging bubbles (Krause et al. 2013), we
find such kinematics for gas flooding the cavities at lower pres-
sure shortly after merging. The ejecta travel about 300 pc during
one decay time (τ = 1 Myr), which corresponds to the size of
the smaller HI supershells (Fig. 2), i.e. the decay is expected to
happen during the first crossing of the HI supershell.

Hence, we expect a one-sided 26Al outflow at the superbub-
ble sound speed, ≈ 300 km s−1, in excellent agreement with the
observations and their analysis presented in Paper I.

This model predicts a change in relative outflow direction
near the corotation radius. But, corotation in the Galaxy is un-
fortunately too far out (8.4-12 kpc, e.g., Martínez-Barbosa et al.
2015) to check for direction reversals in the data set of Paper I.
At such galactocentric distances, individual 26Al-emission re-
gions are only a few, faint, and not associated with spiral arms.
Thus, we do not expect large 26Al velocity asymmetries, in
good agreement with the measurements in Cygnus (Martin et al.
2009) and Scorpius-Centaurus (Diehl et al. 2010).

We might, however, expect to find HI supershells associ-
ated with the leading-edge of spiral-arm star-formation regions
in nearby face-on spiral galaxies, inside their corotation radii.
We have investigated this for a few objects by combining HII re-
gions from Honig & Reid (2015) to HI images with HI super-
shells using corotation radii from Tamburro et al. (2008) and
Scarano & Lépine (2013). For NGC 3184 and NGC 5194 we
find evidence for HI supershells close to HII regions in the spi-
ral arms. There is no clear trend where the HI supershells are
located with respect to the HII regions in NGC 5194, whereas
more supershells appear on the trailing edge for NGC 3184.

In the case of NGC 628 (Fig. 5), Honig & Reid (2015) map
HII regions for two arms, ’A’ and ’B’, and inside corotation,
HI supershells are indeed found close to and overlapping with
the HII regions, preferentially at their leading edges. Especially
for arm ’B’, which is located in an HI rich part of the galaxy, the

Fig. 4. Sketch of the proposed model to explain the 26Al kinematics. In the
co-rotating frame chosen here, a spiral arm (solid line) moves anti-clockwise.
At its previous location (dashed line), it created large superbubbles (ellipses),
blowing out of the disc. The young star clusters (blue stars) at the current spiral
arm location feed 26Al (colour gradient in ellipses) into the old superbubbles.

Fig. 5. The grand-design spiral galaxy NGC 628. The background image is
the 21 cm map from The HI Nearby Galaxy Survey (THINGS, Walter et al.
2008). Red ellipses denote HI supershells from Bagetakos et al. (2011). Blue
’plus’-signs denote the 650 HII regions identified by Honig & Reid (2015). Their
spiral arm designations, ’A’ and ’B’, are also indicated. The large green circle
indicates the median corotation radius of 4.6 ± 1.2 kpc from a number of studies
as compiled by Scarano & Lépine (2013). For the first half-turn, arm ’A’ has no
HI supershell on its trailing edge, but four are close to or even overlapping the
leading edge in the way envisaged by our model. Arm ’B’ begins just inside of
corotation and has three prominent HI supershells at its leading edge, with only a
minor one towards the trailing edge. From about the corotation radius outwards,
HI supershells are no longer at the edges of the HII arm, but appear all over it.

HI supershell locations relative to the HII regions change strik-
ingly near the corotation radius: Inside, three prominent HI su-
pershells lie towards the leading edge of the HII arm, extending
over about a quarter of a turn. Only one small supershell is lo-
cated at the trailing edge. From about the corotation radius out-
wards, the HI supershells are spread over the widening HII arm.
None is clearly associated with the leading or trailing edges. It
is beyond the scope of this article to explain the differences be-
tween these galaxies. The fact that the effect we postulate is con-
sistent with the data in NGC 628 is, however, encouraging.

The 26Al decay time is comparable to the crossing time
through the HI supershell, and thus we expect to observe
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