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ABSTRACT

Recent improvements in the age dating of stellar populations and single stars allow us to study the ages and abundance of stars and
galaxies with unprecedented accuracy. We here compare the relation between age and α-element abundances for stars in the solar
neighborhood to that of local, early-type galaxies. We find these two relations to be very similar. Both fall into two regimes with a
shallow slope for ages younger than ∼9 Gyr and a steeper slope for ages older than that value. This quantitative similarity seems
surprising because of the different types of galaxies and scales involved. For the sample of early-type galaxies we also show that
the data are inconsistent with literature delay-time distributions of either single- or double-Gaussian shape. The data are consistent
with a power-law delay-time distribution. We thus confirm that the delay-time distribution inferred for the Milky Way from chemical
evolution arguments must also apply to massive early-type galaxies. We also offer a tentative explanation for the seeming universality
of the age-[α/Fe] relation: it is the manifestation of averaging different stellar populations with varying chemical evolution histories.

Key words. stars: abundances – galaxies: abundances – galaxies: elliptical and lenticular, cD – supernovae: general –
Galaxy: evolution

1. Introduction

It has long been recognized (Tinsley 1979; Matteucci & Greggio
1986) that the element abundance ratio [α/Fe] is a powerful es-
timator of the duration of star formation events in galaxies. The
reasons are different explosion timescales and yields of different
types of supernovae. A direct consequence of this insight is that
we expect a correlation between the ages of stars in galaxies and
their [α/Fe] ratios. A recent example is Fig. 1 in Chiappini et al.
(2015), which shows the generic prediction for single stars in the
Milky Way. It is unclear, however, how this relation would trans-
late into galaxy-wide average properties. Generally, we expect
that galaxies that have stopped forming stars at an earlier time
in the history of the Universe (equivalent to a shorter star for-
mation timescale) would show less light from Fe-enriched stars
in their spectra and consequently a higher overall [α/Fe] enrich-
ment. There does not seem to be a good reason why the rela-
tions between age and [α/Fe] should be quantitatively the same
for entire galaxies and single stars, with the hope that possible
differences might be used to study the different star formation
histories. However, the exploration of this expected correlation
has been hampered by uncertainties in stellar and galaxy ages,
related to model uncertainties and intrinsic degeneracies, such
as the age-metallicity degeneracy.

We have recently been able to take a significant step for-
ward by showing this correlation for early-type galaxies (ETGs;
Walcher et al. 2015, hereafter W15). Jørgensen (1999) previ-
ously found no correlation between [α/Fe] and age. This cor-
relation was tentatively first reported by Gallazzi et al. (2006).
A correlation of age and [α/Fe] was unambiguously shown by
Graves et al. (2010) from stacked spectra (their Fig. 4), but the
very nature of stacked spectra prevented studying the scatter in
the relation. The relation was shown on a per-galaxy basis by
Kuntschner et al. (2010, their Fig. 6), but in this case the small
sample size and continued large uncertainties on age made an
interpretation difficult. Other recent work, such as Thomas et al.
(2010) and Johansson et al. (2012), showed and discussed the
parameters age, [Fe/H] and [α/Fe], but did not directly address
the age-[α/Fe] relation explored here. The W15 results neverthe-
less qualitatively agree with these earlier papers and reinforce
and expand on them. We emphasize that for this same corre-
lation, it is important to heed the warnings of Thomas et al.
(2005), who discussed the importance of degeneracies when us-
ing age as a parameter. We quantitatively showed in W15 that
the age-metallicity degeneracy does not give rise to the observed
correlation.

An interesting parallel development has been the verification
of the expected similar correlation in the stars of the Milky Way.
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The unique age-metallicity relation in the Galactic disk has been
first suggested by Twarog (1980) using multiband photome-
try data. However, Edvardsson et al. (1993) and later studies
(Feltzing et al. 2001; Nordström et al. 2004; Holmberg et al.
2007, 2009; Casagrande et al. 2011) have found that there is no
one-to-one relationship between ages and metallicities of stars
and a large scatter at any age that may have an astrophysical
cause. Finally, the most recent work by Bergemann et al. (2014,
hereafter B14), using the high-resolution spectra from the Gaia-
ESO stellar survey, has conclusively established the weak age-
metallicity relation in the solar vicinity of the Galactic disk. This
is the first study to carefully analyze the survey target selec-
tion effects and their effect on the age-metallicity diagram. For
stars with ages below 8 Gyr and for the solar vicinity, the ob-
served age-metallicity relation was found to be nearly flat, and
the majority of older stars are metal-poor and enhanced in α el-
ements. Similar conclusions were reached by Haywood et al.
(2013, hereafter H13) and Bensby et al. (2014). As discussed in
Bensby et al. (2014), the H13 analysis lead to a very tight [α/Fe]-
age relation as a result of the problems in the spectroscopic anal-
ysis and sample selection biases. Generally, B14 established that
[α/Fe] is a good proxy for the age of a star, even though they
reported a significant dispersion of [Mg/Fe], especially at ages
above 9 Gyr.

This paper attempts to establish two new statements. First,
the correlation between age and [α/Fe] as expected from chemi-
cal evolution is seen in ETGs and is quantitatively similar to the
correlation for stars in the solar neighborhood. This is true de-
spite the very different star formation histories of these two dif-
ferent types of stellar systems. Second, this universality allows
us to explore the dependence on the yields and delay-time distri-
butions (DTDs) of supernovae (SNe) Ia and II. When fixing the
yields, the age-[α/Fe] relation of ETGs thus provides additional
interesting constraints on the DTD of SNe Ia.

2. Data and models

We are interested in comparing the relation between age and
[α/Fe]for galaxies and stars and for data and models. We here de-
scribe the data and models we used for the present contribution.

2.1. Data for ETGs

For observational data of galaxies we turn to our publication of
W15. There we analyzed a spectroscopic sample of 2286 ETGs
selected from the SDSS survey, data release 7 (Abazajian et al.
2009). The galaxies were selected according to the following
criteria: they showed no emission lines (and therefore no visi-
ble star formation), were photometrically concentrated, and had
spectra with a sufficiently high signal-to-noise ratio (S/N > 40)
to allow a careful analysis of the stellar population content. To
analyze the spectra we used the pixel-fitting code paradise.
This algorithm fits a linear combination of simple stellar popula-
tions to the galaxy data, at the same time as deriving the best-fit
kinematic parameter velocity and velocity dispersion. The stel-
lar population models used were the differential stellar popula-
tion models of Walcher et al. (2009). In particular, we derived
the physical parameters age, [Fe/H], and [α/Fe]. In the present
contribution we only used those physical properties as derived
in a luminosity-weighted sense, meaning that every stellar pop-
ulation contributes to the total signal according to its luminosity
contribution to the overall spectrum. In W15 we also addressed

the ability to separate the properties of the old- and intermediate-
age stars on a per-galaxy basis. Typical error bars (precision) on
age are 0.2 Gyr and 0.01 dex on [Fe/H] and [α/Fe]. These age
precisions are obtained for stellar populations, that is, they are
averages of many stars. The techniques used to derive these ages
are very different from the techniques used for single stars. The
definition of the α-element abundances groups together the ele-
ments O, Ne, Mg, Si, S, Ca, and Ti (Coelho et al. 2007), but the
dominant signal in the wavelength range we used to determine
the abundance comes from Mg. The models are normalized to
the solar abundances from Grevesse & Sauval (1998). The galax-
ies cover a mass range from 1010.2 to 1011.5 M�.

2.2. Data for Milky Way stars

For data on stars we turn to the publications of B14 and H13.
First, we used the data from the Gaia-ESO spectroscopic survey,
presented in B14. The Gaia-ESO survey (Gilmore et al. 2012;
Randich et al. 2013) is a large high-resolution spectroscopic sur-
vey of FGK stars in the Milky Way disk to date. The B14 dataset
consists of 144 stars with ages from 0.5 to 13.5 Gyr, which were
determined consistently using advanced stellar evolution mod-
els (Serenelli et al. 2013), which we verified on the accurate
seismic estimates for the reference benchmark stars (Jofré et al.
2014; Heiter et al. 2015). The chemical abundances of 15 ele-
ments were determined using the high-resolution (R ∼ 47 000)
Gaia-ESO UVES spectra using the MARCS model atmospheres
and experimental atomic line lists. The mean uncertainties are
1.5 Gyr in age, and 0.06 dex in metallicity and chemical abun-
dances of α-elements. The stars in the sample are all within 6 kpc
to 9.5 kpc from the Galactic center and are located close to the
plane, |Zl < 1.5 kpc.

Second, we used the data from H13. These authors published
ages for single stars with known [Fe/H], and [α/Fe] in the solar
neighborhood. Their sample is based on the HARPS GTO ob-
servations of 1111 stars as published in Adibekyan et al. (2012).
The original sample had to be severely pruned to 363 stars with
clearly defined ages. This down-selection was based on an ab-
solute magnitude cut at MV < 4.75 and on a somewhat less
reproducible selection of stars with “a well defined probability
function” (H13). H13 noted that their absolute age scale might
be incorrect by 1 to 1.5 Gyr, while relative ages would have un-
certainties of 1 Gyr. The definition of [α/Fe] reported in H13
includes the mean of Mg, Si, and Ti abundances. In the analy-
sis of W15 the Mgb feature dominated, therefore these two ob-
servational definitions are very comparable despite the different
definition of the α group.

The stellar data for H13 were adopted from Figs. 6 and 17
using the PlotDigitizer application. We were able to read
off 112 points in Fig. 6 (age vs. [α/Fe]) and 300 points in
Fig. 9 (age vs. [Fe/H]). The larger number of points in the
age vs. [Fe/H] plane is caused by the larger scatter, which
enables distinguishing more data points in the figure. We are
not interested in the properties of single stars but in the slopes
and zero points of the correlations, therefore we expect lit-
tle if any bias from this sample incompleteness. In particular,
for the age vs. [α/Fe] relation, most of the invisible (crowded)
points seem to be concentrated at low ages and low [α/Fe],
which agrees with the general trend. Including the whole sample
would therefore presumably mainly decrease the scatter around
this mean relation, but would not change the parameters of the
relation.

Since we began writing this paper, more samples have ap-
peared that extended the very local samples used here with
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CoRoT and Kepler data with spectroscopic follow-up (Chiappini
et al. 2015; Anders et al. 2016; Martig et al. 2015). Adding these
stars would not change the conclusions of this paper in any way.

2.3. Semi-analytic models of ETG formation

The galaxy models are based on the semi-analytic models
described in Yates et al. (2013, hereafter Y13), which are
themselves an update of the Munich semi-analytic model,
L-GALAXIES (Springel et al. 2001; Guo et al. 2011). The model
is built on merger trees from the Millennium (Springel et al.
2005) and Millennium-II (Boylan-Kolchin et al. 2009) N-body
simulations of dark matter (DM) structure formation and uses
an analytic treatment to track the transfer of mass between dif-
ferent baryonic components of a galaxy, such as bulge and disk
stars, and hot and cold gas. Prescriptions for supernova and AGN
feedback are included. The most important ingredients for the
present contribution are those that directly influence the chem-
ical evolution, that is, SN yields, initial mass function (IMF),
stellar lifetimes etc. All of these are described in detail in Y13.

The only parameter that we treat as a variable in the present
contribution is the DTD of SNeIa. The DTD describes the prob-
ability for a SN Ia to explode as a function of the time elapsed
since a star formation event. The overall explosion rate of SNe
Ia in a galaxy will depend on the DTD and the star formation
history. Y13 considered three DTDs: power-law, bimodal, and
Gaussian. The bimodal DTD could be reasonably close to a
power-law DTD for a specific choice of parameters (normaliza-
tion, slope, characteristic time, etc.). Here we chose parameters
that have been proposed in the literature based on observations
of the SNIa rate, but that still keep the DTDs sufficiently unique
that our data and model matching allow us to distinguish be-
tween them. Formal parameter minimization of different DTDs
and further dependencies (such as a metallicity dependance of
the DTD) will be explored in future work.

The Y13 model provides the same parameters as for the
W15 ETGs: age, [Fe/H], and [α/Fe]. Just as for the ETG data
from W15, the ages are calculated as r band luminosity-weighted
ages. The [α/Fe] value used in Y13 is the value of [O/Fe] and
is normalized to the Anders & Grevesse (1989) meteoric abun-
dances (i.e., [O/H] = 8.93 and [Fe/H] = 7.51). Normalizing to
the Grevesse & Sauval (1998) abundances would shift the overall
normalization down by 0.1 dex in [α/Fe]. We have also tested the
effect of taking the average of the enhancements of O, Si, S, and
Ca (i.e., excluding Mg) as our value for [α/Fe]. All results of this
paper are independent of whether we use [O/Fe] or this restricted
definition of [α/Fe] for the model galaxies. We decided to avoid
[Mg/Fe] because there are some known peculiarities with the
yields of this element in the yield set used (Portinari et al.
1998). In particular, uncertainties concern the greater Mg pro-
duction in low-metallicity stars as compared to high-metallicity
stars, which is due to complex assumptions about pre-SN stellar
winds.

It is also important to note exactly which sample we are
using. To the basic set of model ellipticals from Sect. 6.3 of
Y13 we imposed an overall lower mass limit of log(M∗) =
10.0 to roughly match that of the W15 sample. Here, we did
not impose the additional cut based on the 1σ scatter of the
Johansson et al. (2012) mass-age relation (see Sect. 6.3.1 of
Y13). This additional cut would have removed those low-mass
model galaxies that we know are too old and red as a result of
efficient stripping and SN feedback in the model, which causes
these objects to have run out of star-forming gas very early.

Low-mass galaxies are, however, not considered in the present
contribution.

2.4. Simulations of disk assembly

For a chemical evolution model of the solar neighborhood stars
that closely matches the B14 sample, we considered Minchev
et al. (2013, hereafter M13). The Y13 model also predicts abun-
dance trends for disk galaxies and could have been used in the
same way. However, the M13 model has been constructed specif-
ically for the Milky Way and thus is most directly comparable
to the B14 data. Moreover, using two entirely different chemical
evolution models reinforces our statement that the age-[α/Fe] re-
lation is universal.

The M13 model is based on a simulation in the cosmological
context by Martig et al. (2012), and we refer to that paper for all
details on the method. The main point for our discussion is that
M13 chose the one galaxy out of all Martig et al. (2012) galax-
ies that most resembles the Milky Way. The chemical evolution
model is tied to the dynamic evolution by having both disks grow
inside out, by a similar gas-to-stellar mass ratio, and by resam-
pling the star formation rate in the simulation to match that of
the semi-analytical chemical model. This method allows circum-
venting problems with fully self-consistent chemo-dynamical
simulations, which are due to uncertainties in subgrid physics –
even in high-resolution cosmological simulations, one particle
represents 104−105 M�. M13 listed the [Mg/Fe] abundances of
the stars out of a total of ∼30 elements. The M13 model uses Mg
as its proxy of the α-element group, which is compatible with
the W15 and B14 analyses.

The H13 data are limited to the Hipparcos volume, while
the B14 data cover a somewhat more extended solar vicinity. To
reproduce the limited volume in the data, we considered a ring
at radius r = 8 kpc, of radial width ∆r = 0.1 kpc, and of vertical
height ∆|z| = 0.05 kpc. We convolved the model with ad hoc but
realistic error bars, namely ∆age = 1 Gyr and ∆[α/Fe] = 0.11.
Out of the total sample of available stars in the model (∼105),
we randomly selected 400 stars, which is approximately the size
of the B14 and H13 samples combined.

An important feature of the model is that its oldest stars are
11.2 Gyr old (12.2 Gyr including fiducial errorbars). The old-
est stars in the observations can be as old as 15 Gyr. Clearly,
there is a difference in age scale, which may be imputed both
to the observations and the simulations, for different reasons.
Observationally, age scales may be uncertain for several reasons,
as discussed in B14. In the simulations, on the other hand, the
main effect is that the model is a pure thin disk model, that is, a
chemodynamical simulation that was run for 11.2 Gyr. In the
two-infall model from Chiappini et al. (1997), the thick disk does
pre-enrich the thin disk. Nevertheless, thin-disk stars are chem-
ically nearly independent of the thick-disk stars, the chemical
clock is essentially reset at the beginning of the second infall.
The use of M13 simulation is justified because the thick-disk
population shown in Fig. 1 of Chiappini et al. (2015) is absent
from the observational samples used here, see Sect. 2.2. The net
effect is that in simulations chemical evolution starts at 11.2 Gyr
instead of ∼13. For our application this has the effect that we
need to slightly stretch the age axis for the simulations to match
the chemical evolution patterns of the observed Milky Way. The
stretch factor therefore should be ∼1.2. This stretch factor is fur-
ther discussed in Sect. 3.1.
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Fig. 1. Comparison of the correlations between age and [α/Fe] for
two very different types of astrophysical objects. Upper left panel:
the luminosity-weighted average properties of early-type galaxies from
W15. The solid line is a formal fit to the two regimes, separated at
9 Gyr. Upper right panel: stars in the local neighborhood from B14
(solid squares) and H13 (stars). The dashed line is a formal fit to the
B14 data for the two regimes, separated at 9 Gyr. The solid line repeats
the fit for galaxies from the left panel. Lower left panel: the luminosity-
weighted average properties of early-type galaxies in the semi-analytic
model of Y13. The solid line repeats the fit for the W15 data for com-
parison. No observational errors have been added to the model galaxy
properties, which largely explains the difference in scatter. Lower right
panel: single-star properties for a simulated solar neighborhood from
M13. The dashed line repeats the fit to the B14 data for comparison.
Here, observational errors have been added for better comparison of
scatter.

3. Results

3.1. Age-[α/Fe] relation

In this section we plot and compare the relations between age
and [α/Fe] and [Fe/H]. As discussed above, the different datasets
have to be set to the same scale before they can be directly com-
pared. We applied the following scaling factors: (1) None to the
W15 data. (2) A downward shift to the [α/Fe] value of Y13 of
0.1 dex, which is justified by the different solar abundances used
as reference. No shift was applied to [Fe/H], as the nominal shift
of 0.01 dex is not significant for the present work. (3) None to the
B14/H13 data. (4) As justified in Sect. 2.4, a correction factor of
order 1.2 is expected to be needed due to differences in timescale
between the M13 model and the Milky Way data. In practice the
factor 1.17 works well for the self similarity arguments exposed
here. This ad hoc stretch factor makes it impossible for the mo-
ment to use the M13 models to infer information on the SNe Ia
DTD.

We plot the relation between age and [α/Fe] in Fig. 1.
Qualitative agreement was expected from the literature on chem-
ical evolution cited in Sect. 1. Surprisingly, the relations are also
quantitatively similar, all showing a clear change of slope at ages
between 9 and 10 Gyr in both datasets and both model sets. On
the other hand, the age-[Fe/H] relations in Fig. 2, while showing
the overall same trend of [Fe/H] decreasing with lookback time,
are quantitatively very different in the sense that [Fe/H] for old
stars is much lower in the solar neighborhood. The galaxy data
do not seem to require a two-slope regime, whereas the stellar
data do. We discuss possible reasons for this in Sect. 4.1.

Fig. 2. Comparison of the correlations between age and [Fe/H] for two
very different types of astrophysical objects. The panels and lines are
the same as in Fig. 1.

We have verified that for all relations we studied here the
Spearman-Rank test indicates that the probability of absence of
any correlation is zero. We quantified the correlations by means
of formal fits to each set of two-parameter combinations using
the LINFIT module in IDL. We fit the two regimes separately
and report the results in Table 1. For the age-[α/Fe] relation all
slopes are consistent at the 2σ level (error bars reported in the
table are 1σ error bars). Likewise, all intercepts are the same
within 2σ, with the exception of the [Fe/H] intercepts in the
young regime. These last intercepts will depend more strongly
on sample selection than any other, so that we neglected this dif-
ference for the present contribution.

3.2. Delay-time distribution of SNeIa

We repeat the relation between age and [α/Fe] in Fig. 3, this
time comparing it to the results from the Y13 model for different
SNe Ia DTD. It seems fair to say that there is considerable debate
in the literature on SNe Ia DTDs determined from direct obser-
vations of SNe and their host galaxies. Different authors claimed
different results with high certainty. In the hope of being repre-
sentative, we chose three DTDs, without any prejudice against
other work. In all cases the delay time is denoted by τ and all
DTDs are normalized to 1, such that∫ τmax

τmin

DTD(τ) dτ = 1. (1)

Mannucci et al. (2006) found strong evidence for two different
types of SNe Ia progenitors and proposed a bimodal DTD:

log(DTDBM) ={ 1.4 − 50(log(τ/yr) − 7.7)2 if τ < τ0
−0.8 − 0.9(log(τ/yr) − 8.7)2 if τ > τ0,

(2)

where τ0 = 0.0851 Gyr separates the times where one or the
other progenitor dominates the SN Ia rate.

Strolger et al. (2004), on the other hand, rejected the double-
progenitor scenario “at the 99% confidence level” and were able
to describe their data by a narrow Gaussian DTD:

DTDNG =
1√

2πσ2
τ

e−(τ−τc)2/2σ2
τ . (3)
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Table 1. Coefficients of linear fits to the datasets.

Dataset Parameters Age range Intercept Slope

W15 age vs. [α/Fe] <9 Gyr −0.010 ± 0.0044 0.009 ± 0.0006
W15 age vs. [α/Fe] ≥9 Gyr −0.199 ± 0.0071 0.031 ± 0.0006
Y13 age vs. [α/Fe] <9 Gyr 0.005 ± 0.0045 0.008 ± 0.0006
Y13 age vs. [α/Fe] ≥9 Gyr −0.197 ± 0.0041 0.028 ± 0.0004
B14 age vs. [α/Fe] <9 Gyr 0.005 ± 0.0206 0.011 ± 0.0037
B14 age vs. [α/Fe] ≥9 Gyr −0.200 ± 0.0096 0.034 ± 0.0011
M13 age vs. [α/Fe] <9 Gyr −0.007 ± 0.0059 0.013 ± 0.0012
M13 age vs. [α/Fe] ≥9 Gyr −0.151 ± 0.0688 0.030 ± 0.0065

W15 age vs. [Fe/H] <9 Gyr 0.129 ± 0.0043 −0.020 ± 0.0006
W15 age vs. [Fe/H] ≥9 Gyr 0.151 ± 0.0076 −0.024 ± 0.0007
Y13 age vs. [Fe/H] <9 Gyr −0.030 ± 0.0247 −0.028 ± 0.0031
Y13 age vs. [Fe/H] ≥9 Gyr −0.065 ± 0.0155 −0.020 ± 0.0015
B14 age vs. [Fe/H] <9 Gyr −0.027 ± 0.0578 −0.002 ± 0.0103
B14 age vs. [Fe/H] ≥ 9 Gyr 0.882 ± 0.0164 −0.103 ± 0.0018
M13 age vs. [Fe/H] <9 Gyr 0.104 ± 0.0124 −0.035 ± 0.0025
M13 age vs. [Fe/H] ≥9 Gyr 0.308 ± 0.1802 −0.061 ± 0.0170

W15 age vs. [α/Fe] <9 Gyr −0.010 ± 0.0044 0.009 ± 0.0006
W15 age vs. [α/Fe] ≥9 Gyr −0.199 ± 0.0071 0.031 ± 0.0006

Y13 PL age vs. [α/Fe] <9 Gyr 0.005 ± 0.0045 0.008 ± 0.0006
Y13 PL age vs. [α/Fe] ≥9 Gyr −0.197 ± 0.0041 0.028 ± 0.0004
Y13 NG age vs. [α/Fe] <9 Gyr −0.051 ± 0.0080 0.010 ± 0.0010
Y13 NG age vs. [α/Fe] ≥9 Gyr −0.629 ± 0.0110 0.071 ± 0.0010
Y13 BM age vs. [α/Fe] <9 Gyr −0.023 ± 0.0039 0.004 ± 0.0005
Y13 BM age vs. [α/Fe] ≥9 Gyr −0.137 ± 0.0029 0.017 ± 0.0003

Here τc = 1 Gyr is the average delay time and στ = 0.2τc Gyr is
the width of the distribution.

Finally, Maoz et al. (2012) argued that the most recent data
favor a power-law DTD, which is described by

DTDPL = a(τ/Gyr)−1.12 (4)

with normalization constant a = 0.15242 Gyr−1. Similar DTDs
have also been advocated by numerous other authors, for in-
stance, Totani et al. (2008), Graur et al. (2011), and Graur et al.
(2014).

Figure 3 shows that the old-part slope of the age-[α/Fe] rela-
tion is sensitive to the SNIa DTD. The power-law DTD is clearly
the best approximation of the data, while the two other DTDs
fail at old ages. This result had been anticipated by earlier work.
Matteucci & Recchi (2001) have shown that a significant frac-
tion of SNe Ia need to explode significantly before the 1 Gyr
timescale often quoted for SNe Ia. For an instantaneous burst
as assumed in the DTD, they quoted a typical timescale of very
roughly 50 Myr, which is what we find here. The fraction of SNe
Ia to explode within 100 Myr after the burst of star formation has
been further constrained by Matteucci et al. (2009) to be between
13% and lower than 30%. It was estimated by Y13 to be ∼23%
for the power-law DTD used here as well.

We emphasize that the DTDs have been chosen directly from
the literature from lookback studies of SNe Ia explosion rates.
These literature DTDs are naturally distinct, and we made no
attempt on purpose to vary their functional parameters. For ex-
ample, we could probably tweak the parameters of the bi-modal
distribution to yield similar results to the power-law DTD within
our systematic measurement uncertainties. This would imply
that the two DTDs are essentially the same as well, however.
We also note that the downward renormalization of the Y13 data
effected in Sect. 3.1 is applied here as well, but does not affect

our conclusions in any way. The shape of the age-[α/Fe] correla-
tion allows us to diagnose the DTD, not the normalization of the
[α/Fe] values.

4. Discussion

4.1. Self-similarity, or the independence of star formation
history

The quantitative similarity of the relation age-[α/Fe] presented in
Fig. 1 for Milky Way stars and ETGs is not only not evident, it
is even decidedly surprising. Objects reported in W15 and Y13
correspond to luminosity-weighted average properties of mas-
sive galaxies, that is, to ensembles of more than 1010 stars, in
galaxies that stopped forming the majority of their stars a long
time ago. On the other hand, objects in B14 and M13 are sin-
gle stars in the solar neighborhood, or in other words, the thin
disk of a nearly bulgeless disk galaxy that is still forming a
few solar masses of stars every year (a much higher specific
star formation rate than seen in present-day early-type galax-
ies). The apparent conundrum could be interpreted as follows:
the B14 age-[α/Fe] relation for Milky Way stars could be trac-
ing, down to z = 0, a generic lookback time vs. [α/Fe] relation. If
so, ETGs are simply galaxies that stopped forming stars some-
where earlier on that curve. An ETG sample with a range of
ages would, therefore, populate an age-[α/Fe] relation very sim-
ilar to that of MW stars. Thus the most naive interpretation of the
data would be that there is a common underlying age-[α/Fe] re-
lation that does not depend sensitively on the SFH of the galactic
system.

Such an interpretation is clearly oversimplified, however.
The thin-disk curves in Fig. 7 of Minchev et al. (2013; see also
Fig. 1 of Chiappini et al. 2015) show that within the Milky Way
the relation between age and [α/Fe] is expected to depend on the
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Fig. 3. Comparison of the correlations between age and [α/Fe] for three
different prescriptions for the DTD of SNeIa in the Y13 model. Upper
left panel: the luminosity-weighted average properties of early-type
galaxies from W15. The solid line is a formal fit to the two regimes, sep-
arated at 9 Gyr and repeated in all the other panels. Upper right panel:
the luminosity-weighted average properties of early-type galaxies in the
semi-analytic model of Y13, using a Gaussian DTD. Lower left panel:
the luminosity-weighted average properties of early-type galaxies in the
semi-analytic model of Y13 using a power law DTD. Lower right panel:
the luminosity-weighted average properties of early-type galaxies in the
semi-analytic model of Y13 using a bimodal DTD.

radius of formation of the stars. The magenta line in that figure is
very similar to our result here but is the average result of chemo-
dynamical evolution. In other words, the stellar line by itself
mixes stars from different radii. The very recent results of Anders
et al. (2016, their Fig. 13) would also seem to show significant
scatter at the location of the knee of the [Fe/H] vs. [α/Fe] plot,
which might be tied to a variation in the age vs. [α/Fe] relation.
We point out that in addition to expected intrinsic variations in
the age − [α/Fe] relation in stellar systems, even for the Milky
Ways stars, not all stars in this plot belong together in a causal
sense. The thick-disk and thin-disk stars are distinct in their for-
mation history, although formation times may overlap. This mir-
rors the statement made in W15 that the intermediate-age stellar
populations in ETGs are not causally connected to the old stellar
populations.

The chemical evolution models additionally allow exploring
the plausibility of the two-slope parametrization we have pre-
sented here for the observational data. The two-infall model of
Chiappini et al. (1997) essentially produces two different types
of chemical evolutionary systems: (1) The thick disk, with high
star formation efficiency and a short accretion timescale. (2) The
thin disk, with lower star formation efficiency and an overall
longer accretion timescale. The thin disk additionally has a vary-
ing accretion timescale with radius, which is longer for larger
radii in the Milky Way. Figure 2 of Minchev et al. (2013) shows
the dependence of star formation history on radius within the
Milky Way. Clearly, the center of the Milky Way experiences
a star formation history that peaks at very early times, entirely
opposite to the outermost radii, which have a very gentle in-
crease of star formation rate over cosmic time. Figure 7 of
Minchev et al. (2013) shows, however, that for the first three Gyr,
the age-[α/Fe] relation has a steep slope that varies only very
slightly with radius, hence star formation history. The main ef-
fect of the varying star formation histories is in the slope of

the age-[α/Fe] relation at lookback times shorter than 9 Gyr.
To translate these insights for the ETGs, we additionally need
to take into account that the number of stars on each of these
tracks will vary widely: the longer the timescale of star formation
(which corresponds to a larger radius in the Milky Way), the
larger the fraction of stars on the tracks with an age younger than
9 Gyr. The converse is also true: a system with a very intense star
formation burst at very early cosmic times will produce very few
stars with very low [α/Fe] values and ages younger than 9 Gyr.
Thus the net effect of averaging stellar populations from chem-
ical evolutionary systems with varying star formation histories
may be to drive toward a relation that is similar to the one shown
here, or indeed to the average relation in the vicinity of the Sun,
as exemplified by the magenta line in Fig. 7 of Minchev et al.
(2013). An example of how this averaging effect works at dif-
ferent radii in the disk of the Milky Way is shown in Fig. 5 of
Minchev et al. (2014).

Thus, the apparent universality of the age-[α/Fe] relation and
its independence on the specific stellar assembly history for the
two types of systems that we were able to test here might be more
than just a coincidence. It would rather be the expected average
for complex stellar systems. It will be worthwhile and interesting
to further study observationally whether this common relation
exists for more stellar systems and to identify where and how
different systems finally diverge, given small enough error bars
and as expected from chemical evolution models. Lehnert et al.
(2014) argued that “the low scatter in the [α/Fe] as a function
of age and the rapid decrease in [α/Fe] with time suggests that
mixing of metals was very efficient”. It seems in light of the
ETG data presented here that efficient mixing is not necessarily
needed if the age-[α/Fe] relation is universal enough to apply to
any star-forming system with a mixture of stellar populations. It
follows, however, that a lower mass limit to the validity of this
relation must be expected, below which mixing arguments would
have to be invoked to keep the relation universal.

The apparent universality of the age-[α/Fe] relation is not
mirrored by the age-[Fe/H] relation, which shows strong differ-
ences between the Milky Way stars and massive ETGs. Data re-
ported in W15 show universally high [Fe/H] values, while the
B14 data show [Fe/H] values that are lower by 1 dex for old stars.
While the M13 model successfully reproduces the B14 data in
this figure, the Y13 model shows an offset in [Fe/H] as com-
pared to W15. A detailed discussion of this offset is beyond the
scope of this paper. A tentative solution to be explored elsewhere
is that the negative offset and shallower slope of the relation is a
mass effect. The typical ∼6 Gyr old ETG in the Y13 model is less
massive than that in the W15 sample, even though the Y13 sub-
sample used here is mass selected. This sample selection effect
might be partially caused by the selection on S/N for the obser-
vational data points, as discussed in W15. However, the overall
trend is the same as shown in the W15 data: an anticorrelation
between age and [Fe/H].

Beyond the mean relations, the scatter of the age-[α/Fe] and
age-[Fe/H] relations may contain physical insight if the er-
ror bars can be driven further down. Discussing the case
of the ETGs, the oldest ellipticals with ages >11 Gyr and
log(M∗) > 11.5 M� at z = 0, did not have time to enrich
heavily in iron, therefore they should show very small scatter
in [α/Fe]. Some slightly younger massive ellipticals would have
had slightly longer star formation timescales, hence lowering
the [α/Fe] and increasing their [Fe/H]. Other slightly younger
massive ellipticals would have started forming their stars later
in the history of the Universe, leading them to show overall
higher [α/Fe] and lower [Fe/H] at the same age. The scatter in
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[α/Fe] and [Fe/H] may thus be a good diagnostic of the time of
onset of star formation, a quantity that has eluded observational
constraints from galactic archeology for any galaxy we cannot
resolve in single stars.

4.2. Constraints on the delay-time distribution of SNeIa

In Sect. 4.1 we have stated that the shape of the age-[α/Fe] rela-
tion is relatively independent of the specific star formation his-
tory within the two stellar systems probed here. As shown in Fig.
3, the power-law SNe Ia DTD reproduces the W15 results best.
A very similar DTD was inferred from earlier constraints on
chemical evolution models using Milky Way data in Matteucci &
Recchi (2001), with a similar peak in SNe Ia rate at 40−50 Myr
after the burst. This DTD was also preferred in Y13 for the M*-
[O/Fe] relation and for the oxygen enhancement in MW disk
stars. While the use of the power-law DTD is consistent with the
literature for direct supernova observations (Maoz & Mannucci
2012), as shown by Bonaparte et al. (2013), the tighter con-
straint on the DTD apparently comes from chemical evolution
arguments as used here for ETGs and earlier in Matteucci et al.
(2006) and Matteucci et al. (2009) for the Milky Way.

When we examine the different DTDs, we find that the slope
of the relation below 9 Gyr is roughly the same for all DTDs.
While the normalization changes slightly, for reasons discussed
above, we do not consider the normalization a robust discrimi-
nant. However, the steepness of the slope for the >9 Gyr popu-
lation is sensitive to the DTD. We emphasize that this is also the
part of the age-[α/Fe] relation, which tends to look more univer-
sal. A DTD that produces fewer prompt SNe-Ia exhibits a steeper
slope because of the higher starting [α/Fe] values. This can be
understood through the luminosity-weighted average nature of
the plotted quantities. For more prompt SNeIa, the [α/Fe] of the
old stars will still be a mix of high and low [α/Fe] stars. Thus,
even for the oldest galaxies the [α/Fe] will be low. If there are
fewer prompt SNe Ia, the oldest galaxies will be dominated by
high [α/Fe] stars. On the other hand, for all DTDs, 3 Gyr after
the onset of star formation (i.e., around 9 to 10 Gyr lookback
time), the [α/Fe] ratio will have reached the same low value of
about 0.05.

This point is complimentary to the dependence of the slope
of the M∗-[O/Fe] relation on the DTD that has been dis-
cussed in Y13. Older model galaxies have shorter star formation
timescales, and the [O/Fe] at z = 0 of the oldest galaxies will
be higher (i.e., closer to the ratio produced by low-metallicity
SNe II) for DTDs with smaller prompt components.

Finally, we note as a caveat that we have neglected IMF vari-
ations for the arguments presented here. As very recently pointed
out again in Martín-Navarro (2016), a change of IMF does have
an effect on [α/Fe] evolution and therefore might affect the in-
ferences concerning the DTD. On the other hand, changes in the
IMF result mostly in changes of the [α/Fe] plateau value and not
in the actual evolution of [α/Fe] with age (Romano et al. 2005).
In addition, O is more affected than Mg because O yields change
more significantly with stellar mass than those of Mg.

4.3. Other combinations of DTD and SFH that fit the data

Snaith et al. (2014) showed that the stellar data of H13 can be
fit with a significantly different DTD. Their DTD was based on
a physical model with a single degenerate progenitor (Kawata
& Gibson 2003). It was bimodal, with one component due to
main-sequence mass donors and a more delayed component due

to red giant mass donors. However, none of those was a prompt
component in the classical sense because no SN Ia explodes be-
fore 0.7 Gyr after star formation. In both the bimodal and the
power law DTD we used, the first SNe Ia explode after 0.035 Gyr
and about half of all SNe Ia explode before 0.4 Gyr. Our chosen
shortest delay time reflects the lifetime of an 8 M� star, the most
massive secondary companion normally assumed in SNIa pro-
genitor models Matteucci & Greggio (1986), Greggio (2005),
Matteucci et al. (2006, 2009). It also allows us to meet observa-
tional constraints on the SNIa rate (Brandt et al. 2010; Maoz &
Badenes 2010).

The difference in DTD choice between Snaith et al. (2014)
and this work (and e.g. Matteucci & Recchi 2001) has a conse-
quence on the old-part slope of the age-[α/Fe] relation. In their
case, the starting value of [α/Fe] (∼13 Gyr ago) is always the
same, but the end value of [α/Fe] (at ∼9 Gyr) depends on the
star formation history. In our case, the end value is always the
same, but the starting value depends on the DTD (i.e., number
of prompt SNeIa with delay times between 35 and 100 Myr).
Therefore, we can both obtain very similar old-part slopes, but
for very different reasons. Distinguishing between the Snaith
et al. (2014) results and ours thus hinges on the SN Ia rates at
delay times between 35 and 100 Myr.

5. Conclusions

We have compared the age-[α/Fe] relation between ETGs and
the solar neighborhood for data and models. We found that the
relation is quantitatively the same and that both Milky Way and
early-type galaxy data require a DTD with a small prompt com-
ponent (<30% of SNe-Ia exploding within 100 Myr). For exam-
ple, a power-law DTD, such as those commonly derived from
observations of the SN-Ia rate, matches this requirement. We
also suggested that the observed scatter in the age-[α/Fe] rela-
tion for ETGs might be driven by differences in the onset of star
formation in those systems. For the existing range of galactic
systems and therefore star formation histories we studied, the
age-[α/Fe] relation is self-similar on widely different scales. A
tentative explanation for this seeming universality of the age-
[α/Fe] relation is that is results from averaging of different stel-
lar populations with varying chemical evolution histories. It thus
does not seem to be a useful tool for understanding the star for-
mation histories of galaxies, in contrast to the more widely used
[Fe/H]-[α/Fe] relations.
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