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ABSTRACT
The age–metallicity relation (AMR) is a fundamental observational constraint for understand-
ing how the Galactic disc formed and evolved chemically in time. However, there is not yet an
agreement on the observational properties of the AMR for the solar neighbourhood, primarily
due to the difficulty in obtaining accurate stellar ages for individual field stars. We have started
an observational campaign for providing the much needed observational input by using wide
white-dwarf–main-sequence (WDMS) binaries. White dwarfs are ‘natural’ clocks and can be
used to derive accurate ages. Metallicities can be obtained from the main-sequence compan-
ions. Since the progenitors of white dwarfs and the main-sequence stars were born at the same
time, WDMS binaries provide a unique opportunity to observationally constrain in a robust
way the properties of the AMR. In this work we present the AMR derived from analysing a
pilot sample of 23 WDMS binaries and provide clear observational evidence for the lack of
correlation between age and metallicity at young and intermediate ages (0–7 Gyr).

Key words: stars: abundances – binaries: spectroscopic – stars: low-mass – white dwarfs –
solar neighbourhood.

1 IN T RO D U C T I O N

The observed evolution of stellar abundances as a function of age,
i.e. the age–metallicity relation (AMR), is the fossil record of the
chemical evolution and enrichment history of the Galactic disc.
The AMR is hence a critical observational constraint to understand
how the Galactic disc formed and evolved chemically. The AMR
has been extensively studied in the past decades (see the reviews
of e.g. Freeman & Bland-Hawthorn 2002; Nomoto, Kobayashi &
Tominaga 2013, and references therein). Whilst early observational
studies found a correlation between stellar ages and metallicity in
the solar vicinity (e.g. Rocha-Pinto et al. 2000; Soubiran et al. 2008),
more recent works show a substantial scatter in the relation, sug-
gesting that a clear correlation between the age and the metallicity
does not exist (e.g. Haywood et al. 2013; Bergemann et al. 2014).
These discrepancies in the derived AMRs are likely to arise due to
the fact that measuring precise stellar ages is a difficult endeavour,

�E-mail: alberto.rebassa@upc.edu

subject to substantial uncertainties (Soderblom 2010). Indeed, im-
portant differences between different works arise when comparing
ages derived for the same stars (Anguiano et al. 2010). The discrep-
ancies in stellar ages, and hence in the derived AMRs, are the main
motivation to explore other dating methods and their application to
understand the chemical evolution of the Galactic disc.

Open clusters have been frequently used to study the AMR. These
studies show the same scatter of metallicities as observed in field
stars (Friel 1995; Carraro, Ng & Portinari 1998; Pancino et al. 2010).
Hence, these results support the idea of a lack of correlation between
the metallicity and the age. However, it is important to bear in mind
that open clusters generally dissolve after 1 Gyr (Vande Putte et al.
2010). This makes it difficult to address the study of the AMR for
intermediate and old ages. Moreover, as argued by Casamiquela
et al. (2016), the lack of a large number of open clusters analysed
homogeneously hampers the investigations about the existence of
an AMR, which may leave these results inconclusive. In this paper
we aim at providing additional observational input to address the
existence of the AMR using a different kind of astronomical ‘clock’:
white dwarfs (WDs).

C© 2016 The Authors
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WDs are the most typical endpoint of the evolution of most main-
sequence (MS) stars (see Althaus et al. 2010 and references therein).
Because nuclear reactions do not operate in their deep interiors,
the evolution of WDs can be considered as a relatively simple
gravothermal cooling process. The evolutionary cooling times are
now very accurate (Fontaine, Brassard & Bergeron 2001; Renedo
et al. 2010), providing a reliable way of measuring the WD age from
the temperature and surface gravity measured observationally. By
taking into account the initial-to-final mass relationship (Ferrario
et al. 2005; Catalán et al. 2008), the MS mass of the WD progenitor
can also be computed, and from it the time spent on the MS can
be derived, using the appropriate evolutionary sequences. Thus,
one can easily obtain the total age as the sum of the MS lifetime
of the WD precursor and the (cooling) age of the resulting WD
that we observe today.

A large fraction of MS stars are found in binary systems (Ragha-
van et al. 2010; Yuan et al. 2015). Like in single stars, the vast
majority of primary (or more massive) stars in these binaries will
also become WDs. There are two main channels that lead to the
formation of these white-dwarf–main-sequence (WDMS) binaries
(Willems & Kolb 2004). In ∼75 per cent of the cases, the initial or-
bital separation is wide enough to allow the evolution of the primary
star as if it were single. Hence, the separations of these WDMS bi-
naries are either roughly the same as the initial ones, or wider due
to mass loss of the WD progenitors that result in the adiabatic ex-
pansion of the orbits. In the remaining ∼25 per cent of the cases the
initial orbital separation of the MS binary is short enough so that
the binary undergoes a common envelope phase (Webbink 2008).
As a consequence, the orbital period distribution of WDMS bina-
ries is bi-modal, with close WDMS binaries that evolved through
common envelope being concentrated at short orbital periods, and
wide WDMS binaries that evolved avoiding mass transfer interac-
tions at long orbital periods (Farihi, Hoard & Wachter 2010; Nebot
Gómez-Morán et al. 2011).

Wide WDMS binaries offer a promising methodology to provide
input to determine the AMR. Metallicities can be directly deter-
mined from the MS components in the same way as it is done for
single MS stars, and accurate ages can be determined from the ob-
served properties of the WDs. Since the two components in each
binary are coeval, the WDs and MS stars have the same age, and
consequently employing the accurate WD ages provides also that
of the MS companions. We have started an observational campaign
to measure MS star metallicities and WD ages from a statistically
large sample of WDMS binaries. In this paper we present the tech-
niques applied to derive ages using the stellar parameters measured
directly from the WD spectra, the metallicity obtained from the MS
companion spectra and, finally, we discuss the AMR we obtained
using a pilot data set of 23 WDMS binaries.

2 TH E W D M S BI NA RY SA M P L E

Our sample is the largest and most homogeneous catalogue of
WDMS binaries currently known (Rebassa-Mansergas et al. 2016),
obtained from the Sloan Digital Sky Survey (SDSS). Radial veloc-
ity studies have allowed the identification of hundreds of both close
SDSS WDMS binaries that evolved through a common envelope
phase and wide binaries that did not interact (Rebassa-Mansergas
et al. 2007, 2011; Schreiber et al. 2008). Close WDMS binaries
cannot be considered in our programme, as the evolution of the WD
progenitors was truncated during the common envelope phase and
hence these WDs do not follow a clear initial-to-final mass rela-
tion. Among the sub-population of wide SDSS WDMS binaries,

we selected 118 systems which are bright enough (g < 19 mag)
to allow deriving accurate WD ages and MS star metallicities from
spectroscopic observations at current medium- and large-aperture
ground-based telescopes.

3 O BSERVATI ONS

We observed 19 wide WDMS binaries in our sample with the Very
Large Telescope at Cerro Paranal (Chile) equipped with the X-
Shooter instrument (Vernet et al. 2011) – the target names and
coordinates are provided in Table 1. X-Shooter takes simultane-
ous spectra on three different arms (UVB; 3000–5600 Å, VIS;
5500–10200 Å, NIR; 10200–24800 Å), thus covering the 3000–
24 800 Å wavelength range in one single exposure. We used the
0.9–1 arcsec slits, which resulted in resolving powers of 4350, 7450
and 5300 in the UVB, VIS and NIR arms, respectively. The obser-
vations were performed in service mode throughout 2015 and the
exposure times were chosen so that the resulting spectra were of
a signal-to-noise (SN) ratio of �40 in the regions of interest (the
Balmer lines in the UVB/VIS and the Na I absorption doublet at
2205/2209 nm in the NIR). A log of the observations is provided
in Table 2. In the NIR the spectra were observed in stare mode.
The data were reduced, wavelength calibrated and flux calibrated
with the ESOREFLEX X-Shooter pipeline, version 2.6.8. An example
of reduced and calibrated spectrum is shown in the left-hand panel
of Fig. 1.

Three additional wide SDSS WDMS binaries in our sample were
previously observed by X-Shooter by some of us in a separate pro-
gram, aimed at measuring accurate temperatures for ZZ Ceti WDs in
detached WDMS binaries (Pyrzas et al. 2015): SDSSJ 0052−0051,
SDSSJ 0824+1723 and SDSSJ 0111+0009 (Table 1). We reduced
these data in the same way as described above.

Finally, we included in our sample the eclipsing SDSS WDMS
binary SDSSJ 0138−0016 (Parsons et al. 2012) (see Table 1), which
has also been observed intensively with the X-Shooter instrument.
With an orbital period of 1.7 h, this system has certainly evolved
through a common envelope phase. However, it contains an ultra-
cool WD (3570 K) that allows deriving a robust cooling age of
9.5 Gyr. We reduced and calibrated the NIR X-Shooter data of
SDSSJ 0138−0016 to derive the metallicity of the MS companion.

The X-Shooter spectra of all our targets except
SDSSJ 0325−0111 clearly displayed the WD and MS fea-
tures necessary for deriving accurate ages and metallicities (see a
description of our method in Section 4). SDSSJ 0325−0111 turned
out to be a spatially resolved WDMS binary in the X-Shooter
acquisition image for which the X-Shooter spectrum only displayed
the MS component, i.e. the WD ended up outside the slit. We
identified five additional spatially resolved binaries among our
23 targets as revealed by their X-Shooter acquisition images:
SDSSJ 0832−0430, SDSSJ 0933+0926, SDSSJ 1405+0409,
SDSSJ 1558+0231 and SDSSJ 2341−0947. This could affect the
relative flux contribution of the two stars in the X-Shooter spectra,
as the probability exists that they did not both fit fully into the slit.
However, as we will show in Section 4, we do not make use of
absolute fluxes to derive the ages and metallicities, hence this issue
is not expected to affect our results.

4 R ESULTS

In total we have X-Shooter spectra of 23 wide WDMS binaries.
Here we report the spectral analysis performed to derive the WD

MNRAS 463, 1137–1143 (2016)
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Table 1. Names and coordinates of the 23 wide WDMS binaries studied in this work. WD stellar parameters (namely effective temperature, Teff, surface gravity,
log g, and mass) and M dwarf spectral types (Sp) obtained fitting the X-Shooter spectra are also provided. WD ages (obtained assuming the initial-to-final
mass relation of Catalán et al. 2008) and MS star [Fe/H] values are given in the last two columns. The WD parameters and age of SDSSJ 0138−0016 are taken
from Parsons et al. (2012). The WD parameters of SDSSJ 0325−0111 are derived fitting the available SDSS spectrum.

Object RA Dec. Teff (WD) log g (WD) Mass (WD) Sp (MS) Age [Fe/H]
(deg) (deg) (K) (dex) M� (Gyr) (dex)

SDSSJ 0003−0503 0.98723 − 5.05909 19967 ± 131 8.07 ± 0.02 0.66 ± 0.01 M4 0.75+0.13
−0.15 0.05 ± 0.12

SDSSJ 0005−0544 1.49948 − 5.73780 32748 ± 224 7.73 ± 0.03 0.54 ± 0.01 M2 6.71+2.22
−2.22 0.06 ± 0.12

SDSSJ 0036+0700 9.01079 7.01311 36105 ± 49 7.87 ± 0.02 0.60 ± 0.01 M4 1.52+0.22
−0.30 0.30 ± 0.12

SDSSJ 0052−0051 13.03508 − 0.85961 11933 ± 94 8.02 ± 0.03 0.61 ± 0.02 M4 1.34+0.17
−0.31 0.06 ± 0.12

SDSSJ 0111+0009 17.84954 0.15981 12326 ± 47 7.76 ± 0.03 0.54 ± 0.02 M3 5.06+1.74
−1.74 − 0.46 ± 0.12

SDSSJ 0138−0016 24.71475 − 0.27267 3570 ± 110 7.92 ± 0.02 0.54 ± 0.01 M5 9.50+0.30
−0.20 − 0.56 ± 0.12

SDSSJ 0256−0730 44.04421 − 7.50683 10194 ± 68 8.84 ± 0.04 1.12 ± 0.01 M5 2.96+0.20
−0.20 − 0.27 ± 0.12

SDSSJ 0258+0109 44.57446 1.16278 36873 ± 123 7.75 ± 0.02 0.55 ± 0.01 M3 4.87+1.16
−1.16 0.29 ± 0.12

SDSSJ 0321−0016 50.40225 − 0.27511 31096 ± 32 7.88 ± 0.02 0.59 ± 0.01 M5 1.73+0.26
−0.34 0.17 ± 0.12

SDSSJ 0325−0111 51.29517 − 1.18725 10499 ± 14 8.13 ± 0.04 0.68 ± 0.02 M2 1.10+0.12
−0.15 − 0.36 ± 0.12

SDSSJ 0331−0054 52.88383 − 0.91483 30742 ± 30 7.96 ± 0.01 0.63 ± 0.01 M3 0.97+0.05
−0.09 0.09 ± 0.12

SDSSJ 0824+1723 126.1209 17.3959 12476 ± 52 7.86 ± 0.03 0.54 ± 0.02 M3 5.22+1.94
−1.94 − 0.10 ± 0.12

SDSSJ 0832−0430 128.2300 − 4.51285 16064 ± 85 8.01 ± 0.01 0.62 ± 0.01 M1 0.94+0.05
−0.06 − 0.76 ± 0.12

SDSSJ 0916−0031 139.0061 − 0.52494 19130 ± 63 8.30 ± 0.02 0.81 ± 0.01 M4 0.44+0.02
−0.02 0.30 ± 0.12

SDSSJ 0933+0926 143.2996 9.44508 30401 ± 18 7.63 ± 0.01 0.54 ± 0.01 M5 6.05+0.89
−0.89 − 0.08 ± 0.12

SDSSJ 1023+0427 155.8927 4.45617 20498 ± 68 7.89 ± 0.02 0.57 ± 0.01 M4 2.79+0.50
−0.67 0.18 ± 0.12

SDSSJ 1040+0834 160.2395 8.57267 10254 ± 8 8.00 ± 0.03 0.60 ± 0.02 M5 1.62+0.22
−0.44 − 0.09 ± 0.12

SDSSJ 1405+0409 211.3955 4.15183 20716 ± 88 8.15 ± 0.02 0.71 ± 0.01 M4 0.46+0.10
−0.11 − 0.30 ± 0.12

SDSSJ 1527+1007 231.9337 10.1229 34079 ± 52 7.86 ± 0.02 0.59 ± 0.01 M3 1.42+0.23
−0.30 − 0.17 ± 0.12

SDSSJ 1539+0922 234.8943 9.37265 11183 ± 143 8.72 ± 0.03 1.06 ± 0.01 M5 2.49+0.20
−0.20 0.29 ± 0.12

SDSSJ 1558+0231 239.7217 2.52731 30062 ± 9 7.79 ± 0.01 0.54 ± 0.01 M4 5.57+0.63
−0.63 0.07 ± 0.12

SDSSJ 1624−0022 246.1319 − 0.38006 26291 ± 203 7.92 ± 0.03 0.60 ± 0.01 M3 1.26+0.24
−0.36 0.02 ± 0.12

SDSSJ 2341−0947 355.4926 − 9.78794 9433 ± 26 8.27 ± 0.04 0.77 ± 0.03 M4 1.45+0.09
−0.10 0.07 ± 0.12

ages and MS star metallicities together with the AMR derived from
this pilot sample.

4.1 WD ages

We used the decomposition/fitting routine outlined by Rebassa-
Mansergas et al. (2007) to subtract the MS star contribution from
the combined UVB and VIS arm X-Shooter spectra and record the
MS star spectral type. We then fitted the normalized Balmer lines
of the residual WD spectra (see e.g. in Fig. 1, right panel) with the
model grid of Koester (2010) considering the 3D corrections by
Tremblay et al. (2013), and derived WD effective temperatures and
surface gravities. We interpolated these values on the cooling tracks
of Renedo et al. (2010) to obtain the WD masses and cooling ages.
We then used the initial-to-final mass relation of Catalán et al. (2008)
to derive the WD progenitor masses. Finally, the WD progenitor
lifetimes were obtained interpolating the WD progenitor masses
in the BASTI isochrones (Pietrinferni et al. 2004), for which we
adopted the metallicities as derived from the MS companions (see
below). The WD cooling ages added to the MS lifetimes of their
progenitors gave the total ages of the binaries. The age uncertainties
were obtained propagating the WD mass uncertainties resulting
from the fits (typical errors were ∼0.01M�; see Table 1). The WD
ages are also reported in Table 1. Inspection of Table 1 reveals
that the age uncertainties increase considerably for decreasing WD
masses. This can be explained as follows: the progenitors of low-
mass WDs of mass <0.57M� are low-mass stars which spend a

long time in the MS. This time spent in the MS is very sensitive to
the mass of the star, thus even small errors in the WD progenitor
masses translate into rather different ages spent on the MS.

As mentioned in Section 3, the X-Shooter spectrum of
SDSSJ 0325−0111 displayed only the features of the MS com-
ponent, hence no WD parameters could be measured. Thus, we
fitted the available optical SDSS spectrum of this object in the same
way as described above to measure the WD stellar parameters and
the age.1

This method of calculating total ages as the sum of the WD cool-
ing and the MS progenitor lifetimes has been tested using WDs
in open and globular clusters, with the WD ages derived in this
way and those from the MS turn-off of the clusters being very
similar (Garcı́a-Berro et al. 2013; Torres et al. 2015). However,
it is important to mention that these works employ the theoreti-
cal initial-to-final mass relation of Renedo et al. (2010). Although
this theoretical relation is virtually identical to the semi-empirical
relation from Catalán et al. (2008) assumed in this work, it is impor-
tant to bear in mind that the initial-to-final mass relation for WDs

1 All SDSS WDMS binaries studied in this work have available SDSS
spectra. However, the SN ratio of these spectra is generally low (�10–15;
see Rebassa-Mansergas et al. 2016) and the derived WD parameters are
subject to considerably larger uncertainties than those measured from the
X-Shooter spectra of much higher SN ratio. Fortunately, the SDSS spectrum
of SDSSJ 0325−0111 was an exception (with a SN=40) and we could derive
precise WD parameters, hence age.

MNRAS 463, 1137–1143 (2016)
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Figure 1. Left panel: example X-Shooter spectrum of SDSSJ 0036+0700, an SDSS WDMS binary in our sample (black; regions dominated by telluric
absorption are shown in grey). The WD dominates the flux contribution at blue wavelengths (λ < 600 nm), the MS companion contributes most to the red (and
near-infrared) part of the spectrum. The best-fitting WD model and MS star template to the observed optical spectrum are shown as blue and red solid lines.
On the top right corner we zoom-in to the Na I absorption doublet at 2205/2209 nm (free of telluric absorption), used to derive the MS star [Fe/H] abundance.
Right panel: the normalized residual WD Balmer lines (black) that result from substracting the MS star contribution and the best-fitting WD model (blue). The
fit provides very accurate values of the WD effective temperature and surface gravity, which are used to calculate the WD masses and total ages of the binaries.

Table 2. Log of the observations. The dates are provided in the second col-
umn. The exposure times in each arm are given in the last three columns in
the format n × t, where n is number of spectra. We average the spec-
tra before performing the analysis. The spectra of SDSS J0052−0051,
SDSS J0111+0009, SDSS J0138−0016 and SDSS J0824+1723 were ob-
tained as part of different programs but were independently reduced and
calibrated by us in the same way as our own data (Section 3).

Object Date/s Exp. time Exp. time Exp. time
(UVB) (VIS) (NIR)

n × seconds n × seconds n × seconds

SDSS J0003−0503 2015-09-25 1 × 1240 1 × 1200 5 × 245
SDSS J0005−0544 2015-10-01 1 × 1240 1 × 1190 5 × 245
SDSS J0036+0700 2015-10-01 1 × 430 1 × 380 2 × 220
SDSS J0052−0051 2011-10-27 4 × 1475 4 × 1420 8 × 600
SDSS J0111+0009 2011-10-24 4 × 1475 4 × 1420 8 × 600

2011-10-28
SDSS J0138−0016 2011-12-25 12 × 606 24 × 294 80 × 100
SDSS J0256−0730 2015-09-25 1 × 450 1 × 400 2 × 230
SDSS J0258+0109 2015-09-18 1 × 1240 1 × 1190 5 × 245
SDSS J0321−0016 2015-09-25 1 × 860 1 × 810 3 × 285
SDSS J0325−0111 2015-09-18 1 × 430 1 × 375 2 × 220
SDSS J0331−0054 2015-08-25 1 × 1080 1 × 1065 4 × 275
SDSS J0824+1723 2011-12-23 4 × 1475 4 × 1420 14 × 600
SDSS J0832−0430 2015-04-03 2 × 660 2 × 610 5 × 220
SDSS J0916−0031 2015-04-03 1 × 850 1 × 830 3 × 280
SDSS J0933+0926 2015-04-30 1 × 860 1 × 805 3 × 285
SDSS J1023+0427 2015-05-03 1 × 860 1 × 805 3 × 285
SDSS J1040+0834 2015-05-03 1 × 1240 1 × 1190 5 × 245
SDSS J1405+0409 2015-04-29 1 × 1640 1 × 1595 6 × 270
SDSS J1527+1007 2015-04-05 1 × 205 1 × 150 1 × 220
SDSS J1539+0922 2015-04-05 1 × 1500 1 × 1480 6 × 250
SDSS J1558+0231 2015-04-29 1 × 280 1 × 270 1 × 285
SDSS J1624−0022 2015-04-05 1 × 1500 1 × 1480 6 × 250
SDSS J2341−0947 2015-06-04 1 × 860 1 × 805 6 × 285

2015-10-01

remains still rather unconstrained observationally. We hence de-
cided to re-derive our ages using two additional (and empirical)
initial-to-final relations, namely those presented by Ferrario et al.
(2005) and Gesicki et al. (2014). As can be seen in Fig. 2, we found

Figure 2. Comparison between the WD ages derived using three different
initial-to-final mass relations: the semi-empirical relation of Catalán et al.
(2008) adopted in this work labelled as C2008 (this relation is virtually
identical to the theoretical relation of Renedo et al. 2010), the empirical
relation of Ferrario et al. (2005) (F2005) and the empirical relation of Gesicki
et al. (2014) (G2014).

no substantial differences between the ages obtained using these
relations and the one from Catalán et al. (2008).

4.2 Ms star metallicities

Due to selection effects, the SDSS WDMS binary sample is bi-
ased towards the detection of low-mass MS companions of spectral
type M (Rebassa-Mansergas et al. 2010). Several methods exist for
measuring M dwarf metallicities (specifically [Fe/H] abundances),
either from high-resolution optical (Neves et al. 2014) or infrared
(Lindgren, Heiter & Seifahrt 2016) spectra, or from low/medium
resolution infrared spectra such as those obtained in this work
(Rojas-Ayala et al. 2012; Mann et al. 2014; Newton et al. 2014).
The methods described by Rojas-Ayala et al. (2012) and Mann
et al. (2014) make use of semi-empirical relations based on the

MNRAS 463, 1137–1143 (2016)
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Figure 3. Upper panel: the age–[Fe/H] relation derived from the 23 SDSS
WDMS binaries studied in this work. The ages are obtained assuming the
initial-to-final mass relation of Catalán et al. (2008). Bottom panel: average
[Fe/H] values for 1 Gyr bins, together with their standard deviations (σ ) for
ages derived using the initial-to-final mass relation of Catalán et al. (2008) –
black dots – Ferrario et al. (2005) – cyan squares – and Gesicki et al. (2014)
– red triangles. In those cases where only one point falls within the age bin,
we assume σ to be 0.12 dex, i.e. the [Fe/H] accuracy of the method we used
(Newton et al. 2014). The average [Fe/H] values are provided in Table 3.
Independently of the initial-to-final mass relation used, the average values of
[Fe/H] are nearly identical for the 0.5, 1.5 and 2.5 Gyr age bins, and become
systematically different for larger ages (see Table 3). The observed scatter
of [Fe/H] at all ages remains independently of the adopted initial-to-final
mass relationship.

equivalent widths of different atomic lines (Ca I and Na I) as well
as the H20-K2 index to obtain [Fe/H]. However, deriving the H20-
K2 index requires measuring the median flux in the 2360–2480 nm
range, which is unfortunately dominated by noise in our spectra.
Thus, we obtained the [Fe/H] abundances from the K-band, NIR X-
Shooter spectra of the M dwarfs (see Fig. 1) following the procedure
described in Newton et al. (2014). This method provides [Fe/H] fol-
lowing a semi-empirical multivariate linear regression based solely
on the Na I absorption doublet (2205/2209 nm) equivalent width
(EWNa). The Na I doublet has been proven to be a good tracer of
metallicity (e.g. Covey et al. 2010). Newton et al. (2014) calibrated
their metallicity relation using M dwarfs in common proper motion
pairs with F, G, K stars and demonstrated that the [Fe/H] values ob-
tained in this way are accurate up to 0.12 dex. They also claimed that
the relation is well behaved for M dwarfs of spectral types M1–M5,
which is the case for all M dwarfs in our observed WDMS binaries
(Table 1). The validity of the relation of Newton et al. (2014) has
been tested by Veyette et al. (2016) using PHOENIX atmospheric
models, who concluded that it was appropriate.

In order to measure the EWNa values we corrected the systemic
(radial) velocities of the binaries and normalized the flux of each
spectrum in the 2194–2220 nm region fitting a third-order spline
function. The Na I doublet feature was excluded in the process of
normalization. We then used the trapezoidal rule to integrate the
flux of absorption doublet within the 2204–2210 nm region. The
values of [Fe/H] we derived are listed in Table 1.

In the upper panel of Fig. 3 we display our resulting AMR. In
the bottom panel of the same figure we display the average 〈[Fe/H]〉
per 1 Gyr bins along with their standard deviations (σ ). These
values are also reported in Table 3. The AMR derived in this way
shows an intrinsic scatter >0.2 dex for most ages, independently

Table 3. 〈[Fe/H]〉 ± σ for 1 Gyr bins. In those cases where only one point
falls within the age bin, we assume σ to be 0.12 dex, i.e. the [Fe/H] accuracy
of the method we used (Newton et al. 2014). The first row indicates the
initial-to-final mass relation used for calculating the ages: C2008 (Catalán
et al. 2008), F2005 (Ferrario et al. 2005) and G2014 (Gesicki et al. 2014).

C2008 F2005 G2014
Age bin 〈[Fe/H]〉 σ Age bin 〈[Fe/H]〉 σ Age bin 〈[Fe/H]〉 σ

(Gyr) (dex) (dex)

0.5 − 0.12 0.42 0.5 − 0.11 0.34 0.5 − 0.10 0.38
1.5 0.00 0.21 1.5 0.05 0.22 1.5 0.02 0.22
2.5 0.07 0.30 2.5 0.01 0.40 2.5 0.10 0.33
3.5 – – 3.5 0.29 0.12 3.5 − 0.14 0.23
4.5 0.29 0.12 4.5 − 0.01 0.12 4.5 0.06 0.12
5.5 − 0.16 0.27 5.5 – – 5.5 – –
6.5 − 0.01 0.10 6.5 − 0.46 0.12 6.5 – –
7.5 – – 7.5 − 0.08 0.12 7.5 – –
8.5 – – 8.5 0.06 0.12 8.5 – –
9.5 − 0.56 0.12 9.5 − 0.56 0.12 9.5 − 0.56 0.12

of the assumed initial-to-final mass relation. This significant scatter
suggests a lack of correlation between the values of [Fe/H] and ages
derived from our pilot data set of 23 WDMS systems.

5 D I SCUSSI ON

The existence of an AMR in the solar vicinity has been long dis-
cussed. Earlier studies of field stars displayed a trend of decreasing
[Fe/H] for increasing ages (Twarog 1980; Edvardsson et al. 1993).
More recently, Rocha-Pinto et al. (2000) and Soubiran et al. (2008)
found also a correlation between age and [Fe/H] using chromo-
spheric activity to derive the ages of late-type stars and ages derived
using isochrones for a sample of giants, respectively. However, re-
cent results using mainly a sample of turn-off stars together with
isochrone fitting techniques to derive stellar ages show a substantial
scatter in the relation as well as a nearly flat distribution for ages
younger than ∼6–8 Gyr, suggesting there is no correlation between
age and metallicity in the solar vicinity (Feltzing, Holmberg &
Hurley 2001; Holmberg, Nordström & Andersen 2009; Casagrande
et al. 2011; Haywood et al. 2013; Bergemann et al. 2014). Using
high-resolution spectra of solar twins, Nissen (2015) found also a
lack of correlation between [Fe/H] and age over an age interval of
8 Gyr. However, for many of the elements Nissen (2015) found there
is a tight correlation between [X/Fe] and stellar age with amplitudes
up to ∼0.15 dex.

The discrepancies observed in the AMR reported above are most
likely due to the difficulty of measuring precise ages for field stars
(Soderblom 2010). In order to overcome this problem the AMR has
been analysed using open clusters (Friel 1995; Carraro et al. 1998;
Pancino et al. 2010). These studies support a lack of correlation
between age and [Fe/H]. However, it is important to emphasize that
the lifetimes of open clusters are generally below 1 Gyr (Vande
Putte et al. 2010), which makes it difficult to constrain the AMR
at intermediate and old ages. Moreover, the current sample of open
clusters has not been analysed in a homogeneous way, which would
leave these studies inconclusive (Casamiquela et al. 2016).

In order to provide additional observational input we used in
this work 23 wide binaries (except SDSSJ0138−0016, an eclipsing
close binary of known age) composed of a WD and a MS star to
test the existence of a correlation between age and metallicity in the
solar vicinity. Our analysis clearly illustrates the lack of correlation
between age and [Fe/H] at young and intermediate ages (0–7 Gyr;
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see Fig. 3). Zhao et al. (2011) performed a similar exercise using
a sample of 21 wide WDMS binaries mostly containing F-, G-
or K-type companions. Their results suggested the existence of
a correlation between age and metallicity. However, to derive WD
ages they used cooling models (e.g. Wood 1995), as well as pre-WD
evolutionary times (Iben & Laughlin 1989) that were not state-of-
the-art.

For young and intermediate ages (�8 Gyr), we find that the av-
eraged AMR fluctuates between −0.4 and +0.3 dex, but does not
show any apparent slope. Although more data are needed to draw
more solid conclusions about the slope of the AMR in this region,
our observations agree with similar studies (Casagrande et al. 2011;
Haywood et al. 2013; Bergemann et al. 2014) using sub-giants
and turn-off stars. Also, Casagrande et al. (2011), Haywood et al.
(2013), and Bergemann et al. (2014) found a decline of [Fe/H] for
ages longer than ∼8 Gyr. However, our current data do not allow
us to confirm, nor discard, this trend of the AMR. Finally, we find
an intrinsic scatter of ∼0.2 dex in our AMR, a value larger than the
nominal observational error on [Fe/H] (0.12 dex). The fact that we
observe a large scatter of [Fe/H] for young and intermediate ages, as
previously reported in several other observational studies targeting
field stars, supports the idea of the methods used for calculating
stellar ages (e.g. chromospheric activity, isochrone fitting) being
reliable. However, it is noteworthy that differences arise when com-
paring individual ages of selected field stars derived using different
techniques (Anguiano et al. 2010). This makes it difficult to assess
which of the employed methods is more reliable.

Our results provide clear additional observational evidence for the
existence of a physical mechanism/s that causes the observed scatter
of [Fe/H] in the observed AMR in the solar neighbourhood. Several
mechanisms have been suggested to explain the scatter observed
in the AMR. Among them we mention self-enrichment of gas in
star-forming regions (Pilyugin & Edmunds 1996), episodic gas in-
fall on to the disc (Köppen & Hensler 2005), or the currently most
accepted scenario, invoking radial migration effects – metal-rich
stars form in the inner disc and subsequently migrate to the metal-
poorer outer disc (Sellwood & Binney 2002; Roškar et al. 2008;
Minchev et al. 2011). Due to the small WDMS binary sample size
we cannot confirm nor discard any of these (or any other) scenarios.
Clearly, the analysis of a larger sample will help in settling all these
issues.

6 C O N C L U S I O N S

In this work we used WDs in WDMS binaries as tools to test the
existence of the AMR in the solar vicinity. The total ages for the
WDs were obtained using the most reliable cooling tracks as well as
reliable evolutionary times for their progenitors, whereas metallici-
ties for MS stars were derived using the most commonly employed
techniques. This procedure has allowed us to derive both accurate
ages and reliable metallicities in a homogeneous way. Our analysis
of a pilot sample of 23 such systems clearly illustrates the lack of
correlation between age and [Fe/H] at young and intermediate ages
(0–7 Gyr). This result provides robust observational evidence for
the existence of a physical mechanism/s that causes the observed
scatter of [Fe/H] in the observed AMR.
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Nebot Gómez-Morán A. et al., 2011, A&A, 536, A43
Neves V., Bonfils X., Santos N. C., Delfosse X., Forveille T., Allard F., Udry

S., 2014, A&A, 568, A121
Newton E. R., Charbonneau D., Irwin J., Berta-Thompson Z. K., Rojas-

Ayala B., Covey K., Lloyd J. P., 2014, AJ, 147, 20
Nissen P. E., 2015, A&A, 579, A52
Nomoto K., Kobayashi C., Tominaga N., 2013, ARA&A, 51, 457
Pancino E., Carrera R., Rossetti E., Gallart C., 2010, A&A, 511, A56
Parsons S. G. et al., 2012, MNRAS, 426, 1950
Pietrinferni A., Cassisi S., Salaris M., Castelli F., 2004, ApJ, 612, 168
Pilyugin L. S., Edmunds M. G., 1996, A&A, 313, 783
Pyrzas S. et al., 2015, MNRAS, 447, 691
Raghavan D. et al., 2010, ApJS, 190, 1
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