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What are the Gaia 
Benchmark stars?

• Sample designed to anchor Gaia astrophysical 
parameters (Apsis, Bailer-Jones et al. 2013)


• Uses interferometric measurements of the angular 
diameter and the bolometric flux

U. Heiter et al.: Gaia FGK benchmark stars

Table 2. Fundamental parameters and data for the Sun, and physical constants.

Description Value Uncertainty Unit Ref.
Solar radius 6.9577 ⇥ 10+08 1.4 ⇥ 10+05 m (1)
Solar constant 1360.8 0.5 W m�2 (2)
Solar mass parameter GM� 1.3271244210 ⇥ 10+20 1 ⇥ 10+10 m3 s�2 (3)
Astronomical unit of length 1.49597870700 ⇥ 10+11 m (4)
Stefan-Boltzmann constant 5.670373 ⇥ 10�08 2.1 ⇥ 10�13 W m�2 K�4 (5)
Newtonian constant of gravitation 6.67384 ⇥ 10�11 8.0 ⇥ 10�15 m3 kg�1 s�2 (5)
Zero point L0 for bolometric flux 3.055 ⇥ 10+28 W (6)

References. (1) Meftah et al. (2014), Haberreiter et al. (2008); (2) Kopp & Lean (2011); (3) Konopliv et al. (2011), and Resolution B3 adopted
at IAU General Assembly 20066; (4) Resolution B2 adopted at IAU General Assembly 20127; (5) 2010 CODATA recommended values8;
(6) Andersen (1999).

credible than the results of the automatic analysis. Among the
Gaia FGK benchmark stars this was the case for Arcturus,
HD 122563, and HD 140283. Procyon and � Gem are included
as two of eight iconic cool stars in the Advanced Spectral Library
(ASTRAL, Ayres 2013), a library of high-quality UV atlases
obtained with HST/STIS. The star ✏ For is included in the
X-Shooter spectral library (Chen et al. 2014).

As can be seen from these examples, the stars included in our
sample of Gaia FGK benchmark stars have been widely used
in the literature. However, di↵erent authors considered di↵er-
ent values for the fundamental parameters Te↵ and log g. The
aim of this work is to provide a set of recommended values for
calibration purposes, based on interferometric, photometric, and
seismic data.

3. Effective temperature

We employed the fundamental relation L = 4⇡R2�T
4
e↵ , where

L is the luminosity, R the radius, and � the Stefan-Boltzmann
constant, to determine the e↵ective temperature. In fact, the Sun
is the only object for which we used the relation in this form. For
the other stars, we used the bolometric flux5

Fbol and the limb-
darkened angular diameter ✓LD instead of L and R, and calculated
Te↵ directly from these two measured quantities:

Te↵ =
✓

Fbol

�

◆0.25
(0.5 ✓LD)�0.5. (1)

The input data for Te↵ were compiled from the sources described
in the following sections.

When possible, interferometric measurements of ✓LD and
Fbol determinations based on integrations of absolute flux mea-
surements across the stellar spectrum were extracted from the
literature. We refer to these as direct data. For the cases where
direct data are not yet available, we resorted to indirect determi-
nations based on various calibrations available in the literature.

3.1. The Sun

The fundamental parameters used for calculating the e↵ective
temperature of the Sun are given in Table 2. The solar radius
5 The term “bolometric flux” refers to the total radiative flux from the
star received at the Earth.
6 http://www.iau.org/static/resolutions/IAU2006_
Resol3.pdf
7 http://www.iau.org/static/resolutions/IAU2012_
English.pdf
8 http://physics.nist.gov/cuu/Constants/bibliography.
html

is based on the recent measurements by Meftah et al. (2014).
These authors used a ground-based facility to measure the po-
sition of the inflection point of the solar intensity at the limb
from 2011 to 2013. The measurements were corrected for the
e↵ects of refraction and turbulence in the Earth’s atmosphere.
We used their result of 959.78 ± 0.19 arcsec for the angular ra-
dius, obtained at a wavelength of 535.7 nm. The radius defined
by the inflection point position is somewhat larger than the ra-
dius where the optical depth in the photosphere is equal to 1,
which is the definition commonly used for stellar (atmosphere)
modelling (e.g. Gustafsson et al. 2008). The correction needs to
be derived from radiative-transfer modelling of the solar limb,
and we used a value of �340 ± 10 km based on the calculations
by Haberreiter et al. (2008). This corresponds to a di↵erence in
e↵ective temperature of about 2 K.

The solar luminosity was computed from the solar constant
(total solar irradiance) and the astronomical unit. A recent mea-
surement of the solar constant from the Total Irradiance Monitor
on NASA’s Solar Radiation and Climate Experiment during the
2008 solar minimum period is given by Kopp & Lean (2011)9.
For a discussion of solar luminosity, mass, and radius, see also
Harmanec & Prša (2011).

3.2. Angular diameters

Direct measurements. The catalogues of Pasinetti Fracassini
et al. (2001) and Richichi et al. (2005) and the literature were
searched for angular diameter determinations, and the data were
extracted from the original references. The compiled ✓LD val-
ues include the e↵ects of limb darkening. For 27 stars we found
✓LD values, which are given in Table 4 together with their refer-
ences. In the case of multiple measurements by di↵erent authors,
we adopted the most recent one or the one with the lowest formal
uncertainty. The measurements were done with several di↵erent
instruments, mainly in the infrared, but in a few cases in opti-
cal wavelength regions. Various approaches to account for limb
darkening were used. The most common one was to apply limb-
darkening coe�cients taken from Claret (2000) or Claret et al.
(1995).

The measurements for � Gem and ✏ Vir were done by
Mozurkewich et al. (2003) at four optical wavelengths between
450 and 800 nm with the Mark III Stellar Interferometer on
Mount Wilson (California, Shao et al. 1988). R-band (700 nm)
observations were obtained with the Sydney University Stellar

9 The same value is obtained by calculating the median of the
4080 measurements taken by the same instrument between 2003-02-25
and 2015-02-18, available at http://lasp.colorado.edu/lisird/
sorce/sorce_tsi/index.html.
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• Reference values for [Fe/H] and various elements 
are defined



30 stars sparsely covering 
the HR diagramBenchmark ages for the Gaia benchmark stars 5

Figure 1. HR diagram of the Gaia benchmark sample. The
points show the adopted stellar parameters for the stars, and the
lines show MIST isochrones with metallicities of [Fe/H] = 0 (solid)
and [Fe/H] = �1.5 (dashed) and for ages of 0.5, 1, 3, 6, 10, and
15 Gyr. The isochrones are only shown for evolutionary stages up
to the end of the red giant branch.

3 AGES FROM BAYESIAN ISOCHRONE
FITTING

3.1 Observational data

In this work we will derive two sets of ages for each star
based on model fitting. The first set is based on fitting to
stellar parameters which can all be obtained from spectro-
scopic data: the e↵ective temperature, Te� , the metallicity,
[Fe/H], and the surface gravity, log g. These will be referred
to as log g-based ages. For the second set Te� and [Fe/H] is
also used, but instead of log g, the parallax, $, and the ap-
parent V-band magnitude, V , are included. The combination
of $ and V constrains the absolute magnitude of the star,
MV . These ages will be referred to as magnitude-based. We
have chosen to test both of these sets of observables to see
how well ages can be determined from spectroscopic data
alone, compared to what is possible with parallaxes. We de-
scribe the method used to determine ages based on these
observables in Section 3.2.

For all stellar parameters, we adopt the values deter-
mined in the original benchmark studies (Heiter et al. 2015;
Jofré et al. 2014). This means that we mainly take Te� and
log g, and their uncertainties, from Table 10 in Heiter et al.
(2015); however, for some stars Te� and/or log g are not rec-
ommended for use as reference values. In some of these cases
we adopt di↵erent values (e.g. spectroscopic values from the

literature), and the details of this are given for each star in-
dividually in Appendix A. We take all values of [Fe/H] from
Table 1 in Heiter et al. (2015) where the uncertainties are
also given based on the combination of all the di↵erent un-
certainty terms given in Table 3 in Jofré et al. (2014). We
refer to the adopted values of Te� , log g, and [Fe/H] as the
benchmark values even though literature values have been
adopted in a few cases for Te� and log g.

For the stellar parallaxes, we adopt the same values as
used in Heiter et al. (2015), taken from their Table 7. These
parallaxes come from the revised Hipparcos catalogue (van
Leeuwen 2007) for most stars, from Söderhjelm (1999) for
↵ Cen A & B, and from VandenBerg et al. (2014) for the two
stars HD 84937 and HD 140283. Although 22 of the bench-
mark stars have parallaxes in Gaia DR2 (Gaia Collaboration
et al. 2018), we have chosen not to use them in this work as
they are not necessarily of higher quality than the adopted
values in Table 2, which mainly come from Hipparcos. Only
11 of them have formal parallax uncertainties in DR2 smaller
than in Table 2. Of these, all but three are brighter than
G ' 6, for which the DR2 parallaxes are known to be un-
reliable (e.g., Riess et al. 2018). The remaining three stars
(HD 22879, 103095, and 140283) have DR2 parallaxes that
are about 1 mas smaller than in Table 2, casting doubt on
their reliability as well. Thus, in this work we have deemed
it safest not to use the DR2 parallaxes for any of the bench-
mark stars.

Finally, we have collected V-band magnitudes for the
stars from the SIMBAD database. In the cases where no
uncertainty is given on the magnitude, we have set it to
0.02 mag. All of the adopted stellar parameters, as well as
their uncertainties, are listed in Table 2 and the sample is
visualised in an HR diagram in Figure 1.

In principle, the V magnitudes should be corrected for
interstellar reddening (E(B � V)) before they are applied to
determine stellar ages. However, all of the Gaia benchmark
stars have large parallaxes, i.e. they are nearby. All but four
of the stars are within 100 pc, and it is well known that
the Sun is in a Local Bubble where the interstellar redden-
ing is essentially zero (e.g. Lallement et al. 2003). Follow-
ing e.g. Luck & Heiter (2007), we find that it is safe to
set the reddening for the Gaia benchmark stars to zero.
For the four most distant stars (HD 122563, HD 220009,
� Ara, and  Phe), we have performed extra checks and
consulted the recent literature. One of the stars has redden-
ing (E(BP � RP)) determined from Gaia data (HD 220009,
Gaia DR2 source 2661005953843811456). The extinction for
this star is AG = 0.24. The accuracy of this extinction value
is questionable given that it has been derived using the Gaia

DR2 parallax which may be biased (as discussed above) and
which is 2 mas higher than the Hipparcos value. The higher
parallax places the star closer to the Sun and introduces the
need for extinction to explain the observed G magnitude.
Additionally, even if the Gaia parallax is accurate, the Gaia

stellar parameters su↵er from strong systematics in some
cases due to the assumptions made in their derivation (An-
drae et al. 2018). The three other stars do not have redden-
ing determined in Gaia DR2. Two of them have reddening
estimates in the literature: HD 122563 has E(B � V) = 0.025

(Roederer et al. 2014) and 0.044 (Huang et al. 2015) while
 Phe has E(B � V) = 0.026 (Huang et al. 2015). In both
cases the estimated reddenings are so small as to make no

MNRAS 000, 1–29 (2018)
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Motivation for our project
• We thought it would be a good idea to see if it is possible 

to not only provide reference values of Teff, logg, [Fe/H], 
and [X/Fe] but also age for these stars


• Such ages could then be used for benchmarking and for 
checking your pipelines 



We did 4 things
1. Bayesian estimate of ages using three isochrone models

2. Extracted all refereed articles post 1997 for each star 

with the word “age” in the abstract

• then we checked if the articles included potentially 

interesting information on the age 

• those articles were further scrutinised to check that it 

was an independent age estimate

• age estimates were collected, errors retrieved when 

available

3. An informed discussion (see article) was done per star to 

define a benchmark age(-range)

4. Checked what results would be like in “survey” mode
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Figure 5. Magnitude-based G functions for: a) � Hyi, b) � Vir,
and c) µ Leo. The di↵erent line styles indicate results based on
the three di↵erent isochrone grids as given in the legend.

estimate is within the interval defined by the lower and up-
per confidence limits (see Jørgensen & Lindegren 2005, sec-
tion 3.6 for further discussion). It also means that either
or both of the confidence limits can be undefined when the
G function is above 0.6 at the edges of the isochrone grids.
In these cases no well-defined age can be assigned to the
star. Instead of publishing the ages based on our own choice
of statistics, we make available all six G functions for each
star in the online material.

3.6 Comparisons with the literature

Figure 6 shows a comparison between ages determined in
this work from Bayesian isochrone fitting to MIST models
and a few di↵erent literature values. The comparison is only
made for the stars for which the estimate from isochrone fit-
ting has a well-defined 68 per cent confidence interval which
means that the G function falls below a value of 0.6 on both
sides of the mode. This means that di↵erent stars are shown
in the log g- and magnitude-based comparisons; for example,
↵ Cen B has a well-defined confidence interval in the fit to
log g but not the magnitude (see Figure 4).

First of all we compare the isochrone-based ages with
those determined by Schönrich & Bergemann (2014) since
they determined ages for most of the benchmark stars, but
with a di↵erent fitting method which was briefly summarised
in Section 2.2.1. For this comparison, the stars for which
only photometry was used in the fit by Schönrich & Berge-
mann are marked with open symbols. These stars are mostly

Figure 6. Di↵erences between ages derived in this work (based
on MIST isochrones) and ages in the literature by Schönrich &
Bergemann (2014); Casagrande et al. (2011); Lundkvist et al.
(2014). The stars are shown in order of increasing log g from left
to right. In the upper panel the literature is compared with log g-
based ages and in the lower panel with magnitude-based ages, but
the literature ages are the same in both panels. In both cases only
the stars for which the age derived in this work is well-defined are
shown which means that di↵erent stars are present in the two
panels. The open symbols indicate stars for which Schönrich &
Bergemann (2014) included only photometric constraints in their
fit (i.e. no spectra).

older (> 2 Gyr) giants for which the isochrone-based ages are
uncertain even when spectroscopic information is included,
and this is where the largest age di↵erences are seen. The
subgiant ⌘ Boo was also only fitted to photometry in their
analysis, but the age estimates still agree to within 1 Gyr
although their uncertainty is about 60 per cent compared
to 5 per cent on our estimate. For the stars which they fit-
ted with spectra there is generally good agreement with in-
creasing di↵erences for the more uncertain ages of the dwarf
stars. For ⇠ Hya and � Eri the ages di↵er by more than
1�. Schönrich & Bergemann state that their metallicity fit
is questionable for ⇠ Hya and that they disregarded a bad
spectral fit for � Eri which indicates that these stars were
di�cult to fit to their spectral data.

We also compare with ages of the GCS stars by
Casagrande et al. (2011), which is our second largest source
of literature ages and based on a Bayesian algorithm similar
to the one used in this work; and with Lundkvist et al. (2014)

MNRAS 000, 1–29 (2018)



G dwarf example
Benchmark ages for the Gaia benchmark stars 19

b)

c)

a)

Figure A1. Ages and HR diagrams for the star ⌧ Cet (HD 10700). a) Ages collected from the literature (top panel), and ages determined
in this work (bottom panel). The di↵erent methods used in the literature are indicated with di↵erent colours and symbols. The coloured
open circles in the bottom panel show the special cases of fitting to ↵-enhanced Y2 isochrones (when relevant) and fitting to the current
surface metallicity of the MIST isochrones. Uncertainties on the ages are plotted for all of the literature values for which they were
available, and for all ages determined in this work; however, they may be smaller than the symbol size in both cases. The vertical dashed
line is to indicate the age of the Universe of 13.7 Gyr as determined by WMAP (Bennett et al. 2013). b) Location of the star in (Te� ,
log g)-space (star symbol) with MIST isochrones of the given metallicity and ages of 0.5, 1, 3, 6, 10, and 15 Gyr. c) The same as b), but
in (Te� , distance modulus)-space where the observed distance modulus is based on the parallax, and the distance modulus of the models
is based on the observed V magnitude.

while the one based on the X-ray luminosity gives an age of
around 4 Gyr. The deviation of the X-ray age from the rest
of the literature is not very concerning since the X-ray ages
are the least precise method we consider.

This work The age estimates from this work agree with
the literature and they are all slightly above 2 Gyr. We find
no di↵erence between the ages determined with di↵erent
isochrones which helps explain the very low scatter of the
literature values.

Conclusion Both the literature and our own estimates
agree on an age close to 2 Gyr with little scatter. Based

on the spread of the literature values we give the age as
1.5–2.5 Gyr.

HD 84937

Literature All of the literature values are based on model
fitting, and most of them put the age of this star above
12 Gyr. The two lowest values are both based on fitting to
log g instead of the magnitude. The log g value used by David
& Hillenbrand (2015) is particularly high (4.46 ± 0.14 dex
compared to the benchmark value of 4.06 ± 0.04 dex), and
they make no mention of including a constraint on the metal-
licity in their fit. These factors are likely enough to explain
the low age they find. VandenBerg et al. (2014), who find

MNRAS 000, 1–29 (2018)
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Figure 7. Benchmark ages compared with ages determined in this work based on Bayesian isochrone fitting to the MIST models. The
ages and uncertainties for the isochrone-based results correspond to the mode and 1� interval of the G function as described in the final
paragraph of section 3.5. The upper panel shows all stars with rank A in Table 4 and the lower panel shows ranks B and C. The stars
are sorted according to their classification as indicated on top of the panels and by the alternating shading of the background.

towards isochrone ages for large spectroscopic surveys. For
this purpose, the benchmark and Bayesian ages (from the
MIST isochrones) are compared in Figure 7. The stars are
divided by rank of the benchmark age and grouped by their
spectral classification. It is clear that the stars with rank A
are also the ones with well-defined ages from isochrone fit-
ting, with only a few exceptions. This highlights a shortcom-
ing of this comparison, namely that most of the benchmark
ages are based in large part on age estimates from some
sort of model fitting. Therefore, the stars with well-defined
benchmark ages are also predominantly the ones for which
isochrone fitting works well (and vice versa).

However, there are a few cases where the benchmark
values are not mainly based on model fitting. For the
K dwarf ✏ Eri, the benchmark age is based on a large num-
ber of age estimates from gyro- and chromochronology. The
isochrone-based ages are much more uncertain, but the most
likely ages are close to the benchmark value. It should be

mentioned that the good agreement between the benchmark
and magnitude-based age for this star is slightly misleading
since we only show the results based on the MIST isochrones.
The Y2 and PARSEC isochrones give ages of 8 and 11 Gyr,
respectively, simply due to slight di↵erences in the location
of the main sequence in the models. The log g-based ages,
however, do not depend strongly on the choice of isochrones.
Thus, this is an example of a K dwarf for which a very pre-
cise (and accurate) value of log g can be used to constrain
the age, although not nearly as precisely as gyrochronology.
However, with an uncertainty of just 0.03 dex in log g, this is
really the best-case scenario, and surface gravities from large
spectroscopic surveys will not be precise enough to date a
star like this (see the section below). Another example is the
↵ Cen system. For ↵ Cen A the isochrone-based ages agree
with the benchmark age, but for ↵ Cen B, which is further
down the main sequence, the isochrone-based ages are both
less precise and accurate. Like for ✏ Eri, the log g-based age

MNRAS 000, 1–29 (2018)
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are consistent with most of the literature values; however,
the uncertainties extend all the way to the low edge of the
grid in the case of Y2 isochrones.

Conclusion Given the large uncertainties on our own age
estimates, and their sensitivity to the adopted isochrones
and observables, we choose to base our conclusion for this
star mainly on the gyrochronology and asteroseismic ages.
These age estimates show good consistency with the ones
determined for ↵ Cen A and we choose to give the same
range of 4–7 Gyr also for ↵ Cen B.

18 Sco

Literature This star has been the subject of many studies
giving ages based on model fitting, and the di↵erent esti-
mates lie in the range 2–6 Gyr. The one outlier above 14 Gyr
(Boyajian et al. 2012) is based on a temperature (obtained
from the interferometric radius) which is about 400 K lower
than the typical literature values. This moves the star to-
wards the older isochrones and likely explains the high age
they find. This star is a solar twin, and the five most recent
model fitting ages are based on very precise stellar param-
eters from di↵erential spectroscopic analyses. Considering
just the estimates from these studies, the age is in the range
3–5 Gyr. Since these studies find near identical stellar pa-
rameters, the remaining scatter is likely a reflection of a
lower limit to the accuracy which is set by the di↵erences
between isochrones and model fitting algorithms. The one
age based on asteroseismology is slightly below 4 Gyr, con-
sistent with the rest of the model fits. Also the ages based on
both gyrochronology and chromochronology agree well with
the rest of the literature.

This work Our own age estimates di↵er slightly depend-
ing on whether we fit to the magnitude or log g. We con-
sider the ages based on log g to be the most reliable since
the isochrones, at the parameters of this star, are less sep-
arated in luminosity. This causes the magnitude-based ages
to change with di↵erent isochrones due to slight changes in
the location of the main sequence. The log g-based ages show
only a slight dependence on the adopted isochrones, and they
are completely consistent with the literature values.

Conclusion Based on the most recent model fitting ages of
this star, which are based on solar twin analyses, as well as
the age estimates from gyrochronology and asteroseismol-
ogy, we give the age as 3–5 Gyr.

µ Ara

Notes on input parameters The e↵ective temperature
determined by Heiter et al. (2015) was not recommended
for use as a reference value. Instead, we adopted the mean
spectroscopic literature value (Heiter et al. 2015, Table 11).

Literature The literature ages based on model fitting are
generally very precise and fall within the interval 4–8 Gyr,
with the two estimates based on asteroseismology narrowing
the interval down to 5–7 Gyr. This star is located at the turn-
o↵ where the isochrones are starting to separate; this gives

precise age determinations, but di↵erences in isochrones and
input parameters can still shift the age significantly. There
are also eight ages based on rotation/activity of which two
are around 2 Gyr and the rest are at 6–8 Gyr. The two low
ages are both based on the calibration by Rocha-Pinto &
Maciel (1998), who introduced a metallicity dependent cor-
rection to an earlier calibration, and are therefore strongly
correlated. The deviation of these age estimates from all the
rest indicates a problem with their correction method. The
six higher values are based on three independent calibra-
tions, but at these ages the rotation/activity-indicators are
not necessarily reliable since none of the relations used here
have been calibrated with stars older than the Sun. Still,
the fact that they indicate a relatively high age most likely
excludes a low age of . 3 Gyr.

This work Our age estimates fall in the lower end of the
literature interval, and we see no significant di↵erence be-
tween the use of di↵erent isochrones or input parameters.
The result using PARSEC isochrones and the magnitude
has an upper uncertainty extending up to 8 Gyr; we find
this solution to have a multimodal G-function. This indi-
cates that there is some ambiguity in the age determination
of this star, and a slight change in input parameters may
shift the solution towards a higher value.

Conclusion Based mainly on the literature model fits and
our own estimates, we give the age as 4–8 Gyr. This may
be slightly conservative given the two asteroseismic age es-
timates; however when their uncertainties are included they
are close to being consistent with the entire interval of 4–
8 Gyr.

� Vir

Literature All of the literature values based on model fit-
ting agree well on an age in the range 2–4 Gyr, with most of
them falling near the middle of the interval. Out of the seven
estimates based on rotation/activity-age relations, one of
the X-ray ages and the single rotation-based age fall within
2–4 Gyr. The other X-ray age is underestimated, and the
chromochronology ages are all higher than the ones based
on model fitting. They are also scattered which seems to
be due to the use of di↵erent calibrations and activity mea-
surements. For example, Vican (2012) uses the calibration of
Mamajek & Hillenbrand (2008) with the activity measure-
ment by Wright et al. (2004) and find an age in between the
ones given by Mamajek & Hillenbrand and Wright et al..

This work Our age estimates all agree very well across
di↵erent isochrones and input parameters. They are all very
close to 3 Gyr in agreement with the isochrone ages in the
literature.

Conclusion The age of this star is well determined by
isochrone fitting, and based on both our own values and
the literature, we give the age as 2–4 Gyr.

MNRAS 000, 1–29 (2018)
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constraints on the age. Based on the G functions of our
magnitude-based fits, we give the age as > 2 Gyr.

↵ Tau

Literature For this star we have only found a single lit-
erature value of 5.9 ± 3.8 Gyr based on the Bayesian fit to
photometry and spectra by Schönrich & Bergemann (2014).

This work This far up the giant branch there is almost no
age information in log g since the isochrones converge. Using
the magnitude instead, the isochrones are better separated,
and this star falls close to the old edge of the grid. Still, the
G functions are flat above 8 Gyr and extend down to about
4 Gyr at the lower end.

Conclusion Our own magnitude-based ages imply that this
star is older than 4 Gyr; however, the literature value ex-
tends down to 2 Gyr. It is very di�cult to get a precise age
for a star like this, even with precise input parameters. In
the end, we simply give the age as > 2 Gyr.

↵ Cet

Literature For this star we have only found a single lit-
erature value of 5.5 ± 3.7 Gyr based on the Bayesian fit to
photometry and spectra by Schönrich & Bergemann (2014).

This work This far up the giant branch there is almost
no age information in log g since the isochrones converge.
Using the magnitude instead, the isochrones are better sep-
arated, and this star falls among the younger isochrones.
The magnitude-based ages are in the range 1–5 Gyr when
including the uncertainties, but the G functions have ex-
tended tails which reach all the way up to the upper edge of
the grid. This is mainly due to the large uncertainty on the
metallicity for this star (0.47 dex). The extended G function
makes the mean of the distribution quite di↵erent from the
mode; in this case the mean of the distribution is 6.5 Gyr
which is closer to the literature value which used the mean
instead of the mode.

Conclusion The literature value indicate an age in the in-
terval 2–10 Gyr, and our best estimates prefer the low end
of the interval, namely 1–5 Gyr. The di↵erence can be en-
tirely explained by our estimates being based on the mode of
the G function instead of the mean. This choice has a large
impact in this case because the G function has an extended
tail towards high ages due to the large uncertainty on the
metallicity. Based mainly on our own results, we give the
age as 1–10 Gyr.

� Ara

Literature The two literature values are both based on
model fitting, but they give very di↵erent ages. Tetzla↵ et al.
(2011) fit to the temperature and luminosity, assuming solar
metallicity, and find an age of 50 Myr. Schönrich & Berge-
mann (2014) find an age of around 3 Gyr, but they did not
use any spectroscopic data for this star.

This work This is the most massive star in the sample (the
benchmark value is 8.21 M� (Heiter et al. 2015)), and as a
result it falls outside of our isochrone grids. Therefore, we
created a new grid of MIST isochrones with ages in the range
10–500 Myr in steps of 10 Myr as described in Section 3.4.1.
Fitting to this grid with the V magnitude, we find an age of
50 ± 10 Myr in agreement with the low literature value.

Conclusion This is a relatively massive, young giant, and
our estimate based on a grid of low ages is 50 Myr which
is in agreement with the lowest of the two literature values.
Thus, we give the age as 40–60 Myr (0.04–0.06 Gyr).

� Sge

Literature For this star we have found two literature val-
ues based on model fitting which agree on an age of around
5 Gyr, but with uncertainties which in the worst case span
the range 2–10 Gyr.

This work This far up the RGB there is almost no age
information in log g since the isochrones converge. Using the
magnitude instead, the isochrones are better separated, and
this star falls among the younger isochrones. The magnitude-
based ages are in the range 1–4 Gyr, but with upper ends
of the confidence intervals reaching 8 Gyr. Additionally, the
G functions have extended tails which reach all the way up to
the upper edge of the grid due to the large uncertainty on the
metallicity for this star (0.39 dex). The extended G function
makes the mean of the distribution quite di↵erent from the
mode; in this case the mean of the distribution is 6.5 Gyr
which is closer to the literature values which both used the
mean instead of the mode.

Conclusion The literature value indicates an age in the
interval 2–10 Gyr, and our best estimates prefer the low end
of the interval, namely 1–4 Gyr, but with large uncertainties.
The di↵erence can be entirely explained by our estimates
being based on the mode of the G function instead of the
mean. This choice has a large impact in this case because
the G function has an extended tail towards high ages due
to the large uncertainty on the metallicity. Based mainly on
our own results, we give the age as 1–10 Gyr.

 Phe

Literature For this star we have only found a single litera-
ture value of 4.9± 4.5 Gyr based on the Bayesian fit to pho-
tometry by Schönrich & Bergemann (2014). However, they
note that their solution is outside their model grid, making
the result unreliable.

This work This star falls far o↵ the cool edge of our
isochrone grids for the adopted metallicity, so none of our
age estimates can be considered to be reliable. It would take
a change in metallicity of about 1 dex to bring the models
and observations to agree, and we do not know the source
of this discrepancy.

Conclusion We have obtained no reliable age estimates for
this star and cannot reach a final conclusion on its age.
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parameters 


• Our work provides an initial set of benchmark ages to test 
and validate pipelines and analysis methods against


• We plan to keep updating the list of potential stars and 
their reference values

Sahlholdt et al. (2019) MNRAS 482 895 



2 Sahlholdt et al.

b)

c)

a)

Figure 1. Ages and HR diagrams for the star µ Her (HD 161797). a) Ages collected from the literature (top panel), and ages

determined in this work (bottom panel). The di↵erent methods used in the literature are indicated with di↵erent colours and

symbols (see legend). Uncertainties on the ages are plotted for all of the literature values for which they were available, and for

all ages determined in this work; however, they may be smaller than the symbol size in some cases. The vertical dashed line

indicates the age of the Universe of 13.7 Gyr as determined by WMAP (Bennett et al. 2013). b) Location of the star in (Te↵ ,

log g)-space (star symbol) with MIST isochrones of the given metallicity and ages (from left to right) of 0.5, 1, 3, 6, 10, and

15 Gyr. c) The same as b), but in (Te↵ , distance modulus)-space where the observed distance modulus is based on the parallax,

and the distance modulus of the models is based on the observed V magnitude.

et al. (2017) who had a longer time series. Li et al. (2019) used the same data as Grundahl et al. (2017) but considered
more sources of systematic errors (e.g. varying the initial helium content) leading to the larger error bars.
In conclusion, based on current stellar models, the most likely age of µ Herculis is slightly below 8 Gyr as also

found from the most recent asteroseismic analysis. We recommend using as a benchmark age the range 7–8.5 Gyr
which is consistent with both the asteroseismic estimates and the estimates made in this work based on stellar surface
parameters and di↵erent sets of stellar isochrones.

The authors were supported by the grant 2016-03412 from the Swedish Research Council. This research has made
use of the SIMBAD database, operated at CDS, Strasbourg, France.
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is more reliable than the magnitude-based one owing to the
very precise surface gravity. Finally, ⌧ Cet is another dwarf
which can be dated with log g but not the magnitude. For
stars with higher surface gravities, i.e. the K dwarfs in the
lower panel of Figure 7, even the precise benchmark parame-
ters are not precise enough to give any age information from
isochrone fitting. This is seen clearly for the 61 Cyg system
whose benchmark ages are based partly on gyrochronology.

For giants, only the youngest ones have reliable
isochrone ages based on both log g and the magnitude, as
discussed in Section 5.1. For older giants, the ones with
the most well-constrained benchmark ages are Arcturus and
µ Leo for which only the magnitude-based isochrone ages
are well-defined and consistent between the three di↵erent
isochrone grids. For giants with uncertain ages, there is a
tendency for the G function to peak at an age of around
2 Gyr and fall o↵ steadily towards the upper edge of the
grid. This is seen for HD 107328, ↵ Cet, and � Sge (see the
G functions in Figure 4 for reference). What this means is
that the single most probable age is low (around 2 Gyr);
however, there is a significant probability that the star is
in fact older. If we had a large sample of these stars and
adopted the most probable age as our estimate for all of
them, we would underestimate the individual ages on aver-
age since the real ages are distributed like the G function of
a single star. This makes it di�cult to assign an age for each
individual star of this kind which is worth keeping in mind
when deriving isochrone ages for large samples of giants.

To summarise this discussion, both the log g-based and
magnitude-based isochrone ages are well-defined for most of
the F and G dwarfs and subgiants, and the ones which are
not well-defined are predominantly old. Also the young gi-
ants can be dated by both log g-based and magnitude-based
fitting, but the older ones only by the magnitude, and even
then it can be di�cult to define the age based on the of-
ten very asymmetric G function. Late G dwarfs and early
K dwarfs can also be dated by fitting to log g when it is
known very precisely, as is the case for the benchmark stars.
We expect that these general conclusions will carry over into
isochrone-based age dating of large samples from spectro-
scopic surveys. However, the stellar parameters will gener-
ally be less precise than what is available for the benchmark
sample, this point is discussed in the following section.

5.4 Impact of stellar parameter uncertainties

With the precise benchmark parameters adopted in this
study (Table 2), the ages derived from isochrone fitting are
precise to better than 5 per cent in the best cases. This
means that the benchmark ages given in Table 4 for stars
like Procyon, ⌘ Boo, and � Vir are limited by the system-
atic scatter seen in the literature due to the use of di↵erent
models and values of the stellar parameters. Stellar param-
eters from large spectroscopic surveys will in general not be
as precise as the benchmark values. Additionally, the bench-
mark stars have very precise parallaxes (most with relative
uncertainties below 5 per cent) since they are all relatively
nearby, and this will not be the case for more distant stars
in the surveys.

For the stars with well-defined isochrone ages, we have
tested the impact of increasing the uncertainties on all of
the stellar parameters to be more in line with those coming

Figure 8. log g-based ages (upper panel) and magnitude-based
ages (lower panel) before and after increasing the uncertainties on
the stellar parameters. For both sets of ages the uncertainties on
Te� and [Fe/H] have been increased to 150 K and 0.15 dex, respec-
tively. The uncertainty on log g has been increased to 0.20 dex for
the log g-based results, and the uncertainty on the parallax has
been increased to 20 per cent for the magnitude-based results. In
both cases only the stars for which the age estimate is well-defined
are shown which means that di↵erent stars are present in the two
panels. The stars are sorted according to log g, so the giants are
on the left and the dwarfs are on the right.

from large spectroscopic surveys. We have taken a slightly
pessimistic approach and increased the uncertainties on the
stellar parameters to 0.15 dex in [Fe/H], 150 K in Te� , 0.2 dex
in log g, and 20 per cent in parallax5. Stars which already
had uncertainties at or above these values have not been
changed.

Figure 8 shows the ages before and after uncertainty in-
flation in order of increasing log g from left to right. Starting
with the dwarfs and subgiants, the impact of increasing the
uncertainties in the stellar parameters increases when going
towards higher surface gravities and ages. This is to be ex-
pected since the isochrones lie closer in the HR diagram for
both higher surface gravity and age. The most precise ages
have a relative uncertainty of about 25 per cent compared to

5 For reference, in the second data release of GALAH, the typical
uncertainty is at or below 0.08 dex in [Fe/H], 100 K in Te� , and
0.20 dex in log g.
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Figure 5. Magnitude-based G functions for: a) � Hyi, b) � Vir,
and c) µ Leo. The di↵erent line styles indicate results based on
the three di↵erent isochrone grids as given in the legend.

estimate is within the interval defined by the lower and up-
per confidence limits (see Jørgensen & Lindegren 2005, sec-
tion 3.6 for further discussion). It also means that either
or both of the confidence limits can be undefined when the
G function is above 0.6 at the edges of the isochrone grids.
In these cases no well-defined age can be assigned to the
star. Instead of publishing the ages based on our own choice
of statistics, we make available all six G functions for each
star in the online material.

3.6 Comparisons with the literature

Figure 6 shows a comparison between ages determined in
this work from Bayesian isochrone fitting to MIST models
and a few di↵erent literature values. The comparison is only
made for the stars for which the estimate from isochrone fit-
ting has a well-defined 68 per cent confidence interval which
means that the G function falls below a value of 0.6 on both
sides of the mode. This means that di↵erent stars are shown
in the log g- and magnitude-based comparisons; for example,
↵ Cen B has a well-defined confidence interval in the fit to
log g but not the magnitude (see Figure 4).

First of all we compare the isochrone-based ages with
those determined by Schönrich & Bergemann (2014) since
they determined ages for most of the benchmark stars, but
with a di↵erent fitting method which was briefly summarised
in Section 2.2.1. For this comparison, the stars for which
only photometry was used in the fit by Schönrich & Berge-
mann are marked with open symbols. These stars are mostly

Figure 6. Di↵erences between ages derived in this work (based
on MIST isochrones) and ages in the literature by Schönrich &
Bergemann (2014); Casagrande et al. (2011); Lundkvist et al.
(2014). The stars are shown in order of increasing log g from left
to right. In the upper panel the literature is compared with log g-
based ages and in the lower panel with magnitude-based ages, but
the literature ages are the same in both panels. In both cases only
the stars for which the age derived in this work is well-defined are
shown which means that di↵erent stars are present in the two
panels. The open symbols indicate stars for which Schönrich &
Bergemann (2014) included only photometric constraints in their
fit (i.e. no spectra).

older (> 2 Gyr) giants for which the isochrone-based ages are
uncertain even when spectroscopic information is included,
and this is where the largest age di↵erences are seen. The
subgiant ⌘ Boo was also only fitted to photometry in their
analysis, but the age estimates still agree to within 1 Gyr
although their uncertainty is about 60 per cent compared
to 5 per cent on our estimate. For the stars which they fit-
ted with spectra there is generally good agreement with in-
creasing di↵erences for the more uncertain ages of the dwarf
stars. For ⇠ Hya and � Eri the ages di↵er by more than
1�. Schönrich & Bergemann state that their metallicity fit
is questionable for ⇠ Hya and that they disregarded a bad
spectral fit for � Eri which indicates that these stars were
di�cult to fit to their spectral data.

We also compare with ages of the GCS stars by
Casagrande et al. (2011), which is our second largest source
of literature ages and based on a Bayesian algorithm similar
to the one used in this work; and with Lundkvist et al. (2014)
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