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Introduction

2

• Importance of ages

- Formation and evolution of Galaxy

- Exoplanets : characterization, structure

• Methods based on stellar models

- Adjustment with isochrones / evolutionary tracks

- Asteroseismology

• Empirical methods
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Age via stellar models

• Adjustment on isochrones/tracks : but degeneracy

Observables : magnitude, effective temperature, metallicity

 Bayesian estimation : 
- 
- PDF : f a posteriori, f0  a priori 
- Likelihood 

 f(τ, [Fe/H],m) ∝ f
0
(τ, [Fe/H],m)× L(τ, [Fe/H],m)

• Methods adapted and modified after Da Silva et al. (2006)
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and the observational quantity is much more complicated be-
cause the relative abundances of elements in Z may vary (in
particular the α elements versus other elements). These com-
plications are however beyond the scope of this paper and we
simply assume

[Me/H] ! ζ. (2)

This is a reasonable approximation for the present purpose of
exploring the methodology of age determination by isochrones.
In real applications, considering that typical observational un-
certainties in [Me/H] are (at least) of order ±0.1 dex, this rela-
tion is still useful for stars of about solar metallicity, but should
not be used for metal-poor stars.

2.5. Assumed observational errors

In simulations and for illustration purposes we usually assume
the following standard errors, which are fairly representative of
what can be achieved for F and G dwarfs in the solar neighbour-
hood (Nordström et al. 2004): ±0.1 dex in [Me/H], ±0.01 dex
in log Teff , and ±0.1 mag in MV . We call these nominal er-
rors. However, we shall sometimes consider observational er-
rors that are half or twice the nominal ones.

3. Bayesian estimation of stellar ages

3.1. The posterior probability density function

In Bayesian estimation the parameters to be determined (in this
case τ, ζ and m) are regarded as random variables and their
(posterior) joint probability density function is given by

f (τ, ζ,m) ∝ f0(τ, ζ,m) L(τ, ζ,m) (3)

where f0 is the prior probability density of the parame-
ters (Sect. 3.3) and L the likelihood function (Sect. 3.2).
The probability density function (pdf) f is defined such that
f (τ, ζ,m)dτdζdm is the fraction of stars with ages between τ
and τ + dτ, metallicities between ζ and ζ + dζ, and initial
masses between m and m+ dm. The constant of proportionality
in Eq. (3) must be chosen to make

∫ ∫ ∫
f (τ, ζ,m)dτdζdm = 1.

Integrating f with respect to m gives f (τ, ζ), which is the
posterior joint pdf of τ and ζ. This function is of interest when
studying the age–metallicity relation, since it summarizes the
available information concerning these two parameters, given
the observational data. Integrating once more with respect to ζ
gives f (τ), the posterior pdf of τ, which similarly summarizes
the available information concerning the age of the star.

In the next sections we discuss in some detail the two func-
tions L and f0 that together define the posterior probability
density.

3.2. The likelihood function

The likelihood function L equals the probability of getting the
observed data q for given parameters p. Regarded as a function
of p it is not a pdf – for instance, its integral may be infinite.
We assume independent Gaussian observational errors in each
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Fig. 1. HR diagram showing the location of two hypothetical obser-
vations at (log Teff ,MV ) = (3.825, 3.0) and (3.800, 3.0), with nomi-
nal uncertainties as in Sect. 2.5 (error bars show ±1σ). The zero-age
main sequence (ZAMS) and selected isochrones for log(Z/Z#) = −0.2
(![Me/H]) are also shown. The symbols along the isochrones show
where the initial mass is a multiple of 0.01M#. See text for further
explanation.

of the n = dim(q) observed quantities, with standard errors σi.
The likelihood function is then

L(τ, ζ,m) =
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A maximum-likelihood (ML) estimate of the stellar parame-
ters (τ, ζ,m) may be obtained by finding the maximum of this
function, which (in the case of Gaussian errors) is equivalent to
minimizing χ2. ML estimators are in general good estimators
and in many cases nearly optimal (Casella & Berger 1990), so
why not simply adopt the ML age estimate?

The difficulty with the ML estimate in the present case has
to do with the complex morphology of the isochrones, i.e., of
the highly non-linear mapping from p to q. Effectively, it means
that more information is needed to make a good estimate of the
age than provided by the likelihood function alone. An illus-
tration is given in Fig. 1, where we consider the hypothetical
observation of two isolated field stars. The observed data are
depicted together with a selection of isochrones. All isochrones
and data are for [Me/H] ! ζ = −0.2.

For the left data point (log Teff = 3.825, MV = 3.0) there is
only one isochrone going exactly through the observed point,
namely τ = 2.18 Gyr. This is then the best-fitting age in
terms of the χ2 in Eq. (5) and consequently also the ML es-
timate of the age based on the given data. For the second
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Choice of the a priori

• Models 

- Basti (Pietrinferni et al., 2004), Padova (Girardi et al., 2000)

- tracks or isochrones

- resolution of the grid  

• Initial Mass Function (IMF)

- Kroupa (2002)

• No metallicity distribution function (MDF)  

• Stellar formation rate (SFR) 

- Flat between 0 to 14 Gyr, 0 elsewhere
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Gaia simulated catalog
• Sample of 10 000 simulated stars, random selection of the : 

- metallicity (MDF), mass (Kroupa’s IMF) and age (SFR) in the 
Basti grid

• Gaia ‘‘Star’’ specification

- G>6  
σπ  depends on G and (V-I)
σG = σV = 10−3mag
σ Teff

= 0.3% at G ≤ 15, rises linearly to σ Teff
= 4% at G=20

σ [Fe/H] = 0.3
σAv

= 10%

-  
-  

-  
-  
-  
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Gaia simulated catalog
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• Determination of σMv

• Choice : keep star if 

1 kpc

Fixed distances or 
distances to particular 
objects :
- 100 pc, 1 kpc and 10 kpc
- Hyades (46pc), Pleiades
(135 pc) and NGC 6791 
(4.1 kpc)
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• 60 % of stars have    

• 3 problematic regions :

- Close to the  ZAMS

- Massive stars in the upper MS

- Red giant branch

• Compare ages from inversion and ‘‘true’’ ages 

στ

τ
> 10%

Comparison : ‘‘true’’ ages vs 
estimated 

 From 1 kpc to 8 kpc 
1 kpc
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Comparison : ‘‘true’’ ages vs 
estimated 

• 75 % of stars have    

• more stars in the bottom of 
the ms

 Less than 1 kpc
στ

τ
> 10% • 70 % of stars have    

• observational errors become 
large

 Greater than 8 kpc
στ

τ
> 10%

Comparison : ‘‘true’’ ages vs 
estimated 

10 kpc46 pc
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Comparison : ‘‘true’’ ages vs 
estimated 

• 40 % of stars have    

• Great improvements close 
to the ZAMS and the RGB

• With the complementary spectroscopic observation 

στ

τ
> 10%

 From 100 pc to 10 kpc

σ [Fe/H] = 0.1

1 kpc

 Less than 100 pc

 Greater than 10 kpc

• 45 % of stars have
στ

τ
> 10%

• 60 % of stars have
στ

τ
> 10%
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Conclusion

• At less than 200 pc, Jupiter mass planets : Characterization 
of the exoplanets

• At less than 500 pc, open clusters

• Disk and the globular clusters : 

• Dating the Galaxy structure : Formation and evolution

• Age-metallicity relation and stellar formation history

• Need a good accuracy on the metallicity

10
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Distance

46 pc 44 75
100 pc 38 70
135 pc 37 69
750 pc 37 71
1 kpc 38 72

2.2 kpc 27 58
4.1 kpc 34 58
6kpc 43 63
8kpc 49 68

10 kpc 59 69

Comparison : ‘‘true’’ ages vs 
estimated 
στ

τ
> 10%,σ [Fe/H] = 0.1

στ

τ
> 10%,σ [Fe/H] = 0.3


