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What is the final age?
How do you combine probability distributions?

‘True’ age

Age

Pr
ob
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ilit

y

Method 2

Method 1

Method 3

Do we WANT to combine probability 
distributions? (difficult to reverse-engineer)

- Different models have different accuracies & 
precisions for different stars  

@ruthangus



stardate.readthedocs.io
github/ruthangus/stardate

stardate(Cross-published in AJ and JOSS)

@ruthangus

Angus et al (2019a, b)

Built on isochrones.py (Morton, 2018)
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McQuillan et al. (2014)

Stars spin more slowly over time

@ruthangus
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McQuillan et al. (2014)

Stars spin more slowly over time
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We use MIST isochrones (Dotter + 2016, Choi + 2016)
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We use MIST isochrones (Dotter + 2016, Choi + 2016)
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We use MIST isochrones (Dotter + 2016, Choi + 2016)
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And a very simple gyrochronology model (Angus + 2019b)+
We use MIST isochrones (Dotter + 2016, Choi + 2016)
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+
We use MIST isochrones (Dotter + 2016, Choi + 2016)

To be replaced by GP-based gyrochronology model

@ruthangus
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2.5 Gyr

Praesepe model, dereddened

Isochrones only, dereddened
x

NGC 6819
Meibom et al. (2015)Gyro & isochrones

@ruthangus F G

Combining methods can be useful
Angus + (2019b)



θ = Mass, Age, [Fe/H], etc

p(θ |D) ∝ p(θ) p(Diso |θ) p(Prot |θ)

M

Mass
Age

ColorProt

[Fe/H], 
D, AV

This is like augmenting MIST models with a rotation dimension

Combining methods in stardate



̂θ

θn

D

Methods 1, …, N

Combining methods in general: a hierarchical problem

True star

Observed star
(noisy)

Data

θ = Mass, Age, [Fe/H], etc



̂θ

θn

D

We want:

p( ̂θ |D)

N

Combining methods

θ = Mass, Age, [Fe/H], etc



We have:

p( ̂θ) p({θn} | ̂θ) p(D |{θn}) ̂θ

θn

D

N

p( ̂θ |D)
We want:

Combining methods

θ = Mass, Age, [Fe/H], etc



̂θ

θn

D

N
Marginalise over individual parameter measurements

p( ̂θ) p({θn} | ̂θ) p(D |{θn})

p( ̂θ |D)

We have:

We want:

Combining methods

θ = Mass, Age, [Fe/H], etc



∝ ∫ d{θn}

̂θ

θn

D

N

p( ̂θ |D) p( ̂θ) p({θn} | ̂θ) p(D |{θn})

Combining methods

θ = Mass, Age, [Fe/H], etc



̂θ

θn

D

N

p( ̂θ |D) ∝ p( ̂θ)∫ p({θn} | ̂θ) p(D |{θn}) d{θn}

Prior comes out of the integral

Combining methods

θ = Mass, Age, [Fe/H], etc



p( ̂θ |D) ∝ p( ̂θ)
N

∏
n=1

∫ p(θn | ̂θ) p(D |θn) dθn

Assumption of independence
̂θ

θn

D

N

Combining methods

θ = Mass, Age, [Fe/H], etc



The likelihood of the data,
given the measured parameters ̂θ

θn

D

N

p( ̂θ |D) ∝ p( ̂θ)
N

∏
n=1

∫ p(θn | ̂θ) p(D |θn) dθn

Combining methods

θ = Mass, Age, [Fe/H], etc



The probability of the measured
 parameters, given the true parameters ̂θ

θn

D

N

p( ̂θ |D) ∝ p( ̂θ)
N

∏
n=1

∫ p(θn | ̂θ) p(D |θn) dθn

Combining methods
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θ = Mass, Age, [Fe/H], etc



p( ̂θ |D) ∝ p( ̂θ)
N

∏
n=1

∫ p(θn | ̂θ) p(D |θn) dθn

Marginalise over measured parameters ̂θ

θn

D

N

Combining methods: a hierarchical problem

θ = Mass, Age, [Fe/H], etc



Take product over methods
̂θ

θn

D

N

p( ̂θ |D) ∝ p( ̂θ)
N

∏
n=1

∫ p(θn | ̂θ) p(D |θn) dθn

Combining methods: a hierarchical problem

θ = Mass, Age, [Fe/H], etc



If you combine models during inference, 
this is relatively straightforward

̂θ

θn

D

N

p( ̂θ |D) ∝ p( ̂θ)
N

∏
n=1

∫ p(θn | ̂θ) p(D |θn) dθn

Combining methods: a hierarchical problem

θ = Mass, Age, [Fe/H], etc



Summary:

• To combine stellar parameters, marginalise over methods.

• Easiest if likelihood functions are combined directly.

• If not possible, combine approximations to likelihood functions.

• Decide if this is the best approach.

• Publish prior values along with posterior samples.

@ruthangus
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Isochrone fitting 
works well here

We’re working on it…

See e.g. Newton + (2016, 17, 18),
Kiman + (2019)

stardate only applies gyrochronology where calibrated



stardate.readthedocs.io
github/ruthangus/stardate

stardate(Cross-published in AJ and JOSS)
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www.theoj.org/joss-papers/joss.01469/10.21105.joss.01469.pdf
ArXiv: 1908.07528



stardate.readthedocs.io
github/ruthangus/stardate

stardate(Cross-published in AJ and JOSS)
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www.theoj.org/joss-papers/joss.01469/10.21105.joss.01469.pdf
ArXiv: 1908.07528
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Mass

Prot M Color

Age

Age

Color

ℒ = p(Prot |Age, color) ℒ = p(M, color

How to combine age information

Prot |Age, Mass, [Fe/H])Age, Mass

[Fe/H], 
D, AV



Prot

@ruthangus

M Color

Mass

AgeAge

Color

ℒ = p(M, color |Age, Mass, [Fe/H]), Age, Mass

How to combine age information

Prot

[Fe/H], 
D, AV



Protℒ = p(M, color

@ruthangus

M Color

Mass

AgeAge

Color

p( | )|Age, Mass, [Fe/H]) Age, Mass

How to combine age information

Prot

[Fe/H], 
D, AV



Activity
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M

Mass

Prot

Age

Color

ℒ = p(M, color |Age, Mass, [Fe/H]) p(Prot |Mass, Age)

activityAdding

[Fe/H], 
D, AV



Prot

@ruthangus

M

Mass

Age

ColorActivity

p(Activity |Prot, Mass)
activity

ℒ = p(M, color |Age, Mass, [Fe/H]) p(Prot |Mass, Age)

Adding

[Fe/H], 
D, AV



Activity Prot

@ruthangus

Abundances Kinematics

M

Mass

Age

Color

× p(Abundances |Age) p(Kinematics |Age)

…etc

other age indicators Adding
p(Activity |Prot, Mass)ℒ = p(M, color |Age, Mass, [Fe/H]) p(Prot |Mass, Age)

[Fe/H], 
D, AV


