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About Me:
I have enjoyed work and life all over the world, and now 
I’ve joined you in Europe!



  

MATISSE: Measuring Ages 
Through Isochrones, Seismology, 
and Stellar Evolution



  

The MESA developers team
(Modules for Experiments in Stellar Astrophysics)



  

The project I will discuss today was done
in collaboration with

and

Prof R Michael Rich (UCLA)

Dr Iulia Simion (Shanghai Key Lab for Astrophysics)

Dr John Bourke (MSP Berkeley) 

Dr Tommaso Marchetti (ESO) Dr Christian Johnson (STScI)
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Young stars in the Galactic bulge?

What does the presence 
of young stars imply?

- Results support the idea of a secular (slow) origin for the 
Galactic bulge, formed out of the other main Galactic stellar 
populations present in the central regions of our Galaxy

Basically, prolonged star formation.
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Young stars in the Galactic bulge?
Why is this contentious? 

- Galactic bulge long been thought to be old

- our understanding of the chemical distribution of the Galaxy is not 
consistent with recent star formation episodes in this region 

- old bulge → bulge assembled first; 
  young or mixed bulge → ??? 
  if the latter, there must be less well understood dynamical 
mechanisms at play

- we must then answer: how did young stars get there?

- an overabundance of young stars in this region thus calls into 
question the formation history of the Galaxy and galaxy evolution 
mechanisms more generally  
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There is tension in the literature between ages 
derived from photometry, which claims a 
uniformly old bulge

Young stars in the Galactic bulge?

Big picture: 

...and ages derived from microlensing 
(spectroscopy), which claims a broad age 
distribution

...but in order for something to be true, it must be true 
regardless of inference method



  

A rare and powerful dataset

Microlensing permits the direct inference of physical, 
spectroscopic coordinates (Teff, logg) of faint, cool 
stars due to the 10-1000x brightness magnification 
they experience during these events



  

Credit :Greg Feiden



  

Fig 6, Bensby et al. 2017: 91 stars on Yale isochrones
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Reproduction with MIST isochrones 
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One could reasonably ask…
Is it because the MIST and Yale models use wildly 
different physics and therefore yield different ages?
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Effects of alpha-element enhancement 
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One could reasonably ask…

Is it because we consider alpha-element enhancement as 
a function of metallicity (Christian I. Johnson et al. 2022) 
in the isochrones and the other age determinations do 
not?

No

Also no

Is it because the MIST and Yale models use wildly 
different physics and therefore yield different ages?

*see full paper (arXiv: 2205.07964) for rigorous 
demonstration of this using actual math & histograms
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Punchline: we (Joyce + MIST) do not find an abundance of
young stars at high metallicities

Bensby+ : 

Joyce+ :

42 stars <7 Gyr, all [Fe/H]>-0.6
13 stars >7, <10 Gyr
36 stars >10 Gyr

15 stars <7 Gyr, all [Fe/H]>-0.3
18 stars >7, <10 Gyr
58 stars >10 Gyr
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Why should you believe Joyce+MIST
over the previous result?

Carefully considered 
hybrid statistical techniques
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For the nerds:
To compute the weighted-average age of a given star, we apply a combination of a 
frequentist approach, goodness-of-fit, and maximum likelihood analysis

(1) For a given star, compute the (3 DoF) 
chisq score for the fit of that star’s 
observational parameters to every point 
along a candidate model (e.g. isochrone) 

(3) - Compute a weighted average over 
all candidate hypotheses (each 
point on each isochrone)
- A point with age tn is weighted by 
its likelihood, pn , of being an 
appropriate fit to the star 
- The final weighted average, tS, is 
our estimate for the age of the star
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Construct three independent 
normal distributions with densities 



  

Error bars: Monte Carlo resampling

Construct three independent 
normal distributions with densities 

→ the fact that our MC 
simulations build a distribution 
approaching a normal 
distribution as number of trials 
increases suggests that the 
assumption of normally 
distributed variables is 
reasonable
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Observational vs global uncertainties
There is an entire, second set of 
systematics we must understand in order to 
perform fully correct age determinations: 

...the intrinsic uncertainty of the 
stellar models themselves

L’horreur!
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There are many physical choices in stellar 
models one should worry about...

Convective & energy transport parameters:
- mixing efficiency → convective mixing length
- convective overshoot
- convective boundaries; how the Schwarzschild/Ledoux criterion is evaluated

Heavy element diffusion:
- is it included, and where?
- how is it implemented?
- gravitational settling?
- are all isotopes treated the same? 

Atmospheric boundary conditions:
- Is it a T-tau relation, & what kind of integration? Eddington vs Krishna-Swamy
- if instead using a table-based treatment from external simulations (e.g. 
PHOENIX, Kurucz), what solar scale and other physics were used in those 
simulations? Are they self-consistent with the assumptions in the stellar models?
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Joyce & Chaboyer (2018a)

Look at those RGBs!



  

Point of demonstration: the convective
mixing length, αMLT 

- even modest changes to αMLT dramatically affect the 
morphology of isochrones between the MSTO and tip of 
the red giant branch

- previous work has shown that even stars very similar to 
the Sun are better fit by mixing length values 10-20% 
different than the solar-calibrated value

Why this parameter?



  
Joyce & Chaboyer (2018b)

“Solar Twins” α Cen A & 
B are best fit by values 
~20% below and above 
αMLT,solar, respectively 



  

Point of demonstration: the convective
mixing length, αMLT 

- even modest changes to αMLT dramatically affect the 
morphology of isochrones between the MSTO and tip of 
the red giant branch

- previous work has shown that even stars very similar to 
the Sun are better fit by mixing length values 10-20% 
different than the solar-calibrated value

- because it’s my favorite parameter/because I can

Why this parameter?



  



  

Point of demonstration: the convective
mixing length, αMLT 

While far from the only source of modeling uncertainty, 
varying αMLT provides a sharp demonstration of the 
danger of failing to account for theoretical 
uncertainties in age determinations—and hardly 
anyone does! 



  



  

Effect of alpha_MLT on a stellar track
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How do we incorporate the isochrones’ “shift” in our 
error simulations? 



  

200 K

0.17 
dex



  

What happens when we incorporate variation in the 
isochrones’ position in logg-Teff in the MC simulations?



  

What happens when we incorporate variation in the 
isochrones’ position in logg-Teff in the MC simulations?



  

uncertainties increase 

by a factor of 1.5 - 2x

What happens when we incorporate variation in the 
isochrones’ position in logg-Teff in the MC simulations?



  

Tension between 
inference methods?



  

Attempt to fit BDBS photometry



  

Insufficient data resolution?



  

Spectroscopic vs (poor) photometric

Age-metallicity relation based on 
re-fitting Bensby et al. spectroscopic 
data

Age-metallicity relation based on 
subsample with BDBS photometry, 
using same algorithm

*Note that BDBS measurements are not precise 
enough to avoid sensitivity to the set of hypotheses 



  

Attempt to fit Gaia photometry



  

Clear case of insufficient data resolution
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bulge, suggesting prolonged star formation in the region, which is in conflict with 
previous/other understanding of the formation history of the Galaxy

Joyce (me)+ 2022 (MIST isochrones) do not find a large constituency of metal-rich young 
stars in this region, despite using Bensby+2017’s parameters verbatim

There is no significant discrepancy between the physical assumptions adopted between 
both isochrone databases, nor can differences in alpha-abundance scale explain the 
striking difference in derived age distributions

Bensby+2017’s age distribution is statistically consistent with a uniform distribution across 
1 to 15 Gyr, whereas Joyce+2022 finds a clear peak at 13 Gyr and a median of 10.8 Gyr. 

While still showing some slight age spread, Joyce+2022 results are more consistent with 
photometric analyses of this region despite being based on the same spectroscopic, 
microlensed sample analyzed in Bensby+2017

Have we resolved the spectroscopic/photometric tension? Not entirely, but careful 
application of statistics puts the picture in better focus 

Ages are hard! Be careful with math.



  

BONUS: Betelgeuse MLT content



  

Late 2019: unprecedented brightness drop

Press release: Kavli IPMU Toyko, Japan



Reproduce this lightcurve via simulation 
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dim or rule out causes

Our Approach (one of many):  



Reproduce this lightcurve via simulation 
to understand why Betelgeuse became 
dim or rule out causes

...but in order to understand why this 
dimming event was “unprecedented,” we 

must first understand Betelgeuse’s 
normal periodic variations

Our Approach (one of many):  



The ‘unprecedented’ dimming of Betelgeuse
-First question: How unprecedented, really? 

Actually, very. This is 
the dimmest it’s been in 
nearly 100 years



What patterns do we detect in 
the frequencies?

From new and archival photometry 
we find periodicities (variabilities):
- 416 days
- 185 days
- 5.6 years

Determining the drivers of 
different frequencies tells us 
about the structure of the star

What we want to know...
Is the 416-day periodicity the 
fundamental mode? 

Is the 185-day periodicity the first 
overtone?

Is the 416-day period driven by the 
kappa mechanism?

Fig by László Molnár



 

Observations state 3600 +/- 25 K, yet we can move an 
evolutionary track by ~350 K just by changing the 
convective mixing length from 1.8x to 2.5x the pressure 
scale height



 

Observations state 3600 +/- 25 K, yet we can move an 
evolutionary track by ~350 K just by changing the 
convective mixing length from 1.8x to 2.5x the pressure 
scale height →need to introduce new interpretation of 

temperature constraints that account for ad hoc 
modeling choices: region in blue



Use GYRE to perform linear seismic analysis on observationally consistent 
tracks (those which intersect the uncertainty-adjusted Teff constraints)

Add in asteroseismology



 

Fundamental mode, FM
P0 = 416 +/- 24 d

Determining which models are seismically compatible



 

This method constrains Betelgeuse’s physical radius
...even more tightly than the traditional 
interferometry + parallax method



General finding: on the (initial) mass of Betelgeuse,
our results are consistent with other modeling efforts; not 
particularly more precise: 18-24 Msolar

...but our models permit only a very small range for the physical 
radius: a 3σ band of 150 Rsolar

In fact, this range is considerably smaller than predictions for the 
physical radius provided by traditional observational methods 
(interferometry + parallax)! 

Unanticipated Bonus:
precision modelled radius + measured angular diameter
 = new parallax distance estimate  

Classical & Seismic results: 

Seismic parallax!!



Revised distance from seismic parallax
Radius:    764 +116,-62 Rsolar
Distance: 168 +27,-15 pc 
Parallax:  5.95 +0.58,-0.85 mas

Fig by László Molnár



  arXiv: 2206.10617 (also published in PASP)

Ultra bonus content: you can do 
statistics for sociology of science, too



  

Observed outcome Predicted by “Random 
Coauthors” Model

Predicted by “Random 
Authors” Model

arXiv: 2206.10617 (also published in PASP)

Ultra bonus content: you can do 
statistics for sociology of science, too



  

The number of observed all-female* papers is about the same as 
predicted by our (most generous) model, whereas the number of 
observed all-male* papers is highly outlying (p<0.05) 

(see paper for detailed discussion of assumptions)
*genders as reported by participants; “non-binary” and “another not included” options were available

arXiv: 2206.10617 (also published in PASP)



  

Fin
Tack



  

Bulge Age Conclusions: reprise
Bensby+ 2017 (Yale isochrones) find a large population of metal-rich, young stars in the 
bulge, suggesting prolonged star formation in the region, which is in conflict with 
previous/other understanding of the formation history of the Galaxy

Joyce (me)+ 2022 (MIST isochrones) do not find a large constituency of metal-rich young 
stars in this region, despite using Bensby+2017’s parameters verbatim

There is no significant discrepancy between the physical assumptions adopted between 
both isochrone databases, nor can differences in alpha-abundance scale explain the 
striking difference in derived age distributions

Bensby+2017’s age distribution is statistically consistent with a uniform distribution across 
1 to 15 Gyr, whereas Joyce+2022 finds a clear peak at 13 Gyr and a median of 10.8 Gyr. 

While still showing some slight age spread, Joyce+2022 results are more consistent with 
photometric analyses of this region despite being based on the same spectroscopic, 
microlensed sample analyzed in Bensby+2017

Have we resolved the spectroscopic/photometric tension? Not entirely, but careful 
application of statistics puts the picture in better focus 

Ages are hard! Be careful with math.
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