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The BAyesian STellar Algorithm

The rationale behind BASTA

o Create the most versatile pipeline for stellar properties
determination

e Fast and flexible in its input: fit any observation available
(spectroscopy, photometry, astrometry, asteroseismology)
and predict stellar properties

e Made for the space-based era, where thousands of stars
are fitted and not all have the same data available

e Bayesian scheme: calculate joint PDF, report median and
(16,84) percentiles, use of priors and weights, etc.
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The BAyesian STellar Algorithm

Pipeline widely applied for:

. . .2., Silva Agui t al. 2015, MNRAS
e Exoplanet characterisation ™/ i eial 2016 Nat.Com

. . L e.g., Chaplin et al. 2014, ApJS
® ASteI’OSCISI'TNC flttlng Silva Aguirre et al. 2017, Ap]

" e.g., Casagrande et al 2016, MNRAS
¢ GaIaCth arChanIOgy Silva Aguirre et al. 2018, MNRAS

® Gerch ronology van Saders et al. 2016, Nature
. e.g., Lund et al. 2016, MNRAS
o Cluster studies Stello et a. 2016, Ap)

o Pal’al IaxeS e.g., Silva Aguirre et al. 2012
Huber et al. 2017
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The BAyesian STellar Algorithm

Level of precision

e Seismology:
- Radii and distances: ~2%
- Masses: ~6%
- Ages: ~14% (dwarfs) and ~25% (giants)

e QGaia:
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The BAyesian STellar Algorithm

Level of precision

e Seismology:

- Radii and distances: ~2%

- Masses: ~6%

- Ages: ~14% (dwarfs) and ~25% (giants)
e Galia:

- Even better (we have hit grid resolution)
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The BAyesian STellar Algorithm

Grids of models: standard

e Models freely available: BaSTI isochrones and BaSTI
evolutionary tracks

e Fix set of input physics (4 science cases in the new BaSTI
database)

e Isochrones perfectly suited for Galactic archaeology studies

e Full interior structures (fgong files) and oscillation
frequencies available for evolutionary tracks

e Sampling in mass currently ~0.05-0.1 Msun

Victor Silva Aguirre
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The BAyesian STellar Algorithm

Grids of models: unique

e Produce taylor-made grids of evolutionary tracks with
GARSTEC and MESA (extensible to any code)

e Flexible input physics, everything automatised in a large
computer cluster

e Cartesian grids: equidistant sampling in mass and
metallicity ([Fe/H]) using a galactic chemical evolution
law

e Sobol grids: quasi-random number generator to select
combination of parameters at a given input physics

Victor Silva Aguirre
May 22nd 2018 /



The BAyesian STellar Algorithm

Grids of models: flexible

Victor Silva Aguirre
May 22nd 2018



The BAyesian STellar Algorithm

Grids of models: flexible

e Cartesian grids:

Victor Silva Aguirre
May 22nd 2018



The BAyesian STellar Algorithm

Grids of models: flexible
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M=0.65;1.8 @ 0.01 Msun
[Fe/H]=-1.0:+0.5 @ 0.05 dex
DY/DZ = 1.4
Fixed ove, ml

Victor Silva Aguirre
May 22nd 2018



The BAyesian STellar Algorithm

Grids of models: flexible

e Cartesian grids:

M=0.65;1.8 @ 0.01 Msun
[Fe/H]=-1.0:+0.5 @ 0.05 dex
DY/DZ = 1.4
Fixed ove, ml

e Sobol grids

Victor Silva Aguirre
May 22nd 2018



The BAyesian STellar Algorithm

Grids of models: flexible

e Cartesian grids:

M=0.65;1.8 @ 0.01 Msun
[Fe/H]=-1.0:+0.5 @ 0.05 dex
DY/DZ = 1.4
Fixed ove, ml

e Sobol grids M= 0.65;1.8 @ 0.001 Msun
[Fe/H]=-1.0;+0.5 @ 0.05 dex
Ove= 0.00;0.03@0.001
Yi= 0.15;0.40@0.02
ML= 1.5;2.2@0.1
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The BAyesian STellar Algorithm

Grids of models: solar model

e Ensure consistency between the solar Av as given by
observations and the “solar model” in the grid

e Basically scales the input Av values by the fraction
between the observed solar Av of the pipeline and that
of the “solar model”

e If the grids do not have diffusion, one solar property
cannot be reproduced (e.g., age)

Victor Silva Aguirre
May 22nd 2018 ’
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The BAyesian STellar Algorithm

Grids of models: general considerations

e Once your grid is computed and processed, there are ~160
properties that can be fitted/extracted

e HDF5 structure allows us to combine input physics into a
meta-grid, but also restrict the fits to a given set of input
physics if desired

e Use of xml-files for easy tagging and handling thousands of
stars at the same time

e Standardised visual output to easily interpret results

o Possibility of store full PDFs of your fits for each star

Victor Silva Aguirre
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Grids of models: general considerations

Victor Silva Ag
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The BAyesian STellar Algorithm

Description of library parameters
Fitting model parameters to data

Fitting to individual frequencies or
frequency ratios

Technical documentation

Docs » Description of library parameters

View page source

Description of library parameters

The following table lists all of the parameters included in the model libraries. The column named In

indicates which libraries contain the given parameter. The keys are G for Garstec, B for Basti, and S

for the solar models. The solar model parameters are the same for both Garstec and Basti libraries.

Name
name
modnum
Gconst
LPhot
radPhot
radTot
massini
massfin
age

Teff

rho
logg
FeH
MeH
alphaFe
FeHini

MeHini

Unit
None
None
cm3/gs2
solar
solar
solar
solar
solar
Myr

K

g/cm3
log10(cm/s2)
dex

dex

dex

dex

dex

In

G

G
G,B,S
G,B,S
G,B,S
G,S
G,B
G,B,S
G,B,S
G,B,S
G,B,S
G,B,S
G,S
G,B,S

G,B,S

Description

Name of the model fgong-file

Model number from Garstec.

Gravitational constant.

Photospheric luminosity.

Photospheric radius.

Total radius.

Initial mass.

Final mass. This is the mass at the current age.
Age.

Effective temperature.

Mean density.

Surface gravity.

Surface iron abundance [Fe/H] (equal to MeH in the case of no
Surface metallicity [M/H].

Alpha enhancement.

Initial [Fe/H]

Initial [M/H]

2SIMBY
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The BAyesian STellar Algorithm

Scaling relations
()= ()
Po B (Avnl>®
(£)=() ()
20 B Vmax, © Teff,@
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The BAyesian STellar Algorithm

Scaling relations: corrections

e 4 different versions of the scaling relations available:
- Pure scaling relations

- Av from individual frequencies (White et al. 2011)
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Scaling relations: corrections

e 4 different versions of the scaling relations available:

- Pure scaling relations
- Av from individual frequencies (White et al. 2011)

- Av corrected following Serenelli et al. 2018
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The BAyesian STellar Algorithm

Scaling relations: corrections

e 4 different versions of the scaling relations available:
- Pure scaling relations
- Av from individual frequencies (White et al. 2011)
- Av corrected following Serenelli et al. 2018

- Av and vmax corrected following Sharma et al. 2016

Victor Silva Aguirre
May 22nd 2018 13
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The BAyesian STellar Algorithm

Main sequence stars: frequencies

- Fit individual frequencies using
Kjeldsen et al. 2008 or Ball &
Gizon 2014

- From [=0-3, regardless if
observed modes are missing

- Fit frequency ratios using 5-
point differences

- Correlations can be taken into
account in every case
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The BAyesian STellar Algorithm

Main sequence stars: frequencies

- Fit individual frequencies using

-@- B . O ® o [ J
Kjeldsen et al. 2008 or Ball &
L 4
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3600
- From 1=0-3, regardless if
observed modes are missing g
23000
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o o 2600
point differences
2400
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The BAyesian STellar Algorithm

Main sequence stars: frequencies

Victor Silva Aguirre
May 22nd 2018
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Main sequence stars: glitches
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The BAyesian STellar Algorithm

Main sequence stars: glitches

- Fit frequencies directly using 3
components: one smooth and
two oscillatory

- Allows extraction of the base of
the convection envelope and
amplitude of helium signature

-  Used for determining surface
abundances in 36 LEGACY stars
(Verma et al. 2018, in prep)
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The BAyesian STellar Algorithm

Mixed modes in subgiants

Stokholm et al. 2018, in prep
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The BAyesian STellar Algorithm

Mixed modes in subgiants

e BASTA automatically identifies mixed modes present
in the observed frequencies

e Fits individual frequencies, and uses inertias to select
model frequencies

e Current grid sampling is adequate to follow mixed-
modes evolution

Stokholm et al. 2018, in prep
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The BAyesian STellar Algorithm

Mixed modes in subgiants
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The BAyesian STellar Algorithm

Mixed modes in subgiants
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The BAyesian STellar Algorithm

Period spacing

3.10 I r
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Hjorringgaard et al. 2017, MNRAS
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The BAyesian STellar Algorithm

Period spacing

- Asymptotic period spacing T (M
calculated from fgong files 315 |- R (INTF)
3.20
3 {
5325 //////////

A
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Hjorringgaard et al. 2017, MNRAS
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The BAyesian STellar Algorithm

Period spacing

- Asymptotic period spacing Tor (SME)

Tuis (INTF)
calculated from fgong files |- R (INTF)

- Allow much tighter constraint
in stellar properties (age~3%)

A

L | L | | | 1
5250 5200 5150 5100 5050 5000 4950 4900
Tesr (K)

Hjorringgaard et al. 2017, MNRAS
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The BAyesian STellar Algorithm

Period spacing

- Asymptotic period spacing Tor (SME)

Tuis (INTF)
calculated from fgong files |- R (INTF)

- Allow much tighter constraint

in stellar properties (age~3%) 7/
3.30
- Example: test core conditions in 3.35
RGB stars, and infer main- sl
. 5250 5200 5150 5100 5050 5000 4950 4900
sequence overshoot Toge (K)

Hjorringgaard et al. 2017, MNRAS
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The BAyesian STellar Algorithm

Period spacing

-  Asymptotic period spacing
calculated from fgong files

- Allow much tighter constraint
in stellar properties (age~3%)

- Example: test core conditions in
RGB stars, and infer main-
sequence overshoot

Victor Silva Aguirre
May 22nd 2018
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The BAyesian STellar Algorithm

Photometry, spectroscopy, astrometry

e Fit to photometric measurements in many bands

e Possible to determine distance to the target if not
known

e Use of Green et al. 2018 3D extinction map

e Absorption coefficients from Schlafly & Finkbeiner
(2011)
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The BAyesian STellar Algorithm

Photometry, spectroscopy, astrometry

Fit to photometric measurements in many bands

Possible to determine distance to the target if not
known

Use of Green et al. 2018 3D extinction map

Absorption coefficients from Schlafly & Finkbeiner
(2011)

Fit Gaia parallaxes (plus one magnitude)

Victor Silva Aguirre
May 22nd 2018 21



The BAyesian STellar Algorithm

Photometry: ~110 filters

Photometric system Calibration Passbands Zero-points
UBVRIJHKIM Vegamag Bessell & Brett (1988); Bessell (1990) Bessell et al. (1998)
HST-WFPC2 Vegamag SYNPHOT SYNPHOT
HST-WFC3 Vegamag SYNPHOT SYNPHOT

HST-ACS Vegamag SYNPHOT SYNPHOT

2MASS Vegamag Cohen et al. (2003) Cohen et al. (2003)
DECam ABmag DES collaboration 0

Gaia Vegamag Jordi et al. (2010)* Jordi et al. (2010)
JWST-NIRCam Vegamag JWST User Documentation” SYNPHOT

SAGE ABmag SAGE collaboration 0

Skymapper ABmag Bessell et al. (2011) 0

Sloan ABmag Fukugita et al. (1996) Dotter et al. (2008)
Stromgren Vegamag Maiz Apellaniz (2006) Maiz Apellaniz (2006)
VISTA Vegamag ESO Gonzélez-Ferndndez et al. (2017)

Victor Silva Aguirre
May 22nd 2018
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The BAyesian STellar Algorithm

Photometry, spectroscopy, astrometry
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The BAyesian STellar Algorithm

Photometry, spectroscopy, astrometry
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The BAyesian STellar Algorithm

Photometry, spectroscopy, astrometry

- Binaries in NGC2506 4000 V20328
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The BAyesian STellar Algorithm

Photometry, spectroscopy, astrometry

- Binaries in NGC2506 4000 V0B
- Fitting masses and radii from 3500
vinary solution, spectroscopic
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Photometry, spectroscopy, astrometry

. Binaries in NGC2506 4000 V20324 V20328

- Fitting masses and radii from 3500
vinary solution, spectroscopic

parameters, and two 3000

magnitudes B
ES4000
- Weighted average of the four
distances: (3300+-70) pc. 3500
- Gaia: (3340 +- 80) pc 3000

3000 3500 4000 3000 3500 4000
d” (pc)

Victor Silva Aguirre ,
May 22nd 2018 Knudstrup et al. 2018, in prep 24



The BAyesian STellar Algorithm

Photometry, spectroscopy, astrometry
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The BAyesian STellar Algorithm

Documentation

Description of library parameters

B Fitting model parameters to data
The data file
Creating an XML input file

Fitting to individual frequencies or
frequency ratios

Technical documentation

Victor Silva Agui
May 22nd 2018

Docs » Fitting model parameters to data View page source

Fitting model parameters to data

The process of fitting stellar models to observations using BASTA can be divided into a few simple
steps:

1. Collect the relavant data in a plain text data file.

2. Create an XML input file which specifies the desired settings and contains the information from
the data file.

3. Run BASTA on the XML input file ( BASTArun input.xml ).

In the following, the components involved in this process are described further.

The data file

The values and uncertainties of the parameters to be used in the fit must be supplied in the form of
a text file. This file must also contain the stellar identifications (usually placed in the first column).

For example, to fit two stars using vmax , Av, Teg and [Fe/H], the file may look like the following:

# EPIC numax enumax dnu ednu teff eteff feh efeh
211403248 305.50 2.95 21.45 0.09 4963.73 80.27 0.063 0.034
211403356 10.75 0.15 1.66 0.04 4391.44 97.07 -999.9990 -999.9990

Here the number —999.9990 is used as a placeholder for a missing value (BASTA must be informed
of this value, see below). Any missing parameter will be skipped in the fit.

Creating an XML input file

With the data file ready, the BASTA function xmitools.create_xm1() can be used to generate an

XML input file. To make things simpler, the example Mé7_input provides the script
m67_generate_xml_input.py Which acts as a template for specifying the necessary settings. The

XML input file specifies which stellar library is used and the parameters BASTA should fit, as well as

the parameters outputted and plotted. The input file also specifies which bayesian weights or priors
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The BAyesian STellar Algorithm

Tutorlals

Jupyter testing_ast_radii_notebook (unsaved changes)

File Edit View

B+ x & B

In [95]: fig,

plot plx ratios((saf.plx, saf.plx unc),

plot_plx ratios((saf.plx, saf.plx_unc),

fig.
fig.
plt.
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Insert Cell Kernel Widgets Help

A2* ¥ MRun B C » Markdown -

ax.set_x1im([-0.6, 0.4])
ax.set_xlabel('Metallicity [Fe/H]')

ax.set_ylim([0.92, 1.12])
ax.set_ylabel(r'$\varpi_{\mathrm{Seis}}$ / $\varpi_{\mathrm{Gaia}}$')

if ast_labell is not None or ast_label2 is not None:

ax.legend(ncol=2)

(axl, ax2) = plt.subplots(2, 1)

tight_layout()
savefig('figures/par ratio.pdf')
show ()

(saf.plx _rad, saf.plx rad_unc),
(saf.plx_scal, saf.plx scal _unc), axl, xax='teff',
ast_labell='Individual frequencies', ast_ label2='Scaling relations')
(saf.plx_rad, saf.plx rad_unc),

(saf.plx_scal, saf.plx scal_unc), ax2, xax='feh')
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The BAyesian STellar Algorithm

Upcoming developments

e Test the Gaia parallax fitting (non-gaussian PDFs)

e Test of sampling for subgiants and red giants

e Input PDFs instead of value and gaussian uncertainties

e Finish documentation, tutorials, and paper
e Parallelise runs for large number of targets

e A web interface?

Victor Silva Aguirre
May 22nd 2018



BASTA: the BAyesian
STellar Algorithm

Victor Silva Aguirre

A. Justesen, J. Mosumgaard, C. Sahlholdt, A. Stokholm,
E. Knudstrup, K. Verma, M. Winther, S. Cassisi, and A. Serenelli

INIVERSITY RESEARCH FOUNDATION

AARHUS UNIVERSITETS (e VILLUM FONDEN DANMARKS FRIE
FORSKNINGSFOND 93 S & FORSKNINGSFOND




