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Stars: building blocks of galaxies & exoplanetary systems
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Rotation”? Convection? Mixing? Magnetism?

low- & intermediate-mass stars
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M Starquakes as Modern Tool
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LIENEY Stellar oscillations probe stellar interiors
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P Space Asteroseismology Revolution

Time (BJD-2454833)
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™ Ingredients: temporal/spatial

- Periodic perturbations of equations of physics:
oscillations are the eigenmodes of the star

- Each mode described by spherical harmonic & frequency:
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RhoLbd
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- Dominance of acting forces?
pressure (acoustic waves) ’:" . “}
' L.

L

buoyancy (gravity waves)
Coriolis (inertial waves)
Lorentz (Alfven waves)
tidal (tidal waves)




1 Data-driven modelling

OBSERVATIONS

space Kepler/K2/TESS
ground spectroscopy
space Gaia distances
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BERN  Theoretical predictions

THEORY

mass, chemistry, age +
convection? mixing?
rotation? magnetism?
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STELLAR MODEL
FOR SPECIFIED
INPUT PHYSICS
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Theoretical predictions
for oscillations
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A Aims of Asteroseismology

THEORY

mass, metallicity, age +
convection? mixing?
rotation? magnetism?

/" STELLAR MODEL '\
FORSPECIPIED
\\_ INPUT PHYSICS /

Theoretical predictions

OBSERVATIONS

space Kepler/K2/TESS
ground spectroscopy
space Gaia distances

Two Major Aims:
High-precision M, R, age

Improve Input Physics

Observed properties

for oscillations

of oscillation modes
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EEM Helioseismology paved the way

| Courtesy: ESA/NASA SoHO i
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m Red Giants: successors of Suns

Courtesy: NASA Kepler
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Relative Intensity (shifted)
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Welghmg/agemg stars to 2/10% precision

sound speed: density
+R gives mass
small spacing:
He in core -> age
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Chaplin WJ, Miglio A. 2013.
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RIEAEA R, M, age for Exoplanet Research

Courtesy:
Ashley

10.0+

Asteroseismology of Host Star: factor ~2 improvement

for exoplanet radius + age delivery!
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Non-seismic hosts

A®E Known Kepler, K2, TESS seismic hosts
A®E New Kepler, K2, TESS seismic hosts
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z (pc)

BN Ages for Galactic Archaeology

Seismic mass, radius, age of red giants from scaling relations
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T Chemical evolution?

microscopic physics:
atomic diffusion
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nuclear
burning

macroscopic physics:
element transport, e.g.
rotation, waves, magnetism,...
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R Rotational splitting of modes
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Star more massive than Sun: Kurtz et al. (2014)
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N Internal Stellar Rotation

Rotation shifts frequencies, cf. music
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The Sun

Red Giant
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Beck et al. (2012, Nature)
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B “Watching” stars grow old
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P Asteroseismic estimates of Qcore
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P Asteroseismic estimates of Qcore

~1800 stars (Aerts, 2021, RMP)

Mosser et al. (2012)
Gehan et al. (2018)
Tayar et al. (2019)
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Aerts et al. (2017) log 9 (cgs)
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m I\/Ieasuring (core Versus Qenv

Stars with convective core
surf rotate quasi-rigidly

A0,
o: Qcm
+ : binary AM transport to keep ~rigid
rotation & agree with

AM of WDs
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LUENEY Ongoing TESS/Gaia/Spectroscopic Surveys

Pedersen et al. (2021, Onward to
Nature Astronomy) high mass &
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RINE) Onward to PLATO (2026+)

8% Data Rate is Guest Observer program via open
ESA calls, incl. ToO option: welcome!
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1D STELLAR
MODELING

Figure courtesy:

Aerts, Mathis, Rogers,

2019: ARAA, 57, 35,
https://arxiv.org/abs/1809.07779

2D-3D (M)HD
SIMULATIONS

Much more to it: tidal, magneto-, pre-MS,
nonlinear, GIW, ... asteroseismology
Aerts, 2021, RMP: https://arxiv.org/abs/1912.12300
general introduction & update for non-expert
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