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m Waves allow us to “see” the invisible

seismic signal
of Earth
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m Can we detect waves inside stars?
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LIZ] Where? in Milky Way

Our neighbouring galaxies:
the Small and Large Magellanic Clouds

@ESA/Gaia/DPAC/




m Playground: masses, ages, rotation rates
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Zonal 1 = 2, |m| = @, n = 1 mode

Prograde 1 = 2,

Retrograde 1 = 6,



B Mathematically speaking

© Wave equation: a)zf + iwP (f ) + C(f ) = ()

- Simplest case: displacement due to oscillation mode
described by spherical harmonic & frequency:




LENEY Observed oscillation modes

- Simplest case: displacement due to each oscillation
mode described by spherical harmonic & frequency

© Dominance of restoring force?
1. gas pressure (acoustic waves)

2. buoyancy (gravity waves) a2
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Frequency regimes
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waves
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Rotation & magnetic fields Rotation & magnetic fields
cannot be treated as small perturbations cause small perturbations

iIn computations of the waves & modes

(adapted from Aerts, Mathis, Rogers, ARAA, 2019)



m Asteroseismic modelling

THEORY

numerical stellar models

Major assumption:
stars are spherical

stellar pulsation code

A 4

Brightness (ppt)
0

6

Amplitude (ppt)
2

(@]

Theoretical frequencies

OBSERVATIONS
space photometry ‘
| | I 2 |

; ; __

[

665 Si?me © 675 680
_W_A_—I_____I_LJMJﬂI! ..IJLI...I A | | :

i l > Freque:::S (uHz) . >

!

Observed frequencies

10



mnelioseismology paved the way

I =, |
R
- d =
op Nar— 2/ i
=0T o GCs
- Limit of high
‘. 15_—f 5 . /RdCSdT
% - frequency waves: OVp]~
% - no rotation, . 0 dr r
A ] : 7
10— no magnetism, N
- no tides )
0 |
2000 =200 3000 3500 4000
Frequency (microHz)

(Christensen-Dalsgaard, 2002, RMP)
11



s Sizing 8 Weighing Stars
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+R gives mass
small spacing;:
He in core -> age

Frequency (uHz)

Chaplin WJ, Miglio A. 2013.
Annu. Rev. Astron. Astrophys. 51:353-92
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m Radius, Mass, Age of Exoplanet hosts

Asteroseismology of Host Star: factor ~2 improvement

30.0

10.0':

Courtesy:
Ashley Chontos (2021)

Non-seismic hosts
A®E Known Kepler, K2, TESS seismic hosts
A®E New Kepler, K2, TESS seismic hosts
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W Size, Mass, Age from acoustic waves

Power density (10° ppm®/uHz)

S50
Stello et al. (2015)
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Global parameters of
10000s of ‘“sun-like” stars
with high precision!
2,4, 20% in
radius, mass, age;
cf. red giants for
galactic archaeology

Seismic distances ~few%
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LTIEY Slow waves in fast rotators
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Internal ravity waves The sun
g 'ty © Paul Beck

KU Leuven

Rotation & magnetic fields Rotation & magnetic fields

cause small perturbations

cannot be treated as small perturbations
iIn computations of the waves & modes

(adapted from Aerts, Mathis, Rogers, ARAA, 2019)

15



m Gravito-inertial asteroseismology

Amplitude (ppt)

OFRNWONPOONPOONPOOO N O & OB O0ON

Time (BJD-2454833)
425 450 475 500

- | y \ T KIC10526204 150
I e AT ot perlfi i Al e
' KIC 7760680 1385

A WA~ (AN

A WA AW AN o
135

KIC 3459297 195

pAA * HA AAAE ,5‘.
A s e AT AT Jna»(ls
KIC 4930889 155
1A40002 08

A NW\/WV"VW\M[W\ J‘;;‘N“MIWWV 1 0

.55

KIC 6352430 A

Frequency (xHz)

opportunity to deduce He core masses & Q(r)

Flux (ppt)

=)
0
“
®
0
2!
=)
Q
X
o
(v
Y
=2
o
=
By
)
=
®

16



Asteroseismic estimates Qcore

Qoo /2™ (UHZ)
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~1800 stars (Aerts, 2021, RvMP)

C Latest case: 12 M
%/ moving up in mass?
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DY Measuring Qcore versus Qenv

‘“Standard
SSE”
needs

fixes...

(from
Aerts,
2021,
RvMP)
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m Status asteroseismic modelling
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OBSERVATIONS
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LN Onward to tides in close binaries

asteroseismology
yet to move here
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L2l Tidal Asteroseismology

KIC 9016693 1=25°
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MAsteroseismology of flattened stars

Stellar models with 3 spatial coordinates: distance to centre,
longitude, latitude + 1 time coordinate (stellar age)

ERC SyG
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L Onward to PLATO (2026+)
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RIEAE] A fountain of opportunities
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