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Probing the interior structure and dynamics of Stars

Very recent: seismology based on inertial modes in the Sun (Gizon et al. 2021)



Basics of Helioseismology



Observed solar
Acoustic spectra

5 min oscillations
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Helioseismology: The Study of Solar Waves

Acoustic Waves (sound) Gravity waves

High frequency oscillations 
(~3mHz)

Low frequency oscillations
(<0.4 mHz)

Sound  (modes l=0,1,2)

The Sun is BIG, it is like a SuperSuper…Bariton
Sound Speed:
500 km/s (core)
200 km/s (base cz)
7 km/s (surface)

base convective zone
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Resonant Modes on a circular plate
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St Andrews Cross Experiment (oscillating rode)

Diffetent
frequency leads to 
different angle of 
St Andrew cross
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Size

Composition

Dynamic

Being Seismologists for 1 min

p & g waves
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Spherical Harmonics (Ylm)

A fct of r (n) multiply Ylm
separation of variables
possible under simplifying
hypotheis
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A Reader Digest on Waves inside the Sun

Acoustic and Internal waves are excited inside the Sun

See J. Christensen-
Dalsgaard 1997
lecture notes

Brun 1998

Fl  = Sl = l(l+1)c2/r2

Brunt-Vaisala & Lamb Frequencies

wc

Adding atmosphere cut-off frequency

Wave equation:
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Theoretical and observed solar waves spectra

No clear g-modes detection yet (only possibly their envelope)
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Waves Propagation (I)
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Asymtotic acoustic (p) modes
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Rotation Splitting
Stars rotate, so there is a rotation lift of the degeneracy of the modes (2l+1) m’s.
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Rotation Splitting

Real data
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Solar Internal Rotation
(GONG, MDI data)

TACHOCLINE

SURFACE SHEAR

Base CZ 

Helioseismology 
Results
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Solar SubSurface Weather 
(MDI data)

(Haber et al. 
2002)
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Large, small frequency differences and nmax
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Waves Propagation (II)
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Gravity (internal) waves & St Andrew cross
Low frequency
Open spiral

High frequency
Cuspy ray path

Alvan, Brun et al. 2014, 2015
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0.3

Cuspy

Open spiral

Comparison between ray path
(see slide 24) and Fourier 
tranform of 3D ASH simulation. 
Excellent agreement, note
the little viscous spread in 
Simulation due to limited Re nb.

Alvan, Brun et al. 2014, 2015
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Asymtotic gravity (g) modes
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Alvan, Brun et al. 2014, 2015

Constant period spacing of g-modes (ASH simulations)
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G vs P-modes: simple ray paths

Note: the Eikonal equation allowing to compute the ray paths
are indept of l for g-modes, hence changing the order l does not change
the ray path (does change the wave speed). Only changing the frequency does.

P-modes G-modesEikonal Equations
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Recently Discovered Solar Inertial Waves

Gizon et al. 2021, see also Bekki et al. 2022



Basics of Asteroseismology

See Living Review by Ballot & Garcia 2018

Allows to characterize internal structure and even core-envelope rotation contrast
or internal magnetic fields
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Ballot & Garcia 2018 LRSP

Secular Evolution of nmax
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Rotation Splitting in KIC 11145123

(Kurtz et al., 2014) 

delta-scuti
star
~ 1.5 Msun

(late A/early F)

Very slow rotator

https://www.frontiersin.org/journals/astronomy-and-space-sciences/articles/10.3389/fspas.2020.578584/full
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Ensemble Asteroseismology
and RGB rotation rate

Deheuvels et al. 2024
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3-D Numerical simulations of stellar oscillations
2 exemples: the Sun and an F-star
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Modelling Gravity Waves in the Sun to Guide their Detection

Alvan, Brun et al. 2014, 2015
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St-Andrews cross
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Internal Gravity Modes: Frequency Filtering

Alvan, Brun et al. 2015

Ray paths recovered in 3-D simulations

Note evanescent region
BCZ
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Convection and Gravity Waves in Fstars

For now omiting central core (see Breton, Brun, Garcia 2026, in press, 
for a 2 Convection Zones Fstar 3-D simulation)

Shallower convective envelope, g-modes could be easier to detect!
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Next Lecture:
Solar corona, activity & heliosphere


