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„At first sight it would seem
that the deep interior of the sun

and stars is less accessible to
scientific investigation than

any other region of the
universe.“ 

The Internal Constitution of the Stars (1926)
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“Our telescopes may probe
farther and farther 

into the depths of space;
but how can we ever obtain

certain knowledge
of that which is hidden

behind substantial barriers?”
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„What appliance
can pierce through

the outer layers of a star
and test

the conditions within?“ 
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With your naked eye: ~3% of the stars are variable

5



ASTEROSEISMOLOGY

HISTORY OF ASTEROSEISMOLOGY

▸ Periodic large-amplitude variables known for a long time, e.g., Cepheids & 
RR Lyrae stars 

▸ Multiperiodicity at low amplitude found in many different kinds of variables 

▸ Cause: non-radial oscillations 

▸ Idea: every body “sounds” according to its internal structure ⇒ different 

oscillation frequencies tell us something about the stellar interior 

▸ Between 1900 and 1990: mainly inventories of variables 

▸ Since 1990: use frequency content to derive internal structure parameters 
and try to improve stellar structure and evolution models
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astero ⇒ star

seismos ⇒ oscillations

logos ⇒ discourse

The analysis of stellar oscillations 
enables the study of the stellar 

interior because different modes 
penetrate into different depths 

inside the star.
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OSCILLATIONS, SOUND, PRESSURE WAVES

▸ Sound speed: 
                       e.g., in air 343 m/s at 20° C temperature 

▸ Sound speed increases 

▸ with temperature             e.g., air at 40°C: 355 m/s 

▸ lighter gas                          e.g. Helium: 965 m/s 

▸ higher density                   z.B.: granite: 6000 m/s
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1-D OSCILLATIONS
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Fundamental 1st Overtone 2nd Overtone

nodes

modes
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2D OSCILLATIONS
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radial fundamental radial 1st overtone radial 2nd overtone

non-radial dipole non-radial quadrupole
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INTERNAL BEHAVIOUR OF THE OSCILLATIONS

▸ The oscillation pattern at the 
surface propagates in a 
continuous way towards the 
stellar center 

▸ Study of the surface patterns 
hence allows to characterize 
the oscillation throughout the 
star
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PULSATION GEOMETRY

▸ Nodal lines in all three dimensions 

▸ ξnlm(r,θ,Φ,t) = ξnl(r)Ylm(θ,Φ)e-iω
nlm

t  

▸ l  ... spherical degree 
m ... azimuthal order |m| ≤ |l|  
n ... radial order 

▸ r ... distance to center 
θ ... co-latitude (wrt. pulsation pole) 
Φ ... co-longitude (wrt. pulsation pole) 

▸ node lines are concentric shells with radius r, coni of constant width θ 
and planes of constant length Φ
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=1, m=0 =4, m=4 

=4, m=2 
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PULSATING STARS ARE EVERYWHERE
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THE RESTORING FORCE: P- AND G-MODES
▸ Acoustic (p-) modes: pressure 

▸ e.g., Sun, δ Scuti stars 

▸ high amplitudes in outer parts 

▸ equidistant in frequency 

▸ Gravity (g-) modes: buoyancy 

▸ e.g., White Dwarfs, γ Doradus stars 

▸ high amplitudes in inner regions 

▸ equidistant in period
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PROPERTIES OF P- AND G-MODES

▸ p-mode frequencies increase with  
an increase of the number of radial 
nodes (=overtones, n) and degree l 
 
g-mode frequencies decrease with 
higher overtones (n) and increase 
with degree l 

▸ p-modes are most sensitive to the 
outer parts, g-modes to the deep 
interior of the star
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ASYMPTOTIC RELATIONS                                       (TASSOUL 1980, 1990)

▸ p-modes: equidistant in frequency 
 
ᾶ … constant of order unity 
εnl … small correction ➔ connected to 
   δ𝝂 … small separation 
                                                                                         δ𝝂 ≣ 𝝂nl - 𝝂n-1 l+2 
   ➔ sensitive to core condensation, i.e., age 
 
Δ𝝂 … large separation = inverse of sound travel  
time for a sound wave from the surface to the core  
and back; c(r) … sound speed 
➔ sensitive to R ➔ good measure of mass
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ASYMPTOTIC RELATIONS                                       (TASSOUL 1980, 1990)

▸ g-modes: equidistant in period  
 
𝜫nl … g-mode period 
ε … small constant 
 
𝜫0 is given by 
 
with N … Brunt-Väisälä (buoyancy) frequency: 
   ➔ angular frequency at which a vertically displaced parcel will oscillate 
   within a statically stable environment 
& the integral is over the cavity in which the g-mode propagates 
 
Deviations of the g-mode period spacings are used to diagnose 
stratification in stars (e.g., for γ Doradus pulsators)
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STELLAR OSCILLATIONS
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radial oscillations

non-radial oscillations
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RADIAL PULSATION

▸ Star keeps spherical 
symmetry 

▸ n … radial order = 
number of nodes 
between the center 
and the surface 

▸ Cepheids, RR Lyrae 
stars
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NON-RADIAL PULSATIONS

▸ No spherical symmetry! 

▸ Simplest form:  
dipole with l=1 and m=0 
 
→ North cools down, 
South gets warmer
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l=1, m=0
axisymmetric

l=2, m=2
sectoral
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NAMING OF PULSATION MODES
▸ retrograde modes: positive m values; travel in opposite 

direction of rotation 

▸ prograde modes: negative m values; travel in same direction as 
rotation 

▸ sectoral modes: non-radial modes with l=|m| only have 
meridian nodal lines 

▸ axisymmetric = zonal modes: non-radial modes with m=0 only 
have parallel nodal lines 

▸ tesseral modes: 0 ≠ |m| < 1: in between sectoral and zonal 
modes; parallel & meridian nodal lines
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WHY DO STARS OSCILLATE: DRIVING MECHANISMS
▸ pulsations = swelling and contracting, heating and cooling 

▸ most of the interior of a star damps the pulsation 

▸ pulsation continues when the damping is overcome 

1. Some stars have convective outer layers which cause stochastic 
excitation of oscillations (like a gong or a bell) 

2. Some outer layers act as a heat engine: partial ionization zones 
absorb and accumulate energy generated in the stellar interior 
(opacity mechanism) 

3. Forced oscillations may occur due to tidal effects in close binaries
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1. STOCHASTIC EXCITATION

▸ like a bell 

▸ Standing Waves 

▸ Stars with outer convection zones 

▸ Sun, solar-like stars, red giants 

▸ Sun: Posc ~ 3 to 15 minutes 

▸ Solar power spectrum: modes 
penetrate in deep interior (red-
yellow)
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DRIVING MECHANISMS

1. STOCHASTIC EXCITATION
▸ There is sufficient acoustic energy in the outer convective zone 

that the star resonates in some of its natural oscillation frequencies 

▸ Some of this stochastic noise is transferred to energy of global 
oscillations 

▸ Example: in a noisy environment some musical instruments 
(strings) can be heard to sound faintly in resonance with the noise 
that needs to have the right frequency 

▸ The modes excited are those that have natural frequencies near to 
the characteristic time scale for the vigorous convective motions in 
the near-surface layers of a star with a convective envelope
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SOLAR-LIKE OSCILLATIONS

▸ center: rising hotter part 

▸ outer edge: darker, cooler 
descending plasma 

▸ granules diameter ~ 1 000km 

▸ lifetime: each lasts 8 - 20 
minutes before dissipation 

▸ below: “supergranules”  

▸ up to 30 000km in diameter & 
lifespans of up to 24 hours
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DRIVING MECHANISMS

2. HEAT ENGINE (KAPPA) MECHANISM

▸ Driving occurs in a region in the star - usually a radial layer - 
that gains heat during the compression part of the pulsation 
cycle;  
all other layers lose heat on compression to damp the 
pulsation 

▸ If the one region succeeds in driving the oscillations, the 
star functions as a heat engine converting thermal energy 
into mechanical energy. 

▸ For most stars the driving mechanism is connected to 
opacity, i.e. major drivers are H and He
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2. HEAT ENGINE (KAPPA) MECHANISM

▸ In the ionization layers for H and He,  
opacity blocks radiation 

▸ Gas heats and pressure increases  
➔ star swells past its equilibrium point 

▸ But the ionization of the gas reduces the opacity, radiation 
flows through, the gas cools and can no longer support 
the weight of the overlying layers ➔ star contracts 

▸ On contraction H and He recombines and flux is once 
more absorbed ➔ layer gains heat on compression
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2. HEAT ENGINE (KAPPA) MECHANISM

▸ κ (T,p,λ) … absorption coefficient 

▸ κ increases with compression in the 
outer layers of a star 

▸ excellent position to excite pulsations 

▸ combination of L, T & chemistry: 
instability region(s) 

▸ H and He I: 10 000K  
He II: 45 000K 
metals: 200 000K
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3. TIDALLY INDUCED PULSATIONS
▸ Binary system 

▸ Periodic tidal forces experienced  
by the stars at periastron passage  
induce pulsations which otherwise  
would not be present.  (Welsh et al. 2011) 

▸ Spherical harmonic with l = 2 is the dominant term ➔ only 
components with m = -2, 0, +2 occur               (Willems & Aerts 2002) 

▸ Whenever the forcing frequency matches the star’s free gravity 
oscillation modes, the tidal action exerted by the companion gets 
enhanced and the particular oscillation mode gets resonantly excited 
with the forcing frequency of the dynamic tide (Smeyers et al. 1998).
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TIDALLY INDUCED PULSATIONS
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Welsh et al. (2011)

Welsh et al. (2011)

A. Tkachenko (priv. comm.)
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3. TIDALLY INDUCED PULSATIONS: HEARTBEAT STARS
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EB with δ Scuti primary  
   31 modes in total: 8 tidally excited g 

modes + combination p-modes

Hambleton et al. (2013)

Red Giant Heartbeat stars  
Highly eccentric binaries with  
pulsating red giant primary


