
PULSATING STARS



STELLAR OSCILLATIONS
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radial oscillations

non-radial oscillations
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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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ASTEROSEISMOLOGY: WHAT DOES IT MEAN?
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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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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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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

�8

radial fundamental radial 1st overtone radial 2nd overtone

non-radial dipole non-radial quadrupole
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TACOMA BRIDGE

2D OSCILLATIONS - TACOMA BRIDGE: 853M LONG
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Inauguration 1 July 1940

With little wind…



TACOMA BRIDGE

2D OSCILLATIONS - TACOMA BRIDGE
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7 November 1940: collaps with 68km/h wind



PULSATING STARS ARE EVERYWHERE
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▸ Nodal lines in all three dimensions 

▸    

▸ 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

PULSATION GEOMETRY
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=1, m=0 

=4, m=4 

=4, m=2 
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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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ASTEROSEISMOLOGY

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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ASTEROSEISMOLOGY

PROPERTIES OF P- AND G-MODES
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1.4 3-D Oscillations in Stars 19

Fig. 1.7. Propagation of rays of sound or gravity waves in a cross-section of a Sun-
like star. The acoustic ray paths (panel a) are bend by the increase in sound speed
with depth until they reach the inner turning point (indicated by the dotted circles)
where they undergo total internal refraction. At the surface the acoustic waves are
reflected by the rapid decrease in density. Shown are rays corresponding to modes of
frequency 3000 µHz and degrees (in order of increasing penetration depth) l = 75, 25,
20 and 2; the line passing through the centre schematically illustrates the behaviour
of a radial mode. The g-mode ray path (panel b) corresponds to a mode of frequency
190 µHz and degree 5 and is trapped in the interior. In this example, it does not
propagate in the convective outer part. As we shall see in Chapter 2, g modes are
observed at the surface of other types of pulsators. This figure illustrates that the
g modes are sensitive to the conditions in the very core of the star, an important
property. From Cunha et al. (2007).

but the frequencies of the g modes decrease, as is shown in Fig. 1.6; 2) the
p modes are most sensitive to conditions in the outer part of the star, whereas
g modes are most sensitive to conditions in the deep interior of the star,11 as
is shown in Fig. 1.7; 3) for n ≫ l there is an asymptotic relation for p modes
saying that they are approximately equally spaced in frequency, and there is
another asymptotic relation for g modes pointing out that they are approxi-
mately equally spaced in period.

As illustrated in Fig. 1.7, g modes in solar-like stars are trapped beneath
the convective envelope, when viewed as rays. In reality the modes have finite
amplitudes also in the outer parts of the star and hence, at least in principle,
can be observed on the surface; this is in fact the case in the γDor stars
which have convective envelopes. In more massive main-sequence stars, such
as illustrated in Fig. 1.8, the g-mode rays are confined outside the convective
core.

11 except in white dwarfs where the g modes are sensitive mainly to conditions in
the stellar envelope; see Section 3.4.2.

Propagation of rays of sound or gravity waves in a cross section of  
a Sun-like star (taken from Aerts et al. 2010)

acoustic (p) modes gravity (g) modes



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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ASTEROSEISMOLOGY

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| ≤ l: 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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CONVECTION

GRANULATION
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▸ convection currents of 
plasma 

▸ grainy appearance of the 
solar photosphere 
produced by the tops of the 
convective cells

Swedish Vacuum Solar Telescope 
(SVST), La Palma 
2 frames per second, total duration 147s



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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DRIVING MECHANISMS

2. HEAT ENGINE (KAPPA) MECHANISM

▸ In the ionization layers for, e.g., 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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DRIVING MECHANISMS

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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DRIVING MECHANISMS

3. TIDALLY INDUCED PULSATIONS
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Welsh et al. (2011)

Welsh et al. (2011)

A. Tkachenko (priv. comm.)



DRIVING MECHANISMS

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


