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The aims of asteroseismology:
1. Use the oscillations of stars to measure their 

properties: e.g., mass, radius, age, internal 
rotation (including inclination)

2. Improve our understanding of the physics of 
stars: convection (including surface layers, 
core overshoot, etc.), angular momentum 
transport, magnetic fields, etc.

Fuller et al. (2015)

Christensen-Dalsgaard et al. (1995)
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Christensen-Dalsgaard

Classical pulsators with 
SONG

• white dwarfs and sdB stars:  too faint

• O and B stars: line-profile variations? (see talk by 
Sergio Simón-Díaz)

• Cepheids: combine with interferometry?

• RR Lyraes: ?

• roAp stars: ?

• δ Scuti & γ Doradus: see next slides

• Miras: shocks?

• semiregulars: long secondary periods?
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KIC 3331147 (four years with Kepler) γ Dor stars

Kurtz et al. (2014)
Saio et al. (2015, 2018)
Bedding et al. (2015)
Van Reeth et al. (2015ab, 2016)
Ouzzani et al. (2017, 2018)
Gang Li et al. (submitted & in prep.)

529 stars with clear period-spacing patterns
(more than main-sequence solar-like oscillators!)



gravity and Rossby modes in γ Dor stars

gravity modes Rossby modesrotation period

Van Reeth et al. (2016)
Saio et al. (2018)
Gang Li et al. (submitted & in prep.)



p modes, g modes & r modes

Kepler + Gaia DR2

Gang Li et al. (in prep.)
Murphy et al. (in prep.)

δ Sct & 
γ Dor with 
SONG: 
maybe?
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Solar-like oscillations



Oscillations in the Sun (Doppler shift)

BiSON (Birmingham Solar
Oscillations Network)
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Fourier power spectrum of solar velocities (BiSON)

p-mode overtones approximately 
regularly spaced in frequency n increases →

Dn = 135 mHz



Sun (20 days with SOHO)

intensity
(VIRGO)

velocity
(GOLF)

granulation
noise

figures by Hans Kjeldsen

Contrast between oscillations 
and granulation background is 
much higher in velocity than 

photometry

(e.g., Kjeldsen & Bedding 2011)



velocities with SONG (μ Her 2014 data)

photometry with Kepler (HIP 93511; 
Appourchaux et al. 2015)

2014+2015 (Grundahl et al. 2017)



Some history (and lessons learned)



Brown et al. (1991)
6 nights with fibre-fed spectrograph 
(“FOE”) on Kitt Peak 2.1m 

Radial velocity measurements of Procyon (F5V)

Arentoft et al. (2008) 
Bedding et al. (2010)
25 nights at 11 telescopes

Dn = 56 mHz
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Closer look at 
the solar power 

spectrum



ℓ=1 ℓ= 2

ℓ =0 (radial modes)

l = 3
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Dn = 135 mHz Dn measures mean 
density of the star

ℓ=3ℓ=3ℓ=3

ℓ=3 modes higher 
in velocity than 

photometry
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Dn = 135 mHz Dn measures mean 
density of the star

dn02 sensitive to core (age)

ℓ=3ℓ=3ℓ=3

dn13ℓ=3 modes higher 
in velocity than 

photometry



Dn=135mHz

Sun

making an échelle diagram



l=3
l=1

l=0l=2l=0l=2

Frequency mod Dn

Dn

dn02

sensitive to core (age)

measures mean density

The échelle
diagram:

dn13



Kjeldsen et al. (1995)
6 nights

Equivalent-width measurements with NOT of h Boo (GO IV)

Equivalent-width with SONG 
could be useful for fast rotators?



Kjeldsen et al. 2003
(four sets of data)

Kjeldsen et al. (1995) 6 nights

Carrier et al. (2005)

velocity (CORALIE)



Models for eta Boo; Christensen-Dalsgaard et al. (1995)

Mixed modes, mode bumping and avoided crossings

l=3 l=1l=0l=2 l=0l=2



Bedding et al. (2001) and also CORALIE: Carrier et al. (2001)

UCLES

UCLES (Aust.)

CORALIE (Chile)

UCLES at the 3.9m 
AAT, Australia

velocities (iodine cell)

b Hyi (G2 IV)

Dn = 56 mHz



Bedding et al. (2007)
8 nights on two telescopes
(AAT/UCLES with iodine and ESO 3.6m/HARPS) 



 Cen A (G2V)

Bouchy & Carrier (2001,2002)
CORALIE

CORALIE at the 
Swiss 1.2-m 

Leonhard Euler 
Telescope at La 

Silla, Chile

Dn = 106 mHz



n increases →

 Centauri A (G2V)
(Bedding et al. 2004)

the Sun (G2V)

 Centauri B (K1V)
(Kjeldsen et al. 2005)



figure by Daniel Huber

Detections of solar-like oscillations: 2008



CORALIE at the 
Swiss 1.2-m 
Leonhard Euler 
Telescope at La 
Silla, Chile

Frandsen et al. (2002)

(2006)



(2006)

CORALIE and ELODIE



Red giants with CoRoT
(De Ridder et al. 2009)

150 days



figure by Daniel Huber



figure by Daniel Huber

red clump



NASA Kepler Mission
Launched 6 March 2009



after 4 years of Kepler (16,000 stars)

Jie Yu et al. (2017, 2018ab) 



versus 

How can SONG compete/contribute?





Sun (20 days with SOHO)

intensity
(VIRGO)

velocity
(GOLF)

granulation
noise

figures by Hans Kjeldsen







μ Her is an ideal 
target for single-site 

observations!
Dn/2 = 2.8 c/d

(see also Arentoft et 
al. 2014)

l=3 l=1l=0l=2

l=1l=0

l=2



Tanda Li et al. (submitted) 

Modelling of 
subgiant stars







Simultaneous observations with TESS



see talks by Dan Huber 
& Günter Houdek



Checking the scaling 
relations for red giants

Dn 



nmax

Chaplin & Miglio (2013)

Brown et al. (1991);
Kjeldsen & Bedding (1995)

nmax

nmax

nmax

nmax



Scaling relations:

Solve to get mass and radius:

(and luminosity)



Kepler

CoRoT

K2

Population 
studies 
(Galactic 
archaeology)

(Miglio et al. 2011)
(Jie Yu et al. 2018)



Huber (2014)

How far can we trust the scaling relations?

see talks by Dennis Stello, Søren
Frandsen,  Dan Huber, Tim White, …



Weighting data
some data are more equal than others!



Carrier et al. (2005): CORALIE

Single-site: b Vir (F9 V)

weighting (use 1/variance) reduces 
the noise in the Fourier spectrum.

Q: What is the down side? 

A: higher sidelobes in spectral window



HARPS
CORALIE
McDonald
Lick
UCLES
Okayama
Tautenburg
SOPHIE
EMILIE
SARG
FIES

11 telescopes at 
8 observatories 

over 25 days

Multi-site: Procyon (F5 IV)

Arentoft et al. (2008) 
Bedding et al. (2010)



Arentoft et al. (2008), Bedding et al. (2010)

HARPS
CORALIE
McDonald
Lick
UCLES
Okayama
Tautenburg
SOPHIE
EMILIE
SARG
FIES



Arentoft et al. (2008), 
Bedding et al. (2010)



Arentoft et al. (2008), Bedding et al. (2010)

noise-optimised weights

no weights



Arentoft et al. (2008), Bedding et al. (2010)



Arentoft et al. (2008), Bedding et al. (2010)



On the importance of using weights:

• use weights for single-site data

• use weights for combining multi-site data

• adjust weights to reduce noise and sidelobes in Fourier 
spectrum (trade-off)



Summary
1. velocity very good for solar-like oscillations

2. robotic operation and flexible scheduling

3. full sky coverage (eventually)

4. good spectral window for selected targets (eventually)

5. simultaneous with TESS

6. continue to choose targets carefully, diversify science, 
remember about weights and spectral window!

Inside the Sun 


