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Rotation? Convection? Mixing? 
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Life determined  
by uncalibrated  
interior physics
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improve our knowledge of every juncture in a star’s
life—from the moments just before it’s born to the
time of its silent or fiery death.

Scratching the surface
As a star evolves, its luminosity and effective tem-
perature change. The star’s evolution can therefore
be charted as a path on a so-called Hertzsprung–
Russell diagram (HRD), as shown in figure 1. Note
that the luminosity of the various types of stars
spans nine orders of magnitude, whereas the effec-
tive temperature spans less than two. 

Typically, stellar models are evaluated by com-
paring their predicted paths through the HRD, in-
dicated with black lines in figure 1, with the posi-
tions of actual stars in various stages of evolution.
Evaluated by such basic criteria, the models have
impressive strength. However, the evolutionary
paths are appreciably affected by poorly known
physical processes in the stellar interior, including
convection, rotation, and the settling of atomic
species. Early in their evolution, during their core-
hydrogen-burning phase, stars with mass greater
than about 2 M⊙ have a fully mixed, convective core
and an unmixed envelope in which radiative heat
transfer dominates; for stars with mass less than
about 1 M⊙, the core is radiative and the envelope is
convective. (The exact cutoff values depend on a
star’s metal content.) Stars of intermediate mass
have a convective core and envelope separated by a
radiative zone. (For more on stellar structure, see
the article by Eugene Parker, PHYSICS TODAY, June
2000, page 26.)

After core-hydrogen burning, all stars have a

convective envelope, but its extent is poorly known.
Moreover, it’s possible that convection zones may
arise at positions between the core and the outer en-
velope in some evolutionary phases. 

In theory, a star’s internal structure can be in-
ferred from its effective temperature and luminos-
ity. But although Teff can be measured accurately
from a stellar spectrum, L is notoriously difficult to
determine; estimating L from measured fluxes re-
quires precise knowledge of the distance between
the star and Earth. For a limited number of relatively
bright stars, interferometric measurements,2 which
combine the stellar light observed by an array of 
telescopes, have sufficient resolving power to 
deliver an estimate of R, which can in turn be used
to determine L. (See the article by Theo ten Brum-
melaar, Michelle Creech-Eakmen, and John Monnier,
PHYSICS TODAY, June 2009, page 28.) But for most

Figure 1. This Hertzsprung– Russell diagram shows the effective 
temperatures and luminosities of the various classes of seismically 
oscillating stars. At birth, all of the stars burn hydrogen in their core and
lie on the red line, known as the main-sequence curve. After the core-
hydrogen-burning phase, stars evolve off the main-sequence curve as
they progress through a series of nuclear fusion cycles. (Solid black lines
denote the predicted evolution for stars of various birth masses, with
masses given in terms of the solar mass M⊙.) The Sun’s predicted path,
including its denouement—shrinking into a cool, dense white dwarf—
is indicated in green. The blue and orange shading corresponds to 
effective temperature. The hatching indicates the nature of the dominant
oscillation modes in each stellar class: Positive slope indicates gravity
modes; negative slope indicates pressure modes. (Figure courtesy of
Pieter Degroote and Péter Pápics.)

Stellar evolution = tested 
from surface properties while  
life directed by stellar interior  

 
Connection between life of  
host star and its exoplanets?

Stellar versus dynamical  
evolution of our Milky Way? 

From C. Aerts, Physics Today, May  2015

Lots of open ? in stellar physics



time frequency (period) of mode
geometry spherical harmonic + radial order
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3D Mode Properties   

Inferences of properties of stellar interiors via modes 
 
a) requires frequencies & identification of (l,m) of as 
many modes as possible from data, where the frequency  
precision is ~(1/total time base)  
 
b) can only probe regions where modes are propagative

Perturb spherically symmetric equilibrium model
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 mass, metallicity, age +  
convection? magnetism? 

mixing? rotation?

Asteroseismic Modelling

Observed properties 
of identified modes

Theoretical predictions 
for oscillations

THEORY OBSERVATIONS

STELLAR MODEL  
FOR SPECIFIED  
INPUT PHYSICS

Space photometry,  
high-res. spectroscopy,  

Gaia astrometry

Two Major Aims (classes 2&3):  
 

A) High-precision M, R, age, Z  
 

B) Improve Input Physics:  
AM, Dmix(r) 



   Asymptotics: high/low frequencies
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Convective envelope  Radiative envelope 

M > 2 M⊙ 1 M⊙ < M < 2 M⊙ M < 1 M⊙ 

Major unknowns: Mcore (r,t) & Dmix (r,t) & Ωrot (r,t) 
extent & shape of convective boundary mixing?  
microscopic & macroscopic envelope mixing?

∆ν ∆𝛑



(Exoplanet host) stars: mass & magnetism 
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κ-Driven 
Pressure 
& Gravity 
Modes; 
Fossil 
Stable  

Surface 
Magnetic 

Fields 
in < 10% 

 
   OBAF

Stochastic 
Pressure 
Modes; 
Highly- 
Variable 
Dynamo 

Fields 
at Surface 

> 50% 
 

GKM

Gyrochronology: 
Surface rotation & Age

Envelope rotation from split p-modes; 
core rotation from tilt in (∆𝛑, P)

Host Star Mass (solar masses)



   Dopplermap of the Sun

The Sun oscillates in 
thousands of non-radial 
p-modes with periods of 

~5 minutes: modes 
visible from resolved 

surface

The Dopplermaps give 
integrated velocities of 

the order of 
some cm/s 
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   The Showcase of Helioseismology

Effects of rotation and magnetism on modes can be ignored (m=0)

~M, R, Teff



    Asteroseismic HRD (JCD)

Large frequency separation: measure of sound speed
   Small frequency separation: measure of discontinuities

                                         in the sound speed 
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Ageing from  
helioseismology  

alone is  
model dependent

Calibration, e.g.,  
via meteorites,  
is better than  

0.1% for  
“model S”  

(JCD et al.,1996)
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    Rotational splitting of solar p-modes

Larson & Schou 2008
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    Interior solar rotation

Magnetic splitting (l+1) is negligible for Sun’s magnetic field

1st-order perturbative method: Ledoux splitting into 2l+1 components
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 mass, metallicity, age

Observed properties 
of oscillations

Theoretical predictions 
for oscillations

THEORY OBSERVATIONS

STELLAR MODEL  
FOR SOLAR-LIKE 
INPUT PHYSICS

Kepler photometry 
 Teff from spectroscopy

16 CygA (Metcalfe et al. 2012)

Weighing & Sizing Stars



Size Does Matter!
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SDSS

Daniel Huber, University of Sydney

Size (not to scale)

A Kepler =concert> of Red Giant Stars

Slide courtesy of Daniel Huber



    Kepler data: SLO in 500+ dwarfs
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No asteroseismic modelling of frequencies, 
but “scaling of solar physics” (Chaplin et al. 2014)



Slide	courtesy	of	W.	Borucki,	NASA

Radius of exoplanet requires radius of host star! 
Asteroseismology to the rescue 😉 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Radius: 1.32 ± 0.02 Rsun,  
Mass:    1.23 ± 0.09 Msun, 
Age:       2.32 ± 0.22 Gyr  

Ballot et al. (2011), Lebreton & Goupil (2014):  
HD 52265  (CoRoT), a G0V type, 
planet-hosting star modelled for 
various choices of input physics  

 
 
 

Improves planet parameters! 

• Delivery of seismic mass, radius, 
age for exoplanet host stars for 
understanding of exoplanetary systems 
 
 

Ensemble asteroseismology + spectroscopy for  
Kepler legacy sample (66 stars): M: 4%, R: 2%, age: 10%  

(Chaplin et al. 2014; Silva Aguirre et al. 2017) 

Asteroseismology & Exoplanets
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16 Cyg A&B, Kepler, 
Metcalfe et al. (2012) 

Seismic Helium 
abundances of 

0.24±0.01(2) for A(B)  
Verma et al. (2014)

Analysis of acoustic 
glitches (sharp features): 
gives depth of convective 

envelope & extent of  
He ionisation zone  

(Mazumdar et al. 2014)

Asteroseismic modelling for SLO
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    0.8 M⊙< M < 3.0 M⊙  

Solar-like p-mode oscillations & mixed p/g modes; 
Slow rotators: ignore Coriolis and Lorentz forces is fine!

Red Giant Asteroseismology
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De Ridder et al. (2009, Nature) 

Acoustic modes with  
periods of several 

hours; frequency of maximum 
power scales with radius

Discovery of NRP in RG 
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Beck et al. (2011, Science) & 
Bedding et al. (2011, Nature):  

dipole mode forrest 
behave as acoustic modes in 

envelope & gravity modes near core 

Discovery of mixed modes in RG 



Probing power red clump
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p- and g-modes 
probe different 

regions throughout 
evolution

Figure  
courtesy 

of Cole Johnston 
used in  

Aerts et al. (2019) 
ARAA, in press

dipole p-modes with n ∈ [5,30]

g-modes, n ∈ [-150,-30]
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Beck et al. (2011, Science) & 
Bedding et al. (2011, Nature):  

dipole mode forrest 
behave as acoustic modes in 

envelope & gravity modes near core 

These red giants 
look entirely similar 
at their surface!… 

 
Stello et al. (2013)

Mixed modes probe core 
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• Scaling relations for sun-like 
input physics: 
 
 
 
 
 
 
 
 
deliver seismic mass, radius, 
age: relative precisions of 8, 4, 
20% for 1000s of stars (RG) 
observed with Kepler (4 yrs) 

Transform into seismic luminosities & 
distances, relative precision of  few %  
 
(Silva Aguirre et al. 2012, Miglio et al. 2013, 
Rodrigues et al. 2014, Anders et al. 2016)

So far: stars with similar metallicity… is scaled solar physics appropriate?

Asteroseismology & Galactic Archeology
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Bisector plausible 
model, taking errors 
into account, for 22 
dwarfs & subgiants  
(De Ridder et al. 2016)

Seismic parallaxes better than Gaia (DR2)     
       parallaxes for distant red giants  
                (up to 8 kpc for CoRoT) 

Huber et al. (2017)

Asteroseismology & Astrometry
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Figure  
courtesy  
of Joris De 
Ridder, 
based on  
CoRoGEE 
(Anders et 
al. 2016, 
2017)

A parallax from Gaia can (partly) take away model dependency: 
radius from distance & brightness (+Teff) gives mass

Asteroseismic Ageing in Galaxy



Tribute to CoRoT, Kepler & Gaia
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SDSS

Courtesy: Andrea Miglio

Huber  et al. (2017)

Asteroseismic 
Ageing as important 

input for Galactic 
Archeology 



   Moving to stars with convective core
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Scaling the Sun is OK for  
4,8,20%-level R,M,age (bias?) 

but cannot improve stellar models

No “Sun” to scale… 
can only be done from 

asteroseismic modelling 

M > 2 M⊙ 1 M⊙ < M < 2 M⊙ M < 1 M⊙ 

Major unknowns: Mcore (r,t) & Dmix (r,t) & Ωrot (r,t) 
extent & shape of convective boundary mixing?  
microscopic & macroscopic envelope mixing?

∆ν ∆𝛑
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Teff, log g, B-V, L, R, Z (or individual abundances), …

“Classical” Stellar Modelling
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Observational Input: Precision

Aerts et al. (2019), ARAA, Vol. 57, in press 
RiA via https://www.annualreviews.org/doi/pdf/10.1146/annurev-astro-091918-104359

https://www.annualreviews.org/doi/pdf/10.1146/annurev-astro-091918-104359
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 mass, metallicity, age +  
convection? magnetism? 

mixing? rotation?

Asteroseismic Modelling

Observed properties 
of identified modes

Theoretical predictions 
for oscillations

THEORY OBSERVATIONS

STELLAR MODEL  
FOR SPECIFIED  
INPUT PHYSICS

Space photometry,  
high-res. spectroscopy,  

Gaia astrometry

Two Major Aims (classes 2&3):  
 

A) High-precision M, R, age, Z  
 

B) Improve Input Physics:  
AM, Dmix(r) 

MLE
Aerts et al. (2018): take into account that parameters are correlated



g-mode period spacings 
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In absence of rotation, expected g-mode period spacings 
for high-order (n), low-degree (l) NRP: 

Van Reeth et al. (2018)
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Pápics et al. (2014)  
4 years of  

Kepler data  
of a B9V star  

19 zonal dipole  
g modes 

From 5 months of CoRoT monitoring  
of the B3V star HD 50230 

Discovery of g-mode period spacings 
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 mass, metallicity, age +  
convective overshoot? 

mixing?

Modelling of slow rotators

Observed properties 
of zonal (m=0) modes

Theoretical predictions 
for oscillations

THEORY OBSERVATIONS

STELLAR MODEL  
FOR SPECIFIED  
INPUT PHYSICS

Space photometry,  
high-res. spectroscopy,  

Gaia astrometry

High-precision M, R, age, Z  
 

+ Estimate Dov & Dmix gives 
core mass  



!35

Pedersen  
et al. (2018)

Improving (convective boundary) mixing

Step versus exponential overshoot



!36Pápics et al. (2017)

Intermediate-mass stars from 4-yr Kepler
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m=0 modes:  
no Coriolis force effect

m≠0 modes 
   Coriolis in TAR 
           (class 3)

Papics et al. (2017)

Modelling based on zonal modes
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Moravveji et al. (2015): zonal dipole g-mode period spacings  
need of envelope mixing in addition to core overshooting

KIC10526294: need for envelope mixing
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Asteroseismic modelling of F stars

 Kepler 4-year LCs 
delivering asymptotic period 

spacing ∆𝛑 & 
Teff, log g from high-

resolution spectroscopy 
 

37 F-type stars with  
identified gravity modes:  
M, Mcore, R, Rcore, age 

with ~10(4x), 20% precision
 

Mombarg et al. (2019): 
to be improved by  
individual g-mode  
period matching 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100s of  
OB stars 

in the CVZ 
(Pedersen  
et al. 2019)

Figure courtesy of  
Cole Johnston & Dominic Bowman, KU Leuven

New SPB contaminated  
by EB 

TESS-ting teaser (Sectors 1&2)

Uncontaminated BinaryUncontaminated  
binary 

New g-mode pulsator Known Binary: 
B7(V) + B9(V)

MG
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