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our understanding of stellar structure and evolution underpins most of astrophysics

stellar structure and evolution: 
why do we care
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a cosmologist noted: “stellar structure and evolution is a cornerstone of astrophysics”

STARS II: a clear success from the start
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our understanding of stellar structure and evolution underpins most of astrophysics

stars are formidable physics laboratories

stellar structure and evolution: 
why do we care

“The internal constitution of stars” (Eddington, 1926)

“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. 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? What appliance can pierce through 
the outer layers of a star and test the conditions within ?”

however
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“Stars and atoms” (Eddington, 1927)

Ordinary stars must be viewed respectfully like objects in glass cases in museums; 
our fingers are itching to pinch them and test their resilience.  

Pulsating stars are like those fascinating models in the Science Museum provided 
with a button which can be pressed to set the machinery in motion. To be able to 
see the machinery of a star throbbing with activity is most instructive for the 
development of our knowledge.

Oxford: Clarendon Press, 1927
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P ∝ ⟨ρ⟩−1/2 ∝ (R3/M)1/2

Ritter 1879

Eddington 1918

acoustic modes in stars
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different pulsators and non homologous stars have different 
proportionality factors (pulsation constants) P = Q ⟨ρ⟩−1/2

Ledoux & Pekeris 1941, ApJ
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RADIAL PULSATIONS OF STARS 

P. LEDOUX1 AND C. L. PEKERIS2 

ABSTRACT 
It is shown that the period r of the fundamental mode of radial pulsation of a star is given to a good 

approximation by the expression 
I T = 27T^  —  

A-CsPx - 4)ß 

where / denotes the moment of inertia of the star about its center, its gravitational potential, and Fi, 
the mean value of Fi with respect to pressure. A general method of obtaining higher approximations for 
the period of the fundamental mode as well as for the periods of the higher modes is given and is applied 
to the standard model. The results obtained for the standard model indicate that, in certain cases, our 
approximate method yields more accurate values for the periods than have been obtained by the trial- 
and-error method of integrating the pulsation equation. 

i. The differential equation which governs the adiabatic and radial oscillations of a 
gaseous star is 

Xrd2t + dt Xrd? + dr [4X + r?] +l[(‘ 
, Gmin \ . dx 

+ 4—1^ + 3* 
] = 

(l) 

where £ denotes the ratio ôr/roî the radial displacement to the radius. X = I^P, P being 
the sum of the gaseous pressure po and the pressure of radiation pR. The quantity Pj is 
the adiabatic exponent defined by bP/P = Pjôp/p and has the well-known value 

(4 - sß)2(y - i) 
ß + 12(7 - i)(i - ß) ’ (2) 

where ß = po/P and 7 = cp/cv, cp and cv denoting, respectively, the specific heats at 
constant pressure and constant volume for the matter; a is equal to 271-1' = 271-/7-, v being 
the frequency and r the period of oscillation; p is the density at r and m(r) is the mass 
interior to r. 

By multiplying equation (1) by r3 we can put it in the self-adjoint form 

Jr (Xf4 + ^ [<72r4p + 4Gm^rp + V3 ^ j = o . (3) 

The boundary conditions, 

8r = o at r = o 

and 

SP= + = o at r = R, (4) 

1 Fellow of the Belgian-American Educational Foundation, at the Yerkes Observatory. 
2 Department of Geology, Massachusetts Institute of Technology, and Harvard College Observatory. 
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then equation (12) becomes 

The period of the star is thus seen to be proportional to the time required for a sound 
wave to travel through the weighted radius R with the weighted velocity c. If the re- 
storing forces during the pulsation depended only on the compression of the material 
such a relationship would be expected. We know, however, that gravity must also in- 
fluence the pulsation, and, in fact, its effect on the period appears explicitly in the 
factor a~(l/2). 

We shall make one further remark about our formula (10). If we say that one star is 
more centrally condensed than another of the same radius8 when 

then 

Wi(r) ^ m2(r) 
Mi > M2 

o < r < R , 

1^1 |ß2| 
Mí > M2

2 
and < A 

m2 
and _2 "s. Î (Ti > O', 

M: 

Thus, besides the well-known proportionality of r to the inverse square root of the mean 
density and its dependence upon 7, it depends also upon the distribution of the density 
and in such a way that, to a first approximation, r increases when the central condensa- 
tion of the star decreases. This is in good agreement with Table 1 in a previous paper.6 

6. We shall now apply the Ritz method to obtain higher approximations for the fun- 
damental period as well as for periods of higher modes of vibration. We assume that 

n 
£ = xai r2i • 

i = o 
(13) 

On substituting the foregoing form for £ in equation (6), we find that the a¿’s are de- 
termined by (w + 1) equations of the form 

dJ 
— = 0, j = 

We shall consider only the case where pR is small or is a constant fraction of the pres- 
sure, so that we can always write the factor Qr1! — 4) outside the integrals. The general 
case can clearly be treated by the same method. Let 

Ij = ^ r2jdl with dl — r2dm(r) , 

ûj = - CRr>m with dü = _GMr)dm(r) 
Jo r 

8 This implies no loss of generality since we can always apply a Lane transformation. 
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acoustic modes in stars
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asteroseismology

variety of pulsation modes

variety of physical structures
• mass 
• evolutionary state 
• physical processes at play

Aerts 2021

the study and interpretation of global, 
resonant oscillation modes in stars
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asteroseismology: data

field revolutionised by the advent of space-based telescopes

past/current:

duration of the observations frequency resolution resolve 
details of the oscillations spectrum

micro-mag level changesphotometric precision

number of stars with 
detected pulsation modes

ensemble asteroseismology

proposed:
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asteroseismology

pressure modes

oscillation modes in stars: 2 main families

acoustic waves

high frequencies
largely determined by

3.1. BASIC EQUATIONS OF HYDRODYNAMICS 45

By using equation (3.2), we may also write equation (3.8) as

ρ
∂ v
∂t

+ ρv ·∇v = −∇p + ρ f . (3.9)

Among the possible body forces I consider only gravity. Thus in particular I neglect
effects of magnetic fields, which might otherwise provide a body force on the gas. The force
per unit mass from gravity is the gravitational acceleration g, which can be written as the
gradient of the gravitational potential Φ:

g = −∇Φ , (3.10)

where Φ satisfies Poisson’s equation

∇2Φ = 4πGρ . (3.11)

It is often convenient to use also the integral solution to Poisson’s equation

Φ (r, t) = −G
∫

V

ρ(r′, t)dV

|r− r′| . (3.12)

3.1.3 Energy equation

To complete the equations we need a relation between p and ρ. This must take the form of
a thermodynamic relation. Specifically the first law of thermodynamics,

dq

dt
=

dE

dt
+ p

dV

dt
, (3.13)

must be satisfied; here dq/dt is the rate of heat loss or gain, and E the internal energy, per
unit mass. As before V = 1/ρ is specific volume. Thus equation (3.13) expresses the fact
that the heat gain goes partly to change the internal energy, partly into work expanding
or compressing the gas. Alternative formulations of equation (3.13), using the equation of
continuity, are

dq

dt
=

dE

dt
− p

ρ2

dρ
dt

=
dE

dt
+

p

ρ
divv . (3.14)

By using thermodynamic identities the energy equation can be expressed in terms of other,
and more convenient, variables.

dq

dt
=

1
ρ(Γ3 − 1)

(dp

dt
− Γ1p

ρ

dρ
dt

)
(3.15)

= cp

(dT

dt
− Γ2 − 1

Γ2

T

p

dp

dt

)
(3.16)

= cV

[dT

dt
− (Γ3 − 1)

T

ρ

dρ
dt

]
. (3.17)

Here cp and cV are the specific heat per unit mass at constant pressure and volume, and
the adiabatic exponents are defined by

Γ1 =
(
∂ ln p

∂ ln ρ

)

ad
,

Γ2 − 1
Γ2

=
(
∂ lnT

∂ ln p

)

ad
, Γ3 − 1 =

(
∂ lnT

∂ ln ρ

)

ad
. (3.18)c2 = �1

P
⇢ where
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asteroseismology

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.

pressure modes

inner turning 
point

propagation of modes: low mass star propagation of primary waves: the Earth

source: wikipedia

c2 = Γ1
P
ρ

∝
T
μ
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asteroseismology

oscillation modes in stars: 2 main families

gravity modes restoring force: buoyancy

propagate in radiative regions

sensitive to near-core conditions

Meteosat-10 HRV

internal gravity waves in 
the Earth’s atmosphere
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He core

H-burning shell

H-rich radiative core

gravity mode acoustic mode

mixed modes

asteroseismology
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what determines the pulsation spectrum of a star?

Asteroseismology: a new tool

geometry of the resonant cavity 

size, acoustic radius

coupling between multiple resonant cavities

velocity fields, magnetic fields

sound speed, density stratification, sharp-structure variations

structural changes due to e.g. activity cycles
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inferences on global stellar properties

radius

mass

age

e.g. characterise exoplanetary systems

Kepler

TESS-SCVZ
K2

MW’s assembly and evolution
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Khan et al. 2019,2023ab

% level radius (distance) determination

see also talk by Prada Moroni
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masses

Kepler: Gaia DR3 + 
APOGEE+ 
asteroseismology
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RGB Mass loss

mass loss

[Fe/H] dependence

comparison with GCs

physics behind mass loss 
(eventually) 

Brogaard et al., 2024
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masses of RGB stars          ages
median age uncertainty: 10%

Chemical thick disk  ~ 11 Gyr 
old, chemical evolution within 
the high-  populationα

early disk?
see also Nepal et al. 2024

Montalban et al.  2025 in prep
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accuracy matters!

APOGEE DR17

KIC10001167

Thomsen et al. 2025, 
A&A, in press

seismic* and orbital masses agree to within 1.4% (~1σ)
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direct constraints on internal structure 

a zoo of seismic diagnostics for MS stars, red giants, WDs:

average period spacing characterising g modes

departures from simple patterns

structural glitches
see Matteuzzi’s talk

coupling of cavities to find partially stripped stars, non-standard core-envelope 

asymptotic patterns

…

Δν ∝
M
R3

ΔΠ1 ∝
1

∫ |N | dr
r

δν02 ∝ ∫
1
r

dc
dr

dr
p modes
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rotation

weighted 
mean of 

8.3. SPLITTING FOR SPHERICALLY SYMMETRIC ROTATION 179

and here the integrated term vanishes, as P m
l (x) is either symmetrical or anti-symmetrical

in x = cos θ. The other non-trivial integral, which was already encountered in the evaluation
of Inlm, is

∫ π

0

[(dPm
l

dθ

)2

+
m2

sin2 θ
Pm

l (cos θ)2
]

sin θdθ (8.39)

= −
∫ π

0
Pm

l (cos θ)
[

d
dθ

(
sin θ

dPm
l

dθ

)
− m2

sin θ
Pm

l (cos θ)
]

dθ

= L2
∫ 1

−1
Pm

l (x)2dx ,

by using that Pm
l satisfies equation (4.26). As usual, I have introduced L2 ≡ l(l + 1). For

adiabatic oscillations we can take ξr and ξh to be real. Thus, from equation (8.31), (8.33)
and (8.34), we finally obtain for the rotational splitting

δωnlm = m

∫ R
0 Ω(r)

(
ξr

2 + L2ξ2h − 2ξrξh − ξ2h
)

r2ρdr
∫ R
0

(
ξr

2 + L2ξ2h

)
r2ρdr

, (8.40)

where I have dropped the subscript “0” on ρ. It should be noticed that the integrands in
equation (8.40) are given solely in terms of ξr, ξh and l, and therefore are independent of m.
Hence in the case of spherically symmetric rotation the rotational splitting is proportional
to m.

It is convenient to write equation (8.40) as

δωnlm = mβnl

∫ R

0
Knl(r)Ω(r)dr , (8.41)

where

Knl =

(
ξr

2 + L2ξ2h − 2ξrξh − ξ2h
)

r2ρ
∫ R
0

(
ξr

2 + L2ξ2h − 2ξrξh − ξ2h

)
r2ρdr

, (8.42)

and

βnl =

∫ R
0

(
ξr

2 + L2ξ2h − 2ξrξh − ξ2h
)

r2ρdr
∫ R
0

(
ξr

2 + L2ξ2h

)
r2ρdr

. (8.43)

By using this definition we ensure that the rotational kernel Knl is unimodular, i.e.,
∫ R

0
Knl(r)dr = 1 . (8.44)

Hence for uniform rotation, where Ω = Ωs is constant,

δωnlm = mβnlΩs . (8.45)

In this case the effect of rotation is completely given by the constant βnl. For high-order
or high-degree p modes the terms in ξr

2 and L2ξ2h dominate; as shown in Figure 8.1, βnl

is then close to one. Thus the rotational splitting between adjacent m-values is given
approximately by the rotation rate. Physically, the neglected terms in equation (8.43) arise

Differential rotation

g modes

p modes

K localised in the He core

K significant amplitude in the envelope

⌦(r)

gravity mode acoustic mode



H2. effects of rotation on the oscillations frequencies

Observations of rotational splitting in a red giant

For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)

a

b

c

100

80

60

40

20

0
0.3
0.2

0.1

0.3

0.2
0.1

160 170 180

Frequency (μHz)

R
ot

at
io

na
l s

pl
itt

in
g 

(μ
H

z)
 

m
od

el
ob

se
rv

ed
P

ow
er

 (p
pm

2 /
bi

n)

190 200

Figure 1 | Oscillation spectrum of KIC 8366239. a, Grey squares, radial
modes; grey triangles, l 5 2 modes; black circles, l 5 1 rotational multiplets. A
zoom on the region of 185–195mHz and the analysis of the comb-like structure
of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.
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comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)
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of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.
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Figure 3 | Rotational splitting versus mode linewidth for KIC 8366239. The
lifetime is inversely proportional to the mode linewidth. Black circles, l 5 1
modes. Grey squares, linewidth of the pure acoustic radial modes (l 5 0), for
comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)
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Figure 1 | Oscillation spectrum of KIC 8366239. a, Grey squares, radial
modes; grey triangles, l 5 2 modes; black circles, l 5 1 rotational multiplets. A
zoom on the region of 185–195mHz and the analysis of the comb-like structure
of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.
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Figure 3 | Rotational splitting versus mode linewidth for KIC 8366239. The
lifetime is inversely proportional to the mode linewidth. Black circles, l 5 1
modes. Grey squares, linewidth of the pure acoustic radial modes (l 5 0), for
comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)
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Figure 1 | Oscillation spectrum of KIC 8366239. a, Grey squares, radial
modes; grey triangles, l 5 2 modes; black circles, l 5 1 rotational multiplets. A
zoom on the region of 185–195mHz and the analysis of the comb-like structure
of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.
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Figure 3 | Rotational splitting versus mode linewidth for KIC 8366239. The
lifetime is inversely proportional to the mode linewidth. Black circles, l 5 1
modes. Grey squares, linewidth of the pure acoustic radial modes (l 5 0), for
comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)
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Figure 1 | Oscillation spectrum of KIC 8366239. a, Grey squares, radial
modes; grey triangles, l 5 2 modes; black circles, l 5 1 rotational multiplets. A
zoom on the region of 185–195mHz and the analysis of the comb-like structure
of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.

0.25

0.20

0.15

0.10

R
ot

at
io

na
l s

pi
tt

in
g 

(μ
H

z)
 

0.05

0.00

0.00 0.05 0.10

Mode width (μHz)

0.15 0.20

Figure 3 | Rotational splitting versus mode linewidth for KIC 8366239. The
lifetime is inversely proportional to the mode linewidth. Black circles, l 5 1
modes. Grey squares, linewidth of the pure acoustic radial modes (l 5 0), for
comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)
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Figure 1 | Oscillation spectrum of KIC 8366239. a, Grey squares, radial
modes; grey triangles, l 5 2 modes; black circles, l 5 1 rotational multiplets. A
zoom on the region of 185–195mHz and the analysis of the comb-like structure
of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.
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Figure 3 | Rotational splitting versus mode linewidth for KIC 8366239. The
lifetime is inversely proportional to the mode linewidth. Black circles, l 5 1
modes. Grey squares, linewidth of the pure acoustic radial modes (l 5 0), for
comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)
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Figure 1 | Oscillation spectrum of KIC 8366239. a, Grey squares, radial
modes; grey triangles, l 5 2 modes; black circles, l 5 1 rotational multiplets. A
zoom on the region of 185–195mHz and the analysis of the comb-like structure
of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.
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Figure 3 | Rotational splitting versus mode linewidth for KIC 8366239. The
lifetime is inversely proportional to the mode linewidth. Black circles, l 5 1
modes. Grey squares, linewidth of the pure acoustic radial modes (l 5 0), for
comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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For a model rotating rigidly, the reverse behaviour is expected (Fig. 1c).
Because the prediction for the rigidly rotating model is incompatible
with the observed trends of the splittings (Fig. 1b) but can be well
reproduced qualitatively under the assumption of non-rigid rotation
(Fig. 1c), we conclude that the three stars investigated here (see Table 1,
last column) rotate non-rigidly, with the central region rotating much
faster than the surface.

The above interpretation is consistent with the correlation between
the mode lifetime and the corresponding rotational splitting that has
been observed in our data. Mixed modes in the wings of the dipole
forest are predicted to have large amplitudes in the central regions of
the star and, therefore, larger values of inertia and lifetime. These
modes have narrower mode profiles in the frequency spectrum than
have the centre modes that are predominantly trapped in the outer
cavity11. This behaviour of the mode profiles (Supplementary Fig. 1)
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Figure 1 | Oscillation spectrum of KIC 8366239. a, Grey squares, radial
modes; grey triangles, l 5 2 modes; black circles, l 5 1 rotational multiplets. A
zoom on the region of 185–195mHz and the analysis of the comb-like structure
of the oscillation spectrum in an échelle diagram are shown in the online
material (Supplementary Figs 1 and 2). The spectral window of the Fourier
analysis can be found in the online material (Supplementary Fig. 11). The y-axis
indicates the flux variation power in parts-per-million squared for each
frequency bin. b, The observed rotational splitting for individual l 5 1 modes.
Error bars, standard deviation of the measured rotational splitting of dipole
modes. Similar analyses of the stars KIC 5356201 (Supplementary Figs 3 and 4)
and KIC 12008916 (Supplementary Figs 5 and 6) are discussed in the online
material. c, Theoretically predicted rotational splitting assuming two different

rotation laws. The values are calculated for a representative model of KIC
8366239 as defined in the Supplementary Information. Solid circles, splitting
for non-rigid rotation for the case of a core rotation ten times faster than the
surface rotation of 2.5 km s21 resembles the observations qualitatively well.
Open circles, theoretical splittings for rigid rotation and an equatorial surface
rotation velocity of 3 km s21 show a trend opposite to the observed one, with
the largest splitting in the centre of the dipole forest and lower splitting in
gravity-dominated modes. In the case of rigid rotation, the variable splitting is
governed purely by the variation of the Ledoux24 constant across the dipole
forest (Supplementary Fig. 8). Because the representative model (c) has not
been corrected for surface effects, there is a slight offset to the observations (b).
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Figure 2 | Contributions to the total rotational splitting. Partial integrals of
normalized rotation kernels, illustrating the contribution from different regions
to the rotational splitting for pressure-dominated modes (n4, n5; solid lines) and
gravity-dominated modes (n1, n2, n3; dashed lines) of degree l 5 1 and l 5 2, as a
function of the stellar mass-fraction, m/M. The kernels have been calculated for
modes from a representative model of KIC 8366239, as defined in the
Supplementary Information, with oscillation frequencies given. Vertical dotted
lines, left to right: boundary of the helium core, the hydrogen-burning shell and
the bottom of the convective envelope.
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Figure 3 | Rotational splitting versus mode linewidth for KIC 8366239. The
lifetime is inversely proportional to the mode linewidth. Black circles, l 5 1
modes. Grey squares, linewidth of the pure acoustic radial modes (l 5 0), for
comparison. Dotted vertical line, formal frequency resolution. Error bars,
standard deviation of the measured rotational splitting and mode width of
dipole modes. Similar diagrams for the two other stars from Table 1 are shown
in Supplementary Figs 9 and 10, respectively.
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Kepler: is that all we need,  what are we missing? 

limited harvest of planets around nearby stars, 
especially Earth-like planets around Sun-like stars

outlook on future data and efforts



The PLATO mission will produce a sample of seismically characterised MS stars 80 to 100 times larger 
than Kepler, if observing two fields for two years each . 

PLATO: BEYOND DELIVERING PIPELINES…

P1 and P2 samples: individual mode frequencies can be measured with high precision  

+24k giants in the science calibration and validation catalogue  



CoRoT, Kepler-K2

TESS

designed primarily for planet searches: wide field, bright targets, large pixel sizes

PLATO

have demonstrated the potential of asteroseismology (in clusters)

observational strategy not optimised for 
stellar / galactic science

overcome these limitations i.e.

a simple mission concept strongly based on heritage from CoRoT, Kepler, and the 
knowledge being developed for PLATO

by measuring the frequencies of hundreds or thousands of stars that belong 
to controlled environments or key building blocks of galaxies



high-precision stellar astrophysics, calibration of the absolute stellar age scale SO1
evolution, formation and dynamics of stellar clustersSO2

assembly history and chemical evolution of the Milky Way’s bulgeSO3

dependence of the occurrence rate of exoplanets on the environmentSO4

radically improve our understanding of the main building blocks of cosmic structures

data needed: long, high-duty-cycle, precise photometric time series of stars in dense environments

high-precision asteroseismology in dense stellar fields
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space-based observations have given us a way to access stellar interiors

summary

stress test models of stellar structure and evolution
we need to access laboratories optimised to make full use of this tool

high-precision asteroseismology in controlled environments

the frequencies of resonant oscillation modes may be used to 

infer precise stellar 
properties (M, R, age)

provide time-resolved picture of the Milky Way

planet hunter with built-in capability 
to seismically characterise hosts

characterise 
exoplanetary systems


