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Asteroseismology:
new developments and open questions
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Temperature perturbation with white hot and black cool perturbations. (Right) V

Important physics of early-type stars

Talk to Dominic Bowman

Large uncertainties in rotation and mixing propagate
from main-sequence into post-main sequence and
have drastic consequences!

Bowman (2020, Fron. Ast.
Space Sci. 7)
Edelmann et al. (2019, ApJ 876)
Dominic Bowman
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Pulsating early-type stars
C. Aerts: Probing the interior physics of stars …

SLF: Stochastic low-frequency variability

•
•

Broad period range between minutes and several days
Seemingly near-ubiquitous in OB stars

β Cephei stars:

•
•
•

Periods of order several hours
low radial order coherent p and g modes
Masses above ~8 M

Slowly Pulsating B stars:
Image credit:
P. I. Pápics

•
•
•

Periods of order days
high radial order g modes
Masses between 3 and 9 M

ung-Russel diagram (HRD) showing the position of different classes of pulsating stars. The abbreviation of the classes
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by Aerts, Christensen-Dalsgaard, and Kurtz (2010) in Chap. 2, to which we refer for extensive
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1.4 3-D Oscillations in Stars
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Pressure (p) modes:
• n>0
• high frequency
• probe near-surface
• radial and non-radial
• equally spaced in frequency

Gravity (g) modes:
• n<0
• low frequency
• probe near-core
• non-radial
• equally-spaced in period
19
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e.g. Kurtz et al. (2014, MNRAS 444) for AF stars
e.g. Aerts et al. (2003, Science 300) for early-B stars

Pressure (p) modes:
• n>0
• high frequency
• probe near-surface
• radial and non-radial
• equally spaced in frequency
R. Townsend

first-order Ledoux splitting:

• first-order caveat: applicable to slow rotators (<15% critical breakup)
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• rotation rate from near-core to near-surface
Non-radial pressure modes probe the envelope physics:

Asteroseismology: pressure modes
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Talk to Timothy Van Reeth

period %0 . In the case of a non-rotating and chemicallyPrograde
gravity
modes
most common geometry in observations:
homogeneous star,
%0 can dipole
be calculated
from
the individual
g-mode periods, Pn,ℓ , given by
rotation
chemical
in near-core region
period %0 . In the• case
of a and
non-rotating
andmixing
chemicallyhomogeneous star, %0 can %
be0 calculated from the individual
•
Traditional
Approximation
for
Rotation
(TAR)
up
to
~80%
critical
breakup
Pnℓ, given
= √ by
(2)
(|n| + α) ,
g-mode periods, Pn,ℓ
ℓ (ℓ + 1)

%0
in which α is a phase
term
independent
ofα)
the, mode degree, (2)
ℓ,
Pnℓ = √
(|n| +
ℓ (ℓ + 1)
and
(a) Xc = 0.7
#−1
!" r 2
dr of the mode degree, ℓ,
in R.
which
α is a phase
term
Townsend
2 independent
(c)
,
(3)
%0 = 2π
N(r)
r
and
r1
#−1
!" r 2
where r1 and r2 are the inner
and outer boundaries
of the g-mode
dr
(b) Xc = 0.5
2
,frequency. Thus,
(3)
%
2π is its Brunt-Väisälä
N(r)
0 =N(r)
pulsation
cavity,
and
(b)
r
Gravity (g) modes: r1
(c) Xc = 0.2
Equation (2) defines a constant spacing in period for g modes
n<0
•
of ther1same
ℓ, and
consecutive
radial
order,
n.
where
and rangular
inner and
outer
boundaries
of the
g-mode
2 are thedegree,
low
frequency
(a)
•
Equationcavity,
(3) demonstrates
characteristic
period, %Thus,
0 , is
pulsation
and N(r) isthat
its the
Brunt-Väisälä
frequency.
probe
near-core
•
largely
determined
Brunt-Väisälä
Equation (2) definesbya the
constant
spacing frequency,
in period N(r),
for g which
modes
strong
dependence
on the
massconsecutive
of the convective
andn.
•a non-radial
ofhas
the
same angular
degree,
ℓ, and
radialcore,
order,
hence
the(3)
mass
and age of ain
star
(Miglio
et al., 2008a).
period
• equally-spaced
Equation
demonstrates
that
the characteristic
period,
%0 , Part
is of a 1.6
Figure
1.5:
1.6 M
M§§ evolution
evolution
track,
with
0.71,
=0.014,
0.014
Van Reeth
et with
al.
(2015,
ApJS
Figure
1.5: Left:
Left:
track,
XX==0.71,
ZZ=218)
≠1
2 2≠1
step
core
overshoot
–
=
0.3
and
diffusive
mixing
D
=
1
cm
s
Right
largely determined by the Brunt-Väisälä frequency,
N(r),
which
step core overshoot ov 0.3 and diffusive mixing Dmix
mix= 1 cm s . .Right:
2.2.1. Interior Rotation
12 Oct
2021 spacing
KITP
Period
patterns computed
computed for
for dipole
dipolemodes
modesofofthe
themarked
markedmodels
models
Period
spacing
onon
has a strong dependence on the mass of the convective
core, and

Asteroseismology: gravity modes

scillations in Stars

Increased mixing decreases "dips" in g-mode period spacing pattern.

R. Townsend
19
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Gravity (g) modes:
• n<0
• low frequency
• probe near-core
• non-radial
• equally-spaced in period

Bowman (2020, Fron. Ast. Space Sci. 7)
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Discussion Points / Open Questions
1. Interior rotation: what is the missing AM transport mechanism(s)?
2. Envelope mixing in MS stars: why is there a large diversity?
3. Core Boundary Mixing: what is the best shape in 3D -> 1D?
4. Magnetic Cores: can we measure field strengths with pulsations?
5. Gravity Waves: what are the excitation mechanisms and effects of transport?

Interior rotation and angular momentum transport
a

Talk to Jamie Tayar

b
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What is the missing angular momentum transport
mechanism(s) to explain rigid-body main sequence stars?
Dominic Bowman
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+

rewriting equation (21),
η=

−

W + − W−
.
W − + W−

(25)

Interior rotation and angular momentum transport

Thus, although at low frequencies both W+ and W− are large (indicating a significant torque), they are also nearly equal to each other, leading
to growth rates that are close to zero. For instance, the ℓ = 1 g47 mode drives a surface velocity veq, ∗ = 80 km s− 1 , close to the maximum for
dipole modes, despite being almost neutrally stable with η = 0.009.
Comparing the two panels of Fig. 6 reveals that the ℓ = m = 2 modes are somewhat more effective at transporting angular momentum
than the ℓ = m = 1 modes. This is simply a consequence of the factor m in the expression (9) for the differential torque, that itself comes
from the azimuthal derivatives in equations (1) and (7). The dependence of veq, ∗ on m is slower than linear, but this is unsurprising given the
sub-linear variation with ε already discussed in Section 3.4.3.

Differential torque of gravity modes in main sequence 4.2 M
star very efficient at angular momentum transport.

4 A N G U L A R M O M E N T U M T R A N S P O RT AC RO S S T H E S P B S T R I P

Magnetism counterbalances angular momentum transport.

Angular momentum tra
radial
displacement
eigenfunctions

We now expand the scope of our simulations to encompass the SPB stars as an entire class. We use MESASTAR to construct 30 evolutionary
tracks in the initial mass range 2.4M⊙ ≤ M ≤ 9.0 M⊙ , with each track extending from the pre-main sequence to beyond the terminalage main sequence. Abundances and other details are the same as for the 4.21M⊙ model considered in Section 3.1. At around 11 points
along each evolutionary track, regularly spaced between the ZAMS and the red edge of the main sequence (REMS), we pass the stellar
model to GYRE, which evaluates the model’s eigenfrequencies and eigenfunctions for ℓ = 1 and ℓ = 2 g modes with radial orders up
to ñ ≈ − 100.
Fig. 7 illustrates the location of the 312 models considered in the HR diagram. Each model is plotted as a circle; for those models
that are unstable to one or more ℓ = 1 (left-hand panel) or ℓ = 2 (right-hand panel) g modes, the circle is shaded according to ηmax , the

Do pulsating, slowly-rotating, massive stars
also have internal magnetic fields?
884

R. H. D. Townsend, J. Goldstein and E. G. Zweibel

horizontal
displacement
eigenfunctions
differential torque

Townsend et al. (2018, MNRAS 475)

Figure 1. Displacement eigenfunctions for the ℓ = 1 g30 mode of the 4.21M⊙ model discussed in Section 3, plotte
Figure 7. HRdiagram showing the positions (circles) of the stellar models analysed using GYRE. Filled circles indicatexstars
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Discussion Points / Open Questions
1. Interior rotation: what is the missing AM transport mechanism(s)?
2. Envelope mixing in MS stars: why is there a large diversity?
3. Core Boundary Mixing: what is the best shape in 3D -> 1D?
4. Magnetic Cores: can we measure field strengths with pulsations?
5. Gravity Waves: what are the excitation mechanisms and effects of transport?

Envelope Mixing

Talk to May Pedersen

Kepler Space Telescope had good
coverage
of
the
SPB
instability
region.
M. G. Pedersen et al.

1. HR diagram showing the 34 SPB stars in the SPB instability strip. Binaries are marked by dark triangles. The instability
Moravveji (2016) assumes a metallicity of Z = 0.014, the metal mixture of Asplund et al. (2009), an exponential convective core
ng of fov = 0.02, and an 75% increase in the nickle and iron opacities. The coloured region shows the sum of the number n of
pole (` = 1) and quadruple (` = 2) gravity modes. The top and bottom dot-dashed lines indicates the position of the zero-age
nal-age main-sequence, while the black dashed line shows the cool edge of the Cep instability strip for radial (` = 0) pressure
ve example evolutionary tracks are shown in grey and labeled according to their initial mass.

Pedersen et al. (2020, MNRAS
495)
585, A82
Cantiello
M., et al., 2009, A&A, 499, 279
Pedersen et al. (2021, NatAst
5)
Casagrande L., VandenBerg D. A., 2018, MNRAS, 475, 5023
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Castelli F., Kurucz R. L., 2003, in Piskunov N., Weiss W. W.,
Gray D. F., eds, IAU Symposium Vol. 210, Modelling of Stellar Atmospheres. p. A20 (arXiv:astro-ph/0405087)
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Envelope Mixing

Talk to May Pedersen

Ensemble statistical modelling of 26 SPBs
observed by Kepler reveals interior mixing profiles:

☀
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frequency analysis

log Dmix (m/M?)

log Dmix (m/M?)

Constant

y1

Internal gravity waves

Vertical shear

y2

y3

Meridional circulation
incl. vertical shear

y4

m/M?

m/M?

m/M?

m/M?

Constant

Internal gravity waves

Vertical shear

Meridional circulation
incl. vertical shear

y5

m/M?

y6

m/M?

y7

m/M?

identify mode geometry

𝒇ov Z M⭑ Xc
Mcc Dmix (r) Ω(r)

y8

forward
seismic
modelling

Spectroscopy

stellar properties

m/M?

Pedersen et al. (2021, NatAst 5)
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Envelope Mixing

Talk to May Pedersen

Ensemble statistical modelling of 26 SPBs
observed by Kepler reveals interior mixing profiles:
Why is there a large diversity in mixing profiles?
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Discussion Points / Open Questions
1. Interior rotation: what is the missing AM transport mechanism(s)?
2. Envelope mixing in MS stars: why is there a large diversity?
3. Core Boundary Mixing: what is the best shape in 3D -> 1D?
4. Magnetic Cores: can we measure field strengths with pulsations?
5. Gravity Waves: what are the excitation mechanisms and effects of transport?

Core-Boundary Mixing

Talk to Mathias Michielsen

Advanced modelling requires Mahalanobis
Distance instead of 𝝌2 as merit function:
• theoretical uncertainties

Michielsen et al. (2021, A&A
A&Aproofs:
650)manu

manuscript no. aanda

• parameter correlations and degeneracies

e:

s
a
f
re

KIC 7760680

(b) Near-core region with temperature gradient according to Péclet number

Fig. 1: Top panels show the temperature gradients. Middle panels show the structure (solid) and composition (dashed) compo
of the Brunt-Väisälä profile, as well as the shape of the mixing profiles, divided in convective core (grey), near-core mixing
and di↵usive mixing in the outer radiative envelope (green). Bottom panels show the mode inertia of two g-modes with di↵
radial orders. Both panels show a 3 M star halfway through the main sequence with a central hydrogen content Xc = 0.4.

Kepler SPB

36 g modes
Article number, page 4 of 21
(𝓵=1)

𝝌2

Fig. B.1:
Correlation plot for the radiative grid, using periods in
Bowman
) Dominic

MD
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Fig. 2: Correlation plot for the radiative grid, using periodsKITP
in

Core-Boundary Mixing
Difference in 1- and 2-parameter asteroseismic modelling for CBM:

What is the best overshooting
prescription for 1D models?

5 parameters:

6 parameters:

Bowman & Michielsen (2021, A&A in press)
Dominic Bowman
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Discussion Points / Open Questions
1. Interior rotation: what is the missing AM transport mechanism(s)?
2. Envelope mixing in MS stars: why is there a large diversity?
3. Core Boundary Mixing: what is the best shape in 3D -> 1D?
4. Magnetic Cores: can we measure field strengths with pulsations?
5. Gravity Waves: what are the excitation mechanisms and effects of transport?

Magnetic cores: asteroseismology

Talk to Dominic Bowman and Zsolt Keszthelyi

B. Buysschaert et al.: Asteroseismic modeling of HD 43317

HD43317

Low overshooting because
of core magnetic field?
Buysschaert et al. (2018, A&A 616)
Dominic Bowman

Fig. 7. Summary plot for the overall forward modeling of HD 43317 using
• 𝒇ov = 0.004 ± 0.014
models. The same color scheme as in Fig. 4 is used.
• Prot = 0.897673 d
• M⭑ = 5.8 ± 0.2 M
B
•
p = 1312 ± 332 G
for their longitudinal magnetic field of Buysschaert et al. Se
• Xc = 0.54 ± 0.02 (2017b) for the LSD profiles with their complete line mask. tifi
12 Oct 2021

Using these angles, the longitudinal magnetic field measurements of Buysschaert et al. (2017b), the equation for the dipolar
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Magnetic cores: asteroseismology
Fig. 4. Period spacings of g modes with radial orders from 1 (bottom
left) to 26 (top right) and 44 (right) to 74 (bottom) as a function
of the period in the inertial frame for ` = 1, m = 1, and B0 = 1.5 ⇥
105 G. We note that modes from n = 1 to n = 11 were observed for
HD 43317. The vertical black bar (very small here) represents a typical
observational error bar of 250 s.

Talk to Lisa Bugnet and Jordan Van Beeck

J. Van Beeck et al.: Detect axisymmetric magnetic fields with g modes in intermediate-mass stars

J. Van Beeck et al.: Detect axisymmetric magnetic fields with g modes in intermediate-mass stars

Can we detect and characterise core
magnetic field strengths from pulsations?
A&A 636, A100 (2020)

where µ0 is the vacuum permeability, B is the large-scale magnetic field, and B are the fluctuations of the magnetic field due
to the oscillation displacement. Those are given in the adiabatic
case by the induction equation
B = r ^ (⇠0 ^ B),

Fig. 4. Period spacing patterns of zonal dipole modes of the 3 M TAMS reference model, varying B0 . The color scheme is the same as in the top
right panel of Fig. 2.

(2)

where ⇠0 is the unperturbed displacement of the mode. The frequency shifts induced by the magnetic field read
!=

h⇠0 , FL /⇢i
,
2!0 h⇠0 , ⇠0 i + h⇠0 , 2i⌦ ^ ⇠0 i

(3)

where ⇢ is the density of the background model, !0 is the unperturbed angular frequency of the mode in the corotating frame, ⌦
is the rotation vector, the scalar product is defined by
Z
h⇠, ⇣i =
⇢⇠⇤ · ⇣dV,
(4)
V

and the asterisk (⇤ ) denotes the complex conjugate.
In the TAR, the horizontal component of the rotation vector
is neglected (⌦ ' ⌦ cos ✓er ), and unperturbed eigenmodes for
gravito-inertial waves are given in spherical coordinates (r, ✓, ')
by

Fig. 5. Same as Fig. 2, for B0 = 1.5 ⇥ 105 G and two di↵erent rotation
⇠0 = [⇠r (r)Hr (✓)er + ⇠h (r)H✓ (✓)e✓ + i⇠h (r)H' (✓)e' ]ei(m' ! t) , (5)
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1898; Lee & Saio 1997; Townsend 2003). Their precise definitions are
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in Paper I.
For the slower rotation
rate
considered
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frame, which is inclined by an angle with respect to the rotation

Prat et al. (2019, A&A 627)

Fig. C.8. Same as Fig. 6, but for the 2 M reference
Fig. C.8.
model.
Same as Fig. 6, but for the 2 M reference model.

Fig. 5. Same as Fig. 4, but varying the nonradial mode geometry.

4.4.
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The highest-radial-order modes even undergo non-perturbative
magnetic shifts in the lowest fov model. This trend of increasing
magnetic shift with decreasing fov is expected because magnetic
shifts of trapped modes are larger than those of untrapped modes.
Increasing fov results in a larger overshoot region (because of
increasing pressure scale height and the increased value of fov ),
changes the convective core mass and size, smooths chemical gradients in the near-core region, and decreases mode trapping. The mixing level varies in the overshoot region, and is
denoted by Dov (r). This parameter, evaluated near the overshoot
region boundary, together with the mixing within the radiative
zone, Dmix , are most important for mode trapping. The former
is a↵ected by all previously mentioned parameters that are influenced by fov , whereas the latter is constant in our models.KITP
Mag-

Oblique dipolar fossil
magnetic field

Full parameter study for gmode period spacing patterns

Prat et al. (2020, A&A 636)

Van Beeck et al. (2020, A&A 638)

Discussion Points / Open Questions
1. Interior rotation: what is the missing AM transport mechanism(s)?
2. Envelope mixing in MS stars: why is there a large diversity?
3. Core Boundary Mixing: what is the best shape in 3D -> 1D?
4. Magnetic Cores: can we measure field strengths with pulsations?
5. Gravity Waves: what are the excitation mechanisms and effects of transport?

Gravity Waves in Massive Stars

Talk to Falk Herwig and Philipp Edelmann

Ubiquitous Stochastic Low Frequency variability in OB stars:

Observed 25 M star with TESS

• waves from core convection or the surface (or both):
(Rogers et al. 2013, ApJ 772; Shiode et al. 2013, MNRAS 430;
Edelmann et al. 2019, ApJ 876; Horst et al. 2020, A&A 641;
Lecoanet et al. 2019, ApJL 886; Cantiello et al. 2021, ApJ 915;
Lecoanet et al. 2021, MNRAS 508)

• clumpy and aspherical winds:
(e.g. Krtička & Feldmeier 2021, A&A 648)
3D simulation of IGWs
in 25 M star

Courtesy of F. Herwig
Dominic Bowman

Bowman et al. (2019, Nature Astronomy 3)
12 Oct 2021
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Gravity Waves in Massive Stars
Ubiquitous Stochastic Low Frequency variability in OB stars:
• waves from core convection or the surface (or both)
• metallicity independent (Bowman et al. 2019, NatAst 3)

Stochastic low-frequency model:

↵0
↵(⌫) =
+C
⌫
1 + ( ⌫c )

Bowman et al. (2019, Nature Astronomy 3)
Dominic Bowman

12 Oct 2021

KITP

Talk to Dominic Bowman, Matteo Cantiello
and Daniel Lecoanet

Gravity Waves in Massive Stars
Ubiquitous Stochastic Low Frequency variability in OB stars:
• waves from core convection or the surface (or both)
• metallicity independent
• dependent on mass and age (Bowman et al. 2020, A&A 640)

What is the dominant cause of
red noise in massive stars?
How can we fully exploit this
new type of observation?

Bowman et al. (2019, Nature Astronomy 3)
Dominic Bowman

12 Oct 2021
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Gravity Waves in Massive Stars
The Astrophysical Journal Letters, 806:L33 (5pp), 2015 June 20

Ubiquitous Stochastic Low Frequency variability in OB stars:
• waves from core convection or the surface (or both)
• metallicity independent

simulated
gravity
waves

• dependent on mass and age
• correlation between SLF properties and
macroturbulence (Bowman et al. 2020, A&A 640)

The Astrophysical Journal Letters, 806:L33 (5pp), 2015 June 20

Aerts & Ro

Figure 3. Simulated line-proﬁle variations for the O III 5922 Å line of HD 46150 assu
based on its dipole heat-driven modes detected and identiﬁed in the Kepler data (rig

observed
enough sample of OB-type stars gravity
in all evolutionary phases to
test the occurrence of IGWs across the evolution of the most
modes
massive stars.

Part of the research included in this Letter was based on
funding from the Research Council of KU Leuven, Belgium
under grant GOA/2013/012. We thank an anonymous referee
for constructive comments that improved this manuscript.
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