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Asteroseismology: the
Revolution in Stellar Physics

What is it?...Why do we (should you) care?...
How does it work in practice?...

Solar-like pulsators in Sun-like Stars (M < 1.5 Mo)
Massive Exoplanet Host Stars (M > 1.5 Me)
Future steps
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Lots of open ? on stellar structure remain
starquakes are common & useful tool

Stellar evolution = tested
" from surface properties while -
life d11;.ected by stellar mtemor
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The beauty of asteroseismology

aster —— star
seismos —— oscillation
logos —— discourse

The analysis of stellar oscillations
enables the study of the stellar
interior because different modes
penetrate to different depths
inside the star
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The boost from space photometry
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Sizes of stars from acoustic oscillations

SNSESESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
SNEESESESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
HSEESEEEESESEEEESEEENEEEEEEEEEEEEEEEEEEEEE
FrnTANTNEARNEEE RN NN T Enma TR
L MR AT Y YR R A A W b R PN T R 0 SN
b L L) ol ] e ) L s

HREEEEEEE HEEEREREEE

EENEEEEEEEEEEEENE NN NN NN N
TIME —

KIC 11026764 Sun

Slide Courtesy: Travis Metcalfe



Radboud Universitelt Nimegen () m
\"\“

Asteroseismology: how in practice?...

A Kepler “concert” of Red Giant Stars We observe the
surface brightness

and/or velocity
variations due to
the oscillations
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Relative Intensity (shifted)
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Time (days)

Perform mathematical modelling of
detected oscillation modes v(l,m,n)
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What are the concrete ingredients?
Time-series analysis coupled to stellar modelling

Two extremes: TIME SERIES
. X,Z,M,T,apmLT; Cou OBSERVATIONS
pressure & gravity modes
1D STELLAR
EVOLUTION
W D1 CODE
Vn1—2—7r_(n+2+4+a)Au %
FREQUENCY MODE
R -1 ANALYSIS IDENTIFICATION
Av = [2 / ﬁ‘
0 &
1D PULSATION
it CODE
H=T(n+l/2+ag) ) 0
THEORETICAL X OBSERVED

of [ dr\ PULSATION MODE |« »| PULSATION MODE
ITp = 2= ( / N—) PROPERTIES PROPERTIES
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The exoplanet host stars: mass
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“Easy cases’: solar-like pressure modes
in-depth seismic probing a-la Helioseismology

The exoplanetary system
16 Cyg A&B, Kepler,
Metcalfe et al. (2012);
Davies et al. (2015)
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Large samples: use scaling relations

- Scaling relations for solar
input physics & p modes:

=9

Vmax M (R) H( Teﬂ~ )—
Vmaxo Mo \Ro lefi o
Ay (M\[RY
Ave \Mo) \Ro

deliver seismic mass, radius,
age: 10x better precision for
100s of solar-like stars
observed with Kepler

] P

o [B%]

A distance from Gaia
and/or a radius from interferometry
can take away the model
dependency!

11
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Ballot et al. (2011), Lebreton & Goupil (2014):

- Delivery of seismic mass, radius, HD 52265 (CoRoT), a GOV type,
age for exoplanet host stars for planet-hosting star modelled for
understanding of exoplanetary systems various choices of input physics
L RN/ Radius: 1.32 £ 0.02 Rsun,
fiz_:ff?_ _ n /// / | Mass: 1.23 £0.09 Msun,

I o Age: 2.32 £ 0.22 Gyr
10— E
T Improves planet parameters!

o
i
!
I

| L1 J\l | | | L1
FSD [ppm’puHz")
1) &~ o oo
vl i

1800 2000 2200 2400
Freqguency [uHz]

B

8000 ?6|OO I'?IO|OOI I6IB|OIOI I6IO|OIOI I6IS|O]O] I5IO]OOJ 4500
T (K)
Ensemble asteroseismology +spectroscopy:
M:3.7%, R:1.3%, age:12%

Huber et al. (2013), Chaplin et al. (2014) 0
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Rotational splitting of mixed modes in SG & RG
unravels core rotation... cannot be done for Sun!

T T T Beck et al. (2012), Mosser et al. (2012),
oL 00 * Uenvelope — Deheuvels et al. (2014,2015):
Tt CD . only factor 5 to 20 faster
: Q D ] core-than-envelope rotation in RG
: o 1 strong core/envelope coupling
Nr - i
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S| o -
L0 on
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log g (cgs)
from # splittings of dipole mixed modes: standard models 100x wrong:

2 strong internal magnetic fields?
Fuller et al. 2015; Stello et al. 2016
Apim = m Kyu(r)L(r)dr, ( )
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“Difficult cases” BAF gravity-mode pulsators
period spacings only found since space photometry

10°

| Papics et al. (2015):
1 36 dipole prograde
1 gravity modes
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KIC 9244992 (Saio et al. 2015): <Prot> = 65 days, slower envelope-than-core
KIC 11145123 (Kurtz et al. 2014): <Prot> = 100 days, faster envelope-than-core

mass between 1.5 and 2.0 Me® .
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New way to probe mixing & Q(r) in F stars:
new mathematical treatment including Coriolis force
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al. 2015)
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Near-core rotation of F stars with g-modes
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Core-to-envelope rotation: IGW in action

| : . . : T T T \ \
| Low Flux (o) Low Flux
05l : 0.40 | Low Rotation i 0.12 | High Rotation
) ﬁ: a.10r
0.0 2 > 0.30 >
li g g 0’08 L
e e
—~ | w w
0.06 -
£ _os ! I $ 020 2
wn | o K}
~ | & &
GQ: — 0.04 -
|
.| KIG10526294, M=3.2 Me:
. | = 0.02
.1riana et al. (2015)
I . . . . 0’00 0’00 [T rTTrT T
0.0 0.2 0.4 0.6 0.8 1.0
-20 -10 0 10 20 -2 -1
T I T T T I T T T I T T T I T T T QC/Q.
high Flux (c)‘ 0.30 7‘High Flux |
Low Rotation High Rotation
500 -
L i 0.25
0.15
L - > > 0.20+
c » i L 0.1 L
= 0 s 010 & 0151
Ng v o
S I ] £ -
o o
© ©
@ ® 0.10
0.05
~500 |- - 005"
- 0’00 0’00 [TTTTrrTrT [T T
1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 _2 _1 0 1 2 _2 —1 O 1 2
0.2 0.4 0.6 0.8 1.0 0./, a./9,

Radius (R/R,)

2/3D simulations of angular momentum transport by IGW (Rogers et al. 2013, 2015) 17
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Asteroseismology in near future:
K2 potential for pre-MS pulsators & clusters
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Asterosféismology & dynamical/chemical
star-exoplanet interactions

interior seismology Dynamical interactions
and angular momentum
transport/transfer?

Impact of Host Star
Variability on Exoplanet
Atmospheres and
Climate?

Connecting stellar
magnetism, flaring,
rotation, pulsation and
prediction of bio-markers
In exoplanet
atmospheres

coronal seismology exoplanet atmospheres

19
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Impact ﬁbst star variability on its exoplanets:
modelling bio-markers in exo-atmospheres
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Asteroseismology & Exoplanets:
low-mass planets in HZ & wider orbits

Farther future, beyond 2024
PLATO main mission (3 + 2 yr pointings) & its
Complementary Science Programme, step-and-stare
phase with targets of choice

Hopefully followed
by ARIEL

| B SN
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Il

\
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= 4
A\
B
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Asteroseismology: new route for stellar &
exoplanetary physics

Progress made since 2009:
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from ppt to ppm

C. Aerts
J. Christensen- alsgaard ~ g ] .
D.W. Kurtz SN from a few bright solar-like

stars to thousands of stars

Asteroseism()logy of different types and ages
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from physics In stellar
envelopes to physics of

_ stellar cores
The best is yet to come

for stellar physics!
observational probing of

internal rotation, mixing,
and angular momentum
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STFC & ERC/AdG: MAMSIE

Coupling of 2/3D hydrodynamical
simulations of massive stars

to 1D stellar evolution theory to
constrain angular momentum
transport and mixing as a function of
stellar mass and age

Direct comparisons to observations:
time-series spectroscopy & Kepler
data of OBAF-stars to look for IGW
signature and internal differential
rotation as a function of evolution

Two postdocs are advertised to work on this:
Observational/theoretical w/ C. Aerts in Leuven (conny.aerts@ster.kuleuven.be)
Numerical w/ T. Rogers in Newcastle (tamirogers@mac.com)
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