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Asteroseismology:
* the study of “starquakes”

* probing stellar interiors using their
oscillations

Topics

What are stellar oscillations?
Why do stars oscillate?

How do we observe these oscillations?
How do we analyse the data?

What are we learning?
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Betelgeuse

* Antares

* Many classes of pulsating

stars

« we only discuss solar-like

oscillations

* “pulsation” vs. “oscillation”?
(no difference)
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Osclillations In the Sun:

Convection excites the oscillations by
shaking the star, creating standing waves




Oscilllations in the Sun (Doppler shift)
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p-mode oscillations are standing sound waves

---------- nodal line
— motion of gas
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n IS called the radial order of the overtone




oscillation frequency of each mode depends on mode
pattern (e.g., n) and on internal sound speed
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Fourier power spectrum of solar velocities:

n increases —

The Sun

Frequency (mHz)
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A revolution In
asteroseismology
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CoRoOT (27 cm telescope)

Launched: 27 December 2006
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Kepler

95cm Schmidt telescope;. Observations commenced: 1 May 2009
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Kepler

Huber et al. (2011)
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Scaling relations:

M\ /2 M
AV <@) Vmax X Vae OX N

Solve to get mass and radius:

i Yo 3/ Ay \ 4 T 3/2
A[@ N Vmax,@ AV@ Téﬁ?@
R Vmax Av - Te 12
R@ N Vmax,® AV@ Té{f?_@ I

(and luminosity)

Detailed modelling of individual frequencies gives
much more, including ages



Kepler

Huber et al. (2011)
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Ensemble Asteroseismology of
Solar-Type Stars with the

NASA Kepler Mission « survey of 2000 stars for 1 month each
Chaplin,™* H. Kjeldsen,? J. Christensen-Dalsgaard,? 5. Basu,® A. Miglio,* T. Appourchaux,”  ® dletections in 500 stars

W. ).
TR, Bedding," Y. Elsworth,* R. A. Gardia,” R. L. Gilliland,® L. Girardi,’ G. Houdek,* C. Karoff,?
S. D. Kawaler,'* T. S. Metcalfe,'? ). Molenda-Zakowicz,** M. ]. P. F. G. Monteiro,**

Chaplin et al. (2011, Science)

Fig. 3. Black lines show 0.3 : | | |
histograms of the observed : : | |
distribution of masses (top)
and radii (bottom) of the
Kepler ensemble (27). In
red, the predicted distri-
butions from population
synthesis modeling, after

Fraction
=]
o

o
—

correction for the effects
of detection bias (27). The

population modeling was : , : : , | | | | | |
performed by using the : : : : : : :
TRILEGAL code (34, 35).
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What else can we do?

A closer look at the frequency
spectra...
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f =0 (radial modes)
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D modes

p mode with =0
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Power

Fourier power spectrum of solar velocities:

n increases —

The Sun

Frequency (mHz)
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http://owww.phys.au.dk/~hans/tidsserie/Lecture_04.pdf

Modes In Sun have
lifetimes of t=2 to 4 days.

Lorenztian envelope:
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Power (ppm?/uHz)

AR RN

TTTTTT T
3035 3040



The Fabulous Echelle
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The Sun: échelle diagram
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2140
2147
2198
2252
2257
2308
2362
2367
2419
2478
2530
2583
2587
2640

Exercise 1. make an echelle diagram
with these 14 frequencies

* plot (frequency) versus (frequency mod Av)
« find the best Av (hint start with about 120uHz)

» what happens if you change Av slightly?



So that is what we are looking for in other stars.

Now for an overview of observational results (some highlights)
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Observations of solar-like
scillations: some hi
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Lots of effort in the 1980s, but ...

Asteroseismology of solar-like stars has so far produced disap-
pointing results.
(written in 1993)

Kjeldsen & Bedding (1995)



1993: Stars with claimed detections

¢ Eridani (K2 V; Noyes et al. 1984)

Procyon (F5 IV; Gelly et al. 1986; Brown et al. 1991;
Bedford et al. 1993)

o Cen A (G2 V; Gelly et al. 1986, Pottasch et al. 1992)
Arcturus (K2 Ill; Belmonte et al. 1990)
HD 155543 (F2 V; Belmonte et al. 1990b)

1993: Stars with confirmed detections
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Method 1: changes In velocity
using the Doppler effect




Method 2: changes in luminosity
(photometry)

R Cyegni, 1901-2001
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THE ASTRONOMICAL JOURNAL VOLUME 106, NUMBER 6 DECEMBER 1993

A SEARCH FOR SOLAR-LIKE OSCILLATIONS IN THE STARS OF M67 WITH CCD
ENSEMBLE PHOTOMETRY ON A NETWORK OF 4 m TELESCOPES

Gilliland et al. (1993)
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1994: n Boo GO IV (subgiant)
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Method 3: variations in equivalent
widths of temperature-sensitive lines

Hans Kjeldsen

Nordic Optical Telescope,
La Palma
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Back to Method 1: what is this?
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2000: B Hyl1 G2 IV (subgiant, future
Sun)
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1 = =
L \\/I >~ P
o>
e = V
* oS f T
- ch giants
2.0 3 ~
IT *
10 \
- / I )N e
B l Pcyon dSub_
i _ ng
- Instability /5 v giants
S i strip / v
3 i \
w3

z21pha Cen B .
¥*

12000 10000 8000 7000 6000 5000 4000
Surface temperature (K)










aC

| 0.2 ;
- RV “ee I 0.15 |-
-5 AT SR T e s
. ) -- ST ekt - -
St RED ~%a. : =0
w/ols : :u-i- st ot =3 Dt
5 R VRS G i
°éﬁ% 5.3: . J@?z _ﬁﬁgi
X o :Ekdﬁ o A3 ¥ T neatia ] -
o Fes, Xy vl - o 2 .
b 3 g n3.3 =7 Y0 0.1
".: M L T
s ! K2 ST "--::q. g-,: r
L ? ¥ . 23 .
B S A S L. -
- . . - S e
3 ! . . :
10.05
| | | .
2 3 4 5
JD - 2452029 B
o |\‘ 1l
0

The Dome of the Leonhard Buler Telescope an La $ifa

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

en A

0.5

Bouchy & Carrier (2001,2002)
CORALIE

1.5 2

Frequency [mHz]
3 | | |
B A
28 A D -
-~ O
Yesl . N
= [
E A O .
B 24 A O
=] . |
g A O
2.2 - [} |
g A O
o - [ |
- A
2 - -
= ‘ .
18 L A O ]
1 I 1 | 1 | I
30 40 50 &0 70 80 g0

Frequency modulo 105.5 uHz [uHz]

100




\

© Anglo-Australian Observatory

0.15

10

) 0 UVES (detrended) ‘ ﬁm
-1
§ 2OF
= 10F -, o
¥ Wi
“1OE UCLES (detrended)
720_
4.0 5.0 6.0 7.0
JD — 2452030
B o« Cen A (UVES + UCLES) T AR _
- Butler et al. (2003) TVNRVAIRIAVSINTE N
B . —40—20 0 20 40 _
- Bedding et al. (2004) Frequency («Hz) 7
.|I.]|.|.|IJ1|JJ..]|1I WL | U TR AT PP ey T N W Wk .I.J'.Jln.dll.n ]‘“ﬂlul il].ll‘.“Illl..JnL....lu...'.u P Lol i . b n ponait altunt! " ]
O 1000 2000 3000 4000 5001

Frequency {uH=z)

Frequency (uHz)

3000
2800
2600
2400
2200
2000

18060
1600

8.0

—
o
R

]

40 60
Frequency module 106.2 pHz

—
o



2007 Back to the future:  Hyi G2 IV
(subgiant, future Sun)
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SOLAR-LIKE OSCILLATIONS IN THE G2 SUBGIANT 5 HYDRI FROM DUAL-SITE OBSERVATIONS
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2008: The Procyon campaign

A MULTISITE CAMPAIGN TO MEASURE SOLAR-LIKE OSCILLATIONS IN PROCYON. L
OBSERVATIONS, DATA REDUCTION, AND SLOW VARIATIONS
4
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Procyon
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Velocity
observations of
Procyon (F5 IV)

Av = 55uHz but no agreement on
individual frequencies



Relative velocity (m/s)

2008: Velocities of Procyon with a network of

11 telescopes at 8 observatories over 25 days
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Velocity
observations of
Procyon (F5 V)
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The next step from the ground: a network
dedicated to asteroseismology

A
. OBservaTiONs NETWORY

First node in Tenerife




Solar-like oscillations from
space

WIRE (NASA): 5cm

MOST (Canada): 15cm
COROT (France/ESA): 27cm
Kepler (NASA): 95cm



Wide Field Infrared Explorer (WIRE)

* launched on 5 March 1999
e primary mission failed
e asteroseismology using the

5cm star camera (Derek
Buzasi)
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WIRE photometry of
red giants

Arcturus (Retter et al. 2003)
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Launched June 30,
2003 (15 cm)



Amplitude (ppm)

14

12

0.10

0.05

0.00

£4 02 00 02 0.4

0.0

0.5

1.0

1.5
Frequency (mHz)

2.0

2.5

3.0

more data on Procyon
with MOST: Guenther
et al. (2008)

see also Huber et al.
(2011)



CoRoT (27 cm)

Launched: 27 December 2006



HD 49933 _ F stars with CoRoT

(Michel et al. 2008)
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HD 49933

Appourchaux et al. (2008),

Benomar et al. (2009), etc. HD 181906

HD 181420 rla e al. 2009)

Barban etal. (2009) *§
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M Red giants with CoRoT
mi‘ M (De Ridder et al. 2009)
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Kepler (95 cm)

NASA's _

first mission

.capable.of -
finding ~

Earth-size

and smaller -

planet'sg L3Py Optical Axis

Focal Plane
Radiator ~

Sunshade

Schmidt Corrector
0.95 mdia.
Graphite-cyanate
Metering Structure

S

.
Local Detector Electronics

Focal Plane Array
42 CCDs,
>100 sq.deg.FOV

Primary Mirror, 1.4 m dia.

Launched 6 March 2009


http://kepler.nasa.gov/media/images/photometer_cross_sec.gif
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Launched 6 March 2009
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Three G-type stars after one month with Kepler
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Power [ppm®/uHz)

Three G stars with Kepler
(Chaplin et al. 2010)
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Power (ppm®x1077)

Red giants with Kepler (first 30 days)
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2140
2147
2198
2252
2257
2308
2362
2367
2419
2478
2530
2583
2587
2640

Exercise 1. make an echelle diagram
with these 14 frequencies

* plot (frequency) versus (frequency mod Av)
« find the best Av (hint start with about 120uHz)

» what happens if you change Av slightly?



