What can we learn from
asteroseismology of solar-like stars?
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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?
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Three G stars with Kepler (Chaplin et al.
2010)
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*what happens if you change Av slightly?
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1. The C-D diagram
(small vs. large separations)

A HERTZSPRUNG-RUSSELL DIAGRAM FOR STELLAR OSCILLATIONS
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2. Mode bumping, avoided crossings
and mixed modes In subgiant stars
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n Boo: GO subgiant
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Mode bumping in the subgiant n Boo

confirmation: Kjeldsen et al.
(2003) and Carrier et al. (2005)
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* we see departure from regular frequency
spacings in | =1 modes

 what causes this?



Nonradial Oscillations of a 10 Solar Mass Star
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dimensionless eigenvalues of nonradial modes (I =2)



Astron. Astrophys. 58, 41—46 (1977)
Avoided Crossing of Modes of Non-radial Stellar Oscillations

M. Aizenman*, P, Smeyers*** and A. Weigert*****

I. Introduction

The phenomenon of mode “bumping” can be observed
when following the non-radial oscillations of gradually
changing stellar configurations: The frequency of a
certain mode approaches that of another one which is
“pbumped” to a quite different frequency, while the
“bumping” mode settles at roughly the original frequency
of the bumped mode.
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Mode bumping in the subgiant n Boo
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p and g modes

p mode with =0
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p and g modes
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rpl%sr

p and g modes

p mode with =0
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another example: § 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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models of 3 Hyi

3.80 3.78

eflfl

Fernandes & Monteiro (2003)

Frequency (uHz)

""""" T e im0 == L
- 0o O8]
1400 F =l C
00 O LA
0 e Ox A
1200 e A
. ® "
: ©- or .
1000 F sa @ - ¢ &
me a9 :
. ® o A
800 r N m @ < N
I W, ® <@ i
! O @ 7 QA
600 L Littiiinn Ty (Thitiiiin L&Piiiin L L
0 10 20 30 40 50 60 70O

Frequency modulo 57.5 (uHz)

Brandao et al. (2011)




Power [ppm*®/uHz]

10t

10

L 2000

2200

e R

LUl&

2400

T
LA.I.
2600 2800 —

Foculoe

/ |

p modes

— 1600

[ 40
| 30
| 20
10
0

1800 2000

2200 =

500 1000

5000

Frequency [uHz]

Frequency [uHz]

3000
2800
2600
2400
2200
2000
1800

1100

1000

900

800

700

T

T T T

L Av = 110.2 + 0.2 uHz
= < P
A
™ L
= A
L o A
+ &
B e A
| +o ‘A
- < &
L Av = 94,1 £ 0.6 uHz
A
I~ + 0
A
I~ + 0
A
o * O
A
- +* O
A
L +0
A
I. ° 1 1 1 1
Av = 50.8 + 0.3 uHz
i ®
A
<
= A
+ O &
<
Nl - A  Avoided
+
i A Crossing
- A
+ © z
°
1 1 1 1 A 1
0.0 0.2 04 06 0.8 1.0

Gilliland et al. (2010)

Frequency modulo Av [Av]

Saxo

Java

Gemma



*

wHz )

s

4
b

quency

—

-~

Fre

KIC 11026764 = “Gemma” (Metcalfe et al. 2010)

I‘—|‘IIl-FII'l-'TrIIII!-'IIFl|IIIIIIIII TTHFTTTTTTTTTTTFTTTTT

e 1200
1200 £

1000 p--

H
=
=
=

I
e 8
L=
E
1

Frequency (uHz)

800 | - i) 2 -

'y [ P
.8 5.9 6.0

NI

600 - —

n
~
on

\ / I .
A4 o0 A

-IIIIIIIII|IIIIIIIIII‘--1'|IIIIIIII|IIIIIMIIIlIIIIIIIIIr

0 10 20 30 40 50
Frequency modulo 50.5 (uHz)




An avoided
crossing on the
main street of
Vilnius




3. Mode bumping, avoided crossings
and mixed modes In red giant stars
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Power (ppm®)

Kepler red giant (1 month)
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same red giant (10 months)
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same red giant (19 months)
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Mixed modes arise from coupling between
p and g modes with the same |

Stellar
envelope

D-mode cavity
In envelope

9,
&
tea

77
N

g-mode cavity Iin
core

Metcalfe (2011)


http://upload.wikimedia.org/wikipedia/commons/0/05/Wave_clouds.jpg

g modes In the centre
of Europe




Frequency {microHz)

1100

1040

900

B0

(1

600

Mixed modes In subgiants
and red giants

150 FF——T T T 1T 1= I

Age (Gyr) :: 3 ___:'_':__:_::-_:_——_—_E

2.34 2.36 2.38 2.40 2.42 = S e

EE I =T = 3 == f :________T_t,_:_—— —— _
- : o1 s
R e
u = I — < S
- . = 130 I
3 I D ] ——
= . @ -y =
: E S L =~
u o I - I ——

e @ T e ——

: e —
e T R e R —
: —== : r——=- — — —

i)
i)
=
=
]
—_
=
]
[
=
)
—
[}
)
]
[
!||
)
||
|
|||
|
|
|
|
f
|




17(

KIC5006817
160

150

130

120

11

(s/w) spnyjdwy

Dupret et al. (2009)

140
Frequency (uHz)

see also Christensen-Dalsgaard (2__



Kepler

Huber et al. (2011)
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LETTER (2011)

Gravity modes as a way to distinguish between
hydrogen- and helium-burning red giant stars
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Bedding et al. (2011); see also Beck et al. (2011), Mosser et al. (2011, 2012)



Rotation

KIC 314159265




rotational splitting of £= 1 (dipole) modes

Can measure internal rotation
(and inclination of rotation axis)
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Beck et al. (2012)
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Fast core rotation in red-giant stars as revealed by
gravity-dominated mixed modes
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What we can learn:

 Using scaling relations to get M, R and L

* Model individual stars, get ages and test models (C-D diagram)
» Use mixed modes to identify helium-burning red giants

« Use splittings to measure internal rotation & inclination

e

.....
-
.«m
>
-
-y
&z

i

N piwiwanie



Further reading

“Asteroseismology” book by Aerts et al.

“Solar-like Oscillations: An Observational
Perspective”, (Bedding, in press), Canary Islands
Winter School of Astrophysics (arXiv:1107.1723)



