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Observational Asteroseismology:
Observables

Oscillation frequencies and frequency
differences/ratios/splittings

Oscillation mode identification (degree, order
and mode type; g/p/f, mixed)

Oscillation mode properties (amplitude,
amplitude ratios, phase, phase differences, life
time, ...)

Changes (short term and long term) in mode
parameters (frequencies, amplitudes, ...)



Requirements for Observational Asteroseismology:
High-precision time series photometry with high duty cycle

KIC11026764 KIC3656476

—— 8 [ T T T T T T ] — 8 [ T T T T T

= =

= 0f = OF

¥ Q.J [

T 4r < 4

-, [ -’

= =

2 2 s ]

‘gj O | ool sl nkadkil o il il s =T, O 4 ; kil Al

05 10 15 2025 30 35 4.0 05 10 15 2025 3.0 35 4.0

Frequency (mHz) Frequency (mHz)

data(t) = noise(t) + Zn:ai -sin(2z- f,-t—¢)



Following Montgomery and D. O’'Donoghue, 1999
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Following Montgomery and D. O’'Donoghue, 1999
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For damped and re-excited oscillations
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Reaching same accuracy for damped and re-excited oscillations:
OBT.T (intensity) / OBS-T (velocity) = 12-15

... for coherent oscillations:
OBT.T (intensity) / OBS-T (velocity) = 2-3



Coherent modes
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Data

Variable noise level in the data series
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PG 1325+101

sdB
Silvotti et al., 2006 and Charpinet et al., 2006
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sdB: PG 1325+101
Silvotti et al., 2006 and Charpinet et al., 2006
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sdB: PG 1325+101
Silvotti et al., 2006 and Charpinet et al., 2006
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Statistical weight
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Optimized data weights

* Weight ~ SNR?
» Signal
 Noise



Solar-Stellar Dynamos as Revealed by Helio- and Asteroseismology
ASP Conference Series, Vol. 000, 2009

M. Dikpati et al.

Optimizing Weights for the Detection of Stellar
Oscillations: Application to o Centauri A and B, and

Hydri
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TABLE 1

ParTicieaTiNG TELESCOPES

Identifier Telescope/Spectrograph Observatory Technique Reference
HARPS ... 3.6 m/HARPS ESO, La Silla, Chile' ThAr 1
CORALIE e 1.2 m Euler Telescope/CORALIE ESO, La Silla, Chile ThAr 2
McDonald ... 2.7 m Harlan J. Smith Tel./coudé échelle McDonald Obs., Texas USA lodine 3
LACK ceiei e 0.6 m CAT/Hamilton échelle Lick Obs., California USA lodine 4
UCLES ...t 3.9 m AAT/UCLES Siding Spring Obs., Australia lodine 4
Okayama ......ccccovvvevinnenns 1.88 m/HIDES Okayama Obs., Japan lodine 5
Tautenburg.. 2 m/coudé échelle Karl Schwarzschild Obs., Germany lodine 6
SOPHIE........ooieee 1.93 m/SOPHIE Obs. de Haute-Provence, France ThAr 7
EMILIE ....ovveiveeieeenn 1.52 m/EMILIE+AAA Obs. de Haute-Provence, France White light with iodine 8
SARG oo 3.58 m TNG/SARG ORM, La Palma, Spain lodine 9
FIES (e 2.5 m NOT/FIES ORM, La Palma, Spain ThAr 10

' Based on observations collected at the European Southern Observatory, La Silla, Chile { ESO Program 078.D-0492 [A]).
RererENCES.—( 1) Rupprecht et al. 2004; (2) Bouchy & Carrier 2002; (3) Endl et al. 2005; (4) Butler et al. 1996; (5) Kambe et al. 2008; (6) Hatzes et al. 2003;
(7) Mosser et al. 2008b; (8) Bouchy et al. 2002, and J. Schmitt 2008, private communication; (9) Claudi et al. 2005; (10) Frandsen & Lindberg 2000.
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Figure 1. Weights for time series of velocity observations of Procyon, optimized to minimize: (a) the noise level and (b) the height of the sidelobes.
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Figure 3. Spectral window for the Procyon observations using (a) noise-
optimized weights and (b) sidelobe-optimized weights.
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The Surface Offset
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The Surface Offset
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FiG. 2.—Difference between observed and calculated frequencies for radial
modes in § Hyi. The models shown are model H (squares), model H™ (ri-
angles), model H™ (diamonds), and FM2003 (asterisks). The dotted curves
show the corrections calculated from eq. (4).



The Surface Offset
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MODEL S GOLF radial order, n
1. Frequency (f) 3038.95 3034.15 17-25 (21)
2. Large separation 135.855 134.810 17-25 (21)
3. f(n=17) 2497.35 2496.04 17

4. f(n=13) 1957.46 1957.45 13
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Requirements:
High-precision time series photometry with high duty cycle

KIC11026764 KIC3656476
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Space:

« High Photometric Precision due to no atmospheric effects
(scintillation)

« Long uninterrupted time series (high duty cycle, extended
observation)

« Large number of targets observed (large FOV, high density
of stars)



One FOV for whole mission

Kepler Orbit
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MOST (CSA): 15 cm e e

CoRoT (CNES): 27 cm

Kepler (NASA): 95 cm

primary mirror
Fabry

periscope %
mirror

secondary mitrror field flattener

Schmidt Corrector
with 0.95 m dia
aperture stop

Thermal Radiator

Primary Mirror
1.4 mdia, ULE

Sunshade
55° solar avc

Focal Plane

Electronics:

clock drivers and

analog to digital converters

Focal Plane:

42 CCDs,

>100 sq deq FOV
Mounting Collet 4 Fine Guidance Sensors



. open area
metallisation

patierm 6 x 6 Fabry array



The three Space Missions

e MOST: Precursor for dedicated time series
missions. Focus is on bright stars.

« CoRoT: More than 100,000 targets for
exoplanet studies ( T(obs) < 180d ). Few
hundred stars observed for asteroseismology.

» Kepler: Very extended time series data
(years). Relatively low crowding effects. High
dynamical range (V: 7-16)



The data ...
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Kepler

Amplitude (ppm)

Amplitude (ppm)

Can the data meet the challenges?
.... a series of examples ...
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CoRoT sounds the stars: p-mode parameters of Sun-like
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Michel et al. 2008

CoRoT Measures Solar-Like
Oscillations and Granulation in Stars
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De Ridder et al. 2009

Non-radial oscillation modes with long lifetimes in
giant stars
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Gravity modes as a way to distinguish between
hydrogen- and helium-burning red giant stars
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Detection of 754 pulsation frequencies in the 6 Scuti star FG Vir
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Mode Identification?
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Fig. 4. Distribution of the frequencies of the detected modes. The diagram suggests that the excited pulsation modes
are not equally distributed in frequency.
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Mode ldentification?
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Space data: Kepler Gilliland et al. 2010
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Noise |levels

* Magnitude 13: 260 p
50 p
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om / min
om / 30-min

om / day
ppm / Q (90-d)

Amplitude Spectrum Noise (90-d):
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Noise |levels

* Magnitude 7: 15 ppm / min
2.8 ppm / 30-min
0.40 ppm / day
0.04 ppm / Q (90-d)

Amplitude Spectrum Noise (90-d):
0.08 ppm



Following Montgomery and D. O’'Donoghue, 1999

O'( f) ~0.44. <ANoise(V)>
a-T

a =0.001, COHERET (magnitude: 10) Kepler

Amplitude Spectrum Noise (30-d): 0.55 ppm
Amplitude Spectrum Noise (90-d): 0.32 ppm
Amplitude Spectrum Noise (365-d): 0.158 ppm
Amplitude Spectrum Noise (1460-d): 0.079 ppm

Frequency accuracy: 30 d: o(f)=9.3: 107 UHz
90 d: o(f)~1.8-10" uHz
3650 o(f)~2.2-10"° uHz
1460d: o (f)~2.8-10"" uHz
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Following Montgomery and D. O’'Donoghue, 1999

O'( f) ~0.44. <ANoise(V)>
a-T

a =0.001, COHERET (magnitude: 10) Kepler

Amplitude Spectrum Noise (30-d): 0.55 ppm
Amplitude Spectrum Noise (90-d): 0.32 ppm
Amplitude Spectrum Noise (365-d): 0.158 ppm
Amplitude Spectrum Noise (1460-d): 0.079 ppm

Frequency accuracy: 30 d: o(f)=9.3: 107 UHz
90 d: o(f)~1.8-10" uHz
365d:  o(f)=2.2-107° uHz

1dP 9,
Eﬁj 10°Yr™  sasod o(f)~2.8-107 Hz



450 d, mag: 7.18
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540 d, mag: 8.74
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Observables

Oscillation frequencies and frequency
differences/ratios/splittings

Oscillation mode identification (degree, order
and mode type; g/p/f, mixed)

Oscillation mode properties (amplitude,
amplitude ratios, phase, phase differences, life
time, ...)

Changes (short term and long term) in mode
parameters (frequencies, amplitudes, ...)
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Observables

and | opum\zmg the

Oscill....oin mode properties (amplitude,
amplitude ratios, phase, phase differences, life
time, ...)

Changes (short (1 dP
O
parameters (fr D dt

L mode

j<10 yr )
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Can the data meet the challenges?

... YES!
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