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Motivation

e For the Sun: Frequency shifts
correlated with activity

e Better understand stellar
dynamos and stellar activity,
also important for study of
planetary habitability
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Methodology

Results

e For the Sun: Frequency shifts
correlated with activity

e Better understand stellar
dynamos and stellar activity,
also important for study of
planetary habitability

e HDA49933: First asteroseismic
detection of stellar cycle
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For the Sun: Frequency shifts
correlated with activity

Better understand stellar
dynamos and stellar activity,
also important for study of
planetary habitability

HD49933: First asteroseismic
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Data

e SC data of 24 solar-like stars, corrected and concatenated time
series (Handberg and Lund, 2014)

e No strict selection criteria applied
o Length of data between 960 - 1147 days
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Data

e SC data of 24 solar-like stars, corrected and concatenated time
series (Handberg and Lund, 2014)

e No strict selection criteria applied
o Length of data between 960 - 1147 days

e Lomb-Scargle periodograms from 100(150) day long segments
e Shift of 50 days, 2(3) time overlap

¢ No oversampling
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Cross-correlation
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Cross-correlation
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e Choose frequency range,
where peaks are visible in
the periodogram
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Section of LSP of 1st and 19th segment of KIC 8006161

e Fit Lorentzian to
cross-correlation, convolution
of two Lorentzians gives a
Lorentzian

e Error estimation by
resampling approach

Cross—correlation
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Cross-correlation of full range of p modes of KIC 8006161
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Error estimation

Resampling of the time series

Draw 200 complex random series for each segment’s PSD by:

REFF ()} ~ \/ Si(we) x N(0,1)
S ()}~ Silwe) x N(0,1),

Estimate 5; of the true unknown S; obtained by smoothing the
LSP, width depending on noise properties, mode widths

Mean of 200 fits: Shift
Standard deviation of 200 fits: Error

Frequency shifts of 24 solar-like"stars observed by Kepler - René Kiefer
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Consistency check
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Black data points: Frequency shifts from Bison data
(Davies et al., 2014).

Red line: Smoothed monthly sunspot number, from:
WDC-SILSO, Royal Observatory of Belgium, Brussels.

Frequency range:
1800-3800 pHz

200 days segments, 100 days
shift, two-time overlap
Frequency shift amplitude
0.6240.06 uHz

In agreement with previous
studies (e.g. Chaplin et al.,
2007a)

observed by Kepler
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KIC 8006161 aka Doris
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Frequency shifts from the full p-mode
range 2800-4400 puHz

e Very similar to the Sun:
1.00 + 0.01 Mg
0.93+0.01Rg
4.28 +0.12 Gyr, G8V

e Rotation period:
29.79 +3.09d

e Shift amplitude:
0.84£0.19 uHz

o Not covering a full cycle:
Peye > 11474

Citations on these values see Appendix

Frequency shifts o -like"stars-observed by Kepler
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KIC 8006161 aka Doris
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e Frequency shifts for three different frequency ranges
e Shifts, errors increase with frequency
e Frequency shift larger then for the Sun, even in the low

frequency range, confirms S, measurements of Garcia et al.
(2014) .

Frequency shifts of solar-like"stars observed by Kepler - René Kiefer
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Solar analog: 1.13+0.05 Mg

e lH 1 1.108+£0.016Rg

T HH H l 1.07 £ 0.25 Gyr, GOV
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Shift amplitude: 0.895 pHz

Low inclination: /i = 23 4+ 6°
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Solar analog: 1.13+0.05 Mg

% H i 1.108 + 0.016 R,
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e Low inclination: j =23 + 6°
e Discrepancy between
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i% ool WMWOOE Sph and frequency shift

20k Activity on the out-of-sight
hemisphere?
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Citations on these values see Appendix
From: Salabert et al. (2016)
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The full sample

Shift amplitude [puHz]
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The full sample

Shift amplitude [puHz]
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From: Karoff et al. (2009)

e Two proposed scalings for frequency shifts:

e Proportional to strength of stellar activity ARy, (Chaplin
et al., 2007b, black lines)

e Proportional to ¥

5L0 25

S—m— AR/« (Metcalfe et al., 2007, red lines),

René Kiefer



Motivation

The full sample
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Summary

o We investigated the frequency shifts of 24 solar-like stars
observed by Kepler

e 22 of them show significant (A/oa >1) frequency shifts
e KIC 8006161 shows strong shifts dv = 0.84 pHz
e KIC 8006161 cycle length >1147 days

e KIC 10644253 shows signs of activity on out-of-sight
hemisphere

e No decision between different models for scaling of frequency
shifts possible: more stars, smaller errors needed

e Paper submitted to A&A

Frequency

shifts of 24 solar-like"stars observed by Kepler - René Kiefer
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Data of the time series and the periodograms

KIC Data coverage™ Length of data (d) Length of segment (d) Frequency range (uHz)
3632418 5-17.2 1147 150 700-1700
3656476 7-17.27 960 150 1500-2500
4914923 7-17.2 960 150 1350-2300
5184732 7-17.2 960 100 1400-2700
6106415 6-16° 1018 150 1550-3100
6116048 5-17.2 1147 150 1550-2600
6603624 5.17.2 1147 100 1900-3000
6933899 5.17.2 1147 150 1000-1800
7680114 7-17.2¢ 260 150 1350-2100
7976303 5-17.2 1147 150 550-1300
8006161 5-17.2 1147 100 2800-4400
8228742 5-17.2 1147 100 800-1600
8379927 5-17.2 1147 150 2100-3700
8760414 5-17.2 1147 150 1950-3000
9025370 5-17.2 1147 100 2550-3450
9955598 5-17.2 1147 150 3000-4100
10018963 5-17.2 1147 100 650-1500
10516096 7-17.2¢ 260 100 1200-1900
10644253 5-17.2 1147 150 2450-3350
10963065 5-15¢ 1027 150 1700-2700
11244118 5-17.2 1147 100 1000-1800
11295426 5-17.2 1147 150 1800-2400
12009504 5-17.2 1147 100 1400-2300
12258514 5-17.2 1147 150 1050-2100

* Data coverage indicated in Kepler quarters. Missing quarters: 2 Q10, Q14; b Q9, Q13; € Q6, Q7.2,
Q10; 7 Q10.1; © Q8, Q9, Q12



Amplitudes of frequency shifts

KIC A (0.1pHz) o (0.1pHz) Aloa KIC A (0.1pHz) op (0.1pHz) Aloa
3632418 3.77 1.75 2.16 8228742 6.24 2.41 2.59
3656476 1.33 1.37 0.97 8379927 4.14 1.69 2.45
4914923 2.04 1.34 1.53 8760414 211 1.42 1.49
5184732 3.55 1.86 1.91 9025370 5.28 4.74 1.11
6106415 2.33 1.73 1.34 9955598 2.89 3.04 0.95
6116048 3.61 1.51 2.40 10018963 4.41 2.30 1.92
6603624 1.73 1.54 1.13 10516096 4.19 2.38 1.76
6933899 1.89 1.27 1.49 10644253 8.95 6.41 1.40
7680114 4.44 2.48 1.79 10963065 1.38 1.16 1.19
7976303 2.38 1.28 1.85 11244118 3.06 1.62 1.89
8006161 8.35 1.88 4.44 11295426 2.38 1.56 1.52

low 7.39 2.85 2.59 12009504 5.04 3.54 1.42

mid 8.52 1.93 4.42 12258514 2.59 1.31 1.97

high 12.44 4.42 2.81




Tables of stellar parameters

KIC R [Rp] or [Rel M [Mgo] om [Mol Age [Gyr] oage [Gyr] Reference
3632418 184 0.01 1.28 0.0 31 0.05 @
3656476 1.32 0.03 1.09 0.01 7.71 0.22 (1)
4914923 1.37 0.05 1.1 0.01 6.18 0.18 (1)
5184732 1.36 0.01 1.25 0.01 3.98 0.11 (1)
6106415 1.24 0.01 112 0.02 4.72 0.12 (1)
6116048 1.26 0.01 1.12 0.02 5.26 0.13 (1)
6603624 115 0.01 1.01 0.01 5.81 0.26 (1)
6933899 1.58 0.01 1.1 0.01 6.28 0.15 (1)
7680114 1.45 0.03 1.19 0.01 5.92 0.2 (1)
7976303 2.03 0.05 1.17 0.02 5.81 0.03 (1)
8006161 0.93 0.01* 1.00 0.01 4.28 0.12 (1)
8228742 1.84 0.01 1.31 0.01 4.26 0.02 (1)
8379927 111 0.02 1.09 0.03 3.28 0.16 (1)
8760414 1.01 0.004 0.78 0.01 3.69 0.74 (2)
9025370  0.960 o0 0.83 o 13.1 3. (3), (4)
9955598  0.883 0.008 0.89 0.02 6.72 0.2 (2)
10018963 1.01 0.01 1.17 0.01 3.66 0.02 (1)
10516096 1.42 0.03 1.12 0.03 6.41 0.27 (1)
10644253  1.108 0.016 1.13 0.05 1.07 0.25 (2)
10963065 1.2 0.09 1.03 0.03 3.9 0.04 1)
11244118 1.55 0.01 1.01 0.01 8.93 0.04 (1)
11205426  1.243 0.019 1.079 0.051 6.69 — (3). (4
12009504 1.43 0.04 1.26 0.02 3.54 0.12 (1)
12258514 1.59 0.01 1.22 0.01 4.49 0.09 (1)

*In Mathur et al. (2012) this value is 0.00R,. References: (1) Mathur et al. (2012),(2) Metcalfe et al.
(2014), (3) Huber et al. (2014), (4) AMP



KIC Spectral type Togs [K] T g K] Reference Prot [d] TPyor 1d] Reference
3632418 F6IV 6148 111 [€)) 12.501 0.036 ®)
3656476 G5IV 5586 108 (1) 31.67 3.53 (6)
4914923 G1.5V 5808 92 (1) 20.49 2.82 (6)
5184732 Gav 5669 97 (1) 19.79 2.43 (6)
6106415 Go 6055 70 ). (3) — — =
6116048 FOIV-V 5991 124 (1) 17.26 1.96 (6)
6603624 G8IV-V 5471 128 (1) — — —
6933899 GO.51V 5837 o7 (1) — — —
7680114 Gov 5799 01 (1) 26.31 1.86 (6)
7976303 F8Vv 6119 106 (1) — — —
8006161 Gsv 5258 o7 (1) 20.79 3.00 (6)
8228742 FOIV-V 6061 108 (1) 20.23 2.16 (6)
8379927 FOIV-V 5008 108 (1) 17.25 0.026 (7)
8760414 GolvV 5850 166 (1) — — —
9025370 F8 5659 73 (), (4) — — —
9955598 Kov 5264 95 (1) 34.20 5.64 (6)
10018963 WY 6145 112 (1) — — —
10516096 FolVv-Vv 5928 95 (1) — — —
10644253 Gov 5910 03 (1) 10.01 0.87 (6)
10963065 F8V 6097 130 (1) 12.444 0.172 (5)
11244118 GBIV 5605 104 (1) 23.17 3.89 (6)
11205426 — 5796 78 (4) — — —
12009504 FOIV-V 6099 125 (1) 9.426 0.327 )
12258514 GO.51V 5952 95 (1) 15.00 1.84 (6)

References: (1) Molenda-Zakowicz et al. (2013), (2) SIMBAD entry without reference, (3) Bruntt et al.

(2012), (4) Pinsonneault et al. (2012), (5) McQuillan et al. (2013), (6) Garcia et al. (2014), (7)

McQuillan et al. (2014)
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Frequency Shifts and Mode Heights
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Frequency Shifts and Mode Heights
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