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Rotation, differential rotation, gyrochronology

@ Rotation: P, = 4.5d
o Differential Rotation: Three-spot model, beat shape

@ Gyrochronology: (T, Prot) — age

CoRoT-2a: white light

3 ——"

4240 4260 4280 4300 4320 4340 4360
Time (JD — 2450000)

Figure 1: Three-spot model applied to CoRoT-2 (Frohlich et al. 2009)
— Beat-shaped light curve reveals DR!



Lomb-Scargle periodogram
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Figure 2: Fourier based methods: Power spectrum reveals periods with
different power



Multiple sine fit

Rel. flux [%]

a1 Q3 Q4
05} 1.0} 1
o 03| ' 1
:i 03|
o2 00} 00| ol
-04 03 ) -1
—os| -10)
Zosl 10 -2

160 180 200 220 240 260

151
260 280 300 320 340 360

a7

05|
1.0}

)
865

1

Q6
19|
03
00
05|
10l

1
19|
03
00

05|

-10]
-1

19|
03
00
05|

-10]
-1,

440 460 480 500 520 540

520 540 560 580 600 620 640

620 640 660 680 700 720

an

720 740 760 780 800 820

Q12
1.5]

10
03
09

-03

gs

1.0}
151

15

Q10
19|
03
00
05|
10}

)

1.5]
19|
03
00

05|

10}

19|
03
00
05|
10}

800 820 840 860 880 900 920

900 920 940 960 980 10001020

15|
10|
[
00|
05|
=19

Q14
19|
03
00
05|

a0 1200 1220 1240 1260 1280

10l
126012801300 132013401360 1380

-1
1000 1020 1040 1060 1080 1100

BUD - 2454833 [d]

Figure 3: Fit light curves with multiple sine waves
— Reveal different (rotation) periods (Reinhold & Reiners 2013)
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Kepler rotation periods: old measurements

No. stars: 24,124
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Figure 4: 24,124 rotation periods using Q3 data only.



Kepler rotation periods: revised measurements
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Figure 5: 20,092 revised rotation periods using all available data!



Kepler rotation periods: revised measurements

No. stars: 20,902
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Figure 5: 20,092 revised rotation periods using all available data!



34,030 rotation periods (McQuillan et al. 2014)
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Figure 6: 34,030 rotation periods derived by Auto Correlation Function
(ACF). Biggest rotation period sample so far!



AutoACF vs. Lomb-Scargle
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Figure 7: Comparing ~ 18,000 revised rotation periods (Reinhold &
Gizon 2015, submitted) to McQuillan (2014) periods: good agreement!




Bulk rotation period measurements (so far...)

McQuillan et al. (2013a): 1570 (M dwarfs)

o Nielsen et al. (2013): 12.151 stars

McQuillan et al. (2013b): 737 (KOls)

e Walkowicz & Basri (2013): 950 (KOls)

Reinhold et al. (2013): 24.124 stars

McQuillan et al. (2014): 34.030 stars!!!



Differential
Rotation



Previous observations |: Hall 1991
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Figure 8: Relative shear k' increases with rotation period P,q



Previous observations IlI: Donahue, Saar, & Baliunas 1996
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fit of these data yields AP oc {P)»!-3*%-! (correlation coefficient r = 0.90).

Figure 9: Period spread AP increases with rotation period Pyt



Previous observations Ill: Barnes et al. 2005
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Figure 10: A shows weak dependence on Q2



Previous observations IV: Barnes et al. 2005
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Figure 11: A shows strong dependence on Tg



Mean field models: Kiiker & Ruidiger 2011
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Figure 12: Two distinct
temperature ranges:
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Figure 13: Weak dependence on
rotation period! Models for solar
masses from 1.1 — 0.3 M, (top
to bottom)



Kepler observations I: P, vs. «
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Figure 14: « strongly increases with rotation period



Kepler observations Il: P, vs. AQ
No. stars: 12349
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Figure 15: AQ weakly depends on rotation period. For fast rotators with
Pot < 2 days, AQ shows large scatter!



Kepler observations Ill: T.g vs. AQ
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Figure 16: Distinct behavior above and below 6000 K: for T.g < 6000 K
AQ weakly depends on temperature; for Tog > 6000 K AQ shows large
scatter!



Other photometric observations I: P, vs. A2
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Figure 17: Large scatter, no distinct trend! Different behavior for
Prot < 1 day?



Other photometric observations |l:

AQ [rad/d]

Figure 18: Large scatter; weaker dependence on temperature as predicted
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DR from Hare & Hounds exercise (Aigrain et al. 2015)
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Figure 19: Bad recovery of DR! < Explanation: Short spot lifetimes &
(much) smaller variability than in Kepler sample!






Kepler gyrochronology ages

No. stars: ~19,000
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Figure 20: Kepler age distribution using different gyrochronology relations



Gyrochronology vs. asteroseismology ages
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Figure 21: Gyrochronology vs.
asteroseismology ages for sun-like Kepler
stars (Nielsen et al. 2015, in prep.)

Rotation period P and
turnover time 7 from
asteroseismology

Gyro-relation from
Barnes (2010)

Astero- and gyro-ages
do not agree!

@ Yet unclear which

method is more
accurate; both lack
good calibration!



Rotation-activity relation |: Reiners et al. (2014)
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Rotation-activity relation Il: Variability range
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Figure 22: Light curve variability range as activity proxy. Saturated vs.
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unsaturated regime?



Summary
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@ Rotation

» Rotation Periods are well determined!
» Good agreement with previous observations!
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o Ages
» Gyrochronology vs. asteroseismology ages: Still unclear which
method yields most accurate ages!
» Activity-age-rotation relations work in progress... to be
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Thank you!
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