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1. Introduction: Solar activity



Motivation

e Compare solar and stellar activity/variability to put the Sun
into context of other solar-like stars

@ "Solar-like" means stars that have similar fundamental
parameters (effective temperature, rotation period, metallicity,
etc.) as the Sun

@ Understand the causes of the different activity levels. In other
words: How (un)usual is solar compared to stellar variability?



Solar rotational variability

Start movie



The Solar Cycle: 140 years of solar activity

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

goN _ SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA) u>0.0% B> 0.1% 0> 1.0%
30N
EQ
308
" .
Mo 1880 190 D0 D0 D20 1930 D S0 1560 70 18 1990 2000 2010 2020
0.5 _AVERAGE DAILY SUNSPOT AREA (% OF VISIBLE HEMISPIIERE)
04
0.3 ‘\
0.2 | |H
L & B L @ & 4

0.1

WYY N
04 13 1 18 19 ' 21 22 i
7o 1380 1890 1900 1910 1920 1930 1940 1950 1970 1980 1990 2000 2010 2020

htps//solarscience.msfe.nasa. gov/

HATHAWAY NASA/ARC 2015/08



The Solar Cycle: 400 years of Sunspots

400 Years of Sunspot Observations
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The Solar Cycle: 9000 years of solar activity
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2. Solar vs. stellar activity: Is the Sun an (un)usual solar-like star?



The Kepler telescope

@ The Kepler telescope
observed ~ 200, 000 stars
for 4 years with high
precision

@ Rotation periods could be
measured from the light
curves for thousands of
stars (Reinhold et al. 2013;
Walkowicz & Basri 2013;
McQuillan et al. 2014), etc.




Kepler light curves

Rotation periods

Periodic o010 Wrong Peak Probable Periodic Likely Pulsation Not Periodic
0.02 0.003 0.004
X 0.002
£ oo 0008 0.002
H 0,001
S o000 0.000 0,000 0.000
]
E-on -o001 -0.002
s -0.005 -0.002
~0.02 . 5508 —~0.008
600 650 700 750 800 850 900 350 400 450 500 55 300 350 400 450 500 550 600 /801000 1020 1040 1060 1080 300 350 400 450 500 550 600
Time (days) Time (days) Time (days) Time (days) Time (days)
1 1 1 1
55 KIC 2157356 KIC 8382212 KIC 1722623 KIC2010137 | KIC 3346467
b P:136d 98 P:61.2d o8 P:62.8d 98 P16d | o
04 06 06 06 [
w 02 04 04 04 |
04
3 00 0.2 0.2 02 4}
’gj 00 00 00 w 02
o4 o2 3 02 e |WESPAPNP VNN
08 50 100 150 200 -4 50 100 150 200 250 300 84, 100 200 300 400 500 04, 10 15 20 25 <02 50 100 150 200 250 300
Lag (days) Lag (days) Lag (day: Lag (days) Lag (days)



The solar-like sample

e McQuillan et al. (2014): 34,030 stars with detected rotation
periods, and 99,000 stars without detected rotation periods;
call them "periodic" and "non-periodic" sample in the
following

@ Select solar-like stars from both samples:

» 5500K < Ter < 6000K and log g > 4.2 (Mathur et al. 2017)

» 20d < Pyot < 30d (for periodic sample)

» Use Gaia DR2 data to select only main sequence stars:
construct Hertzsprung-Russell diagram (HRD) and select stars
between isochrones of [4 Gyr, M/H=-0.8] and [5 Gyr,
M/H=0.3]

» Discard stars fainter than 15th magnitude



The periodic sample
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The non-periodic sample

T T T T T T T T T T
L B _
- X i
o f— —
— L 25 i
o R
(o] L -
£
~ 5 All Kepler stars —
Eo - McQ14 non-—periodic somple -
@ Non-—periodic solor—like stars 4
F % Sun -
L Age = 4Gyr, [Fe/H] = -0.8 4
10 =-=-=---- Age = 5Cyr, [Fe/H] = +0.3 -
. 1 A . 1
10000 8000 6000 4000



Measure the light curve variability using Rya;

Rel. flux (%)
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Measure the light curve variability using Ry.,
KIC10449768
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Measure the light curve variability using Rya;

Rel. flux (%)
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Ryar dependence on fundamental parameters

Periodic sample
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Ryar dependence on fundamental parameters

RVO( (%)

RVO' (%)

0.5

0.5
0.4

0.3
0.2

0.1
0.0

Non-—periodic sample

Te"(K)
= . E
TP R I S I EE LR =
THHITHTHIEHI 1| ll‘i,l; 3
RSt ST ;
-0.6 -0.4 -0.2 0.0




The variability distribution
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3. Possible explanations



Kepler data reduction?
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—> Similar variability distribution
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Accuracy of fundamental parameters?
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Accuracy of fundamental parameters?
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—> Different temperature offsets but no difference between
periodic and non-periodic sample!



Other explanations

Ryar correction on fundamental parameters? Small effect

Active background star? —> Excluded by Gaia

@ Inclination effect? —> Smaller variability for i < 90°

Kepler passband? Effect small (Nemec et al. 2020)



How

would the Sun look as a Kepler star?
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The "Keplerized" Sun

0.20 T T

L 10 11 12 13 14 15
Kp (mag)
0.15

0.05

0.00L . M . L

0 500 1000

1500
Spot area (ppm)

2000

2500



The "Keplerized" Sun
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—> Correlation between photometric variability and magnetic
activity!



Is the Sun a (non-)periodic star?
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Is the Sun a (non-)periodic star?

0.8F E!
0.6 -
. 04 =
e F =
0.2 =
2 oo 1
s " I
£ Y
5 -o2ff E
2 E E
—-0.4F 3
-0.6 -
-0.8E 3
0 200 400 600 800 1000 1200
Time (days)
0.03 1.0
0.8
§ 0.02 0.6
o
g w
E. 2 0.4
2 0.01 0.2
0.0
0.00 -0.2 1
0 10 20 30 40 50 0 10 20 30 40 50
Period (days) Time lag (days)

—> The Sun would most probably belong to the non-periodic
sample!
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4. Conclusions



Conclusions

Summary:
» Magnetic activity of a star is determined by rotation period
and effective temperature —> However, the majority of (true)

solar-like stars are more active than the Sun!

» Solar variability common among non-periodic stars

Conclusions:

1. Solar-like stars are different from the Sun in some (unknown)
quantity

or

2. The variability distribution shows the full range of variabilities
of solar-like stars —> also the Sun could potentially become
that active at some point in time
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