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y Sunspots were the first R e w},.vm ,‘ RSt 2
indications of solar activitg o A0k : oy

° Very Iikelg, all cool stars with
a convective envelope like
the Sun will have sPots on
their surfaces

* Current telescol:)es do not
have the spatial resolution
to detect spots similar to
sunsl:)ots




Star spots

Doppler Imaging

Light curve modulation
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Extrasolar planets

e Total of 4109 confirmed OO ....cou. SR
exoplanets discovered ] |
(04/Sep/2019); EETEZ?&EL

* 2955 (72%) planets transitin £ —
from of its host star; s |

« Satellites: < |

MOST
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Guimaraes & Valio (2018)
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> Jupiter planet: 1 % decrease in flux
» Earth planet: 0.01% decrease in flux
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Stellar Activity

Spots

e > f Rotation +
4" Differential rotation

cycle
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Model: ECLIPSE

* Star
* Limb darkening
* Planet
 Radius (fraction of R, )
* Orbit circular (e=0)
 Semimajor axis (a)
« Period (P )
* Inclination (i)

Silva (2003)





Spots

* Spot: 3 parameters:

model spot

Longitude & Latitude

* Foreshortenning effect of spots included



Light curve fitting
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Stellar Systems

CoRoT-2 | CoRoT-4 | CoRoT-6 CoRoT-18
Spectral type G7V F8V FOV K1V GV G2V G8V G7V
Mass (M., ) 0.97 1.10 1.055 0.88 0.95 1.16 0.984 0.997
Radius (R,,,) 0.902 1.17 1.025 0.77 1.0 1.05 0.901 0.887
Prot (d) 4.54 8.87 6.35 21.7 5.4 12.28 5.4 19.77
Teff (K) 5625 6190 6090 5080 5440 5781 5576 5540
Age (Gyr) 0.13-0.5 0.7-20  1.0-3.3  2.0-3.0 ? >1.78 0.2 2.5-4
Planet | | | | | | | |
Mass (M,,,) 3.31 0.72 2.96 0.22 3.47 2.45 - -
Radius (R,,)  0.172 0.107 0.117 0.090 0.142 0.138 0.0662  0.1358
Porb (d) 1.743 9.203 8.886 6.212 1.90 1.49 9.434 3.905
a(Ry,) 6.7 17.47 17.95 17.61 6.35 5.73 19.55 12.186

Latitude (°) -14.6 0 -16.4 -29.4 -22.8 -4.6 -- -5.4
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Temperature

Black body emission for spot & stellar photosphere
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Silva-Valio et al. (2010)

T =5625K
 CoRoT 2:

T =4700 + 300 K (Sun: 3500 — 4500 K)




Spot characteristics

CoROT-2 | CoRoT-4 | CoRoT-6 Kepler-17 | Kepler-63 | Kepler-71
18

Radius 55+19 51+14 48+14 65+19 80+50 32+14 51+26 12+10
(Mm)

Tspot 4600+ 5100+ 4900+ 4800+ 5100+ 4700+4 4800+5 4800+
(K) 700 500 600 600 500 400

T,../T 0818 0824 0804 0882 0875 0.846 0.866  0.830




Temperature
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Solar Rotation




Rotation from transits
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Simulation: 4 spots
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Rotational longitude

» Coordinate system transformation from Earth
centered, {3, to a coord. system that rotates

with the star with P_, B,
0 n P orb

ﬁrot - /J)to 0 -360
p

» P_. = orbital period (d)
» n = transit number

» Vary P_ until spots align vertically in stellar
surface map.




Stellar surface map
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P_. at transit latitude
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Solar differential rotation

DIFFERENTIAL @
ROTATION




Differencial rotation




Coplanar orbit

» Assume solar profile U~ T I

LoRoT—2Z

Q= A-Bsin’(a) :

i 32

; 24

» where 27T
P=-=
Q —10{)' T I —éo I I I |Ittu{l)de {I) I I I 5Io
» Two measurements: -
% Average P_ : = a, -, ‘!; (A~Bsin" ) da
< P_, at latitudea, (transit): Q, =A-Bsin’ ¢,

» Ditterential rotation : AQ2 (rd/d) = €2, - €2 .
» Relative differential rotation: A€/ (%)

100



Stellar rotation

Star CoRoT-2 CoRoT-4  CoRoT-6 CoRoT-18 Kepler-17 Kepler-71  Sun
Mass 0.97 1.10 1.055 0.95 1.16 0.997 1.0
(MSUH)
Latitude -14.6 0 -16.4 -22.8 4.6 -5.4 0
(©)
P 4.54 8.87 6.35 5.4 12.28 19.77 27.6
(d)
P_.(lat) 4.48 8.71 6.08 4.68 11.4 19.71

—eh)
Diff Rot 0.042 0.026 0.101 0.45 0.077 0.005 0.0S(J
(rd/d)
Relat Diff 3.04 3.64 10.2 38.0 15.0 <2 22.1
Rot. (%)
P quat 4.47 8.53 5.98 4.5 11.4 19.67 24.7
(d)

P 2:5 1:1 3:2 2:5 1:8 1:5

orb * — equat

P
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32,317 sunspots from
6970 SOHO/MDI images
and magnetograms
(cycle 23: 1996-2008)




Sunspots characteristics

Is ot
Bmag = (4848115)—(4008120) Ip
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Spagiari et al. (2019)



Other stars

Four stars with transiting planets were analyzed;

Small variations in the transit light curves of these stars have been
fit yielding the characteristics of:

392 spots - CoRoT-2
1069 spots - Kepler-17
297 spots — Kepler-63
76 spots — Kepler-71

Spot intensity => Magnetic Field

IS ot
B,., = (4848 =15)— (4008 +20)- Ip

Star




Sunspot
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Magnetic Cycles

Raissa Estrela

Cycle 24 Sunspot Number Prediction (2015/08)

2000 2005
Hathaway NASA/ARC




Magnetic activity
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Magnetic cycle: Kepler-17

Kepler-17
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* Magnetic cycle of 410 days or
1.13 yr

Estrela & Valio (2016)




Kepler-63

P=13yr
= 460 days

Lomb-Scargle Power

Kepler-63 Peridiogram
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Egeland et al (2015)

Olah et al (2009)

Saar & Brandenburg (1999)
Lorente & Montesinos (2005)
Messina & Guinan (2002)
Lovis et al (2011)

Metcalfe et al (2010)
Salabert et al (2016)

@
L 4
x
L
¢
@
¢
@

=
U

=
o

Pcycle (years)

InactiYée

o-o
@----nc--

o ]

x

. Kepler-63
ik

15
Prot(days)




Contents

Introduction

Model

Spots characteristics

Stellar rotation &differential rotation

Magnetic fleld & magnetic cgcles

Summarg & conclusions



" The biological imPact of supeﬁqares on a
| Planet in the Habitable Zone

Raissa Estrela and Luisa Cabral
b |




SuPerﬂares ettects on habitabilitg

% Superflares release significant amounts of X-rays, EUV, and UV
radiation
% Depending on the energy of the flare, they can cause changes in
the planetary atmosphere:
* Atmospheric loss
* Alter the chemical composition of the upper atmosphere
% Protons that arrive from the flare produce odd nitrogen and odd
hydrogen in the upper stratosphere and mesosphere that destroy
ozone. Segura et al. (2010)

Could affect the origin and
evolution of life




* Goal:

Determine if the superflares can be
dangerous to life present in the
surface/ocean of:

* ngotlﬁeticd Planet in the habitable zone of Kepler~96

* Kepler~9éb « . Not habitable at all!
High temperature ~ 2000 / 3000K

* TraPPist~l: b, Planets in the HZ




Outline

Archean

D.
%Radiodurans

Present

Trappist-1
(0,)
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Keplcr~96 has an age that corrcsPonds to the end of the Archean
Era on Earth

Great Oxygenation €vent

This can be used as a proxy to understand:

) the Frimitive Earth environment
2) a P anet in HZ with Archean conditions
(assuming it had enough time to evolve)




Mocle”ing flares in Planetarg transits

ooz} Transit 30

Characteristics of the superflares
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First aPProach: analogg with the Sun

To analyse E_, we used the UV flux (180-300nm) passing through
atmospheres at different epochs in Earth:

* Archean (3.9 Gyr - 2.5 Gyr):
80% N,, 20% CO,

* Present day:
80% N,, 20% O,

Cnossen et al. (2007)

Emission from the solar atmosphere:
75% of the present-day solar irradiation

[

o
[=}
i

Solar Flare X17
28 October 2003
(12%): 5400% the
MUYV flux due to
superflare 107"

=t
o
&

10—1!] 4

= Constant flux
= = Constant flux + superflare

180 200 220 240 260
wavelength (nm)

Flux (Wm ™ 2nm™1)




E)iological l mpac‘t

* Superflares can increase the UV flux of the star

% If a planet has an atmosphere with absorbers N,, CO,, O,:

short wavelengghs (0.1-200nm) are attenuatecl
at the top OF the atmosphere

* UVB and UVC can be attenuated by an ozone layer. For a depleted ozone layer:

D. Radiodurans Action Spectrum The DNA is mainly damaged
& . UVC 3 uvs H UVA :
g : - | in the UVC and UVB range
3 10 i i ~ MUV (200-300nm)
P :
g 107 : :
g : :

200 220 240 260 280 300 320 340
wavelength (nm)

Based on Setlow et al- (1965), Calkins (2013) and O’'malley & Kaltenegger (2017)
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Riological Impact: surface

Biological effective irradiance from Kepler-96, E . [J/m?]
Contribution of the strongest superflare (10 erg)

300

Befy = F(X)S(A)dA
No Archean Present-day efi /13::- L))
atmosphere  atmosphere atmosphere

E. Coli 1.4 x 10° 2 x 10 | , h
D. Radiodurans 8 x 104 1.3 x 104 On 3 wit
0 . ozone
Contribution of a smaller superflares (103 erg)

‘ . Radiodourans couldo
survive in an Archean
atmosphere

MWicrooraanisms that define survival zone for (ife:

Deinococcus |

Flux (dosage) for 10% survival: Fl%‘/ = 5.53x 10%J/m?* > radiodurans

Fl%V = 22.5J/m? . Escherichia [
Ghosal et al (2005) coli
Gascén et al (1995)




Biological lmPact: ocean

The propagation of the UV radiation in the ocean varies
considerably with depth, and can be determined by the equation:

UV spectral irradiance
at depth z

> For Kepler-96 system, the ocean might provide a safe refuge
against the UV radiation.

> We assume here that the hypothetical Earth orbiting the star
Kepler-96 has an Archean ocean where life could be protected.




Estrela & Valio (2018), Astrobiology

arXiv:1708.05400

Biological lmpact: ocean

Considering the UV flux increased by the strongest superflare:

WVlanet at 1242

- E. Coli - D. Radiodurans
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Biological effectiveness fluence (J/m?) Biological effectiveness fluence (J/m?)
Ocean Depth (m) 28 m = E. Coli

2
Flux (dosage) for 10% survival: FE}V = 95.93 x 10 J/?’Rg

F{Y =22.5 J/m?

12 m = D. Radiodurans

Deinococcus
radiodurans

Escherichia [l
coli




Tral:)l:)ist~l sgstem

0 MS8 red dwart

O Planetary system of 7 terrestrial planets, three of them in the
HZ.

TRAPPIST-1 System
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TraPPist~1 sgstem

This star is known to flare with 47 flares detected with energies
between 103° and 1033 ergs (Vida et al. 2017).

Largest flare released a total energy of 1.24 1033 erg over 43 min

The UV flux contribution from TRAPPiST-1, was taken as the same
UV flux measured from flares of Ad I£€o0, also a M red dwarf (Hawley &
Pettersen 1991).

Atmosphere model from O'M4lley & Kaltenegger (2017)
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Impact for life on the surface

Biological effective irradiance from TRAPPIST-1, E_. [J/m?]
Contribution of the strongest superflare (103 erg)

Planet Bacteria Archean Atmosphere
atmosphere with ozone

TRAPPIST-1e  E. Coli 9000 8.2
D. Radiodurans 5100 2.5
TRAPPIST-1f  E. Coli 5200 4.7
D. Radiodurans 2900 1.5
TRAPPIST-1g E. Coli 3300 3.0

D. Radiodurans 1900 0.9 ]

Without

0ozone

With ozone

UV ) Deinococcus
Flux (dosage) for 10% survival:F'7p° = 9.93 X 10 J/mz radiodurans

FE}V — 92925 J/m2 Eslc_:herichia
coli
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Summary
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Conclusions

* First modelling of small variations in transit light curves
(Silva 2003, ApJL, 585, L147)

Multiple transits:
Stellar rotation (Silva-Valio 2008, ApJL, 683, L179)

Differential rotation (Silva-Valio et al. 2010, A&A, 510, 25; Silva-Valio
& Lanza 2011, A&A, 529, 36; IAUS328; Valio et al. 2017, ApJ, 835, 294)

Magnetic cycles (Estrela & Valio 2017, ApJ, 831, 57)

Flares:
UV flux: Impact on living organism (Estrela & Valio 2018, Astrobiology)

Impact on planetary atmospheres




OBRIGADA!

™

Code ECLIPSE available in IDL or Python

Mack
Pesquisa

(adrivalio@gmail.com)

A FAPESP
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