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Outline

* Stellar oscillation
* Stellar granulation
* Stellar active regions

* Stellar magnetic cycle



Stellar oscillation




Stellar oscillation in RV

Time scale: 4-10 min
RV amplitude: 0.2-3 m/s
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Fig. 2. Zoom of radial velocity measurements in a three-hour sequence,

taken during the third night, s 12 the presence of p-modes in the
I s with periods of around 7 min. The semi-amplitude of about
3 m s does not represent the individual amplitude of p-modes but
comes from the interference of several modes.

Bazot + 2007
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Fig. 12. Shown is the power spectrum of the composite record of daily total solar irradiance for
the period from 1978 until 2002 (red). To illustrate the solar cycle variability in the frequency
domain, the power spectra of data from VIRGO during solar minimum (Feb. 1996-Aug. 1997)
are compared to that of solar maximum (Oct. 2000-Feb. 2002). The solar cycle influence is evident
in the differences in power at low frequencies

Frohlich & Lean (2004)



Stellar oscillation in RV

Minimum exposures of
15 min (900 seconds)
to average out stellar
oscillations.
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Stellar oscillation in photometry

Time scale: 4-10 min
Flux amplitude: 100-300 ppm
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Fig. 12. Shown is the power spectrum of the composite record of daily total solar irradiance for
the period from 1978 until 2002 (red). To illustrate the solar cycle variability in the frequency
domain, the power spectra of data from VIRGO during solar minimum (Feb. 1996-Aug. 1997)
are compared to that of solar maximum (Oct. 2000-Feb. 2002). The solar cycle influence is evident
in the differences in power at low frequencies

10 15 20
Time (hours)

Carter+2012 Frohlich & Lean (2004)



Stellar oscillation in photometry

The Kepler space telescope data were obtained on short cadence (1 minute)
and long cadence (30 minutes) integration time.
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Figure 2. Folded short-cadence Kepler light-curve, shown as gray points. For
clarity, the binned data (every 100 points) are overplotted as large dark circles,
and the best fit, with parameters reported in Table 1, is indicated by the solid
red line.

Quinn+2015



onvective zone

Heat Transfer of Stars

The Convection Zone

Energy continues to move toward the surface
mmmmmmumnfm-n,:vf
cooled gas in the convection zone.
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Granulation
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Granulation in RV

a Cen B

SG = supergranulation, MG = mesogranulation, G = granulation
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Time scale: 10min -24 hours Dumusque+201.1
RV amplitude: 1-30 m/s




Granulation in RV
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Granulation in photometry
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Granulation in photometry

M=0.70_R=1.40_Teff=4000.00

9h binsize

Time scale: 10min -24 hours
Flux amplitude:50-500 ppm
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Stellar activity

“Stellar Activity” is a collective name used to describe a group phenomena
which generate the variability observed in the outer atmospheres of late type-
stars mainly due to the presence of highly structured magnetic fields emerging
from the convective envelope, namely spots, plage, facula, flares.
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Stellar activity

About 33% of stars in Kepler tield of view are more active than the Sun at its
maximum activity cycle.
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Stellar active regions
properties



Stellar spot’s temperature contrast
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Figure 7: Spot temperature contrast with respect to the photospheric temperature in active giants
(squares) and dwarfs (circles). Thin lines connect symbols referring to the same star. The thick
solid line is a second order polynomial fit to the data excluding EK Dra. Dots in circles indicate
solar umbra (AT = 1700 K) and penumbra (AT = 750 K) (based on data in Table 5).

Berdyugina, 2005




Center to limb temperature contrast

Sunspot shows limb darkening
behavior which mean Sunspot
on the center of sun has
maximum temperature
contrast and on Sun’s limb
show minimum temperature
contrast.

Sun’plage shows limb
brightening behavior, which 1s
opposite to the Sunspot
behavior.

ATp = 250.9 — 407.7 cos @ + 190.9 cos? @,

Meunier+2010



Size of Sunspots and plages

Sunspot’filling factor varies in
the range of minimum of 0.01%
and maximum of 1%.

Sun’s plage filling factor varies
in the range of minimum of
0.25%, and maximum of 6%.

Meunier+2010



Sunspot size distribution
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Smaller sunspots are more ALL YEARS
common than larger ones.
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Size and temperature contrast

Smaller sunspots or plages show
higher temperature contrast.

11N g factor

emperature deficit versus the spot-surface

red 1 of sc see text for de-

). For a given spo fz orre-
spond to different plage-surfa ng factors. Bottom panel: same for

plages at it = 0.

Meunier+2010



Stellar spot’s size
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Figure 10: Filling factors of spots (open symbols) and magnetic fields (filled symbols) on the
surfaces of active dwarfs (circles) and giants (squares) versus the photosphere temperature. The
thick solid line is a polynomial fit to the spot filling factors. The dashed line is a fit to the magnetic
field filling factor, excluding the Sun. A big circle emphasises the sunspot umbra (f ~1%) (based
on data in Tables 5 and 6).
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Huge stellar spots

Huge stellar spots mostly appear on the stellar pole, which can suggest different
mechanism for their formation than the normal spots.
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Sunspot’s litetime

Cycle 13-18

0 10 20 30 0 s0 60 70 days

Fig. 1. The number of sunspot groups as a function of lifetime. Cycles 13-18.




Sunspot’s latitude
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Active longitude

There 1s not a specific longitudinal distribution for Sun spots, Furthermore, it has
been noticed that spots tend to appear more frequently at some longitudes, with respect
to others, called “active longitudes” and they increase in number from zero at the solar
minimum to maximum, with even four and more active longitudes (Malik & Bohm,

2009).
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Impact of stellar active region
on RV



What happens to the CCF of a rotating star i1f a
portion of 1ts surface becomes dark?




What happens to the CCF of a rotating star if a
portion of 1ts surface becomes dark?
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Stellar active region (contrast+rotation)

CCF (mean line of the spectra) fitted with a Gaussian
to estimate the RV.

Active regions deform the CCF and thus induce
variations on the RV periodically.

Fit after perturbation by a spot
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Stellar active region (contrast+rotation)

Fit after perturbation by a spot

RV [km/s]

10
r

SRIM)  QUHMN  J20MF UMy 60 RO SO0 S S48 SN 3B 3400 3600 IS(K) JONHF 420H 4400 500 ARIND SO SO S

BJD-2450000 [day] BJD-2450000 [day]

Dumusque+2011



Stellar active region (Inhibition of convective blueshift)

Hot gas unable to
rise here because
of magnetic field.

Cool & dark
Hot & bright sinking flow
outgoing flow => redshift
=> blueshift

= Net blueshift

PRI Dravins-1981
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Stellar active region (total)
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Case of CoRoT-7

Transiting planet CoRoT-7b, was discovered with CoRoT telescope,
with an orbital period of 0.85 days and radius of 1.68 Re (Leger+09)

Light curve
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Case of CoRoT-7

Stellar activity causes difficulties in detecting low mass planet's signal
and also determine the accurate mass of them.

CoRoT-7bh CoRoT-T7e Reference

- _::' - - |L.""'_-1II. Jr 'EI_' = {-::!:'l_]_l:"]_l.::l}f ot .H_.]_, |: :lH Hl :.
6.9 = 1.4M g 12.4 + 0.42M o Hatzes et al. (2010)
- Hatzes et al. |2|| 11 |

- Pont et al. (2011)

13.2 + 4.1 Mg, Boisse et al. (2011)

13.6 &= 1.4M g Ferraz-Mello et al. (2011)
11.8 &+ 3.4AMAf B Tuomi et al. (2014)
13.56 + 1.08 M Haywood et al. (2014)
- Barros et al. (2014)

12.62 4+ 0.77 Mg Faria et al. (2016)




Disentangling between stellar activity and
planetary signals




Line profile indicator (BIS)

BIS = Vhigh—Vlow

Vhigh/low are simply the average of the velocity of the points in
top and bottom of the CCFs, respectively.
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Line profile indicator (BIS)
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Line profile indicator (Vspan)
Vspan=RV _high - RV low

RV high = Gaussian fit to upper part of the CCF
RV high = Gaussian fit to lower part of the CCF
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The construction of the Vspan indicator was motivated by the
analysis of line-profile variations for cases of low S/N



Line profile indicator (Vspan)

Vspan/BIS [m/s] BIS [m/s] Vspan [m/s]
40 : 40

0
RV [m/s] RV [m/s] RV [m/s]

Fig.5. Lefr: BIS (triangles) and Vpa, (squares) as a function of RV for
a simulated spot rotating at latitude +50° on a star with an inclination

40°. Middle and Right: respectively, BIS (Queloz et al. 2001) and

20 ms~! additional photonic noise in the CCF. The lines are the least
squares fit to the data. The numbers in the right-hand corner is the value
of the slope of the fit.

Boisse+2011
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Activity index (simultaneous photometry)

LightCUFVE (transits of CoRoT-7b removed)
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Activity

index (simultaneous photometry)
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Activity index (magnetic field)

Sunspots have typical magnetic flux densities of several 100—-1000G
(Solanki 2003).
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Where AL in m°A, A0 in um, and B in kG.



Activity index (magnetic
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Fig. 1. Sketch of the effect of a magnetic spot on RV measurements.
Top: rotating star with large spot. covering 5% of the visible surface if
observed at disk center, seen at three phases. The star is rotating with the
spot approaching in the left column, centered in the middle column, and
rotating out of view in the right column. Second row: stellar line profile
broadened by rotation but without spot flux, showing the impact of a
dark star spot. Third row: flux emerging from spot only. assuming the
same temperature as in the photosphere. Row four: sum of surrounding
and the spot region. Row five: radial velocity determined from fitting
a Gaussian profile to the spectral lines in row four. In rows three to
five. black solid lines show the case without a magnetic field (and zero
spot temperature contrast). Blue and red dashed lines show cases in
which the spot area has B = 1kG and 2kG, respectively (1 = 1.2 um
and g = 1.0).
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Activity index (magnetic field)
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Activity index (magnetic field)

Spectropolarimetry
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Figure 4. Same as Fig. 3 for GJ 410. LSD Stokes V profiles in the top left and top right panels correspond to HARPS-Pol and NARVAL observations
respectively.




Activity index (S-index)

Mount Wilson S-index 1s a measure of the emission line cores of the Ca Il H
and K lines

where H, K, R, and V are the values for the flux measured in the according
bandpasses and a 1s an instrumental calibration factor.

S-index reflect the non-thermal chromospheric heating which 1s associated with
magnetic field (Wilson, 1978, Noyes+1984).
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Activity index (S-index)
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Activity index (Log R'HK)

Log R’HK gives the emission in the narrow bands normalized by the
bolometric brightness of the star.
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Activity index (Log R'HK)
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Most of the methods which were presented (line profile
indicator and activity indexes) have been used to 1dentify
present of stellar activity in RV signal.

Now we are going to learn methods which are able to model
RV induced and then remove it from the RV observations.



Stellar activity modeling (FF method)

Perturbation to full disk measurement
due to one spot
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Stellar activity modeling (FF method)

HD 189733

HJD - 2454000
Aigrain+2012



Stellar activity modeling (SOAP 2.0)

SOAP2.0 estimates the photometric and radial velocity (RV) variations induced by
active regions. Realistic spot and plage temperature contrast, inhibition of the
convective blueshift (CB) inside active regions, as well as the limb brightening eftect of
plages and a quadratic limb darkening law are considered.
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Stellar activity modeling (SOAP 2.0)

SOAP2.0 requires the initial parameters star (
) and also

initial parameters of each active regions (
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Stellar activity modeling (SOAP 2.0)

HD189733 Alpha Cen B

active region = spot, lat. = 61°, size = 0.8 %, Prot = 10.27 days, incl. = 80° active region = plage, lat, = 44°, size = 2.4 %, Prot = 36.65 days, incl. = 22°
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Impact of stellar active region
on photometry



Which planet’s parameters
measurements can be affected?




Non-occulted stellar spots

CoRoT-2b (Czesla + 2009)

Overestimation on the planet radius which can reach up to 4%.




Occulted stellar spots
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Occulted stellar spots impact

In the case that the spot occultation anomaly 1s clearly identifiable, it is
well known that it aftects our transit timing measurements.

Some people consider assigning a zero
weight to the anomalous points of the
light curve (e.g Sanchis-Ojeda & Winn
2011)

May not be the best approach (Oshagh+
2012, Barros+2013)

-
c
@
I
W
I
<]
o
+
bl
=
o
=
o
9]
o

-0.10 =0.05 0.00 0.05 . -0.10 -0.05 0.00 0.05
Time from midtransit [days] Time from midtransit [days]

HAT-P-11b observed by Kepler




Occulted stellar spots impact

o
©
©
5

Normalized Flux

x
=
S
©
3]
N
©
£
e
o)
Z

]

Simulation

-0.008-0.006-0.004-0.002 0 0.002 0.004 0.006 0.008
Orbital phase




Planet radius estimations

A radius of Neptune size planet transiting a solar-like star and overlapping a
spot with filling factor of 1 %, can be underestimated by
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Transit duration estimation

A Jupiter size planet transiting a solar-like star and overlaps a spot with filling
factor of 1% causes transit duration to be which aftects the
planetary inclination measurements.
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Transit timing variation (TTV)

residuals [min]
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Transit timing measurements

Jupiter size planet transiting a solar-like star overlaps a spot with a filling factor of 1
%, produces the maximum value of TTV around 3

300 seconds amplitude of TTV can be induced by an Earth-mass planet in a
mean-motion resonance with a transiting Jupiter-like planet on a 3 day

orbit.
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Transit timing measurements

Jupiter size planet transiting a solar-like star overlaps a spot with a filling factor of 1 %,
produces the maximum value of TTV around
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HD 209458b from 290-1030 nm (Knutson +2007)
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~Thermal structure of the atmosphere
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Transmission spectra and activity

The anomalies inside the transit lead to a significant underestimation or
overestimation of the planet-to-star radius ratio as a function of
wavelength. At short wavelengths, the effect can reach up to a maximum

difference of in the planet-to-star radius ratio.
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HD 189733 b

Pont+2013 reported excess in the HD 189733b’s radius in the short wavelength
(300-800nm) and the authors find a good agreement between this observation and the
prediction of Rayleigh scattering in the planet atmosphere (blue sky).

I Scale Height
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Pont +2013



HD 189733 b

HD 189733 is an active star which shows photometric modulation up
to = 2% during its 12 days stellar rotation period (Boisse+2009).
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HD 189733 b

The observed transmission spectrum of HD 189733b can be reproduced simply
by considering the overlap of HD 189733b with a stellar plage or by presence of
non-occulted stellar spots.
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Rossiter—McLaughlin effect
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RM and occulted spots
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RM and occulted spots

The inaccurate estimation on the spin-orbit angle due to stellar activity can be quite
significant (up to 30 degrees), particularly for the edge-on, aligned, and small
transiting planets.

Therefore the aligned transiting planets are the ones that can be easily misinterpreted
as misaligned owing to the stellar activity.

Occultation with spot

3J0.5 10J0  3J0 10NO.5 3NO.5 10NO 3NO

A Neptune-sized aligned planet transits /

Oshagh+2016 a solar like star with vsini=3 km/s




Modeling activity in
photometry



MACULA

MACULA can model rotational modulations in the photometry of spotted
stars, numerically. It takes into account differential rotation, non-linear limb
darkening, and starspot evolution
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MACULA

MACULA requires as input the stellar parameters (
) and also active region’s
parameters (

T [At H(AL) — AtaH(Ats)]

— & [AtsH(Ats) — AtsH(Aty)].

and using

3 4
Time [days]

H(x) is the Heaviside Theta step-function.



MACULA
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SPOTROD

A semi-analytic model for transits of spotted stars limb darkening law
and a number of homogeneous, circular spots on their surface.

HAT-P-11

Transit 74

Transit 74 Transit 218

- .,

0.5

midtransit (hours)

Transit 218

Figure 3. Projected images of HAT-P-11 during transits 74 (left
panel) and 218 (right panel). Large circle is the star, solid black
small circle is the planet HAT-P-11b at midtransit, gray strip is
the transit chord, one or two gray ellipses are best fit solutions

for the one or two modes of the spot.
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Beky+2014



PRISM

PRISM uses a pixellation approach to represent the star and planet on a two-dimensional
array in Cartesian coordinates. This makes it possible to model the transit, LD and
starspots on the stellar disc.

Tregloan-Reed+2013



PRISM

WASP-19b WASP-6b
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SOAP-T

SOAP-T produces the expected light curve and the radial velocity signal of a system
consisting of a rotating spotted star with a transiting planet. SOAP-T is able to
reproduce the “positive bump” anomaly in the transit light curve and RV due to a
planet-spot overlap (Oshagh + 2013a.).

Oshagh et al, A&A, 2013a.



SOAP-T

SOAP-T requires as input the stellar parameters (
) and also
active region’s parameters ( )
and transiting planet parameters (

Oshagh+ 2013a.



SOAP-T

HAT-P-11 light curve by Kepler
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Solar magnetic cycle
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Magnetic cycle

Time scale: months-years
RV amplitude: 1-100 m/s
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Fig. 16. Time series of Ry, RV, FWHM, contrast and BIS mea-
surements for the star HD 21693, showing clear correlations be-
tween all quantities.
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Magnetic cycle

K dwarfs are less affected by magnetic cycle than G dwarfs

Nb of stars : 44
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Magnetic cycle

Same approaches which were described for the stellar activity (activity
indicators or modeling i1t) can be used here, however, one should take into
account the active regions evolution.

Time (days)




Summary

Photometry

Binning data after
observation

Binning data after
observation

Modeling

Modeling

Minutes — oscillation

Hours — Granulation

Days — stellar activity

Years —> magnetic cycle

RV

At least 900 seconds
integration time

Three time observation
per night, averaging out

Activity indicators

Modeling

Activity indicators

Modeling
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FWHM and simultaneous photometry
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Stellar activity modeling (GP using FF’)

Flux [% variation]
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Stellar active regions+transit

“Stellar Activity” is a collective name used to describe group phenomena
which generate the variability observed in the outer atmospheres of late type-
stars mainly due to the presence of highly structured magnetic fields emerging
from the convective envelope, namely spots, plage, facula, flares.
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Transit timing measurements

TTV induced by stellar spot occultation may be used to distinguish between
prograde and retrograde transiting planets (Mazeh+2014).

Flux derivative

Mazeh+2014



Misalignment of transiting planet
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HAT-P-11 light curve by Kepler
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Kepler-30: multiple transiting planets

Alignment of the stellar spin with the orbits of a three-planet system

Rekative flux
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Activity index (Log R'HK)

Log(R'HK) =- 5: the Sun is at minimum activity
Log(R'HK) = -4.75: the Sun 1s at maximum activity
Log(R'HK) = -4.9: the Sun 1s at medium activity,



KSINT

Montalto+2014



CoRoT-2

180
Time [B)D] +2.4542e6

Figure 1: The model light curve from KSint plotted over the data. The eight segments of the fit are divided by
olor. The residuals are shown in the lower panels, and error bars are not shown for clarity. The larger amplitude of
he residuals in correspondence of the transits is due to the full resolution kept for the transits. The out-of-transits
binning is of 2016 s, and inside the transits 32 s.

Montalto+2014



SOAP-T

KS integration —

0.9895

0.6 0.7 0.8
Time(days)

Figure 4. Top: A comparison between K S integration (Ke
Stokes integration) and SOAP-T (Oshagh et al. : ) for the case
of a single circular spot crossed by a transiting planet. Bottom:

the difference between the SOAP-T and the K S lightcurve.

Montalto+2014
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