UNIVERSITA DEGLI STUDI DI CATANIA
FACOLTA DI SCIENZE MATEMATICHE, FISICHE E NATURALI
DOTTORATO DI RICERCA IN FISICA — XXV CICLO

PAOLA BALLERINI

EFFECTS OF STARSPOTS ACTIVITY ON
OPTICAL AND NEAR INFRARED
OBSERVATIONS OF PLANETARY TRANSITS

PH.D. THESIS

Supervisor:
Prof. A.C. Lanzafame
Coordinator:
Tutors: Prof. F. Riggi
Prof. I. Pagano
Prof. A.F. Lanza

ANNO ACCADEMICO 2012/2013






Contents

Abstract iii
1 Introduction 1
1.1  The Sun: general properties . . . . . . . .. .. .. ... ..... 1
1.2 The solar atmosphere . . . . . . . ... ... L. 3
1.2.1 Photosphere . . . . . . ..o 4
1.2.2 Theouter layers . . . . . . . . .. .. ... L. 12
1.2.3  Origin of solar magnetic activity . . . . . . . .. .. .. .. 12
1.3 Stellar activity . . . . . .. ..o 17
1.4 Detection methods for extra-solar planets . . . . . . . . . ... .. 20
1.4.1 Planetary photometric transits . . . . . . . . ... .. ... 22
1.4.2  Phenomena affecting photometric measurements . . . . . . 33
1.5 Goal and outline of the thesis . . . . . ... ... ... ... ... 40
1.5.1 Three notable examples . . . . . . ... ... ... .... 44

2 Starspots activity effects on stellar colours and exoplanetary
transits 47
2.1 Method description . . . . . . ... ... o 47
2.1.1 Modelling starspot activity . . . . . . ... ... ... ... 49
2.1.2  Effects of starspots on stellar colours . . . . . .. .. ... 50
2.1.3 Effects of starspots on the apparent planetary radius . . . 53

2.1.4 Effects of starspots on the determination of the orbital pa-

rameters . . .. ..o o6
3 Photometric results analysis 59
3.1 Influence of stellar activity on stellar colours . . . . . .. ... .. 59
3.1.1 Characterization of a single light curve dip . . . . . . . .. 60
3.2 Example applications to four real cases . . . . . .. .. ... ... 62

3.2.1 Influence of stellar activity on planetary radius determination 63
3.2.2  Effects of stellar activity on orbital parameters . . . . . . . 67

4 Conclusions 73



4.1 Onstellar colours . . . . . . . . ... ... ... ...

4.1.1 On single light curve dip . . . . . . ... ... ... ..
4.2 On planetary radius determination . . . . . ... .. .. ...
4.3 On orbital parameters . . . . . .. ... ... ... ......
4.4 Future perspective . . . . .. ... Lo o

A 1IDL code for photometric analysis of transit light curve
B Transmission spectroscopy
C Acronyms and abbreviations

Bibliography

ii

79

85

91

95



Abstract

In this thesis, I report on the effects that magnetic stellar activity of solar-
type stars induces on stellar light curves involved in the photometric technique for
the detection and characterization of transiting extra-solar planets that is one of
the most effective detection methods, the first being the radial velocity technique.

Stellar magnetic activity is a source of noise in the study of the transits
of extra-solar planets since it induces flux variations that significantly affect the
transit depth determination and the derivations of planetary and stellar param-
eters. Surface brightness inhomogeneities, such as starspots or bright faculae,
on star disc have an intrinsic dependence on wavelength and thus on the stellar
colours. The colour dependence of stellar activity may significantly influence the
characterization of planetary atmospheres since it produces stellar flux variations
that may mimic those due to the presence of molecular or atomic species in the
transmitted planetary spectra. In this thesis I focus on the effects due essentially
to stellar spots present in the visible hemisphere of solar-type stars. The pro-
posed method is a theoretical one, aiming to predict the starspot-induced effects
with the use of stellar atmospheric models and I present a systematic approach
to quantify the corresponding stellar flux variations as a function of wavelength
bands. Therefore I consider a star with spots covering a given fraction of its disc
and model the variability in both the UBVRIJHK photometric system and the
Spitzer /IRAC wavebands for dwarf stars from G to M spectral types. Then I
compare starspot-induced flux variations in these different passbands with plan-
etary transits and quantify how they affect the determination of the planetary
radius and the analysis of the transmission spectroscopy in the study of plane-
tary atmospheres. My results suggest that the monitoring of the systems by using
broad-band photometry, from visible to infrared, helps to constrain spots effects
by estimating the R parameter, i.e. the ratio of the relative variations in the stel-
lar fluxes at short wavelength optical bands (e.g., U or B) to near-infrared ones
(e.g., J or K). Its numerical value can be used to distinguish starspot brightness
dips from planetary transits in a single stellar light curve.

In addition to the perturbations in the measurement of the planetary radius,
the perturbations in the transit light curve profiles due to starspots can affect the
determinations of orbital parameters, i.e., the relative semi-major axis and the
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inclination of the planetary orbit, that are directly derived by fitting procedure
of the transit light curves. These distortions in the transit light curves have a
significant impact on the derivation of stellar parameters and, above all, on the
stellar density thus bothering the stellar evolutionary estimates.

The results derived from the synthetic photometric analysis are presented
and discussed in Ballerini et al. (2012).

iv



Chapter 1

Introduction

The aim of this thesis is an analysis on how solar-like magnetic activity in
stars hosting planets may affect the detection and characterization of extra-solar
planets through the photometric transit technique. The study of stellar magnetic
phenomena is crucial in searching for transiting exoplanets since they introduce
systematic effects which may induce misleading estimates of observables required
to properly characterize exoplanetary systems. These considerations may also be
applied to our Sun which is not to be considered as a unique star with the right
requirements for hosting planets. In this Chapter I will introduce magnetic activ-
ity, firstly focusing on our own star, the Sun, with its external atmosphere which
in general is assumed as the starting point and the testing bench to understand
the astrophysical behaviour of the other stars’ external atmosphere. I will also
describe the observed magnetic activity in other stars and how it may perturb
the photometric transit of an extra-solar planet.

1.1. The Sun: general properties

The Sun is classified as a G2V main-sequence star based on the spectral
classfication'. If we look at the Hertzsprung-Russell (H-R) diagram (see Fig. 1.1),
it is placed in the middle of the main-sequence band, where typically the yellow
and red stars are located, and from this position we can directly derive some
important properties. The Sun has a surface temperature of about 5778 K, and
this is equivalent to say that it is a G2V (the label “V” refers to main-sequence

IStars are classified on the basis of which elements are prominent in their spectra and this
depends on their temperature and the popolation of those elements in the right level of ionisation
or excitation.
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Figure 1.1: Hertzsprung-Russell diagram: luminosity, in solar units, vs. surface tem-
perature. The diagram is dominated by the main-sequence band, which runs across the
plot from the left top (blue stars) to the right bottom (red stars) and is crowded by
stars in their hydrogen burning stage, and the giant branch filled by red massive stars.
Other stars are clustered in the supergiants (horizontal and above the giant branch) and
white dwarfs branch (parallel and below the main-sequence). In the diagram are also
reported the stellar radii and masses, in solar units, and their lifetimes. The spectral
types of stars are reported along the abscissa axis related to the corresponding surface
temperature.

stars), a bolometric absolute magnitude? of about 4.72 and a luminosity Lo =

2The bolometric absolute magnitude My is the bolometric apparent magnitude of the star
Mpol, located at a distance of 10 parsec from the Sun. In general at a wavelength A, it is
computed by the relation

My =mx+5—51log d,

where my is the apparent magnitude of a star (i.e. a measure of the luminosity of a star as
seen by an observer) at wavelenght A and d is the distance of the star in parsec. Mpo is ob-
tained by integrating the previous relation over all wavelengths. In general magnitudes are
measured through filters which permit only certain wavelength bands to enter the detector. For
example, standard filter systems are used, such as UBV (Johnson photometric system), where
U (ultraviolet) indicates the permission of wavelengths covering the range [300 — 400] nm, B
(blue) allows wavelengths in the range [360 — 550] nm, and V (visual) in the range [480 — 680)]

2



1.2 The solar atmosphere

3.9-10* W (Karttunen et al. 2003). Due to its proximity to the Earth (mean
distance a = 1.496-10' m) and to its luminosity it can be studied in great details
but however not all solar phenomena are still clearly understood.

The interior structure of the Sun is inferred thanks to the study of the prop-
agation of waves on the Sun surface (helioseismology, Thompson 2004) which
provides a detailed map of the inner part of the Sun, whose structure is reported
in Fig. 1.2, showing an internal core, a radiative zone and a convective envelope
where the energy is transported towards the outer parts and its atmosphere.

- The core is the innermost region which occupies about the 20 — 25% of the
solar radius® (Garcia et al. 2007), where the production of energy through
the nuclear burning of hydrogen occurs (i.e. the proton-proton chain, which
is the principal source of energy for low-mass main-sequence stars, Kart-
tunen et al. 2003).

- The radiative zone extends from the core to about 0.7 Rs and within
this layer the energy is transported through the propagation of radiation
(Karttunen et al. 2003).

- The convective envelope extends from the radiative region up to near 1 Rq
(Christensen-Dalsgaard et al. 1991). Within this zone the lower tempera-
tures and densities prevent the energy transport through radiation, being
convective motion more effective (Karttunen et al. 2003).

The study of the solar atmosphere is crucial for the understanding of the as-
trophysical behaviour of those stars which show solar-like gross properties, i.e.
lower main-sequence stars with shallower convective envelopes and cyclic solar-
like magnetic variability.

1.2. The solar atmosphere

The solar atmosphere is the domain from which electromagnetic radiation is
received. It is composed by the external layers reported in the Fig. 1.2: photo-
sphere, chromosphere, transition region (which is a very thin region, not repre-
sented in the picture, separating chromosphere and corona), and corona. There

nm. There exist other photometric system (Cousin: RI, Stromgren: uvby, and so on). The
apparent magnitudes observed through filters UBV are called U, B, V| similarly for Cousin and
Stromgren systems (i.e. R, I, u, v, b, y magnitudes and so on). The difference between two
magnitudes is defined as colour index. For instance, in the Johnson system U-B and B-V are
colour indexes (Karttunen et al. 2003).

3The solar radius is: R = 6.95-10% m (Cox 2000).

3
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Figure 1.2: The internal and external structure of the Sun, starting with the hot core
ending with the hot corona. This is also a typical structure for solar-type stars which,
above the core, are expected to have a radiative one and a convective envelope, where
the radiation is transported outwards, then the outer layers (photosphere, chromo-
sphere, and corona), where we may find the most prominent manifestations of the solar
and stellar activity: spots, faculae, filaments and active regions in general (some of them
are reported). This picture is taken by http://hpde.gsfc.nasa.gov/LWS_Space_Weath-
er/SpaceWeatherOverview.html.

exists a gradient of temperature from the inner to the outer layers, the temper-
ature increases with the height above the photosphere and thus the emission of
each layer is radiated in different wavelength ranges, as can be seen in Fig. 1.3.
In other words, the atmosphere is not in radiative equilibrium thus requiring a
non-thermal heating source. The photosphere temperature is about 10* K and
the corona temperature reaches 10° K. In addition all these layers are charac-
terized by the signatures of the solar magnetic field, i.e. the active regions, that
are parts of the solar surface where powerful magnetic fluxes come out. These
regions exhibit different morphologies with peculiar features in each atmospheric
layer. In the following I will give a brief description of the significant properties
of each of these zones.

1.2.1. Photosphere

The photosphere is the innermost layer in the solar atmosphere with a thick-
ness of few hundred of kilometers (Stix 1989, Karttunen et al. 2003). It is ob-
servable in white light (4000 A < X\ < 7000 A) and represents the visible surface
of the Sun thus most of the information about our star comes from this layer. Its

4



1.2 The solar atmosphere

Chromosphere Transition Region ]
[ Photosphere : \ Ly Corona ]

=
=]
-1

[
=

>
k|

gl

Temperature (K)
[
=l.l"l
R

G band

10%

s el

100 e R

10° 10° 10* 10°
Height (km)

Figure 1.3: Temperature profile of the solar atmosphere above the 75000 = 1 (optical
depth unity in the continuum at 5000 A) surface. The G-band (a molecular band due to
electronic transitions from and to rotational and vibrational sublevels of the molecule
CH at 4300 A, Steiner et al. 2001) and Ca II H lines are emitted respectively in the
lower photosphere and lower chromosphere. The peak formation temperatures of the
He 1T (304 A) line emitted in the transition region, and Fe IX/X (171 A), Fe XII (195
A), Fe XV (284 A) lines, all emitted in the inner solar corona, are 80 000 K, 1.3 MK,
1.6 MK, 2.0 MK, respectively (Yang et al. 2009).

emission arises from a layer seen at 5000 A, where the photosphere is opaque to
radiation coming from the centre (Stix 1989). For this reason it is useful to define
Ts000 as a reference optical depth? (Stix 1989, Schrijver & Zwaan 2000) and it is
assumed equal to unity.

If we look at the Fig. 1.4, we may note that the photosphere is not uniformly
illuminated and shows some peculiarities. First of all, the the limb-darkening ef-
fect which is caused by the existence of a temperature gradient in the atmosphere
(Stix 1989). It depends on the angle of sight of the observer, 8. The penetration

4The optical depth is a measure of the opacity of medium, namely it represents the fraction
of radiation, at a specified frequency v, absorbed while passing in an opaque medium. It is
defined as

d
T, :/ Ky p dz, (1.1)
0

where k, is the absorption coefficient per unit mass, p is the medium density and d is the
medium thickness.
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Figure 1.4: The Sun photosphere in white light. Near the edge the limb darkening is
visible and scattered on the surface are clearly distinguishable sunspots and faculae.

of the observer line of sight up to unit optical depth corresponds to different
photospheric depths depending on 6 (Gray 2005). At the center of the disc (6 =
0), the Sun appears brighter and hotter than the limb because the line of sight is
perpendicular to the surface and we see deeper and hotter layers. At the edges
(0 = 1), the line of sight goes through shallower and cooler layers and the solar
edges appear darker (Tayler 1997, Gray 2005).

The convective motion reveals itself in this layer through the granulation,
which occurs owing to the turnover of cells of hot matter (thus brighter) that
are moving upward and the cell of the cool one (thus darker) that are sinking
downward. In adiabatic assumption (without heat exchange), a blob of material
will tend to rise if its internal density remains smaller than the external one,
pint (1) < p(r). The rising occurs so slowly that the internal pression, pi, adjusts
itself to balance the surrounding pressure, p. The instability condition is pi(7)
- p(r) < 0. By using the perfect gas law® and the equivalence pi(r) = p(r), this
condition becomes the Schwarzschild criterion for convective instability, i.e.

(e
dr } 4

_np
p - RT’
where p is the average molecular weight per particle and R is the gas constant. The quantity u

dfT
dr

5The perfect gas law is
(1.2)

is a function of P and T and depends on the degree of ionization of the more abundant elements
(hydrogen and helium).



1.2 The solar atmosphere

Figure 1.5: A zoomed view of sunspots. They are made up of the dark area, umbra,
surrounded by the brighter penumbra. The picture is taken from http://www.astrono-
mygcse.co.uk/AstroGCSE/New%208Site/ Topic%201/sun/sunspots.htm.

When a rising blob becomes heavier than its surroundings, it begins to sink and
returns to its initial position (Schrijver & Zwaan 2000). This complicated mor-
phology gives, to the Sun surface, a constantly variable pattern with measured
velocities of about 2 km/sec and a typical length-scale of about 700 km (Tayler
1997). There exists also a larger scale convection, known as supergranulation,
with typical velocities and length-scales of 0.3 km/sec and 3.5-10* km, respec-
tively (Tayler 1997). The other prominent properties are spots (see Fig. 1.2 and
Fig. 1.4), and faculae, that are all patches of strong concentration of the solar
magnetic field and deserve some attention.

Sunspots

Sunspots are the most evident sign of the solar activity with magnetic fluxes
in the range 5-10%° < ® < 3.10%2 Mx and the passage of a large spots group on
the solar surface may induce a relative decrease in the optical flux of ~3.3-1073
(Frohlich & Lean 2004). A sunspot looks like a ragged patch in the solar surface
which consists of a dark interior region, umbra, surrounded in general by a less
dark one, penumbra (see Fig. 1.5). The temperature difference between the quiet
solar photosphere (5778 K) and the umbra (typically about 4000 K, see Noyes
1982, Foukal 1990, Tayler 1997) is responsible of their darkness, since they radiate
less energy than the actual photosphere. The penumbra has intermediate temper-
atures between umbra and the normal photosphere (Tayler 1997). Furthermore
photospheric umbrae show a not uniform surface: there are brighter umbral dots
in contrast with the umbral background, with sizes of the order of 1" or smaller,
lasting typically from 30 min to 1 h, and an irregular pattern (Schrijver & Zwaan

7
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Figure 1.6: Solar magnetic loops sketch. Charged particles follow the magnetic field
lines across the Sun. In regions of strong magnetic fields the convection is inhibited
producing pairs of sunspots. The north and the south poles of the pairs are connected
by the magnetic field loops far above the solar surface. The picture is taken from
http://ircamera.as.arizona.edu/NatSci102/NatScil02 /lectures/suninterior.htm.

2000). In many cases, bright features or extended filaments, observed as bright
bridges, appear in the umbral areas and change from spot to spot.

The constant observation of sunspots has revealed that they are photospheric
depressions if seen near the limb (effect known as Wilson effect). The unity optical
depth at 5000 A is at a lower geometrical level in the umbra (Wilson depression)
because of the lower temperature that decreases the density at a given geometric
depth.

In general sunspots occur in pairs, the two components having opposite po-
larity (bipolar groups, Stix 1989). These structures may be explained as the rising
up of a magnetic field loop above the surface; this loop connects the components
of a pair (see Fig. 1.6). Furthermore spots on opposite hemispheres of the Sun
have opposite polarity (Stix 1989). During their lifetime the number and the po-
sition of sunspots above the Sun surface changes with time. The cyclic variation
of the sunspot number has been object of intense studies pointing out the pres-
ence of a solar cycle connected to a variation in the general solar magnetic field.
In the early phase of a solar cycle, sunspots are seen at a latitude of about 40°,
then the region of spots occurrence migrates towards the equator (Stix 1989); the
position of sunspots as a function of time is highlighted by the so-called butterfly
diagram, as that in Fig. 1.7. Each solar cycle is characterized by the inversion
of the magnetic field and thus of polarity of sunspots in the two hemispheres.
Every 11 years the spot polarity is reversed and thus a complete solar cycle lasts

8
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Figure 1.7: Daily sunspot area averaged over individual solar rotation. The pic-
ture is taken from http://www.nasa.gov/vision/universe/solarsystem/solar_cycle_gra-
phics.html.

22 years.

The observation of sunspots has also revealed an important property of the
Sun, i.e. the differential rotation. The Sun is not a rigid body thus its rotation
is not the same at all latitudes. In fact the equator rotates with a velocity higher
than that of poles thus the rotation period of the Sun at the equator is 27.7 days
while it is 28.6 days at a latitude of 40°. This property may be responsible for
the amplification of the solar magnetic field. For further details see Schrijver &
Zwaan (2000).

Dark features smaller than sunspots are the solar pores, visible in white light,
which can be considered as temporary stages in the sunspots evolution. They are
as dark as the umbra but without penumbra with an average lifetime of about 1
day.

Solar faculae

Faculae are bright structures surrounding sunspots (see Fig. 1.8). They are
extended concentrations of strong magnetic flux tubes with a field strength of
about 1.5 kG that appear brighter than the quiet photosphere since they are
hotter. They are long-lasting than spots and their average lifetime ranges from
10 to 80 days (Stix 2002). These magnetic structures are best observable in white
light near the solar limb, in the core of strong spectral lines, such as Ca II H&K
resonance lines, and in Ha on the whole solar disc and, in general, precede and
follow the formation of new sunspots. They show a centre-to-limb variation since
the contrast between solar faculae and the quiet photosphere is more enhanced
near the limb than at the centre of the solar disc and their brightness depends
on the size, the position on the stellar disc and wavelength. Thus while at the

9
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Figure 1.8: An image of the Sun taken from the LASP-built NSF Precision Solar Pho-
tometric Telescope (PSPT). White extended regions are faculae and red-black regions
are sunspots. This picture is taken from http://lasp.colourado.edu/home/science/solar-
influences/sun-and-climate/.

centre of the disc they are identified as points (Mehltretter 1974) with a size of
about ~0.2" (Muller & Keil 1983), at the limb they are localized in granules. In
the case of the Sun, their presence increases the relative solar irradiance of ~1073
(Frohlich & Lean 2004) even in period of solar maximum activity, that is when the
number of sunspot is maximum. This means that facular brightness may offset,
at a larger extent, the lack of energy radiated by the spotted photosphere (Foukal
et al. 2006). For this reason the number of faculae are expected to depend on the
solar activity. The excess of facular brightness depends on wavelength through
the empirical relation

R(\) =0.53 A7,
where R(A\)=(AI/I(N))/(AI/I), found by Chapman & McGuire (1977) and it

may be derived as the derivative of the Planck function in the limit of the Wien
approximation:
Al _AB _heAT
1 B k T2 '
This means that the facular contrast decreases with increasing wavelengths, thus
its contribution is significant in the bluer bands whereas is lowered in the near-
infrared ones.
The enhanced brightness of faculae is explained as due to the fact that they

10
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Figure 1.9: Sketch of a magnetic flux tube (region between thin solid lines) and
adjacent granule (thick solid lines) illustrating the origin of facular brightening. The
dominant part of the continuum radiation (80%) is formed in the region enclosed by
the dashed lines. The brightness increase of faculae is mainly produced by a thin
layer near the limbward interface between the magnetic flux concentration and the hot
nonmagnetic granule. The dark path intensity is formed in the cooler regions of the
centreward granule and inside the flux concentration. The dark shaded regions indicate
the effective line of sight for the facular brightening and for the dark path (Spruit 1976,
Keller et al. 2004, Nordlund et al. 2009).

are depressions among the photosphere granules and the low granular opacity
allows us to see deeper in the solar surface. The intergranular lanes may be
depressed up to 350 km below the mean height. Owing to the low density and
opacity of granules, toward the limb and thus skewer lines of sight, we may
observe the hot walls of granules from which the facular brightness enhancement
originates. The increase in brightness is produced by a thin layer (~30 km) of
steep density gradient at the interface between the magnetic atmosphere and
nonmagnetic granules. In general dark lanes appear near the centre of faculae.
Moving limbward, from granule to facula, the line of sight intersects first a bright
granule top, then cool matter above the granule and inside the magnetic flux
concentration, and finally the hot wall of the granule on the further side of the
magnetic flux concentration (see Fig. 1.9). Magnetic field strength changes may
account for scratched pattern in the granule bright sides, owing to variations in
the density and opacity. Weaker magnetic fields mean higher density and larger
opacity, thus the radiation coming from regions with weak magnetic fields, i.e.
higher and cooler regions, makes these locations appear darker (Nordlund et al.
2009).

In active regions faculae are arranged in enhanced network, that is a coherent

11



1. Introduction

distribution, while outside the active regions this bright network forms the quiet
network. The observations of faculae and network reveal a complex structure
called filigree grains, made up of round points and extended regions, with size
of the order of about 300 km (Schrijver & Zwaan 2000), which seem to appear
typically in the intergranular lanes (Stix 1989).

1.2.2. The outer layers

Outside the photosphere the solar atmosphere is composed by several layers:
the chromosphere, the transition region, and the corona (Noyes 1982, Zirin 1988,
Stix 1989, Golub & Pasachoff 1997, Schrijver & Zwaan 2000).

- The chromosphere is about 10 000 km thick (Tayler 1997). Within this
region the temperature reaches a minimum (~4000 K) then begins to rise
slowly till 10* K (see Fig. 1.3). The chromospheric spectrum shows a large
number of strong emission lines, normally absorbed in the photosphere: Ha
(656.3 nm), Ca IT H&K (396.85 nm and 393.37 nm, respectively), and Mg IT
h&k (280.3 nm and 279.6 nm, respectively).

- The transition region is about few kilometers thick and is located between
the relatively cool chromosphere (~10* K) and the hot corona (~10° K).
It can be interpreted as a temperature regime rather than a physical and
geometrical layer (Stix 1989). Its spectrum is observed in the UV and EUV
wavelength regions and includes a plethora of emission lines due to the
presence of ions at several temperatures: Si III (189.2 nm) formed at about
8:10* K, C IV (154.82 nm) and Si IV (139.37 nm) formed at about 10° K,
O Vand O VI (121.8 nm and 103.2 nm, respectively) formed at about 3-10°
K.

- The corona is the outermost atmospheric layer with a temperature of the
order of 10° K extending far from the visible surface of the Sun into space
(few solar radii). Its emission is radiated in white-light (consisting of pho-
tospheric light scattered by electrons in corona and by interplanetary par-
ticles), in soft X-rays (continuum), in UV and optical spectral lines, and in
radio waves. Some of the coronal emission lines come from the wavelength
range between 331.8 nm and 1079.8 nm, e.g. from Ca XII to Ca XV, from
Fe XI to Fe XV, from Ni XIII to Ni XVI.

1.2.3. Origin of solar magnetic activity

So far I have introduced the solar magnetic activity describing its manifes-
tations over the Sun surface. In this section, I will briefly explain the origins of
the magnetic structures, i.e. the solar dynamo effect. The dynamo process is

12



1.2 The solar atmosphere

a complex mechanism involving essentially three elements that allow it to work:
the magnetic field, the differential rotation and the convective motion. All these
elements have to cooperate in order to make the observed magnetic field self-
consistent, explaining all the properties of the solar magnetic activity, e.g. the
11-year period of the sunspot cycle, and the equator-ward drift of the active
latitudes seen in the butterfly diagram (see Fig. 1.7).

The solar dynamo mechanism may be described in five stages (as reference
see the panels in Fig. 1.10). Starting with a phase of low activity (the first sta-
ge), the solar field is relatively weak (~1 G) and of dipolar shape. The field
lines emerge from the surface at latitude of about +55°, extending well out into
the corona and returning back to the opposite polar cap. In the second stage
the submerged field is drawn by the Sun differential rotation (i.e. the change
in rotation rate as a function of latitude and radius within the Sun) becoming
stronger. If R,,% > 1, the field lines remain frozen with the plasma rotation at
different rates to be stretched out (see Fig. 1.10(a)). The initial meridional field
lines gain an east-west direction, becoming essentially toroidal at lower latitudes
and changing polarity at the equator, see Fig. 1.10(b). The intensification of the
toroidal magnetic field takes some time to reach a given level and it is thought
that the time needed to reach this threshold value increases toward the equator.
When a critical value of intensification is achieved the magnetic field erupts to
the photosphere forming active regions at a particular latitude at which the mag-
netic field increase stops. This would explain the occurrence of sunspots at high
latitudes in the earlier stages of their evolution (see Sect. 1.2.1). The formation
of active region is assumed to be due to two effects: the magnetic buoyancy” and
the kinking of flux tubes by twisting them. This twisting may act on not uniform
structures of the field due to convection causing a further intensification of flux

5The dimensionless quantity Ry, = lovg/n is the magnetic Reynolds number, where v is the
typical plasma speed, [y is the typical length-scale of plasma motion, and 7 defines the magnetic
diffusivity, i.e. a measure of the tendency of a magnetic field to diffuse. R, gives a measure of
the coupling between the plasma flow and the magnetic field. In the solar photosphere generally
Ry > 1 and the coupling is strong, whereas usually in laboratory experiments R, < 1 and
the coupling is weak.

"For a flux tube, the horizontal equilibrium is expressed by the relation

32
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where P, and P, are the external and internal gas pressure, respectively, and B is the magnetic
field intensity assumed to be uniform across the flux tube. Locally intensified field region is
expected to have a lower gas pressure if it is in dynamical equilibrium with its surroundings.
If the flux tube and its surroundings are at the same temperature (T, = T}), the internal gas
density results to be lower than the external one (p; < pe) and a buoyant force is generated
that leads the flux tube to rise till the solar photosphere.
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Figure 1.10: Sketch of solar dynamo process. Red inner sphere is the Sun radiative
core and blue grid the solar surface. Between them is the solar convection envelope
where the dynamo process resides. (a) Stretching of poloidal field caused by the Sun’s
differential rotation near the bottom of the convection envelope. (b) Toroidal field
produced due to the stretching by differential rotation. (c) Intensification of toroidal
field, rising of buoyant loops to the surface, twisting as they rise due to rotational
influence. Two sunspots may arise from the footpoints of these loops. (d, e, f) Addi-
tional flux emerges (d, e) and spreads (f) in latitude and longitude from decaying spots
(Babcock 1961). (g) Meridional flow (yellow circulation with arrows) carries surface
magnetic flux poleward, causing polar fields to reverse. (h) Some of this flux is then
transported downward to the bottom and towards the equator. These poloidal fields
have sign opposite to those at the beginning of the sequence. (i) This reversed poloidal
flux is then sheared again near the bottom by the differential rotation to produce the
new toroidal field opposite in sign to that shown in (b). This picture is taken from
http://www.hao.ucar.edu/research/lsv/lsvDynamoBackground.php

tubes and resulting in separate braided flux ropes with intensity at least an order
of magnitude higher than that of the toroidal field (few hundred gauss). These
flux ropes give rise to bipolar active regions as they reach the photosphere, see
Fig. 1.10(c). In particular, each emerging flux ropes will generate a bipolar region
with a preceding and following magnetic polarity (p- and f-portions, respectively),
switching the polarity at the equator as the toroidal magnetic field does. The
fourth stage explains the neutralization and reversal of the Sun poloidal field
by observing that the f-portions of active regions tend to stay at higher latitudes
whereas the p-portions at lower latitudes. As an active region evolves its f-portion
moves towards the closest pole whereas the p-portion moves towards the equator.
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1.2 The solar atmosphere
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Figure 1.11: Regeneration of poloidal and toroidal fields in two dynamo. Left: af2
regime. Right: o regime (Brandenburg & Subramanian 2005).

This process results in the neutralization of f-polarities with the existing polar
field, while the p-polarities in the two hemispheres cancel out at the equator lat-
itude, see Fig. 1.10(d, e, f). The poleward migration is ensured by the presence
of a surface meridional flow which generates a surface reversed polar field, see
Fig. 1.10(g). In the fifth stage, the newly formed poloidal field is already reversed
and this occurs every 11 years before the onset of the next stage 1. A remnant
component of these poloidal fields is transported down to the bottom of the con-
vection envelope by the downward flow at high-latitudes and then towards the
equator, with the opposite polarity compared to the beginning of the magnetic
field sequence (Fig. 1.10(h)). This submerged field starts to experience the Sun
differential rotation that stretches the field lines producing spots by the toroidal
fields but with opposite polarity of the former analogous phase (Fig. 1.10(i)). The
dynamo process proceeds in a similar manner to the preceding one but with the
opposite polarity.

The solar dynamo effect is usually referred as to the af) regime, meaning that
the conversion between poloidal to toroidal field happens through the differential
rotation, i.e. Q-effect, then the opposite conversion occurs through the twisted
convective turbulences, i.e. a-effect. In other stars there may exist other two
dynamo regimes: the a? regime where an a-effect is responsible of the whole
magnetic stellar cycle (see Fig. 1.11) and the o> effect which is an intermediate
regime between the first two.

For further details I refer to Foukal (1990), Rosner & Weiss (1992), Tobias
(2002), Choudhuri (2007), Charbonneau (2010).

Photospheric models

Our observations and known physical laws are the bases on which the pho-
tospheric models are constructed. In this Section I will briefly describe the basic
assumptions on which these models are constructed and how the resulting photo-
spheric spectrum depends on the effective temperature, gravity, metallicity and
direction. The atmospheric models of photospheres are at the base of the method
which will be described in Sect. 2.1 and their primary assumptions are:
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1. Introduction

1. Plane parallel geometry, for which all the physical variables change as func-
tions of one spatial coordinate (z) and this is valid since the photosphere
thickness appears to be much less than the solar radius. This allows us to
neglect, to a first approximation, inhomogeneous structures, such as gran-
ulation and sunspots.

2. Hydrostatic equilibrium®, which means that the photosphere is subjected
to two balancing forces, i.e. its own gravity and gas pressure.

3. Perfect gas law (see Eq. 1.2), which is assumed to be applicable in the
photosphere.

The iterative procedure for the improvement of such models starts with an es-
timation of the vertical temperature profile, 7'(z), which serves to compute the
density distribution through the hydrostatic equation. Assuming a photospheric
chemical composition, the opacity sources in this layer may be found as functions
of pand T'. In a configuration of thermodynamic equilibrium, i.e. assuming to be
in LTE?, the opacities are ruled by the degrees of gas ionization and excitation,
calculated by using the Saha!® and Boltzmann!! equilibrium equations. There-
fore at each depth the photosphere is described by a unique physical temperature

8The hydrostatic equilibrium equation is expressed as
dP(r) = —p(r) g(r) dr, (1.3)
where P(r) is the gas pressure, p(r) is gas density, and g(r) is the gravitational acceleration,
all at a radial distance r from the Sun centre.

9LTE stands for Local Thermodynamic Equilibrium which is applied to small quantities of
the model photosphere.

10The Saha equation gives the relative number of atoms in two ionization stages as a function
of electron density, n., and temperature, T',

)

Njt1Me  Ujr1ge [ 2mmekT 3/2 (_;_%)

ngo ( h? ) ‘
where n; and nj4q are the number density of atoms in the ionization level j and j + 1, respec-
tively, u; and u;11 are the partition function of the two stages, g. is the statistical weight of
electron, m, is the electron mass, I; is the ionization potential from state j to j + 1, and k is
the Boltzmann constant.

U The Boltzmann equation describes the fraction of atoms excited to the n-th level, N,
relative to the total number of atoms at the ground level, N, as a function of temperature, T,

¥ =t e (7).

where g, is the statistical weight, u(T) = > g; exp(—x;/kT) is the partition function, x, is
the excitation potential required for the n-th level.
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1.3 Stellar activity

which determines the degree of ionization and excitation of the involved species.
In order to obtain the emergent flux we have to solve the LTE radiative transfer
equation which describes the variation of intensity with optical depth,

dl,

ud—Ty =1,-25,, (1.4)
where 1 = cos 6 being 0 the angle between the normal to the solar surface and the
line of sight, I, is the specific intensity at a frequenzy v, 7, is the optical depth
(see Eq. 1.1), S, = €,/k, is called the source function, i.e. the ratio between
emission ¢, and the absorption coefficient x,, both at a frequenzy v. A formal
solution of Eq. 1.4 may be obtained if we integrate from 7,, = 0 (where we observe)
to 7o, = oo (deep into the Sun), thus the total emergent flux at the direction p is

L0, 1) = %/Ooo Sy (1) exp(

that is the specific intensity at the solar surface. To integrate this relation we have

Ty

M) dr,, (1.5)

to know how the source function depends on optical depth in order to estimate
the temperature profile as a funcion of optical depth (a direct determination
of the temperature profile with 7, may be deduced by the photospheric limb
darkening). In LTE conditions we assume that S, = B,, where B, is the black
body radiation, thus the Eq. 1.5 may be inverted and the temperature profile as
a function of optical depth, T'(7,), may be derived at a specified wavelength (for
further detail, see Stix 1989, Foukal 1990, Gray 2005).

1.3. Stellar activity

Among the main-sequence stars, the magnetic activity is expected to be
found from the F-type to the M-type stars, i.e. from stars with thin convec-
tive envelopes to those with very deep convective regions (e.g., Mb5-type stars
with mass smaller than 0.3 M), Schrijver & Zwaan 2000), see Fig. 1.12. The UV
observations of main-sequence stars may help us to detect high temperature chro-
mospheres and coronae, in several spectral type stars. In fact, spectral emission
lines of C IIT (AX977, 1175) have been observed in FUSE spectra of A-type sources
(Simon et al. 2002) whereas spectral emission lines of Ca II H&K are revealed in
spectra of FO-type stars (Warner 1966, 1968). This allows us to actually extend
the class of magnetic active stars now starting from A4-type stars down to the
coolest M-type ones. As regards the stars evolved from the main-sequence, the
indication of their magnetic activity is more complicated to be established at first
sight. Such analyses were carried out by studying the Ca II H&K emission lines
but significant outcomes were also obtained in other wavelength bands, i.e. in the
UV and X-rays through the observation of IUE and Einstein observatories, re-
spectively (Schrijver & Zwaan 2000). The chromospheric activity of ~500 evolved
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Figure 1.12: An H-R diagram with magnetically active stars, divided in group of
solar similarity. Regions where massive winds and hot coronal plasma are seemingly
absent are indicated. The indicated names are related to the most frequently sources
(Schrijver & Zwaan 2000).

stars was carried out by Wilson (1976), by estimating the strength of the core
emission of chromospheric Ca II H&K lines. These studies have been extended by
Middelkoop (1982) and led to the observation of other 335 evolved stars. As an
example, our Sun comes out to be a slowly rotating star with a moderate magnetic
activity (Schrijver & Zwaan 2000) and we are principally interested to solar-like
stars. This class of objects is a very broad set since it includes from late F-
down to late G-type dwarfs, since the Sun has crossed several stellar evolutionary
phases before the main-sequence stage. In principle, solar-like stars should also
include subgiants concerning to the Sun in its pre main-sequence stage (Giidel
2007).

Throughout the H-R diagram we can distinguish several classes of stars that
exhibit magnetic variability: rotating variables (BY Draconis, Algol, RS Canum
Venaticorum, FK Comae), flare stars or UV Ceti type (dKe, dMe), pre main-
sequence stars, PMS (T Tauri, AB Doradus).

The first class includes main-sequence, giant and subgiant stars with spectral
types from B- to M-type, belonging both to single (BY Dra type and FK Com
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1.3 Stellar activity

type stars) and close binary stars (Algol type, RS CVn type). Their brightness
variability is caused by permanent or semi-permanent surface features (e.g. an
uneven temperature distribution) on the surface, such as starspots (Vogt 1975),
that are periodically observable due to the star rotation. The period of their
variability may range from less than 1 to about one month with an amplitude up
to 0.5 mag. For instance, the Sun may be considered a low-amplitude rotating
variable (Percy 1978).

The second class includes stars of spectral type dKe and dMe'? which exhibit
a sudden rise of brightness lasting from few minutes to at most few hours and then
return to quiescent level through a smoother trend. The brightness increase may
reach about 5 magnitudes in U-band (Eason et al. 1992). The intense emission
lines in their spectra suggest that are chromospherically very active (Melikian
et al. 2011).

The third class includes pre-main-sequence very young objects, typically as-
sociated with dark and dusty molecular clouds (Schrijver & Zwaan 2000), with a
mass of about 1M). Their spectra show excess continuum emission, remarkable
in the UV and IR, and a low excitation emission (Petrov 2003).

Historically, to have indications of the magnetic activity of a star as a function
of time, an activity parameter was defined, the S-index, based on the spectroscopic
emission lines of Ca II H&K and expressed as

H+ K

S = R (1.6)
where H and K represent two photometric channels, with a passband of 1 A
centering on the Ca II H&K lines respectively, V and R are two other windows,
with a passaband of 25 A separated by 250 A measuring the violet and red
continuum on both side of the Ca II doublet, and « is a calibration factor. For
long time the study of the temporal variations of this index was the primary
method of revealing stellar magnetic activity and of indentifying solar-like cycles
in other stars (Tayler 1997). In addition, the measuring of the S-index was also
the primary goal of the Mt. Wilson project'3, aiming at the systematic study of
stellar activity, that started in the middle of 1960s by observing about a hundred
of main-sequence stars, then it was extended till the end of 2003 obtaining over
350 000 photometric observations of about 2500 stars. More recently the S-index
has been converted into the quantity R'HK, which is a chromospheric activity
index (Noyes et al. 1984, Baliunas et al. 1995, 1996, Henry et al. 1996, Wright

12The label d refers to dwarf stars, the label e refers to the presence of emission lines in the
star spectra.

13See the website http://www.mtwilson.edu/hk/History/.
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et al. 2004) and is expressed as (Noyes et al. 1984)

/

/ Fuk

HK — 4
UTeff

where FHK = Fuk - Fonot is the chromospheric flux in the Ca II H&K lines (Fux
is the total flux in the Ca II H&K lines and Fpe is the photospheric stellar flux),
and o T is the bolometric total stellar flux. The Ry-index is thus the fraction

of the bolometric flux radiated by the star as chromospheric emission in the Ca II
H&K lines.

The analysis of temporal variations of the activity index is crucial to derive
some prominent stellar parameters, among which the stellar age and rotation.
For example, it is securely established that, in solar-type stars, the magnetic
activity decreases as stars age and that it is strictly connected with the loss of
angular momentum and with the stars slowing down during the main-sequence
phase. This means that young stars display relatively higher activity levels and
faster rotations, whereas old stars, just like the Sun and even older, exhibit lower
activity levels with slower rotations (Berdyugina 2005). Therefore it is possible
to connect the stellar magnetic activity with the star rotation velocities through
the rotation-activity relation and with the stellar ages through the rotation-age
relation. For further details I refer to Wilson (1966), Noyes et al. (1984) for the
first relation and to Skumanich (1972), Charbonneau et al. (1997) for the second
one.

In addition, the magnetic activity of a star is not only identified with the
variations in the chromospheric emission lines but also with the analyses of the
stellar flux in other range of wavelengths, for example in X-ray (Pizzolato et al.
2003) and UV emissions (Ayres et al. 1995). Both emissions show also a cor-
relation with the flux in Ca Il H&K emission lines and this suggests a strong
connection among the different layers of the outer stellar atmospheres.

1.4. Detection methods for extra-solar planets

According to the IAU definition an extra-solar planet is a celestial body
orbiting a stellar object, or what remains of a star, with a mass ranging from
that of Pluto (0.002 M) to that needed for thermonuclear fusion of deuterium
(13 My ~ 4100 Mg) (Mason 2008). Those objects with mass of the order of
that of Pluto are classified as “dwarf planets”, whereas “brown dwarfs” are those
objects with a mass involving at the most the thermonuclear fusion of deuterium.
Finally, there exist “sub-brown dwarfs” which are free-floating bodies with masses
lower than that required to the fusion of deuterium.

The first detection of an extra-solar planet occurred in the 1992, when two
planets orbiting a pulsar star - the remnant of a massive star - were discovered
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Figure 1.13: Detection methods for extra-solar planets. The lower horizontal lines
refer to the current planetary detectable limit of masses reached by the corresponding
method measurement (solid lines), and those which are expected in the next 10 —
20 years (dashed lines). Solid arrows indicate the actual detections according to the
estimated masses, whereas open arrows indicate further measurements of previously-
detected systems. “?” refers to unconfirmed detections (Perryman 2000).

(Wolszezan & Frail 1992). However this discovery did not gain much attention
probably because this kind of stars are very different from the Sun. In the 1995,
some years after that first claim, the discovery of the planet 51 Pegasi b (Mayor
& Queloz 1995) orbiting around a solar main-sequence star (now classified as a
G2.51IV star, Montes et al. 2001) occurred and this marked the starting point of
the exoplanetary sciences. Our current knowledge has lead to the detection of
843 planets identified in 665 planetary systems and 126 multiple planet systems'
and has pointed out the great variety of extra-solar planets if compared to planets
in the Solar System.

Fig. 1.13 shows the totality of the extra-solar planets detection methods.
They are divided in direct and indirect detection methods. The former methods
are based on the direct observations of an exoplanet which may be difficult for
several reasons. The last methods are basically devoted to reveal the presence
of extra-solar planets looking for their influence on the parent stars. The most
significant direct method is the the direct imaging. The most important indirect
methods are the radial velocitiy technique, the astrometry, the microlensing tech-

14Gee the Extrasolar Planets Encyclopaedia, http://exoplanet.eu/, updated to November 7th,
2012.
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nique, the pulsar timing technique, and the planetary photometric transit method
which will be discussed in the following section. For further details for the other
detection methods I refer to Irwin (2008), Doyle (2008), Ollivier et al. (2009),
Perryman (2011).

1.4.1. Planetary photometric transits

A planetary transit occurs when an extra-solar planet passes in front of
its parent star, temporary blocking a fraction of the starlight, if there are no
additional perturbing bodies in the system, and crossing the line of sight between
the star and the observer. As examples, the relative flux reduction due to the
transit of Jupiter in front of the Sun is 0.01, the analogue quantity for the Earth
is 107*. This is a periodic event in the course of the planet orbit and we call
transit, or primary eclipse, the passage of the planet in front of the star, while
an occultation, or secondary eclipse, occurs when the planet disappears behind
the star. This technique is effective for close-in and small-period planets; for
instance, the probability of detecting the transit of Jupiter or the Earth is 0.1%
and 0.5% respectively, whereas for a more close-in planet, such as 51 Pegasi b,
the probability increases to 10% (Eggenberger & Udry 2010) and in general we
expect to detect Jupiter-like planets from ground surveys and Earth-like objects
only from space. To date the transiting planets are more than 250 units and these
detections are very significant since they allow us to characterize these planets in
a unique way. From the other techniques we can put constraints on the planet
masses (only lower limits from the radial velocity), the orbital shapes and sizes.
With the transiting planets we can derive precise orbital parameters, the planet
radius and gain more insight of their temperature structure and their atmospheres
(Brown 2008). In Fig. 1.14 is shown the transit light curve of the planet WASP-10
b along with a sketch of this event. The stellar flux reduction (AF') produced by
the primary eclipse is given by the ratio of the planet to star areas so that the
relative flux reduction is expressed as

AF  [(R,\°
_(Ze 1.7
2 (R*) , (1.7)

where Fj is the out-of-transit stellar flux, I, is the planet radius, and R, is
the stellar radius. Thus we can infer a rather precise estimation of the planetary
radius through the observation of a photometric transit of a planet if stellar radius
is known. If there exist some astrophysical effects that perturb systematically the
relative flux reduction of a planetary transit, AF/F, by e.g. introducing temporal
or wavelength dependences, in principle we may infer incorrect estimations of the
planetary radius, even if the stellar radius is known. Moreover the identity in
the Eq. 1.7 holds true when neglecting the limb-darkening effect that influences
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Figure 1.14: When the planet WASP-10 b passes in front of the star WASP-10, it
induces a brightness decrease useful to measure the planet size.

the transit profile (see e.g., Seager & Mallén-Ornelas 2003, Czesla et al. 2009),
as this effect introduces a colour dependence in the transit depth depending on
the inclination respect to an edge-on orbit (Doyle 2008); this will be discussed in
Sect. 1.4.2.

A significant parameter is also the maximum duration of the transit, tr,
which is the time required by the planet to cross the width of the stellar disc and,
for a central transit (i.e. when the planet passes over its parent star along a line
coincident to the stellar equator), may be suitably expressed by

R, _is (MNP
tr =13 p3 1.8
' Rg o™ (M(D) ’ (18)

where ¢ is in hours, P, is the orbital period in years and M, is the stellar

mass (Brown 2008). For a not central transit we expect that the duration is
reduced by the factor \/1 — b?/R2, where b is the impact parameter, namely the
minimum distance between the planet and the star centres. For a solar-type star,
a Jupiter-like planet may take 30 hours to complete a transit, an Earth-like planet
12 hours, and a close-in extra-solar giant planet (CEGP) about 2 — 4 hours. A
geometrical illustration of a planetary transit is given in Fig. 1.15. Moreover the
planetary transit technique offers the opportunity of estimating the inclination
angle of the planetary orbital plane, i, and deriving a more precise measure of
the mass planet when combined with the radial velocity curve. Therefore the
synergy among the different detection methods is a very precious tool that may
help us to better characterize the great variety of the observed planetary systems,
reducing the possible occurrence of false alarms (Brown 2003), such as grazing
eclipsing binary stars (Brown 2008, Doyle 2008). For instance, the first transiting

23



1. Introduction

s

bR,,; a cosi

Figure 1.15: Illustration of the significant quantities in a transit light curve. In the
bottom the solid and dotted lines refer to two different light curves whose geometry is
described on the top. Some important properties are indicated: AF, tp, and tgp, which
is the elapsed time duration between the ingress and egress phases (i.e. the duration
of the flat part of the transit). These phases start and finish in correspondence of
the reported contact points between the planet and the star: from left to right they
are indicated by the numbers 1, 2, 3, 4. Also reported are R,, R, b and the orbital
inclination angle, . The two light curves on the bottom are obtained for two different
b, and therefore i values (since cos i = bR, /a), Seager & Mallén-Ornelas (2003).

planet, HD 209458b (Charbonneau et al. 2000, Henry et al. 2000, Mazeh et al.
2000), was at first detected with the radial velocity and its transiting nature was
revealed through a photometric follow-up. The opposite path was adopted for
the OGLE candidates in the 2002 — 2003. This survey selected photometrically a
series of interesting planet candidates which then were analysed in spectroscopic
programs (Udalski et al. 2002a,b,c, Udalski 2003).

Another significant parameter directly derived by fitting the transit light
curve is a/R,, the normalized separation between the star and the planet, where
a is the semi-major axis of the relative orbit. This parameter may be used to
derive intrinsic information on the star providing important constraint for the
characterization of a transiting planetary system. Following the line of reasoning

24
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of Sozzetti et al. (2007) and using the third Kepler’s law, we can infer the stellar
density p, from the relation (Seager & Mallén-Ornelas 2003)

M, a\?
K —_—
R? R,)

where the left-hand side is the stellar density and all the quantities are expressed

in CGS units. Estimates of p, provide constraints on the stellar evolution and
luminosity (spectral type classes, Seager & Mallén-Ornelas 2003), sizes, and to-
gether with stellar effective temperature, it is used to derive the position of the
star on the H-R diagram and hence its age from the isochrones.

Several large surveys are being carried out or planned to find transiting
extra-solar planets and this large number of surveys will supply a great amount
of light curves to be analysed. Light curve fits to transits events are largely used
aiming to derive a precise characterization of the planet and its parent star and
yelding significant constraint on planetary formation theory. This type of analyses
requires fast computation of eclipse model (Mandel & Agol 2002). Assuming
that the stellar and planetary bodies are well described with spheroidal shape,
that the stellar limb darkening is well constrained (in most cases the quadratic
law results to be convenient), the decrease in the stellar flux during a transit
may be represented by the total or partial superimposition of the two discs (Pal
2008). The analytical description of transit light curves requires to be analysed by
using fitting procedures. Most of the data modelling algorithms use the partial
derivatives of the model function with respect to the model parameters (e.g.,
Levenberg-Marquardt fitting method, Press et al. 1992) in order to estimate the
light curve variations directly from the change in the orbital elements. The use
of partial derivatives has the advantage of speeding up the fitting procedure, just
as described by Pal (2008). To estimate how the starspot-induced variations in
the transit profiles may affect the derivation of orbital elements, I will introduce
an application of the Pal’s procedure in Sect. 2.1.4 and the relevant results will
be reported in Sect. 3.2.2. The author presents the partial derivatives of the
flux decrease function assuming a quadratic limb-darkening law. The relative
apparent flux of an eclipsed star with a quadratic limb darkening may be written
as f = 1 — Af, where Af is the flux decrease function (assuming that the
out of transit flux is equal to 1). The author found an analytic form of Af
where the term depending on limb-darkening coefficients (LDCs) (v, and 7s) is
separated by those depending on the geometry (R, a/R,, b, and E, i.e. the mid-
transit time) and by using the Fisher matrix method (Finn 1992) they obtained
the uncertainty and correlations between the fitted parameters. The correlation
between the LDCs results to be dependent on the impact parameter b and so
does the correlation of a/R, with respect to b, if a standard parametrization of
transiting light curve is chosen, namely R,/R,, a/R,, b, and E. Nevertheless with
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this parametrization the correlation between a/R, and b results to be dependent
on the planetary radius since it tends to unity if the planetary radius is decreased.
Thus, in case of very small planets, the fitting methods could give distorted
results. If the parametrization reported in Bakos et al. (2007) is adopted (R,/R.,
v?, ¢/R,, E) no correlation between b? and /R, is found, where

S YR (1.9)

R V1-12
The proposed analytical analysis of light-curve parametrization reveals faster than
to the analogous analysis carried out with Monte-Carlo methods and may be
extremely useful in the implementation of the Levenberg-Marquardt algorithm.

Brightness contrast between star and planet

The detection of photometric transit signal due to extra-solar planets is
strongly dependent on the brightness contrast between the planet and its host
star, and the enviroment of the exoplanetary systems. Fig. 1.16 illustrates the
wavelength dependent brightness contrast between some Solar System planets
and the Sun. In the visible wavelengths, the Earth is about 107" times less
bright than the Sun (at 0.5 pm in Fig. 1.16), whereas this contrast reduces to
about 107% at infrared wavelengths (at about 10 pm in Fig. 1.16) allowing us to
directly detect the radiation coming from the planet. Accordingly, to increase the
contrast effect between the planet and its hosting star, observations in specific
wavelength regions, such as infrared wavebands, are needed. Furthermore we have
to take into account also the instrinsic planetary spectrum which is composed by
two components (distinguishable in Fig. 1.16): one is due to the reflection of the
starlight by the planet and the other is due to the intrinsic thermal emission of
the planet itself. These emission components may be more intense in some wave-
length regions rather than in others. For instance, in the case of an Earth-like
planet orbiting a main-sequence solar-like star, the first component dominates
the spectrum in the visible and near-infrared wavelengths (from 0.1 to 4 pm), the
second component in the infrared region beyond 4 pm. We expect also that the
brightness contrast depends on the nature of the stellar and planetary objects,
namely on the star and planet effective temperatures, their main distance and the
planetary atmospheric properties. In fact the distance between the planet and its
parent star contributes to the radiative equilibrium of the planet. More distant
exoplanets from their stars will have lower effective temperatures and viceversa.

Furthermore, as the Sun is surrounded by a debris or dust disk, we might
expect that similar environments are also present around the other solar-like stars.
This kind of disks permeate the equatorial plane where planetary orbits lie and
emit a radiation of its own which may be revealed also in the infrared wavelength.
This emission is far from being negligible because the spatially integrated emission
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Figure 1.16: Comparison of the relative brigthness of the Sun, Earth, Jupiter and
Uranus, in logarithmic units, vs. wavelengths.

over the whole disk may be about 300 times greater than that of the Earth in
the case of our Solar System at a wavelength of 10 pum (Ollivier et al. 2009). In
summary a photometric detection of an extra-solar planet may be favoured in the
infrared wavelengths even considering these perturbative effects, if observations
are carried out in specified infrared wavebands.

Transiting planets around M-dwarfs

The current research in the field of extra-solar planets is aiming at the de-
tection of smaller and smaller planetary masses down to the Earth-mass limit,
in order to identify the so-called Super-Earth planets with ~1.5 Earth radii and
1 — 10 Earth masses (Seager & Deming 2010). This kind of objects is expected
to be favourable detected around stars that are smaller and colder than the Sun,
namely M-dwarfs'® (Butler et al. 2004, Nutzman & Charbonneau 2008, Deming
et al. 2009). The reason why these stars should be surveyed are manifold:

1. M-dwarfs appear to be very common both in the Solar neighbourhood
(Deming et al. 2009) and in the Milky Way (~75% of all stars). In fact a
new catalog of bright M-dwarfs has recently been published by Lépine &
Gaidos (2011) with 8889 M-dwarfs with J < 10. Given the M-dwarfs abun-
dance in our Galaxy we might expect that these red stars harbour a huge
number of planetary systems with more close-in and lower mass planets

The M-dwarfs are main-sequence stars whose spectra show TiO bands and other molecular
signature,s such as CaH, VO, FeH and CrH (Kirkpatrick et al. 1993), with masses ranging from
about 0.5 M to less than 0.1 M (Tarter et al. 2007).

27



1. Introduction

than those orbiting solar-like stars (Tinetti et al. 2011).

2. Planetary transits are deeper and thus easier detectable. This is ensured by
the smaller stellar radii; an Earth-sized planet produces a 1.3 mmag transit
depth if orbiting a M4V star, a 8.4 mmag if orbiting a M8V star and 0.084
mmag if orbiting a G2V star, i.e. the Sun (Deming et al. 2009).

3. The planet-to-star contrast is larger than that of the Earth-Sun system.
In the Rayleigh-Jeans limit, this quantity depends on the relative surface
area and the brightness temperature of the star and the planet (Tinetti
et al. 2011). For a M4V star this contrast is 0.012%, for a M8V star it is
about 0.11%, and for the Earth-Sun system the contrast is only 0.00044%
(Deming et al. 2009).

Among the extra-solar planets orbiting M-dwarfs, the scientific interest is

6 around

also focused on those planets transiting in the habitable zone!
M-dwarfs. Owing to the lower luminosity of smaller stars, the habitable
zones are closer to the stars if compared with solar-like stars (Nutzman &
Charbonneau 2008, Tinetti et al. 2011) and the M-dwarf surveys may help

us to investigate these planetary systems for the reasons below.

- Planetary transits are more likely to occur since the habitable zone
transit probability changes as T2 (Nutzman & Charbonneau 2008,
Deming et al. 2009). Since the transit probability depends also on
the ratio R,/a, the probability for a planetary transit in the habitable
zone of a low mass star is from about 2.3% to 5%, that is higher than
the 0.5% probability for an Earth to transit a Sun-like star (Seager &

Deming 2010).

- Planetary transits are more frequent in the habitable zone. A planet at
a distance of about 0.074 AU from a M) star would transit once every
14.5 days while the Earth takes 1 year to orbit the Sun (Nutzman &
Charbonneau 2008). This would be useful for detection by ensuring
fewer hours of observation with sufficient orbital coverage (Deming
et al. 2009).

All these points give support to the concrete opportunity to analyse photo-
metrically this class of astrophysical objects in the search for habitable Earth-
sized planets. In fact the observations of M-dwarfs hosting planets in the opti-
cal and near-infrared wavebands is the main scientific objective of a number of

6The habitable zone orbit is the orbital distance around a star where the planet temperature
is such as to allow liquid water (Seager & Deming 2010), namely the planet receives the same
insolation flux as that of the Earth from the Sun (Nutzman & Charbonneau 2008).
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Figure 1.17: Transit and eclipse geometry for a transiting planet. The grey circular
corona around the planet during the transit mimics the presence of an atmosphere.

ground-based projects, e.g., MFEarth (see, Nutzman & Charbonneau 2008) and
it is part of the program of the James Webb Space Telescope (JWST) project
(Gardner et al. 2006).

Planetary atmospheres

Given the heterogeneity of the planetary atmospheres visible in our Solar
System, to think at it as unique would be rather restrictive. We expect that,
as in our Solar System, also in the other planetary systems there exist planets
having an atmosphere and their characterization is the primary focus of some
forthcoming space missions (Tinetti et al. 2011, Swain 2012a,b). In this sense
the transit depth of a planet may provide significant evidences of the presence
of a planetary atmosphere and also of its chemical composition. This charac-
terization is made possible analysing the stellar spectra through two different
configurations: transmission or emission spectroscopy (see Fig. 1.17). The first
approach implies the study of the stellar spectrum during the transit (Seager
& Sasselov 2000, Brown et al. 2001, Hubbard et al. 2001, Charbonneau et al.
2002): the starlight filters through the planet atmosphere carrying the signa-
tures of molecules or atoms present in the planetary environment. The second
approach analyses the reflected planetary spectrum during the secondary eclipse
(Charbonneau et al. 1999, Cameron et al. 1999) that may provide information
on the thermal emission of the planet and on the associated signatures (Perry-
man 2011). Both in these configurations a chemical composition, temperature
and density of the atmosphere may be inferred (Tinetti et al. 2011). Even at
intermediate phases, varying fractions of the planet disc are illuminated during
the orbit and the corresponding modulation of brightness may help us to gain
more knowledge about the longitudinal brightness distribution, its dynamics and
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log opacity

Figure 1.18: Dependence of the apparent radius of a planet on the wavelength selected
for the observation. Wavelengths corresponding to large opacity provide larger radii,
those corresponding to lower opacity provide smaller radii (Brown 2008).

thus how the absorbed stellar radiation is distributed between the day-side to
the night-side of the planet (Tinetti et al. 2011). The spectroscopic follow-up of
the exoplanets has revealed the wavelength dependence of the planet atmosphere
observations since the atmospheric attenuation depends on the wavelength region
in which the observations are performed, being more or less effective according
to the wavelength region (see Fig. 1.18). The planet effective cross-sectional area
will vary according to the opacity of the atmosphere and the apparent radius
of the planet will be dependent on the altitude where the atmosphere becomes
more rarefied (for a more detailed treatment see Appendix C). A most widely
used approach to constraining the properties of planetary atmospheres is that of
measuring the transit depth in different passbands observed simultaneously (e.g.
from optical to infrared). The selective absorption of the stellar radiation by the
molecular species, present in the planetary atmosphere, may produce a variation
in the apparent radius of the planet versus the central wavelength of the passband
and can be used to detect them (e.g., Désert et al. 2011a,b, Croll et al. 2011),
thus the development of new methods to quantify the atmospheric opacity of an
exoplanet is becoming crucial.

In addition the absorption features present in the spectroscopic follow-up
studies of exoplanets enable us to identify specified elements in some atmo-
spheres. For example, the atmosphere of the exoplanet HD 209458 b contains
sodium (Charbonneau et al. 2002, Barman 2007, Burrows et al. 2007), hydro-
gen (Vidal-Madjar et al. 2003), and possibly carbon and oxygen (Vidal-Madjar
et al. 2004). The sodium feature was observed by Charbonneau et al. (2002) with
HST /STIS spectrograph in the wavelength range 581.3 < A < 638.2 nm produc-
ing a relative change in eclipse depth of about (2.32 4 0.57)x10~* and expected
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in theoretical atmospheric models of transmission spectra (Barman 2007) or re-
flection spectra in infrared wavebands (Burrows et al. 2007). Tentative searches
were made to detect molecular signatures of CO, H,O and CH, without a firm
identification in infrared bands both in transmission and reflection spectroscopy
(Brown et al. 2002, Richardson et al. 2003b,a, Deming et al. 2005). In the UV
wavebands, HST observations of HD 209458 b have revealed atomic hydrogen
features stronger than expected (the Lya!” depth is about the 15%) for an at-
mosphere of a planet covering only the 1.5% of the star disc. The results of
Vidal-Madjar et al. (2003) show that hydrogen atoms fill a large area around the
star (beyond the Roche lobe!® of the system) probably because of its escaping
from the planet atmosphere. In the infrared wavebands the analysis of stellar
spectra is very useful to establish the molecular content of the planetary atmo-
sphere since it helps us to characterize the atmosphere during the occultation
phase. Furthermore the infrared spectra have become a well-established field of
transmission spectroscopy, since this domain includes the most important spec-
tral signatures of the main atmospheric moleculae (Tinetti et al. 2007a, Swain
et al. 2008, Pallé et al. 2011), such as COq, H,O, CH, and NHj (Leger et al.
1996) even if still controversial (Ehrenreich et al. 2007, Désert et al. 2009, Sing
et al. 2009, Gibson et al. 2011). To detect molecular signatures in planetary spec-
trum, both in transmission and reflection, in principle the observed spectrum is
compared with atmospheric models including some interesting molecular species.
Swain et al. (2008) compare their observed transmitted spectrum of HD 189733 b
in infrared bands with simulated transmitted spectra that include contributions
of interesting molecular species. With this approach they find signatures of the
absorption of H,O and CH4. Thus, in principle, if the agreement between the
observed points with their error bars and the theoretical spectra is good we can
infer the related chemical composition, whereas if there are some departures some
additional absorption features are required. Furthermore Swain et al. (2008) take
into account the presence of cool spots on the visible hemisphere of the planet
since the parent star is magnetically active. Thus the authors derive a correc-
tion factor assuming a starspots coverage of 4% in model spectra. This means
that for active stars the presence of surface inhomogeneities introduces some not
negligible bias. This issue will be detailed discussed in Sect. 1.4.2.

1"The Lyman « line is an emission spectral line of hydrogen atom radiated when the electron
drops from the n = 2 to n = 1 orbital, where n is the principal quantum number. In hydrogen
atom it occurs at 121.6 nm.

8The Roche lobe is the region of space around a star in a binary system within which orbiting
material is gravitationally bound to that star.
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Current and planned space missions

Among the infrared facilities used for observations of transiting extra-solar
planets, the InfraRed Array Camera (IRAC) has provided a large amount of pho-
tometric data, even if it was not launched for exoplanet research. It is one of
the focal plane instruments on board on the Spitzer Space Telescope (SST). It is
a four channel camera that gathers simultaneous broadband images at specified
wavelengths, 3.6, 4.5, 5.8, 8.0 um in two adjacent 5.2 x 5.2 fields of view (FOV).
The two shorter wavelength channels are built using indium and antimonium
(InSb), whereas the two longer wavelength channels have detectors that have
been specially treated with arsenic (Si:As). Each pair of detectors introduces
incorrect systematic errors that may compromise the measurements obtained by
infrared observations. The shorter wavelength channels!? exhibit pizel-phase ef-
fects (Reach et al. 2005, Charbonneau et al. 2005, Morales-Calderén et al. 2006,
Knutson et al. 2008) due to the telescope jitter and a significant intra-pixel vari-
ation in the sensitivity of the detector. The solution is thus to model and remove
these effects (Désert et al. 2009) by decorrelating measured flux with the X or Y
coordinate, or the radial distance from the pixel centre. There is not a univer-
sal correction method, each investigator chooses the decorrelation method that
reduces the noise in their own data (Seager & Deming 2010). The pixel-phase
effect may be present even in the longer wavelength channels but with a much
less extent. In their turn the longer wavelength channels show non-linear trend
with time, that is a gradual increase in intensity corresponding to an increase in
the gain of the instrument response which is flux dependent (Deming 2009). This
effect, called the ramp effect (Deming et al. 2006, Knutson et al. 2007a), is caused
by the trapping of electrons by the detector impurities material (see Agol et al.
2010 for further details) reaching up to ~10% for the least illuminated pixels over
33 hr (Agol et al. 2010), and increase over time (Machalek et al. 2008). What
happens is as follows: the first photons are captured by ionized impurities and
do not contribute to the signal, the additional radiation tends to saturate the
charge trap and the signal readout reaches an asymptotic level (Deming 2009).
In addition, the channel 5.8 um can show an inverse ramp trend, i.e. the intensity
decreases with time (Machalek et al. 2008). The ramp effect is not crucial for
bright and high-contrast systems, since the time scale for the ramp to reach its
maximum value is in general considerably longer than the typical eclipse dura-
tion. It may be more relevant for fainter and low-contrast systems since these

9Because of the cryogen depletion (about April 2009), only these two shorter wavelength
channels are operating at full sensitivity (Deming 2009), since the observatory is being kept
cooled at ~35 K (Warm Spitzer, see the website http://ssc.spitzer.caltech.edu/warmmission-

/propkit/som/).

32



1.4 Detection methods for extra-solar planets

uncertainties become significant if compared to eclipse depth (Deming 2009). The
identification of all these instrumental systematics and artifacts is primarily due
to the astronomers’ necessity of separating planetary from stellar light in the
time domain at small photometric levels (e.g., the IR contrast for a hot-Jupiter
orbiting a Sun-like star is 107%, Seager & Deming 2010). In this context exo-
planet investigations have proved to be very useful in defining the nature of the
source of telescope systematic errors. Their correction is particularly relevant for
future infrared missions, such as JWST, since the same Si:As technology, present
in the last two Spitzer/IRAC channels, will be adopted for MIRI (Mid-Infrared
Instrument, see Gardner et al. 2006). The JWST is a large (6.6 m), cold (< 50
K) infrared space observatory planned to be launched in the next decade which
will cover the wavelength range from 0.6 to 28.5 um. It will provide spectroscopic
(NIRSpec, Near-InfraRed Spectrograph, and MIRI) and imaging data (NIRCam,
Near-InfraRed Camera, and TFI, Tunable Filter Imager) with a telescope FOV
of 166 arcmin?.

The observation of stars hosting planets in the optical and near-infrared
wavebands will be the focus of several space-borne telescopes, e.g. FChO (Exo-
planet Characterization Observatory) and FINESSE (Fast Infrared Exoplanet
Spectroscopy Explorer). The proposed ESA mission, EChO (Tessenyi 2010,
Tinetti et al. 2011), is a space-borne telescope that will observe the visible-infrared
spectra (0.4 — 16 pm) to characterize the physical properties of exoplanet atmo-
spheres, searching for molecular spectral features and bio-markers. A significant
part of the mission will be devoted to the observation of the atmospheres of
super-Earth planets orbiting M-dwarf stars for the aforementioned reasons. The
FINESSE telescope is a proposed NASA mission and space observatory which
will gather near-infrared spectroscopic data (0.7 — 5 pm, Swain 2012b) of over
200 known exoplanets during a period of two years, with the goal of gaining un-
derstanding of what is the chemical composition of their atmospheres, and how
our solar system fits into the larger family of planets (Swain 2012a,b).

1.4.2. Phenomena affecting photometric measurements

During a planetary orbit, some active regions may arise or pass on the ob-
servable star disc (starspots or faculae, completely analogous to the solar ones,
see Sect. 1.2.1). These surface inhomogeneities produce brightness stellar varia-
bilities (a.k.a. rotational modulations) that may interfere with the photometric
detection of transiting planets. More active is the star, more noisy will be the
detection. The actual effect is that they alter the transit depth (reducing or
increasing it) by introducing errors in the determination of orbital, stellar and
planetary parameters, among which the most significant is the planetary radius.
This may have a significant impact on the derivation of the dependence of the
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planetary radius on wavelength (Pont et al. 2008, Czesla et al. 2009, Sing et al.
2009, Agol et al. 2010, Berta et al. 2011, Sing et al. 2011a,b, Désert et al. 2011a).
The occurrence of such events is quasi-periodic since starspots or bright faculae
rotate with the star rotational period, whereas extra- solar planets orbit with a
timescale of their own. In the case of the Sun, dark spots have timescales ranging
from weeks to months (Lanza et al. 2003, 2007), whereas a typical duration for
planetary transits may range from a few hours to a few tens of hours. However
comparable timescales are realistic and the distinction between the two situations
may not be straightforward.

All the sources of microvariability in active stars can hamper the measure
of planetary transits and this can be a problem for targets with a solar-type or
slightly higher magnetic activity level, i.e. main-sequence stars from late F to dM
stars. Therefore the search for planetary transits in presence of stellar activity
requires techniques to filter out or fit the microvariability of the star. They are
essentially based on the observations of the flux variations outside transits along
time intervals of at least two or three stellar rotations (cf., e.g., Aigrain & Irwin
2004, Moutou et al. 2005, Bonomo & Lanza 2008, Bonomo et al. 2009).

Starspots

Starspots are peculiar regions with a high concentration of stellar magnetic
field characterized by a lower effective temperature than the surrounding photo-
sphere, thus they are darker than the rest of photosphere. Their passage onto
the visible hemisphere of the star is similar to what we see on the Sun when a
spot is visible on its surface where induces a variation in the total solar irradi-
ance of about the 0.003% (Frohlich & Lean 2004). On the Sun we can observe
much details of such an event, the same is obviously not possible for much more
distant stars, therefore we may figure them out through models and simulations
(see bottom panel of Fig. 1.19).

The presence of starspots on the stellar surface affects the transit light curve
in two ways. If during the transit the planet completely or partially occults the
spot hiding temporarily a cooler fraction of photosphere to the observer, this is
observable as a sort of brightness rise in the transit profile. Alternatively, if the
planet does not occult the spot which remains on the star surface all the transit
long, this produces a reduction of the stellar flux level in and out of the transit.
In this last situation the absolute variation of flux (AF = F; — F,o, where Fj
is the in-transit stellar flux and F,, is the out-of-transit stellar flux) does not
change but the same does not happen if we want to quantify the relative varia-
tion of stellar flux (AF/F,o). Such an event is very minute (< 10~* for an active
star, like HD 189733, see Pont et al. 2008) but it has to be taken into account
given the current detectors accuracy (107* — 1072 for HST/ACS observations).
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Figure 1.19: Top: group of sunspots. Bottom: starspot mapping on the surface of
one component of a RS CVn binary as a function of the orbital phase as indicated
below the simulations.

As an illustration, Fig. 1.20 shows simulations of the occulted and unocculted
configurations where it is possible to observe how the presence of starspots con-
tributes to the integrated stellar flux. Since these dark regions are cooler than the
surrounding photosphere they induce a reduction in the stellar flux, regardless
of the transiting planets, that depends on the temperature difference between
the spot and the rest of the star but also on the relative size of the spot with
respect to the stellar disc. The first factor introduces a chromatic effect that
in principle depends on the difference of their spectra, i.e. two photospheres at
different temperatures (see, e.g., Pont et al. 2008), thus the transit depth gains
a colour dependence. The second one is a geometrical factor that may be depen-
dent on the stellar magnetic activity level, usually referred to as spot filling factor,
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Figure 1.20: Simulated light curves. (a) In absence of a planetary transit. The dashed
line refers to the stellar flux level in absence of starspots (unperturbed photosphere),
the solid line refers to the stellar flux level in presence of one or more starspots. (b)
In presence of a planetary transit and unocculted starspots. The dashed line refers to
the unperturbed stellar flux during the transit, the solid line to the in-transit stellar
flux in presence of unocculted starspots. (c¢) In presence of a planetary transit and
occulted starspots. The dashed line is the same as before, the solid line refers to the
stellar flux variations due to the transit of a planet which covers a starspot (or a group
of starspots) located at the centre of the stellar disc where a flux bump is visible.

namely the fraction of the stellar disc covered by dark and cool spots. In addi-
tion, we have to take into account the wavelength dependence of the transmission
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planetary spectra, therefore disentangling all these effects becomes very crucial.
The detection of anomalies in the transit light curve may be also used to estimate
some stellar properties, e.g., the rotational period of the star (see, e.g., Silva-Valio
2008), and some orbital parameters, e.g., the spin-orbit misalignment® (see, e.g.,
Sanchis-Ojeda et al. 2011, Sanchis-Ojeda & Winn 2011).

Among the stellar parameters influenced by the activity there is the effec-
tive stellar temperature, Tog. As the Sun exhibits relative flux changes (still of
about hundredths of percentage) in different wavelengths during its activity cycle
(Krivova et al. 2006, Guillot & Havel 2011), these changes are expected in other
solar-like active stars and are more critical for even more active stars. Thus T,g
estimates measured from spectroscopic analysis at different stellar activity phases
may be sensibly affected by the presence of starspots or surface inhomogeneities
in general and this introduces uncertainty in the derivation of the stellar T.g
(Guillot & Havel 2011). In this sense large error bars in the measure of T,z may
be considered as a useful tool to identify those uncertainties due to activity and
starspots (Guillot & Havel 2011).

The starspots-induced variability effects are not limited only to the photo-
metric measurements on the planetary transits but they influence also the radial
velocity and astrometric determinations for extra-solar planets. For radial ve-
locities further reading may be find in Saar & Donahue (1997), Queloz et al.
(2001), Hatzes (2002), Bonfils et al. (2007), Dumusque et al. (2011), for astrome-
try further reading may be find in Lanza et al. (2008), Catanzarite et al. (2008),
Makarov et al. (2010).

Stellar faculae

As in the case of the Sun (see Fig. 1.8), we expect that on the surface of other
late-type stars, some bright regions appear. These inhomogeneities are analogous
to the solar faculae and are extended regions which precede or follow starspots in
longitude. Owing to the distances at stake we might only simulate their behaviour
on the surface of the other stars by looking at that of the spots on the Sun where
the amplitude of the solar flux variability induced by such events is about 103
at the maximum of the 11-yr cycle (Frohlich & Lean 2004). Fig. 1.21 shows
a simulation of the sunspots and faculae in order to understand their possible
influence on the detection of Earth-like planet. As faculae are bright regions, their
effective temperatures are higher than that of the rest of the photosphere (about

20This quantity refers to the angle between the sky projection of the angular momentum
vector related to the stellar rotation and orbital motion. It may be revealed through the ob-
servation of a Doppler anomaly, the Rossiter-McLaughlin effect (RM), that occurs during the
passage of a transiting planet in front of a starspot.
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Figure 1.21: Top panels: MDI magnetogram of the Sun (left) and Meudon spectro-
heliogram (right). Bottom panels: simulated map showing faculae with a contrast of
10 with respect the photosphere (left) and spots from the USAF/NOAA data set.

100 K, see the simulations carried out by Lanza et al. 2006). Because of these
temperature differences (named also facular contrast) their presence introduces
a wavelength dependence discussed by Chapman & McGuire (1977) that show
that the wavelength dependence of the facular contrast is proportional to A1
Thus increasing wavelength means lowering the facular effect and if we want to
reduce their contribution we have to use longer wavebands. In fact they are
primarily visible in white light but their contrast decreases in the near-infrared
bands (Solanki & Unruh 1998, Frohlich & Lean 2004). In addition, this contrast
depends also on their size and position on the star surface. The size dependence
is so that, assuming the same facular contrast, the greater is the size of the bright
region, the larger is its contribution to the stellar flux and in this respect it is
useful to define the facular filling factor. In general we expect that this filling
factor is larger than that of spots as can be observed on the Sun. As regards
the position on the star surface (indicated by the quantity p = cosf, where 6 is
the angle between the normal to the stellar surface and the line of sight), faculae
exhibit a centre-to-limb variation, namely they are more visible near the star disc
edge (where 1 = 0) than at its centre (where p = 1), since the contrast is higher
towards the limb and this behaviour is completely similar to that of the Sun. In
presence of a transiting planet, we need to take into account of all these facular
properties whose results are to alter the transit depth (in this case faculae tend
to reduce this flux dimming) changing the overall level of the light curve (Czesla
et al. 2009).
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As in the case of the starspots, faculae may introduce some irregularities in
other methods devoted to exoplanet detection, e.g., in the radial velocity and
astrometric technique. For radial velocities estimation further related details
may be found in Saar & Donahue (1997), Queloz et al. (2001), Hatzes (2002),
Bonfils et al. (2007), Lockwood et al. (2007), Lagrange et al. (2010), Meunier et al.
(2010), Dumusque et al. (2011); the influences of facular variability on astrometric
measurements may be found in Eriksson & Lindegren (2007), Catanzarite et al.
(2008), Lanza et al. (2008), Makarov et al. (2010).

Stellar limb-darkening

Limb-darkening effect is a wavelength-dependent decrease in the stellar spe-
cific intensity as a function of the position on the stellar disc. It may be expressed
in terms of the quantity p (i.e. the position on the star surface, p = cosf, see
above) and may have several analytical laws. In the case of the Sun the limb-
darkening formulation which gives quite good results is the linear law (Giménez
2006),

IO, = IO, DL — w1 = ), (1.10)
where I(\, p1) is the specific intensity at a wavelength A and position on the stellar
disc p, I(A,1) is the specific intensity at the centre of the stellar disc and u) is
the linear LDC. This law gives quite good results if applied also to solar-like
stars (Giménez 2006) but there exist more complicated formulations that may be
applied in other cases and they are as follows:

the quadratic law (Kopal 1950)

IO, p) = I DL = win(1— ) = wop (L — )2, (L11)

where w4y is the linear and wug,) is the non-linear LDCs;

the square root law (Diaz-Cordoves & Gimenez 1992)

T p) = T D = uaan(1 = ) = uaan(1 = V/)J; (1.12)
- the logarithmic law (Klinglesmith & Sobieski 1970)
IO 1) = T D[ = a1 = 1) — wanpilng]; (1.13)

the cubic law (van’t Veer 1960)

IO p) = T[T = wiea (1 = ) — ugea(1 = p)°; (1.14)

a more general law (Claret 2000)

I\ p) =I(\1) [1 - iak(l - MW)] : (1.15)
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These analytic formulations are very common in the analysis of the extra-solar
planetary transit light curve and in principle the adopted method is to assume
one of these “ad hoc” limb-darkening laws, with one or more coefficients, which
will be optimized as part of the light curve fitting process (Howarth 2011). In
turn the obtained coefficients may be used to test our knowledge in the stellar
atmospheres thus furtherly improving it. However a precise description of the
stellar atmosphere is crucial in the search for extra-solar planets through the
photometric transit technique since this effect may introduce systematic transit
profile variations leading to incorrect estimates of orbital parameters. Seager &
Mallén-Ornelas (2003) outlined the limb-darkening effect on a planetary transit
profile in the following three points:

1. variation in the depth of the transit light curve (AF') as a function of the
impact parameter, b;

2. smoothing out the transit profile shortening the flat part of the light curve;

3. acting on the ingress/egress phase of the transit so as to blur the separation
between these two phases and the central flat part of the transit.

This is effectively described in the Fig. 1.22, where the solid egress and ingress
phases are only due to the changing in the star surface occulted by the planet as
a function of time. Furthermore this figure clearly shows the wavelength depen-
dence of limb-darkening effect and this behaviour clearly reflects on the shape
of the transit profile. This is evident from the light curves of some transiting
exoplanets: HD 209458 b, see Fig. 1.23 (Jha et al. 2000, Knutson et al. 2007b),
HD 189733 b, see Fig. 1.24 (Pont et al. 2008) and CoRoT-2 b, see Fig. 1.25 (Czesla
et al. 2009). All these behaviours may be explained as a colour dependence of
the limb-darkened transit profiles. The longer the wavelength, the less will be
the limb-darkening effect as predicted by atmospheric models (Claret 2004, Sing
2010, Claret & Bloemen 2011) and observed on the Sun (Pierce & Slaughter
1977). Thus near-infrared observations may help us to reduce this effect making
it negligible (Richardson et al. 2006, Deming et al. 2007, Carter et al. 2008).

1.5. Goal and outline of the thesis

The aim of this thesis is to understand how stellar microvariabilities may af-
fect the transit of an extra-solar planet in front of its star, in presence of starspots
in particular.

In the light of what explained in the previous sections, the presence of
starspots may alter the planetary transit depth producing a wavelength effect
on the derivation of the planet radius (Sect. 1.4.2). An analogous colour depen-
dence of the planetary radius is due to the presence of a planetary atmosphere
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Figure 1.22: Solar limb-darkening dependence of a transit planet light curve. These
theoretical profiles are derived for a system with R, = 1.4 Rj, a = 0.05 AU, R, =1
Ry, and M, =1 Mg,). The solid curve is obtained neglecting the limb darkening. The
other non-solid light curves are plotted with a solar limb darkening at the wavelengths
of 3 (longer dashed), 0.8 (dot-dashed), 0.55 (dashed), 0.45 (dotted) pum. The three
panels refer to different values of the impact parameter, reported on top of each graph
(Seager & Mallén-Ornelas 2003).

(Sect. 1.4.1). To understand whether the apparent radius variations are due to
molecular species in the planetary atmospheres or to stellar activity may be im-
portant. In this respect, the quantification of activity-induced variations, as func-
tions of wavelength, may be crucial requirement for the transmission spectroscopy
to help in the characterization of the planet atmosphere and composition.

e In Chap. 2 I will present the adopted method to model the starspot activ-
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Figure 1.23: Normalized HST/STIS data of HD 209458b for 10 bandpasses from
293 (bottom) to 1019 (top) nm with theoretical transit curves (solid lines) and a four-
parameters non-linear limb-darkening law overplotted. For clarity each light curve is
shifted vertically of 0.004 (Knutson et al. 2007b).

ity. 1 will give an analytic formulation of the transit depth as a function
of wavelength, of the position of starspots on the star surface and of the
starspot filling factor. Moreover I will discuss the impact of starspots on
the determination of orbital parameters. This analysis was carried out by
using an IDL code, whose details are described in Appendix A.

e In Chap. 3 I will discuss the obtained results by analysing how the stellar
activity influences the stellar colours and the characterization of a single
light curve dip, how it contributes to the determination on planetary ra-
dius, and what are its effects on the determination of orbital and stellar
parameters.

e In Chap. 4 I will present my conclusions.

The problem raised in the current work, i.e. the wavelength dependence of
the starspots activity on the determination of planetary and stellar parameters,
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Figure 1.24: HST /ACS light curves for the transit of the planet HD 189733b in the
50-nm chromatic passband from 550 to 1050 nm, shifted vertically for visibility. The
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Figure 1.25: Left panel: Normalized CoRoT (COnvection, ROtation & planetary
Transits) transit light curves for CoRoT-2b in three bandpasses: red, green and blue.

Top right: an enlarged view of the transit centre. Bottom panel: an enlarged view of
the ingress side of the transit (Czesla et al. 2009).

is an already analysed problem in the literature of extra-solar planets and in the

following I will present three notable examples.
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1.5.1. Three notable examples

The effects of activity are crucial above all for active stars, such as HD 189733
and CoRoT-2, but the issue rises even for less active stars, such as GJ 1214.

Since the discovery of its planetary companion (Bouchy et al. 2005), HD 1897-
33 has been the subject of intense observations in both the optical bands (Bakos
et al. 2006, Winn et al. 2007, Pont et al. 2007, 2008, Sing et al. 2011b) and the
infrared wavebands (Beaulieu et al. 2008, Sing et al. 2009, Désert et al. 2011a).
It is a K-type star with strong chromospheric activity (Wright et al. 2004). The
underlying photospheric activity produces a quasi-periodic optical flux variation
of ~1.3% (Winn et al. 2007) due to the rotation of a spotted stellar surface.
The first accurate determination of the planetary system parameters was car-
ried out by Bakos et al. (2006) through BVRI photometry; neglecting the ef-
fects of stellar variability, their planet-to-star radius ratio (0.156 4+ 0.004) was
found to be smaller than that of Bouchy et al. 2005 (0.172 & 0.003)*. Winn
et al. (2007) obtained radius measurements compatible with those of Bakos et al.
(2006), again neglecting the effects of stellar variability. Even Pont et al. (2007)
obtained results compatible with those of Bakos et al. (2006), in this case taking
into account the presence of stellar variability in their HST /ACS observations;
these authors have detected the presence of occulted starspots that were cut
away from the transit signal before fitting the observed light curve. Moreover,
they expected that the starspots effect be reduced in the infrared because of a
lower spot contrast. Through HST /NICMOS transit observations, correcting for
the unocculted starspots, Sing et al. (2009) found a planet-to-star radius ratio
of 0.15464 + 0.00051 and 0.15496 + 0.00028 at 1.66 and 1.87 um, respectively,
in agreement with the planet-to-star radius ratio of Bakos et al. (2006). Their
corrections on the planet radius turn out fairly low since the relative planetary
radius variation (AR,/R,), calculated in these two wavelengths, results even an
order of magnitude smaller than the uncertainty in the estimated planetary ra-
dius value (i.e. that of Bakos et al. 2006). In a multiwavelength set of HST /STIS
optical transit light curves, Sing et al. (2011b) observed the typical signature of
an occulted spot and, considering also the effects of unocculted spots, estimated
a spot correction to the transmitted spectrum of about 0.00292 + 0.00113 as
a fraction of the transit depth in the 320 — 375 nm passband, which is greater
than in the 575 — 625 nm passband where it is negligible. Moreover, they clearly
demonstrated the dependence of the planet-to-star radius ratio on the out-of-

2IThroughout this section, I present the results achieved in the literature by comparing
the planet-to-star radius ratio of each source, so as to use quantities directly related to the
observations, avoiding any inconsistency due to the use of different stellar radii. Where needed,
I compute the R,/R, ratio by using the stellar radius adopted in the relevant paper.
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transit stellar flux showing that the transit is deeper when the star is fainter as
expected as a consequence of unocculted spots present on the disc of the star
during the transit (see Sect. 2.1.3). As a check, even in this case AR, /R,, comes
out to be small if compared with the uncertainty in the planetary radius value
found by Bakos et al. (2006). In Spitzer /IRAC wavebands, both Beaulieu et al.
(2008) and Désert et al. (2011a) detected variations in the planet-to-star radius
ratio, then ascribed to the probable presence of starspots over the stellar surface
during the observations. In fact none of these authors presented the planet-to-
star radius ratio corrected by the starspots contribution. The former authors
found that the infrared transit depth is smaller than in the optical (cf. Fig. 4 of
Beaulieu et al. 2008) and that the effect of stellar spots is to increase this depth.
By modelling this effect, they estimated that the transit depth is shallower by
about 0.19%, at 3.6 pm, and 0.18%, at 5.8 pm. In the Spitzer /IRAC’s 3.6 pum-
band, the latter authors observed a greater R,,/R, ratio in low brightness periods
because of the presence of starspots, implying that the apparent planet-to-star
radius ratio varies with stellar brightness from 0.15566"0 00054 to 0.1545 4 0.0003
(Désert et al. 2009) from low to high brightness periods, respectively.

A remarkable study of the starspot effects on the exoplanet sizes was carried
out by Czesla et al. (2009) on the active star CoRoT-2 (Lanza et al. 2009, Huber
et al. 2010). They pointed out the importance of the normalization of the transit
profile to a common reference level to make different transits comparable with
each other and show that the relative light loss during a transit is correlated
significantly with the out-of-transit flux. The correlation is compatible with a
distribution of starspots occulted during the transit that has a larger covering
factor when the star is more active, i.e., when the out-of-transit flux is lower. A
method for deriving the unperturbed transit profile is proposed by extrapolating
the observed profiles towards their lower flux limit. A best fit to this profile
gives a planet radius about 3% larger than that of Alonso et al. (2008), which
is estimated without considering stellar activity in the CoRoT white bandpass
(350 — 1100 nm).

An example of a less active M-type star that displays a rotational flux mod-
ulation of ~2% with a period of ~50 days is GJ 1214 (Charbonneau et al.
2009). Considering the error bars, the planet-to star radius ratio measurements
through optical and near-infrared observations (Sada et al. 2010, Berta et al.
2011, Carter et al. 2011) are all consistent with the results of Charbonneau et al.
2009 (0.1162 4+ 0.00067) obtained in the optical bands. Furthermore, Berta et al.
(2011) detected variations in the planet-to-star radius ratio at different epochs
and assessed the expected variation in this ratio due to stellar variability at opti-
cal wavelengths (see their Fig. 8). They stated that this effect may be neglected
in Spitzer /IRAC bands. Croll et al. (2011) observed a deeper transit in the
Kg-band than in the J-band and, after taking into account the effects of the
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starspots, attributed this to a source of absorption in the 2.2 — 2.4 pum range,
possibly associated with methane (Miller-Ricci & Fortney 2010).

The above examples illustrate how stellar magnetic activity has a significant
impact on the transit depth and in the consequent derivation of the planet ra-
dius and density, in both the optical and the infrared wavebands, thus leading in
several cases to conflicting results. As shown, the study of stellar variability is
limited to its detection during individual real observations, without any system-
atic theoretical treatment to characterize its impact through the analysis of stellar
colours. This deficiency may lead to the development of “ad hoc” functional re-
lations for each specific situation. For instance, Eq. (4) in Carter et al. (2011)
represents the slight brightness increase due to the starspot occultation during a
planetary transit and holds only when a circular spot, of the same planetary size,
is considered. Thus a theoretical characterization of transit light curves may help
the correct definition of planetary and stellar parameters.
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Chapter 2

Starspots activity effects on
stellar colours and exoplanetary
transits

In this Chapter I will present a simple approach to estimate the spots contri-
bution in the optical and infrared transit light curves, thus quantifying the flux
variations induced by starspot magnetic activity as a function of the wavelength
passband, and investigate the starspot effect on the colours of stars. Moreover,
I will present a unified theoretical approach in order to better constrain the im-
pact of both occulted and unocculted starspots on the determination of planetary,
stellar, and orbital parameters. Therefore in the context of the transmission spec-
troscopy, I will examine the dependence of the apparent planetary radius on the
magnetic activity level and wavelength.

2.1. Method description

My primary aim is to synthesize magnitudes and colour variations in solar-
type stars when dark spots are on the visible hemisphere of the stellar surface,
to understand the effect induced on the light curve of a planetary transit.

I use the standard BaSeL library of synthetic stellar spectra, worked out by
Lejeune et al. (1997, 1998) and Westera et al. (2002), from which I take the stellar
specific intensities to be integrated on the whole stellar disc. This library is based
on the grids of model atmospheres spectra of Bessell et al. (1989, 1991), Fluks
et al. (1994), and Kurucz (1995) and covers a wide range of parameters: effective
temperature 2000 K < Ti,g < 50000 K, gravity -1.02 < log ¢ < +5.5, metallicity
-5.0 < [M/H] < +1.0, and wavelength 9.1 nm < A < 160000 nm. Here I focus on
the optical and infrared bands, in the Johnson-Cousins-Glass photometric system
(UBVRIJHK bands) and in the Spitzer /IRAC wavebands centered at 3.6 pm, 4.5
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Figure 2.1: The transmittance of the filter set adopted in this work. Top: the Johnson-
Cousins-Glass photometric system. Bottom: the Spitzer/IRAC passbands.

pm, 5.8 pm, and 8.0 pm, but the method may be generalized to any visible-NIR
band. The stellar synthetic spectra have a wavelength resolution of 1 nm in the
ultraviolet, 2 nm in the visible, 5 — 10 nm in the near-infrared, and 20 — 40 nm in
the Spitzer /IRAC bands. To derive the stellar flux in the Johnson-Cousins-Glass
photometric system and in the Spitzer/TIRAC bands, I convolve the stellar flux
distribution derived from the BaSeL libraries with the trasmission curves of the
filters shown in Fig. 2.1. I choose as UBVRI filter passbands those adopted by
Bessell (1990), as JHK filter passbands those adopted by Bessell & Brett (1988),
and as Spitzer /IRAC filter passbands those reported at the Spitzer Science Center
web site!. Both synthetic spectra and filter trasmission curves are interpolated
in wavelength at the desired resolution.

thttp://ssc.spitzer.caltech.edu/irac/calibrationfiles /spectralresponse/.
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2.1 Method description

2.1.1. Modelling starspot activity

Considering a pattern of small spots uniformly distributed over the stellar
disc, I assume a temperature difference between the star and the spot, AT =
T, — Ty, where T, and T represent the effective temperatures of the unperturbed
photosphere of the star (i.e., with no stellar activity) and the spot, respectively.
Following the same approach as Marino et al. (1999), the measured flux of the sys-
tem “star + spots”, F, s, corresponding to the specified temperature difference,
is

F*+S()‘) - (1 _f)F*(A)—i_st()‘)v (21)
where F, and Fj are the unperturbed and the spotted photospheric fluxes, respec-
tively, f is the spot filling factor (the fraction of the stellar disc covered by dark
and cool spots), and \ the effective wavelength of one of the mentioned passband.
The relative variation in the stellar flux produced by starspots with respect to
the unperturbed photosphere is

AF  F.(\) = Fos(V)
F F.(\)

— Ayf, (2.2)

where the contrast Ay = 1 — Fy(\)/Fi()) is a function of the passband. Similar
approaches may be found in Désert et al. (2011a), Berta et al. (2011), and Carter
et al. (2011).

In the computation of the stellar flux, I assume that the stellar and the spot
intensities vary according to the same quadratic limb-darkening law, namely

I p) = T D1 = ugy (1 = p) — uaa(1 = p)?), (2:3)

which is totally analogous to Eq. (1.11), where I (A, u) and p are already defined in
Sect. 1.4.2, and uyy and usy are the quadratic LDCs at the specified wavelength.
Given the difference in the effective temperatures, the LDCs of the unperturbed
and the spotted photospheres are actually different, but in the modelling of the
stellar and solar light curves they are assumed to be the same in order to simplify
the treatment (see, e.g., Lanza et al. 2003, 2004). For the current method, I
have a maximum difference between the LDCs of ~30% in the U passband when
considering main-sequence stars with an effective temperature in the range 3700—
6000 K and spots with a temperature lowered by 1250 K. In view of the advantages
of assuming the same limb-darkening profile and the other uncertainties present
in the problem, I neglect such a difference (cf. Sect. 2.1.3).

The effect of the wavelength dependence of the limb darkening is shown in
the case of CoRoT-2 by Czesla et al. (2009) using optical light curves at different
wavelengths (see Fig. 1.25). The LDCs decrease from the U-band to the infrared
giving a more flat-bottomed transit at longer wavelengths with shorter ingress
and egress profiles (Seager & Mallén-Ornelas 2003, Richardson et al. 2006), see
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Fig. 1.22, that can improve the determination of the transit parameters. Thus,
even if I consider limb darkening in the derivation of the transit profiles, taking
into account that it decreases towards longer wavelengths (see Table 1 in electronic
form, Claret et al. 1995), its impact will not be so crucial, since this study is fo-
cused primarily on infrared passbands (see Deming et al. 2007, Carter et al. 2008,
Berta et al. 2011), or rather, on understanding the difference in starspots effects
between visible and infrared wavebands. Beyond this, the obtained contrast A
results to be independent from the limb-darkening wavelength dependence since,
in its definition, the same limb-darkening law is present in both the numerator
and denominator.

As already said in Sect. 1.4.2, the stellar microvariability may also be due
to the presence of bright faculae. In the present study, I neglect their contribu-
tion since I am interested in the infrared bands where the facular effect may be
considered less important. Moreover, the facular contribution to the optical flux
variations seems to be negligible in the case of stars significantly more active than
the Sun (cf., e.g., Lanza et al. 2009, and references therein).

2.1.2. Effects of starspots on stellar colours

I focus this analysis on star temperature values ranging from the solar one
(~5750 K) to that of an early M-type star and set the temperature difference
between the star and the spot to 1250 K (see Berdyugina 2005). In order to
examine the the colour dependences on activity I choose four stellar effective
temperatures as references. These temperatures correspond to those of four real
cases that will be analysed later on, in the Chap. 3. The properties of the reference
systems, along with those of the related real ones, are summarized in Table 3.2.
For the present application, I assume the presence of unocculted spots on stellar
photospheres. The synthetic spectra, for both the unperturbed photosphere and
the spots, were chosen for solar metallicity and gravity, i.e., [M/H]s = 0.0 and
log go = 4.44.

The contrast coefficients A, giving the spot-induced flux variations for each
of the examined cases in the various wavebands (see Sect. 2.1.1), are reported in
Table 2.1 and the spot filling factor of the out-of-transit spots, fy, is assumed
ranging from 0.01 to 0.5 of the stellar disc surface (Berdyugina 2005).

Fig. 2.2 presents the system flux vs. wavelength for all the cases, for a given
filling factor of the out-of-transit spots. The solid curve represents the spectrum
of the unperturbed photosphere and the dotted line the spectral distribution of
the system “star 4+ spots”. For all the systems, I plot a case with an extreme
filling factor (fo = 0.5) to make the effect of the spots clearly evident. The spot
perturbation decreases with increasing wavelength, although the details of the
variation depends on the stellar effective temperature.
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Figure 2.2: System Flux vs. Wavelength for all the reference cases present in Table 3.2.
Solid lines plot the spectral distributions of the stellar unperturbed photospheres and
dotted lines the spectral distributions of the star + spot systems with fy = 0.5. The
top left panel presents the first case, the top right the second case, the bottom left the
third case, and the bottom right the fourth case.

Fig. 2.3 reports the system fluxes, normalized to the unperturbed photo-
sphere in each bands, vs. the filling factor values for the various bands. In this
plot one can see how the flux of a similar system decreases as the filling factor
increases since the spotted area and its corresponding contribution increase, and
which wavelength passbands is less affected by spot effect in order to quantify its
amount. The decreasing trend occurs in all the wavebands and for all the exa-
mined cases but in various extents. The less affected waveband depends on the
particular parameter configuration and falls within the infrared passbands, the
more affected one is always the blue passband (U-band). In particular for G and
early-K stars, the minimum flux perturbation occurs in the 8.0 um Spitzer/IRAC
passband, while the maximum occurs in the U passband because the spot con-
trast increases monotonically towards shorter wavelengths. In the case of late-K
and M stars, the minimum flux perturbation occurs in the 4.5 pym and 3.6 pum
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Figure 2.3: Flux Normalized with respect to the unperturbed stellar flux vs. Filling
Factor in each passband, for the first case in top left, the second case in top right, the
third case in bottom left, and the fourth case in bottom right. The different colors and
symbols refer to the different passbands, as labelled.

Spitzer/IRAC passbands, respectively, due to molecular bands in the spectrum.
These features are observed in the spectra of cooler stars, in both the optical
and the infrared, and this results in a non-monotonous spectral variation in the
correspondence of these bands. In this case, the unperturbed and spotted spectra
do not behave as simply as power laws in the infrared domain as in the hotter
cases.

Fig. 2.4 reports the variations in the normalized ratios Fy/Fyang vs. the fil-
ling factor fy, where Fiang is computed in three specified passbands (I, K, and 8.0
pum), with the purpose of understanding the extent to which the stellar magnetic
activity may produce a variation in the colours of the star.

Both Figs. 2.3 and 2.4 suggest that the spots effect is more critical in the
optical than in the infrared wavebands. Thus the effect of stellar activity on co-
lours has to be taken into account if we want to analyse the photometric signals
even of a moderately active star (comparable with or slightly more active than our

52



2.1 Method description

T T T T T T T T
1.00 1F b
0.951 1F b
0.90 FV/FI 1r b
0.85F 1t Fy/Fp ]
0.80 1r 1
0.75F 1F Py /R, ]

- First Case Fy/Fy Second Case F,/F
gO.?O [T, = 5750 K Fy/Faol [ Ty = 5250 K Ve

el 1 1 1 1 1 1 1 1
il OO 3 T T T T ] 3 T T T T ]

2L

0.95F 1r Fv/FI b
0.90 1r b
0.85F AL ]
0.80 1F b
i 1L Fy/Fao]

0.75 F./F FZ/FKG
[ Third Case FV/FK 1| Fourth Case ]

0.70F 1 = 4500 K v/Teod I 7 = 3750 K
1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.2 0.4 0.6

06 _00
Filling Factor

Figure 2.4: Normalized Fy/Fpanq vs. Filling Factor fy for all the reference cases
present in Table 3.2 in the passbands I, K, and 8.0 ym. Different curves plot different
ratios Fy/F1, Fyv/Fk, and Fy/Fg o, as labelled. In the top left, the first case is reported,
in the top right the second case, in the bottom left the third case, and in the bottom
right the fourth case.

Sun). The effects are on both stellar colours (discussed in detail in Sect. 3.1), and
the determination of the radius of the planet (discussed in detail in Sect. 3.2.1).

2.1.3. Effects of starspots on the apparent planetary ra-
dius

As said in Sect. 1.4.2, starspots affect in two ways the stellar flux variations
in a transit light curve. Spots that are not occulted by the planet produce a
decrease in the out-of-transit flux of the star Foor, which is the reference level to
normalize the transit profile. Spots that are occulted during the transit produce a
relative increase in the stellar flux because the flux blocked by the planetary disc
is lower than in the case of the unperturbed photosphere. The occultation of a
starspot is therefore associated with a bump in the transit profile whose duration,

53



2. Starspots activity effects on stellar colours and exoplanetary transits

for a given planet disc size, depends on the spot size and whose height depends
on the spot contrast (e.g., Pont et al. 2007, Sing et al. 2011b). Assuming the
presence of unocculted spots on the visible stellar hemisphere and denoting the
flux during the transit as Fir, I have

Foor(\) = F.(\) — AF,()) (2.4)

and
Fr(X\, p) = Foor(A) — (I(\, p)) nRe, (2.5)

where AFy = A, foF, is the flux decrease caused by the unocculted spots having
a filling factor fy (cf. Eq. (2.2)), and (/(\, p)) is the specific intensity averaged
over the region of the stellar disc occulted by the planet of radius 1z,. Considering
the simultaneous presence of occulted spots and denoting the filling factor of the
spots occulted during the transit when the planet’s centre is at the disc position
1 along the transit chord as fi, then

(I ) = (1= f){LA ) + [ills(h, ) = (LA p) (1= fidy),  (2.6)

where (I,(A, 1)) is the average of the specific intensity of the unperturbed photo-
sphere over the area occulted by the planet, and (/5(A, 1)) is the same quantity
for the spotted photosphere. Eq. (2.6) is valid because I have assumed that the
spotted and unspotted photospheres have the same LDCs. If I define the relative
transit profile at wavelength A\ as D(A\, u) = 1 — Fip(\, 1)/ Foor()), after some
simple algebra I find that

R\ 2 — fA
Duww=G§)Gm>%;%ﬁ, 27)

where R, is the radius of the star, and G(u) is a function of the limb-darkening
coefficients and the disc position p of the planet during the transit, but does not
depend on the spot distribution and temperature. If I define the unperturbed

transit profile as Do(\, 1) = (ﬁ

2
R*) G(p), the profile in the presence of spots is

1 — fidy

D(A, 1) = Do(A, ) 1= fody

(2.8)

If the ratio R,/R, < 0.1, I can assume that (1,(\, 1)) ~ L(A, u) (Mandel & Agol
2002) and the expression of the function G(u) becomes particularly simple
_ L—un(d = p) —upn(1 — p)?

G(p) A . (2.9)
3 6

In Eq. (2.7), the filling factor of the occulted spots f; is in general a function of
the position of the centre of the planetary disc along the transit chord, while the
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2.1 Method description

filling factor of the out-of-transit spots fy can be assumed to be constant because
the visibility of those spots is modulated on timescales much longer than that
of the transit, i.e., of the order of the stellar rotation period, which is generally
several days. Moreover, when a geometric model is fitted to an observed transit
profile, the bumps produced by occulted spots are excised from the data set to
reduce their impact as much as possible. However, the capability of detecting the
flux bump due to a particular spot depends on its size and contrast as well as on
the accuracy and cadence of the photometry. If there is a more or less continuous
background of spots along the transit chord, they cannot be individually resolved
and the transit profile will appear to be symmetric and without any obvious
indication of starspot perturbations. This is indeed the most dangerous case
when fitting an observed transit profile. In this case, f; can be assumed to be
constant during a given transit because otherwise one would have detected the
individual spot bumps. If I assume that both f, and f; are much less than unity,
I can develop the denominator of Eq. (2.7) into a series and neglecting the second
order terms in the filling factors, I find

Ry

D(A, p) =~ (—

) G0l = A~ Aol 2.10)

From Eq. (2.10), I see that the effects of the unocculted and occulted spots
tend to compensate each other, although the filling factor of the occulted spots
may generally be higher because starspots tend to appear at low or intermediate
latitudes in Sun-like stars (see Sect. 1.2.1 and Fig. 1.7), being central transits
(both 6 and b << 1) more likely to be detected than the grazing ones (6 ~ 90
and b~ 1).

An alternative interpretation of Egs. (2.8) and (2.10) is that spots change
the apparent relative radius of the planet (R,,/R,)app derived from the fitting of
the transit profile (see Sect. 2.1.4) as

(#),,” @)am= (&) svo-n] e

Therefore, the apparent variation in the planetary radius is

S L 21

When radius measurements are available in two different passbands A\; and Ao,
from Eq. (2.12) I have

(%)app (A1) — <];£) » (Ag) =~ —;(Axl — Ax)(fi = fo)- (2.13)
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2. Starspots activity effects on stellar colours and exoplanetary transits

If the spot temperature is known, this equation can be used to derive the effective
filling factor f = fi — fy from the apparent radius measurements in two well-
separated passbands, e.g., in the U and the K passbands. If the spot temperature
is not known, it can be derived when a third measurement is available in an
additional passband, thereby removing the degeneracy between filling factors and
contrast. However, the presence of a planetary atmosphere with a wavelength-
dependent opacity can complicate the problem as we shall see in the final part of
Sect. 3.2.1, in the case of HD 189733.

2.1.4. Effects of starspots on the determination of the or-
bital parameters

The perturbations in the transit profile due to starspots do not affect only
the determination of the relative radius of the planet R,/R, but also of the
other geometrical parameters of the system (e.g., the relative semi-major axis,
a/R,, the orbital plane inclination, i) and the limb-darkening coefficients. Most
of the previous studies have considered only the radius variation (cf., e.g., Berta
et al. 2011, Carter et al. 2011), but the impact on the other parameters can be
significant. Czesla et al. (2009) explored the variation in the planetary radius
and orbital inclination while fixing the semi-major axis of the orbit a, the stellar
radius R,, and the limb-darkening coefficients u; and us to the values of Alonso
et al. (2008). In this way, they found that the radius of the planet is increased of
~3% with respect of the value found by Alonso et al. (2008), by fitting the lower
envelope of the transit profiles derived with their method?. On the other hand,
they found no significant correction in the inclination ¢ of the orbital plane of the
planet to the plane of the sky.

A limitation of the approach by Czesla et al. (2009) is that by fixing the
ratio a/R,, the duration of the transit ¢t fixes the inclination because t1t =
V1= P.,/(ma/R,), where b = a/R, cosi is the impact parameter and Py,
the orbital period (see Sect. 1.4.1). Since the effects of the spots on the duration
of the transit are generally small, the inclination is not changed by fitting the
reference unperturbed transit profile. Therefore, to perform a proper estimate of
the systematic effects produced by occulted and unocculted spots, we cannot fix
any of the system parameters in fitting the transit profile.

The unperturbed transit profile Do(A, ¢t) can be derived from the lower en-
velope of the observed transit profiles if I can guess the minimum spot filling

2 Assuming the presence of dark structures within every transit light curve of CoRoT-2, that
always raises up the flux level in the light curve, Czesla et al. (2009) defined a lower envelope of
the transit light curves as the reference undisturbed profile, required by the fitting procedure
to obtain estimates of planetary parameters.
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2.1 Method description

factor of the unocculted spots fymin and of the spots occulted during transits
fi min since in principle the contribution of both occulted and unocculted spots
cannot be excluded a priori from the lower envelope profile?. Thus from the lower
envelope of the observed transits Doy (A, 1), I get an estimate of the unperturbed
profile as

1— A)\fO min
1—Ayfimin

Since fi min 1S a constant, the unperturbed profile does not contain any bumps due

DO()\MM) = Dlow<)‘7u) (214)

to the occultation of individual spots and is symmetric with respect to the mid-
point of the transit. Estimates of fy nin and fi min may be inferred by monitoring
as long as possible solar-like stars, e.g. by using CoRoT or Kepler space telescopes
which may guarantee long continuous observations of targets (Hatzes 2003), in
order to infer starspots behaviours as a function of spectral types. If this were
the case, in principle from a statistical point of view we could draw some useful
estimates of fy min and f; min. This type of surveys is not yet available but it could
prove to be extremely useful.

In order to deduce how the variations of transit profile caused by starspots
can affect the determination of the orbital and stellar parameters of a planetary
system, the starspot-corrected unperturbed profile Dy(\, 1) may be fitted by using
an analytical model for the transit, e.g., that of P4l (2008), as already described
in Sect. 1.4.1. This has the advantage of providing analytic expressions for the
derivatives of the transit profile Dy with respect to the transit parameters allowing
us an efficient application of the Levenberg-Marquardt method to minimize the x?
(Press et al. 1992). To minimize their mutual correlations, when running the best
fitting procedure, I choose as free parameters (/R, = (21/Pow)(a/R,)/v/1 — b2,
b*, R,/R,, and the limb-darkening parameters u;, = u; + ug and u_ = u; — uy
(see Pal 2008, Alonso et al. 2008, for a justification of the independence of this
parameter set). The orbital period and the mid-transit epoch are kept fixed in
the fitting because they can be derived from the observation of a sufficiently long
sequence of transits. Specifically, the profile distortions due to resolved occulted
spots may affect the timing of individual transits, but the spot perturbations can
be assumed to be random so that they increase the statistical error in the timing.
Therefore, a sufficiently long time series can be used to derive an accurate value of
P,p. 1 present an application of this method to estimate the impact of starspots
on the fitting of the parameters (a/R,, 7, and LDCs) of the system CoRoT-2 in
Sect. 3.2.2.

3In periods of minimum activity our Sun does not exhibit any dark structures on its surface,
thus Do(A, 1) = Diow (A, i), but the same may not be true for different spectral type stars.
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Table 2.1: Contrast coefficients Ay for each reference system in the different passbands.

Case Ay Ap Ay Ap A; Ay Ay Ak Ass Ays Asg Ago

1) 10938 0.854 0.759 0.686 0.616 0.458 0.316 0.285 0.248 0.283 0.262 0.232
0.958 0.901 0.833 0.756 0.643 0.560 0.456 0.429 0.392 0.397 0.373 0.348
0.960 0.959 0946 0.912 0.779 0.614 0.605 0.547 0.495 0.444 0.496 0.503
0.994 0.995 0.992 0.978 0.924 0.722 0.733 0.640 0.542 0.543 0.656 0.677
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Chapter 3

Photometric results analysis

In this Chapter the starspot variability effect will be estimated, allowing us
to quantify the corresponding perturbations on the photometric transit depth. At
first I will present the results of stellar colours analysis on the reference systems.
Then I will discuss the application of the previous theoretical approach, proposed
to analyse a synthetic photometric planetary transit in presence of starspots, to
four real planetary systems.

3.1. Influence of stellar activity on stellar colours

By considering the first and the fourth case in Table 3.2 (i.e., the hottest
and the coolest host stars) and by fixing the filling factor fy to 1% (i.e., larger
than in the solar case, but comparable to those observed in late-type moderately
active stars), I can compute the relative variation in the system flux (AF/F') in
the U and K-bands, to compare the influence of stellar activity in the optical and
infrared passbands.

For the first case (7, = 5750 K, AT = 1250 K), I derive the variations in
the U-band and in the K-band, respectively, to be

AFy/Fy=9-10"% and AFy/Fx =3-107". (3.1)

For the fourth case (T, = 3750 K, AT = 1250 K), I derive the following values
in the U-band and in the the K-band, respectively,

AFy/Fy=1-10"% and AFyx/Fx =06-107% (3.2)

The decrease in flux caused by a spot filling factor of 0.01 is comparable
to the decrease produced by the transit of a Jupiter-sized planet in front of the
stellar disc. I can compare the obtained reductions in flux of the systems due to
stellar magnetic activity, using the information in Table 2.1, with the decrease in
magnitude due to the transit of a planet, reported in Table 3.2.
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3. Photometric results analysis

Table 3.1: Variation in the colours of the system for all the cases. Top: computed for
fo = 0.1. Bottom: computed for fo = 0.01.

fo=01 | A(Fy/F;) A(Fy/Fx) A(Fy/Fso)
1) 1.5% 1.9% 5.4%
2) 2.0% 4.2% 5.0%
3) 1.8% 4.2% 4.7%
4) 0.7% 3.8% 3.4%
fo =001 | A(Fv/F;) A(Fy/Fx) A(Fy/Fso)
1) 0.14% 0.48% 0.53%
2) 0.19% 0.41% 0.49%
3) 0.17% 0.40% 0.45%
4) 0.07% 0.35% 0.32%

The transit of a spot or a group of spots (or an active region in general)
on the star surface induces a colour variation in the star. Since spots are cooler
than the stellar photosphere, the colour indices are higher. In principle, we can
infer the activity of a star by monitoring the variation in the colours for some
specified wavebands. Star colours depend on the ratio of the fluxes in two selected
passbands. For this purpose, I compute the ratio of the system fluxes in the
optical and the infrared passbands, for all the four template cases, represented by
Fy/Fy, Fy/Fx, and Fy/Fgg. Table 3.1 reports the variation in Fy/Fpang in the
different bands, by fixing the filling factor fy to either 0.1 and to 0.01, respectively.
The first column shows the filling factors and the enumeration of the cases, and
the subsequent columns show the changes in Fy/Fy, in Fy/Fx, and in Fy//Fgy,
respectively. The behaviour of the star flux ratios vs. spot filling factor of the
unocculted spots are plotted in Fig. 2.4, where the ratios decrease as the spot
filling factor increases.

3.1.1. Characterization of a single light curve dip

The transit of a planet without atmosphere induces a relative decrease in the
stellar flux that depends on the mean wavelength of the passband owing to the
wavelength dependence of the stellar limb darkening. For the present application,
I consider the central transit (b = 0) of a small planet (R,/R,) < 0.1, with the
quadratic limb-darkening law of Eq. (2.3). I derive the ratio R of the relative
depths of the transit at the mean wavelengths of two different passbands, say U
and K
AFU/FU . 1-— %UIK — %UQK

R = ;
AFk/Fx 1 —itup — sugy

(3.3)

where uiy, usy, Uik, and usgx are the limb-darkening coefficients in the U and
K passbands, derived from, e.g., Diaz-Cordoves et al. (1995) and Claret et al.
(1995), respectively. For the first case, R = 1.298, whereas for the fourth case,
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3.1 Influence of stellar activity on stellar colours

R = 1.197. This is significantly smaller than expected in the case of the variations
induced by dark spots (cf. Eqgs. (3.1) and (3.2)). The flux in the K passband
coming from the night-side of the planet during the transit is neglected because
the planet temperature, even for the most strongly irradiated objects, is always
lower than ~2000 K, which is remarkably lower than the temperature of the
starspots.

Considering Eq. (2.2), the ratio of the variations induced by starspots is

RS—A—K.

(3.4)
For a stellar effective temperature of 5750 K, this is always significantly greater
than 1.3, except for very cool spots, i.e. AT > 2100 K. Spots so cool are generally
not observed in active stars (see, e.g., Berdyugina 2005). For the Sun as a star,
AT ~ 500 — 600 K because sunspot irradiance is dominated by the penumbral
regions (cf., e.g., Lanza et al. 2004, and references therein). For a star with T}
= 3750 K, a spot temperature deficit AT > 1500 K is required to produce a R
that is comparable to that of a planetary transit, which is also unlikely for such
a cool star (see, e.g., Berdyugina 2005, Zboril 2003).

In conclusion, even for an individual light curve dip, it is possible to compare
the variation in the depths in the optical and infrared passbands to discriminate
between an effect induced by spot activity and a planetary transit, because the
ratio R is in the range 1.7 — 3.0 in the former case (see the ratio of relations in
Egs. (3.1) and (3.2), for a typical AT = 1250 K), while it is around 1.2 — 1.3 in
the latter case.

The photometric precision currently achievable from the ground in the near-
infrared is generally sufficient for an application of the present method, provided
that the photometric variations are at least 0.005 — 0.01 mag. Croll et al. (2011)
acquired photometry with a standard deviation of & ~ 5 x 1072 mag in the
J (1.25 pm) and the K (2.15 pum) bandpasses using the Wide-field InfraRed
Camera (WIRCam) at the 3.5-m Canada France Hawaii Telescope (CFHT), while
Tofflemire et al. (2011) reached a photometric stability of 3.9 x 10™® mag in one
hour and 5.1 x 1072 mag in one night in the K, passband at 2.224 pm observing
stable M-type stars. However, the situation is remarkably different in the mid
and far infrared passbands. From space, the Warm Spitzer mission has reached
a statistical error of 450 ppm (parts per million) per minute, observing GJ 1214
for 12 sec at 3.6 pm (Gillon et al. 2011). However, the infrared observations are
affected by systematic effects that may compromise the measurements because
these effects induce flux variations comparable to the depth of a planetary transit.
For example, the 3.6 and 4.5 um Spitzer /IRAC channels (InSb detectors) are
affected by the pixel-phase effect (see Sect. 1.4.1) which may cause a flux peak-
to-peak amplitude of up to ~1% (Beaulieu et al. 2008, Hébrard et al. 2010) or even
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3. Photometric results analysis

higher (Désert et al. 2011b, Fressin et al. 2011), according to the exposure time.
The light curves of the 5.8 and 8.0 pum channels (Si:As detectors) are affected
by the ramp effect (see Sect. 1.4.1) which produce mmag level flux variations in
photometry.

In order to apply the proposed method in the optical and the near-ultraviolet,
the required photometric precision would be ~0.01 mag. The current space and
ground missions allow us to reach this accuracy level. From space, the CoRoT and
Kepler missions have been launched with the clear purpose of searching extra-
solar planets via optical photometric transit light curves, thus they have been
conceived to obtain precise photometric signals: CoRoT may reach 7.1x1074
mag in one hour (Moutou & COROT /Exoplanet Team 2003), and Kepler is able
to detect a photometric signal of 80 ppm on timescales up to ~2 days (Caldwell
et al. 2010). The systematics in their data may be successful removed without
affecting too much their high perfomances (see, e.g., Aigrain et al. (2009), Mazeh
et al. (2009), for CoRoT systematics, and Caldwell et al. (2010), for Kepler
systematics). The photometry in near-ultraviolet wavelengths can achieve the
same level of accuracy. In fact, with HST /STIS (290 — 1030 nm), Knutson et al.
(2007b) obtained a photometric accuracy comparable to that of Brown et al.
(2001), i.e. 1.2x10* mag for an integration time of 60 sec. With HST /STIS
(290 — 570 nm) Sing et al. (2011b) managed to detect a ~ 2 — 4 mmag spot-like
signature in the light curve of HD 189733 b; since no facular occultation was
observed, the authors neglected its contribution in the light curve. Even ground-
based observations in U-band allow high photometric accuracies, in fact Turner
et al. (2012) analysed an observation of the transiting extra-solar planet TrES-
3 b, made with the Steward Observatory 1.55-m Kuiper in Arizona, obtaining an
average photometric precision of 3.7x10~% mag with a photometric cadence of 68
sec.

3.2. Example applications to four real cases

In this section I apply my results to real observed cases, four systems with
planets, i.e., CoRoT-12, with a transiting Jupiter-like planet orbiting around a
G2V star (see Gillon et al. 2010), CoRoT-7, a KOV star hosting two Super-Earth
planets, CoRoT-7 a and CoRoT-7 b (on which I am mainly interested) (Léger
et al. 2009, Queloz et al. 2009), HAT-P-20, a K7V star with a transiting massive
planet (Bakos et al. 2011), and GJ 436, a M2.5 dwarf star harbouring a transiting
Neptune-mass planet (Butler et al. 2004). I list their properties, along with
those of the related reference stellar systems, in Table 3.2, where I give, from left
to right, the spectral type, the selected temperature for the quiet photosphere
and spot for the reference stars, the difference between the photosphere and spot
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temperatures, the real system with the name of the star we use for comparison, the
stellar spectral type, the planetary radius and mass, and the observed reduction
in flux at mid planetary transit, expressed in magnitudes (obtained as the square
of the ratio of the planet radius to the star radius), respectively.

3.2.1. Influence of stellar activity on planetary radius de-
termination

I apply the formulae of Sect. 2.1.3 to evaluate the variation in the apparent
planetary radius in the presence of starspots, assuming that the other parameters
are not affected. The plots in Fig. 3.1, AR, /R, vs. wavelength, give the overes-
timate on R, if the effect of unocculted starspots is neglected for the considered
four reference cases. I find a relation both between AR,/R,, and the wavelength
and between AR,/R, and the stellar activity, i.e., increasing the filling factor
of the out-of-transit spots fy the dashed curves shift upwards and the variation
decreases towards longer wavelengths. The filled circles on the plots indicate the
correction to the observed planetary radius that I have to apply to get the true
radius of the planet for the examined spot temperature and filling factor value
(see below).

The top left panel of Fig. 3.1 presents the results for CoRoT-12. I assumed
a filling factor of fo = 0.03 (the solid line in the panel) by inferring the flux
variation from the CoRoT light curve of Fig. 1 in Gillon et al. (2010) and then
derived the contrast coefficients from the first row of Table 2.1.

The top right panel of Fig. 3.1 shows AR, /R, vs. wavelength for CoRoT-7.
The spot filling factor value is fy = 0.04 by deducing it from the optical flux
variability reported in Lanza et al. (2010).

For HAT-P-20, the outcomes are shown in the bottom left panel of Fig. 3.1.
I set fo = 0.01 as derived by the magnitude variations in the stellar flux for the
R-band shown in Fig. 1 in Bakos et al. (2011). The dependences of AR,,/R,, on
both the wavelength and the stellar activity are also clearly visible for this planet
too, even though the curves tend to become flat.

The bottom right panel of Fig. 3.1 shows the results for GJ 436. The star
is a relatively quiet source showing photometric variations of the order of the
millimag (Butler et al. 2004). Demory et al. (2007) found that the photometric
irregularities in the light curve of GJ 436, detected with the EULER Telescope,
are caused by an unocculted starspot and they computed a spot filling factor of
1%, which is compatible with the dispersion in the HARPS radial velocity. Thus,
[ set fo =0.01.

Table 3.3 lists the obtained results taking into account the above filling factor
values: from the left to the right, the planet name, AR,/R,, and the relative
variation in the radius uncertainty AErr, which is the ratio of the computed AR,
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Figure 3.1: Relative variation in the apparent planetary radius vs. Wavelength for all
the examined planetary systems. In the top left, we present the results for CoRoT-12 b,
in the top right for CoRoT-7 b, in the bottom left for HAT-P-20 b, and in the bottom
right for GJ 436 b, assuming various levels of activity. The dashed curves, from the
bottom to the top, correspond to increasing filling factor values, as indicated on the
left of each plot. The solid curves refer to the activity levels as actually estimated for
the specified systems. The filled points indicate the position of the observed planets,
as described in the text.

with respect to the uncertainties quoted in the literature! (see also Table 3.2). By
a simple check, one note that the largest values of AR,/R, and AErr occur for
the most active star within our sample, i.e. CoRoT-7 with f; = 0.04, while the
lowest values are found for the coolest and less active stars, i.e. HAT-P-20 and
GJ 436 with fy = 0.01 in both cases. For CoRoT-7 b, I compute an overestimate of
the planetary radius, AR,,, of about 180 km at optical wavelengths (with a relative
variation in the radius uncertainty of about 31%), while in the K-band it is about
92 km and even smaller at Spitzer /IRAC wavebands (at 3.6 pm, AR, ~ 84 km

1See site http://exoplanet.eu/index.php.
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and at 8.0 um AR, ~ 75 km). This decrease in AR,, as wavelength increases is
exhibited by the other examined planetary systems and could be misinterpreted
as evidence of a planetary atmosphere with a wavelength-dependent absorption.
Since AR, is proportional to the planetary radius, the largest AR, is obtained for
CoRoT-12 b (AR, ~ 1180 km at optical wavelengths) with a Jupiter-like planet
and the lowest for GJ 436 b (AR, ~ 130 km in the optical) with its super-Earth
planet. Nevertheless, all the radius increments calculated in this work fall inside
the error bars quoted in the literature, thus no correction to the presently deter-
mined planetary parameters is required. Furthermore one can see that for each
value of the filling factor, the curves seem to start nearly at the same level (i.e.
AR,/R, ~ 0.005 for fy = 0.01 and AR,/R,, ~ 0.24 for f, = 0.5), independently
of the stellar photospheric temperature. Their trends remain monotonic but
their slopes decrease towards cooler photospheric temperatures (cf. GJ 436, in
the bottom right panel of Fig. 3.1). This indicates that the overestimate of the
planetary radius depends on the wavelength, with the dependence being steeper
for solar-type stars and flatter for later spectral types.

Specifically considering the Spitzer passbands, I apply the method described
above to two of the most studied planetary systems: HD 209458 and HD 189733.
These systems have been the objects of intense study at a wide range of wave-
lengths from the optical with the HST (Brown et al. 2001, Knutson et al. 2007b,
Pont et al. 2007, Sing et al. 2011b) to the infrared with the Spitzer satellite
(Richardson et al. 2006, Ehrenreich et al. 2007, Tinetti et al. 2007b, Beaulieu
et al. 2008, 2010, Désert et al. 2011a), also as targets for transmission spec-
troscopy thanks to their brightness.

Table 3.4 reports the results and presents the corresponding ones for GJ 436 b
for comparison. In all cases, I have considered two different filling factor values
for the unocculted spots: one is that derived as described below, while the other
one is given for comparison (indicated in parenthesis in the Table).

HD 209458 is an almost quiet solar-like GOV star and the calculations have
been made considering the two configurations fy = 0.004 and fo = 0.03. The
former f; value was estimated assuming a circular spot with an average radius of
4.5 x 10* km as in the model proposed by Silva (2003) to fit the distortion of a
single transit of HD 209458 observed by HST. HD 189733 is an active early-K star
with fo = 0.03 (Désert et al. 2011a). To derive the quantities, I interpolated the
BaSeL spectra at temperatures corresponding to the stellar effective temperatures
(Teg = 6000 K and Teg = 5000 K for HD 209458 and HD 189733, respectively)
and assuming AT = 1250 K for both cases. Table 3.4 also lists the measured
planetary radius and the related uncertainty, as reported in the literature.

Fig. 3.2 shows the corrected planetary radii vs. wavelength, along with the
uncertainties reported in the literature. The adopted stellar radii are Ryp 209458 =
1.146 R (Brown et al. 2001), Rup 189733 = 0.788 R, (Baines et al. 2008), Rgj 436
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Figure 3.2: Corrected planetary radii vs. Wavelength. Top panel, HD 209458 b.
Middle panel, HD 189733 b. Bottom Panel, GJ 436 b. The open circle o indicates
the planetary radius inferred from the literature, the cross x the corrected radius with
fo = 0.004 for HD 209458 b and fp = 0.01 for HD 189733 b and GJ 436 b and
the asterisk * the corrected radius with fy = 0.03. The plotted points are shifted
horizontally for an easier identification.

= 0.464 R (Torres 2007), respectively. The most active star (i.e., HD 189733)
shows significant discrepancies between the planet radius inferred from the liter-
ature and the one determined here; this is an expected result since AR,  f (see
Eq. (2.12) in Sect. 2.1.3) and may have interesting consequences if one wishes
to characterize the planet atmosphere through transmission spectroscopy. Sim-
ilarly, in the quiet cases, even though our corrections are within the error bars
reported in the literature (of the order of the hundreth or of the thousandth, see
Table 3.4), they may become significant for the determination of the physical
properties of similar exoplanets. The wavelength dependence of the apparent ra-
dius of HD 189733 b in the optical passbands was observed by Sing et al. (2011b).
They used an approach similar to that of Sect. 2.1.3 and concluded that the vari-
ation in R,/ R, vs. wavelength A cannot be reproduced by an equation analogous
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to Eq. (2.13), thus providing evidence of the wavelength dependence of the plan-
etary atmospheric absorption.

3.2.2. Effects of stellar activity on orbital parameters

To illustrate the impact of starspots on the determination of all the transit
parameters, I considered the case of CoRoT-2 because it had been studied by
Czesla et al. (2009) and its spot activity had been investigated in detail. Since my
interest is in the systematic errors produced by starspots, I simulated a noiseless
transit profile by adopting the time sampling and the parameters derived by
Alonso et al. (2008), and applied Eq. (2.8) with spot filling factors estimated
from Lanza et al. (2009) for the out-of-transit light curve and Silva-Valio et al.
(2010) for the transit light curve, respectively. To derive the transit profile to be
fitted with their model, Alonso et al. (2008) averaged all the transits observed
by CoRoT. Therefore, I assumed that the spot perturbation corresponds to the
average values of the filling factors fy and f; as derived from the modelling of the
out-of-transit and the transit light curves, respectively. By fitting the light curve
of CoRoT-2 outside transits, Lanza et al. (2009) derived an average spot filling
factor fo = 0.07 by adopting a spot contrast in the CoRoT white passband of
Apanza = 0.665. On the other hand, Silva-Valio et al. (2010) found an average
filling factor of f; = 0.15 for a spot contrast of Asgya = 0.55. Multiplying it
by the ratio Apanza/Asmva, I converted it into the scale of Lanza et al. (2009),
giving f; = 0.18. With those values of the filling factors and A, = 0.665, I
computed the unperturbed transit profile Dy from Eq. (2.8) and then fitted it
with the Levenberg-Marquardt algorithm as implemented in the IDL procedure
LMFIT. The unperturbed transit profile and its best fit are plotted in Fig. 3.3
together with the initial profile assumed to be perturbed by the effects of the
spots. The best fit has a reduced x? = 1.29 computed by assuming a relative
standard deviation of the simulated data of 1.09 x 10~ as in the case of the
CoRoT data analysed by Alonso et al. (2008). The best-fit parameters and their
standard deviations derived from the covariance matrix with the above assumed
data standard deviation (see Press et al. 1992, §15.4) are a/R, = 6.76 £ 0.03,
R,/R, = 0.1726 + 0.00006, i = 88244 4 0°18, u; = 0.40 £ 0.04, and uy = 0.097
0.04. The comparison between these estimates and those found by Alonso et al.
(2008) is reported in Table 3.5.

I confirmed that the radius variation is close to that estimated with the
simple approach of Sect. 2.1.3 because the depth of the profile at mid-transit
gives the principal constraint on the relative radius. However, in contrast to the
results of Czesla et al. (2009), I found that the relative semi-major axis a/R,
and the inclination 7 are also affected, with variations that exceed three standard
deviations for both parameters (see Table 3.5). The transit duration ¢ is the
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Figure 3.3: Top panel: the synthetic light curve of the transit of CoRoT-2 computed
with the parameters in Table 1 of Alonso et al. (2008) (dashed line) together with the
unperturbed profile obtained from Eq. (2.8) (diamonds) and the corresponding best fit
(solid line). The flux is measured in units of the out-of-transit flux level in all the cases.
Bottom panel: the residuals of the best fit to the unperturbed transit profile in relative
flux units vs. the orbital phase.

same in the adopted model for both the unperturbed and the perturbed transit
profiles. Therefore, the variations in a/R, and i combine with each other to
ensure that ¢p remains practically constant (see Sect. 2.1.4). In addition, as
already mentioned in Sect. 1.4.1, the variation in a/R, has an impact on the
measurement of the density of the star. Even if this application is beyond the

68
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scope of the present work, I conclude that starspot effects cannot be neglected in
the derivation of the stellar density from the transit fitting in the case of active
planetary hosts.

The limb-darkening parameters were not significantly affected by the stellar
variability. The small systematic deviations in the ingress and egress of the profile
do not lead to any significant adjustment of the limb darkening (cf. upper and
lower panels of Fig. 3.3). In general, in the analysis of exoplanet transiting light
curves, the limb-darkening effect is assumed as a matter of fact, but actually LDCs
may show a dependence on the outcome of the transit fits (Sing 2010). This may
provide a unique opportunity to make a comparison between the values obtained
observationally and those obtained through stellar atmosphere models, even if
such a correspondence is not so trivial. In this respect Howarth (2011) investigates
the dependence of LDCs on impact parameter, b, and finds a correlation. The
subtle dependence of LDCs from starspots would require the re-computation of
LDCs once the correct value of the planetary radius is known (Sing 2010).

Other stellar parameters can be affected by starspots, notably the effective
temperature T, and the stellar rotation period. The first problem was discussed
in detail for CoRoT-2 by Guillot & Havel (2011) who found that the effect of
spots is that of increasing the uncertainty in the determination of T, because of
their changing covering factor along the activity cycle of the star. The second
problem was analysed for CoRoT-2 by Silva-Valio et al. (2010) and Huber et al.
(2010) by using the longitude shift of the same occulted starspot measured on two
successive planetary transits but this kind of measurement might be significantly
affected by the starspot evolution timescales for the considered system. I did
not consider these aspects further because I focused on the parameters directly
related to the modelling of multiwavelength observations of just one transit light
curve.
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3. Photometric results analysis

Table 3.2: Examined cases and their related real planetary systems. In the synthesized models the metallicity and gravity values are

the solar ones.

Reference systems Real systems
Case | Spectral T, Ts AT Star Spectral R; M, Am Refs.
Type (K) X) (K) name Type (Ry) (My)

—_

Early-G 5750 4500 1250 | CoRoT-12 G2V 1.44 £ 0.13 0.917 0.018 (1)
Early-K 5250 4000 1250 | CoRoT-7 KoV 0.15 £ 0.008 0.0151 3.14-107%  (2)
Mid-K 4500 3250 1250 | HAT-P-20 K7 0.867 + 0.033  7.246 0.016 (3)
4) Early-M 3750 2500 1250 GJ 436 M2.5 0.365 + 0.02 0.0737 6.53-1073 (4)
References: (1) Gillon et al. (2010); (2) Léger et al. (2009); (3) Bakos et al. (2011); (4) Torres (2007).

W N
= —
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Table 3.3: The relative variation in planetary radius and radius uncertainty computed
at the corresponding wavelengths for the analysed planetary systems, see text.
Planet Name  AR,/R, AErmr
CoRoT-12b  1.14-1072  13%
CoRoT-7b  1.67-1072 31%
HAT-P-20b  0.46 - 1072 12%
GJ436b  0.50-1072  10%

Table 3.4: Corrected planetary radii in the optical and Spitzer wavebands for three
notable examples: HD 209458 b, HD 189733 b, and GJ 436 b.

Planetary Bands Reorr Reorr Ryt Ref.
systems (Ry) (Ry) (Ry)
fo=0.004 (fo =0.03)
\% 1.347 (1.335) 1.34940.022 (1)
3.6 ym 1.351 (1.347) 1.35140.006  (2)
HD 209458 b4 pm 1.355 (1.350) 1.35540.008  (2)
5.8 ym 1.386 (1.382) 1.38740.007  (2)
8.0 ym 1.381 (1.377) 1.381+0.005  (2)
(fo=0.01)  fo=0.03
\% (1.200) 1.189 1.205+0.003  (3)
3.6 um  (1.182) 1.177 1.18440.002  (4)
HD 189753 b 4 & pm o (1.191) 1.186 1.19440.002  (4)
58 ym  (1.184) 1.179 1.186+£0.004  (4)
8.0 um  (1.182) 1.177 1.184+40.003  (4)
fo =001 (fo=0.03)
GJ 436 b \% 0.400 (0.396) 0.40210:035  (5)
8.0 ym 0.378 (0.375)  0.37940.018  (6)

References: (1) Knutson et al. (2007b); (2) Beaulieu et al. (2010);
(3) Pont et al. (2007); (4) Désert et al. (2009); (5) Bean et al. (2008);
(6) Deming et al. (2007).

Table 3.5: Comparison between the CoRoT-2 parameter values obtained by Alonso
et al. (2008) and those derived in this work.
Parameters  Alonso et al. (2008) This work

a/R, 6.70£0.03 6.76£0.03
R,/R. 0.166740.0006  0.1726+0.00006
i (deg) 87.8440.10 88.84+0.18

uy 0.4140.03 0.4040.04
Uy 0.06£0.03 0.09740.04
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Chapter 4

Conclusions

In the light of the previous results, in this Chapter I will present the final
remarks. The fundamental conclusions are that the stellar magnetic activity is
a source of noise in the search for extrasolar transiting planets, even for star
with moderate level of activity, and that the colour dependence of stellar activity
may significantly influence the characterization of planetary atmospheres through
transmission spectroscopy.

4.1. On stellar colours

In Sect. 3.1, T analysed the photometric stellar variations due to starspots and
compared them with the photometric stellar variations due to a transiting planet.
As stated before, the first situation is colour dependent owing to the temperature
differences between stellar photospheres and spots, whereas the second situation
has to be considered colour independent. So if we had a broad-band monitoring
of stars hosting planets, in principle by observing the variations of relative flux in
different wavebands, we could discriminate whether the variations are due to the
occurrence of starspots or of a transiting planet. Here I am assuming that the
transiting planet night-side does not contribute in the integrated system fluxes
being the planet temperature sufficiently low to be neglected in comparison with
the spots temperatures. Thus under the same conditions, e.g., assuming that a
starspot and a planet cover the same stellar chord with different timescales, by
using from optical to infrared wavebands, we could distinguish their contribution
to the system fluxes. Even in the case of a starspot occultation by the planet and
thus the occurrence of a flux increase in the light curve (see the bump in the light
curve in Fig. 1.20(c)), the flux difference between the bump peak level and the
reference level should be the same in all wavebands and thus colour indipendent
at the first order. However the detection of these effects depends on the available
photometric accuracy.
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4. Conclusions

These considerations, together with the results of Sect. 3.1, indicate that the
stellar variability effects may be constrained by using broad-band observations
and that it is easier to identify the transit of a Jupiter-like planet by analysing
the light curve of the system in the infrared band (K-band), whereas it may be
more problematic in the blue one (U-band). Instead the detection of a smaller
planet is more challenging, in both the U and the K-band, since the photometric
signal corresponding to the transit of such a planet is, as expected, smaller than
the effect of the magnetic activity of its parent star. Fortunately, other properties
of the variations, such as timescales or in fact colour dependences, may help in
understanding the origin of the variations.

The timescales of the stellar flux variability and the transit are generally
quite different, since the former may range from weeks to months as in the case
of the Sun (Lanza et al. 2003, 2007), while the latter has a duration ranging
from a few hours to a few tens of hours. However, there are situations in which
the timescales can be comparable, e.g. for a young Sun-like star with a rotation
period of, say, 1 — 2 days transited by a planet at the distance of ~1 AU, whose
transit duration is of the order of ~ 10 — 15 hours. In this case, a discrimination
of the origin of the light dip based on timescales is infeasible, while this approach
is still applicable if simultaneous multiwavelength observations are available. The
adopted method can be applied even to a single event and this can be very useful
in the case of planets with orbital periods of several tens or hundreds of days.

4.1.1. On single light curve dip

In Sect. 3.1.1, T also proposed a simple method to characterize a single dip in
a light curve, namely I demonstrated that the observation of moderately active
stars simultaneously in the optical and the near-infrared passbands allows us to
discriminate between planetary transits and activity-induced variations, unless
starspots are 2000 — 2500 K cooler than the unperturbed photosphere, which is
generally not observed in main-sequence stars. It is possible to define the quan-
tity R, the ratio of the relative stellar flux variations in two widely separated
wavebands, which assumes different numerical values in the two different con-
figurations thus ensuring that we are not confusing the starspots noise and the
exoplanet transiting signal, that is to say that Ry > R for the most extreme inves-
tigated cases, where Ry and R are the ratios of the relative stellar flux variations
due to starspots in U and K-band and due to a planetary transit, respectively.
This approach has the advantage to be able to be applied to individual light-
curve dips observed even with a signal-to-noise ratio of ~ 10 — 15% of the flux
variations in two well-separated passbands, e.g. U and K, and does not require
a characterization of the stellar microvariability timescales, which would require
observations extended for at least 2 — 3 stellar rotations in order to just remove
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the activity-induced effects.

To conclude, these results tend to emphasize the importance of a broad-band
monitoring of stars hosting planets from the visible, at the shortest wavelength
as possible, to IR. Such simultaneous observations of a significant sample of stars
might themselves be a relevant tool for identifying and characterizing their stel-
lar activity, allowing us to more clearly understand the role of stellar magnetic
activity in the analysis of a transiting planet light curve by comparing the ratios
R derived in Egs. (3.3) and (3.4), as stated before, basically disentangling the
stellar activity contribution from planetary transit signals.

4.2. On planetary radius determination

In Sect. 3.2.1, I pointed out that the relative variation in the apparent plan-
etary radius is twofold dependent on stellar activity. The presence of starspots
induces a wavelength and a filling factor dependence as shown in Eq. (2.12) and
in Fig. 3.1. The results state that estimates of the planetary radii are more tenta-
tive for more active stars, i.e. the more active is the star, the more overestimated
may be the inferred planetary radius. A deeper transit means giving the planet a
larger radius (Jha et al. 2000, Désert et al. 2011b), resulting in wrong derivations
of planetary quantities and ambiguous information concerning the presence of a
planetary atmosphere. This effect may be constrained by monitoring the stellar
colour variations in well-chosen passbands. For all examined cases (reported in
Table 3.2 and Table 3.4) the planetary radii derived with the adopted method
fall within the error bars in the literature but these estimations are still useful
in the context of the spectroscopic characterization of a planetary atmosphere.
In fact infrared observations are important for the derivation of the planetary
radius and accordingly of the planetary density. The correction for the effects
of starspots is necessary to avoid systematic errors in transmission spectroscopy,
especially when comparing the planetary radii at optical (U or B-bands) and in-
frared passbands (J or K-bands). A correct determination of the planetary radius
enables us to perform a more accurate study of the planetary atmosphere and its
composition in the framework of transmission and reflection spectroscopy. In this
sense I provided simple formulae, tabulations, and graphics useful to estimate the
starspot perturbation for typical transiting systems.

4.3. On orbital parameters

In Sect. 3.2.2, I described that starspots may affect prominent orbital pa-
rameters, e.g., the relative semi-major axis a/R, and the orbital inclination angle
i, derived by the transit fitting procedure. As already suggested by Jha et al.
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(2000) and Sozzetti et al. (2007), one deduces that the quantities directly derived
from the light curve fit of a transiting planet may be crucial for the derivation of
stellar radius and masses. This has a non-negligible impact on the determination
of the stellar density especially when using optical light curves that are more
perturbed by activity-induced effects. Near-infrared light curves are less affected,
but the effect may still be significant for very active stars.

In conclusion, simultaneous broad-band photometric observation, from visi-
ble to infrared wavelengths are useful to derive relevant and accurate information
about the primary parameters of the stars hosting planet providing tighter con-
straints on stellar evolutionary tracks and luminosities.

4.4. Future perspective

This thesis reports on the effects of stellar flux variabilities on the current
capability of detecting photometrically a transiting planet. Currently I have deve-
loped an IDL code that allows me to combine synthetic stellar spectra to obtain a
star+spot flux, on which observe wavelength effects due to the temperature differ-
ences between the unperturbed photosphere and the spotted one (see Chapter 2),
by adopting the BaSeL stellar libraries as synthetic stellar spectra.

In this section I introduce some aspects that might be interesting in order to
extend the adopted approach to the spectroscopic characterization of transiting
planets.

The simultaneous photometric and spectroscopic analysis may be clearly use-
ful to better constrain the features of stellar flux variations. On one hand, the
performed photometric study is able to separate the activity-induced effects from
the planetary transit signal by calculating the R parameter and comparing it
with an analogous stellar flux ratio in two well-separated passbands, as explained
in Chapter 3. On the other hand, a tentative spectroscopic study may lead to the
identification of which molecular or atomic features are influenced by activity-
induced effects, by changing their equivalent widths (EW) as a function of the
temperature of lines formation and spot filling factor. In principle this may also
help to provide a correlation between the EW perturbation and the spotted pho-
tosphere temperature. This approach might be performed by comparing several
synthetic combined spectra (star+spot), by keeping fixed T, and changing T\t
and the filling factor values, with observed stellar spectra.

By simulating the spectral resolution of observed spectra and fixing the wave-
length range where one wants to investigate (with the minimum and maximum
wavelength), the spectroscopic section of the IDL code would be significantly use-
ful to compare synthetic and observed stellar spectra, thus providing a further
instrument of investigating the effects induced by the magnetic stellar activity
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4.4 Future perspective

and, together with the photometric section, would give a more complete and
global view of the activity-induced effects intervening in the research of photo-
metric transit of extra-solar planets.
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Appendix A

IDL code for photometric
analysis of transit light curve

In the following I will present the details of the procedure outlined in Chap. 2,
by describing each step within it. The approach adopted is now extended to
include photometry of the desired stellar systems exploring a wider range of
stellar and configuration parameters: T, Ty, stellar libraries, filter passbands,
and wavelength binning.

Fig. A.1 represents the flow chart of the whole tool. The code works as fol-
lows. An external user has to provide a data file containing all the stellar required
parameters, indicated within the top rectangular area: the effective stellar tem-
perature 7, the spot temperature Tg,q, the surface gravity expressed as log g, the
metallicity [M/H] (labelled as metal, in the chart), and the desired wavelength
binning (labelled as dlam, in the chart). The primary aim is to characterize pho-
tometrically one or several stellar systems. The Table A.1 reports an example of
the input parameters file for a specified combination of parameters.

The photometric analysis requires a file with transmittance vs. wavelength
of filters passbands (the second area in the chart). To make this procedure more
flexible the external user may select among several possibilities: the standard
procedure filter file with all the filter transmittances (those of the original proce-

Table A.1: An example of the input file format, param.dat, with the chosen stellar
parameters for the photometric tool.

T. Typoy logg metal dlam
(K) (K) (A)
5750 4500 4.5 +0.0 10.0
5250 4000 4.5 +0.0 10.0
4500 3250 4.5 +0.0 10.0
3750 2500 4.5 +0.0 10.0
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A. IDL code for photometric analysis of transit light curve

PHOTOMETRY:

star’ ~ spot’ logg’
metal, dlam

!

Reading the filters
file

!

BaSelL stellar
spectra
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Spectra-Filters
Convolution
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Building of stellar
systems
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CONTRAST
COEFFICIENTS

!

R parameter

Figure A.1: Flow chart of the photometric tool with the needed stellar quantities.

dure), a combination of these fixed by the user, or an external transmittance file
provided by the user himself. The first one is the set of filters passbands adopted
in the analysis described in Sect. 2.1: the Johnson-Cousins-Glass photometric
system (UBVRIJHK bands) and the Spitzer /IRAC wavebands (centered at 3.6
pm, 4.5 pm, 5.8 pm and 8.0 pm); the second possibility is a combination of the
transmittance of filters decided by the user according to his aims; in the third case
a specified file is provided by the user and may include whatever transmittance
filters, as long as the related filters wavelengths fall within the wavelength interval

80



Table A.2: Example of a transmittance filters file for U and B-bands (Bessell 1990).
3000 0.000 3600 0.000
3050 0.016 3700 0.030
3100 0.068 3800 0.134
3150 0.167 3900 0.567
3200 0.287 4000 0.920

3900 0.625 5400 0.043
3950 0.423 5500 0.009
4000 0.238 5600 0.000

4050 0.114  * *
4100 0.051 * *
4150 0.019  * *
4200 0.000  * *

of stellar spectra. In these last case the filter file has to be written in a specified
format, in order to run the procedure properly. An example of the file format is
given in Table A.2, where only the U and B-bands are reported. The first two
columns refer to U-band and the other two to B-band (the first column of each
filter is the wavelengths, in A, and the second column is the related transmittance
values).

The next step is the selection of the stellar spectra with the specified pa-
rameters. The method outlined in Sect. 2.1 used the standard BaSeL libraries
of synthetic spectra (Lejeune et al. 1997, 1998, Westera et al. 2002). It is a
libraries of theoretical stellar spectra aimed to multiple synthetic photometry ap-
plications. Originally it was based on three original grids of model atmosphere
by Bessell et al. (1989, 1991), Fluks et al. (1994), and Kurucz (1995), then in
Lejeune et al. (1998) it was extended to include the M-dwarf model spectra of
Allard & Hauschildt (1995), and finally, owing to its lack of robustness at low
metallicities ([Fe/H] < -1), its colour calibration includes now non-solar metallic-
ities (Westera et al. 2002). Since my primary aim was to analyse stellar system
with solar-type stars (see the related parameters in Table 3.2), I used the BaSeL
2.2 version presented in Lejeune et al. (1998). In principle, the external user
may enter stellar parameters needed for his research, in that case the allowed
values of log ¢g are -1.02, -0.7, -0.29, 0.0, 0.28, 0.5, 0.6, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, 5.0, 5.5, and the allowed values of [M/H]| are -5.0, -4.5, -4.0, -3.5, -3.0,
-2.5, -2.0, -1.5, -1.0, -0.5, -0.3, -0.2, -0.1, +0.0, +0.1, +0.2, +0.3, +0.5, +1.0.
If some specified effective temperature values are required, this procedure allows
to obtain the desired stellar spectra by interpolating the two adjacent spectra.
Both the stellar spectra and the transmittance of the filters are interpolated in
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A. IDL code for photometric analysis of transit light curve

Table A.3: Filling factor values considered in the proposed method.
0.00

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.2
0.3
0.4
0.5

wavelength through a wavelength grid obtained with the input dlam parameter.
At this point, the procedure executes the convolution between the spectra and
the filters in order to get the stellar flux densities for a specified passband (the
fourth area in the chart). Then it builds the stellar system combining the star
flux and the spot flux densities with the method described in Sect. 2.1.1, weighted
by the filling factor values. These are provided by an ASCII file, containing only
a column with the interesting values (see Table A.3). Since it is useful to observe
how the stellar fluxes of a system star+spot change as a function of filling factor
values, these values are held fixed throughout the procedure run.

Finally the procedure will produce a file containing all the results of the
investigated systems. Fig. A.2 describes the actual results file obtained for a
specified stellar system among those considered in Chap. 2. The first rows show
the summary of the procedure run: the name of the stellar atmosphere and the
number of used filters; then the chosen stellar system parameters, the vector
containing the obtained contrast A, already defined in Sect. 2.1.1, and the R
parameter computed for the specified star+spot system are listed.
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COMTRAST RESULTS FROM THE TOOL

ADOPTED STELLAR LIBRARIES: Basel

Filters Mumber: 12

Contrast for the star+spot system:

Tstar (K): 5750.00

Tspot (K): 4500. 00

Log g: 4.,50000

metallicity: 0. 00000

wavelength Binning (angstrom): 10. 000000
0.83792605735025
0. 8544566943964
0.73B90663750266
0.5868405041 177886
0.61590343872952
0.45789441403870
8. 2162376003555
0. 2848609276520654
0.24784950989413
0. 28304525032536
0. 2624060997290
0.23193059869904

Figure A.2: Example of the output results file for a specified star+spot system.
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Appendix B

Transmission spectroscopy

The photometric transit technique allows to analyse an extra-solar plane-
tary atmosphere and to determine its chemical composition through transmission
spectroscopy, namely by measuring the planetary radius vs. wavelength. The ob-
servable quantity is thus R(\), defined as the wavelength dependent ratio of the
flux during a transit to that outside of transit (Brown 2001, Quirrenbach 2006)

ROy = Tl

In presence of a transiting planet the observed stellar flux is essentially
formed by two contributions, the stellar flux out of the planetary transit (Fj),
and the planetary contribution (6F) depending on the orbital phase angle, ¢
(measured starting from the line of sight direction where ¢ = 0, and having the
maximum value at the secondary eclipse where ¢ = 7). Fig. B.1 gives an illus-
tration of the geometry of a planetary orbit and the planet contribution to the
system flux as a function of orbital phase. The relative change in stellar flux in

presence of a transiting planet may be expressed as (Brown 2001, Quirrenbach

2006)
Fo(N) +6F(N)

R(A) = ) B.1

() =" (B.1)
and, in its turn, 6F is expressed as

OF = 6fdirect + 5:Ftherm + 6fscat7 (BQ)

where the wavelength dependence is implicitly assumed. Thus three different fac-
tors contribute to the stellar flux density variations during the planetary orbit:
0Fgirect 18 the variation in the stellar emission that reaches the observer directly,
0Finerm 18 the planet thermal emission contribution, and dF,..; is the variation in
the starlight radiation due to the planetary atmospheric reflection or scattering
into the line of sight of the observer. The magnitude of the several terms in
Eq. B.2 will be estimated as follows.
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n star + planet dayside
occultation 5 5

RN r—— S gt

star + planet nightside

- transit

star — planet shadow

Figure B.1: Tllustration of planetary transits and occultations with the combined star
and planet flux at different phases of the orbit. The flux drops at two specific orbital
phases: the transit and the occultation. In the first configuration, the planet hides a
fraction of stellar radiation, in the second one the planet is occulted by its parent star.
In intermediate phases the day-side and the night-side of the planet may be observed
(Winn 2010).

The variation in the planet thermal flux as a function of orbital phase (the
term d Fiperm vanishes at ¢ = 180°) implies to know the distribution of temper-
ature across the surface area of the planet and thus the effectiveness of energy
transport mechanisms between the night and day sides. According to the esti-
mates of Brown (2001), for a planet having a mean temperature of 1400 K, a
temperature difference of 200 K between the day and night side and considering
the variations in projected area of the irradiated crescent when the orbital phase
goes from 0° to 15°, then 6 Fiperm/Fo results to be less than 1074 for A > 25 um.
It is even smaller at shorter wavelengths.

Brown (2001) estimates the variation in scattered or reflected light as a
function of orbital phase as well. At ¢ = 0° and at ¢ = 180°, no scattered /reflected
light has to be considered, since at the first orbital position only the dark side of
the planet is observable, whereas at the occultation phase the planet disappears
behind the star. At ¢ = 15° only a thin illuminated slice is observable (see
Fig. B.1). The relative scattered contribution may be expressed as (Sobolev
1975)

$Faw _ OBE(1— cos o)
Fo 2ma? ’
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where « is the planet’s geometric albedo!. Assuming a Jupiter-like planet with
R, = Ry, a = aj, ¢ = 15°, and o = 1, we obtain §Fyat/Fo =~ 1077, thus the
scattered contribution results negligible for almost all wavelengths.

The direct flux (i.e. the term 0Fgireet) may undergo changes due to intrin-
sic stellar variabilities or the occultation of a fraction of the star at the primary
eclipse, thus vanishing at the secondary eclipse position (i.e., when ¢ = 180°).
The activity-induced changes have been discussed in details in the preceding
chapters where 1 pointed out that it is possible to separate the planetary transit
signal from that of starspots, here I am focusing on the wavelength dependence
of the star obscuration by a transiting planet. Planetary transit signals contain
a Doppler imprint in the sense that the shape of spectral stellar lines changes
during a transit since the planet obscures radiation coming from different parts
of the stellar disc (Quirrenbach 2006) resulting in a center-to-limb dependence
of the stellar spectrum lines (Brown 2001). This may derive from several fac-
tors: different lines may be formed at different depths in the stellar atmosphere,
anisotropies in the photosphere, and the bulk rotation of the star. During the
first half of a central transit, the planet blocks the approaching side of the star
red-shifting the spectral lines, whereas, during the second half, the planet passes
in front of the receding side of the star thus blue-shifting the spectral lines. This
selective occultation produces an anomaly in the wings of spectral lines that may
be problematic for the determination of radial velocity, whose shape and am-
plitude depend on stellar rotation velocity and transit geometry. This effect is
known as the Rossiter-McLaughlin effect and it is observed in several planetary
systems, such as HD 209458 (Queloz et al. 2000), WASP-4 (Sanchis-Ojeda et al.
2011), and HAT-P-11 (Sanchis-Ojeda & Winn 2011). Such distortions may be
avoided if we consider the spectral region away from the prominent stellar lines
(Quirrenbach 2006). Anyway, because of the presence of the transiting planet,
the term dFgieet may be decomposed in two contributions: dFq and 6 Faem.
The first component refers to the fact that within a certain planetary radius, R,
the planet seems to be totally opaque to radiations whatever (Cassen et al. 2006)
(this occurs at the solid surface for a terrestrial planet, for a gaseous planet the
opaque surface depends on wavelength, Tinetti et al. 2012). Assuming to have
the radius R, the relative stellar flux density variation due to the opaque planet
is given by the ratio of occulted stellar surface and the stellar surface itself

O F solid - WRI%
.7"0 n 71'R,2(7

!The geometric albedo, «, is the ratio of brightness at zero phase angle to that of a fully
reflecting diffusively scattering flat disk (Lambertian sphere) with the same cross-section (Per-
ryman 2011).
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where R, is the stellar radius. The § Fy,, term refers to the starlight occultation
due to the atmospheric absorption. During the primary transit a fraction of the
stellar radiation goes through the annular region which indicates the planetary
atmosphere (called also the terminator region of the atmosphere), whose profile
we observe projected on the plane of the sky. The starlight is filtered by the
atmosphere and this induces the presence of spectral features in transmission
not observed in other orbital phases, which provide significant information about
the chemical composition of the atmopshere (Tinetti et al. 2012). These spectral
features are due to absorption and scattering from molecules and atoms filling the
planetary atmosphere. At particular wavelengths, corresponding to strong atomic
and molecular transitions, the atmosphere appears opaque to the radiation, the
relative flux variation results higher and the effective profile of the planet larger
(Winn 2010); this is illustrated in Fig. 1.18.

For wavelengths shorter than the planet’s Planck-curve maximum (~2.5 pm)
and avoiding the regions of prominent spectral lines in the stellar spectrum, 0 Fi,
is the most relevant wavelength-dependent term able to modify the observed
flux of the star/planet system (Brown 2001). In order to analyse this term,
we need to describe how the atmospheric transmission spectra are originated by
carrying out a model. The stellar radiation interacts with molecules and atoms
in the atmosphere being attenuated and this may be expressed through the Beer-
Bouguer-Lambert law (Tinetti et al. 2012)

I\, 2) = Iy e ™), (B.3)

where [ is the radiation intensity incident at the top of the planetary atmosphere,
I(\, 2) is the transmitted radiation from the atmosphere at a specified wavelength
and height, 2 is the spatial coordinate above R, assuming a plane-parallel geom-
etry, and 7 is the optical path. I am assuming that at the planetary atmosphere
is totally opaque at some radius R, for all A. The optical path is defined as the
sum of the optical thickness related to the different molecular species present in
the atmopshere, i.e. 7(A,2) =) . 7i(A, 2), where ¢ is the type of the molecule. To
estimate the radiation intensity outcoming from the atmosphere it is required to
compute the optical path following one of the paths illustrated in Fig. B.2, at a
particular altitude z, for the i-th molecular species and this is expressed as

I

I(z) I(z)
nna) =2 [ el d=2 [ ) ) wOT) d
0 0
where [(z) is the half of the considered geometrical length, p(z) is the molecular
density, k;(A,T') is the absorption coefficient for the i-th molecule at wavelength
A and temperature 7', and y(z) is the mixing ratio of the i-th molecule at altitude
z, defined as the relative abundance of one component with respect to the total
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Figure B.2: Geometry of transit observation: the stellar photons are filtered through
the planet atmosphere (Tinetti et al. 2012).

abundance (x = n;i/net). From geometrical considerations, the path traversed
by stellar photons is calculated as follows (Tinetti et al. 2012):

A= \[(By+ 2 4+ 27 = (Ry + 2 = [ (By + )2 = (B + 2)?

12) = [ dl = f(Ra+ 2 = (B 2

Thus taking into account the transparency of the planetary atmosphere, the whole
transit depth as a function of A can be expressed as

0Fawet () R242 [ (Ry+ 2)(1 — e7&V)dz
F() o Rz .

From Eq. B.3 one can derive the effective area d A.g which contributes to
the occultation of the star and thus to the flux variation during the transit. If

the atmosphere was able to block the radiation completely (7 = o0o) we would

2
max

have 0 Aqr = 7(2 Rf,). Actually, if I is the incident radiation intensity, a
given fraction I (1 —e ")) is able to traverse each of the infinitesimal annular

regions 27z dz forming the projected image of the atmosphere, thus we have

S A (M) = / " ors (1= O g,

Rp

where z,.x is the highest altitude beyond which the atmosphere appears trans-
parent, thus molecular and atomic extinctions result to be null, and may be
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arbitrarily chosen, for instance we could choose the altitude where the optical
depth is much smaller than the unity. An alternative expression of the relative
density flux variation due to planetary atmosphere is given by
O0F atm(N) _ A (N)
Fo ™ Rz )

For what will follow it is useful to define a reference quantity which is given as

the ratio of the annular region associated to the planet d Ay, related to the length
scale of the atmosphere, H?, and the stellar area A,:

5AH _27TRpH
() - (B.4)

As example, for an atmosphere of molecular hydrogen, with g = 10% cm/ sec’, T
= 1400 K, R, = 1.4 Ry, and R, = R, we get 6A/A = 2.4-10~* (Quirrenbach
2006).

Under specified approximations it is possible to make a simple estimate of
the flux density variations at two different wavelengths, assuming that most of
the opacity sources are uniformly distributed in the atmosphere. We suppose
that o, and oy indicate the opacity per gram of material at wavelengths \; and
Ao, respectively, and that the densities of the species creating opacity decrease
exponentially with height. The raylight 1 and 2 will achieve the same optical
depth at different altitudes, 71(A\1,21) = 72(Ag, 22), where z; > 25, and dz =
z1 — 2. Thus these raylights are separated by
0z {al(zl)}

— =
0'2(2’2)

H

The difference between the obscured flux measured at two wavelengths is given
by the following expression (Brown 2001)

SF\  (0F\ _ 6z (dAy 27ROz
Fo )y, Fo)y, H \ A )um R

(%) - (%) =4enlzy)

In strong atomic and molecular absorption lines the ratio of line opacity to that

of the adjacent continuum is about 10*. This means that the altitude difference
between the line optical depth along a raylight and the continuum optical depth
along another raylight is about 10H and the observed line depth is about 2-10~3
with respect to the total stellar flux.

2The quantity H = k()

where the pressure is reduced by a factor of the order of e, with k the Boltzmann constant,

is the length scale height and defines the atmospheric altitude

T(z) the temperature at altitude z, u the mean molecular mass, and g the planetary surface
gravity.
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Appendix C

Acronyms and abbreviations

ACS: Advanced Camera for Surveys
AU: Astronomical Unit

BaSeL: Basel Stellar Library

CEGP: Close-in Extra-solar Giant Planets

CFHT: Canada France Hawaii Telescope

CoRoT: COnvection, ROtation & planetary Transits
EChO: Exoplanet Characterization Observatory

ESA: European Space Agency

EUV: Extreme UltraViolet

EW: Equivalent Width

FINESSE: Fast Infrared Exoplanet Spectroscopy Survey Explorer
FOV: Field Of View

FUSE: Far Ultraviolet Spectroscopic Explorer

GJ: Gliese-Jahreiss

HARPS: High Accuracy Radial velocity Planet Searcher
HAT: Hungarian Automated Telescope network

HD: Henry Draper (catalogue)

HR: Hertzsprung-Russell diagram
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C. Acronyms and abbreviations

HST: Hubble Space Telescope

JWST: James Webb Space Telescope

IAU: International Astronomical Union

IDL: Interactive Data Language

TUE: Internations Ultraviolet Explorer

IR: InfraRed

IRAC: InfraRed Array Camera

LASP: Laboratory for Atmospheric and Space Physics
LDC: Limb Darkening Coefficient

LTE: Local Thermodynamic Equilibrium

MDI: Michelson Doppler Imager

MIRI: Mid-InfraRed Instrument

NASA: National Aeronautics and Space Administration
NICMOS: Near Infrared Camera and Multi-Object Spectrometer
NIR: Near InfraRed

NIRCam: Near InfraRed Camera

NIRSpec: Near InfraRed Spectrograph

NOAA: National Oceanic and Atmospheric Administration
NSF: National Science Foundation

OGLE: Optical Gravitational Lensing Experiment
PPM: Parts Per Milion

PSPT: Precision Solar Photometric Telescope

RM: Rossiter-McLaughlin

SST: Spitzer Space Telescope

STIS: Space Telescope Imaging Spectrograph

TFI: Tunable Filter Imager
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TrES: Transatlantic Exoplanet Survey
USAF: United State Air Force

UV: UltraViolet

WASP: Wide Angle Search for Planets

WIRCam: Wide-field InfraRed Camera
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